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Biomarkers and Endometriosis: The Need
to Move Beyond Innovation to Validation

Preface

This book presents a state-of-the-art description on how much progress has been
made in the development of a noninvasive test for the diagnosis of endometriosis.

Such a test is much needed, especially for the early detection of endometriosis of
symptomatic women with pelvic pain and/or subfertility without evidence of endo-
metriotic cysts, nodules, or adhesions on gynecological ultrasound. This would
include nearly all cases with only peritoneal endometriosis, some cases of moder-
ate—severe endometriosis without a clearly visible ovarian endometrioma, and cases
with pelvic adhesions and/or other pelvic pathology undetectable by gynecological
ultrasound. Ideally, this test could also substitute gynecological ultrasound and
allow the diagnosis of endometriosis in areas where ultrasound is not available or
reliable. The main aim of such a test would be not to miss any woman who might
benefit from endometriosis surgery to improve pelvic pain and/or subfertility. In
that context, a test is needed with high sensitivity (ideally more than 80%) and
acceptable specificity, fully accepting the risk that a laparoscopy will be negative in
some women [1]. This risk can be balanced by the advantage that a negative lapa-
roscopy can assure women with pelvic pain and/or infertility that their pelvic anat-
omy is normal and allow other diagnostic/therapeutic approaches.

In this book, we start to describe the infrastructure/capability required for bio-
marker discovery and validation and then learn from experiences on biomarker dis-
covery in pathologies related to endometriosis like cancer (endometriosis is a benign
metastatic disease) and inflammatory diseases of the bowel, liver, brain, and carti-
lage (endometriosis is a chronic inflammatory disease). After highlighting the
importance of patient centeredness in endometriosis care, we focus on epidemiol-
ogy, risk factors, and genetic markers for endometriosis and provide insight into
how OMICS and, more specifically, proteomics and transcriptomics have contrib-
uted to progress in this field. Extensive attention is given to the diagnostic perfor-
mance of non- or semi-invasive tests for endometriosis based on (panels of)
biomarkers in peripheral blood, peritoneal fluid, and eutopic endometrium.
Recommendations of the World Endometriosis Research Foundation are summa-
rized to illustrate the importance of internationally accepted standard operating
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procedures for the collection, treatment, storage, and analysis of tissue samples and
for detailed clinical phenotyping of these samples.

Two priorities emerge for the future on biomarker discovery in endometriosis.

Firstly, we need to move from innovation to validation. Indeed, in order to make
progress for the benefit of patients, the most urgent task ahead is now to validate the
diagnostic accuracy of any promising test prospectively in an independent symp-
tomatic patient population with subfertility and/or pain without clear ultrasound
evidence of endometriosis. This population should have a clinical indication for
surgery (gold standard for diagnosis of endometriosis) and be divided into cases
with laparoscopically and histologically confirmed endometriosis and controls with
laparoscopically confirmed absence of endometriosis [2].

Secondly, more collaboration is needed between academic groups and industry
to move from discovery via validation to clinical availability of biomarkers for
endometriosis. Collaborative research efforts co-led by academia and industry, early
on during clinical development of biomarkers, may accelerate validation of interest-
ing biomarkers which is not sufficiently explored today. Most national/international
research foundations focus so much on innovation and discovery and do not make
funds available for validation. Both industry and academia should make an effort to
prioritize resources and develop such partnerships for biomarker validation and
development, building on their joint scientific and commercial excellence. In the
end, patients will benefit from such collaborations, as long as they are scientifically
sound and transparent [3].

Leuven, Belgium Thomas D’Hooghe
Darmstadt, Hessen, Germany
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Building Translational Research
Infrastructure and Access to Expertise
for Biomarker Discovery in Cancer

Jacqueline A. Hall

Abstract The way that biomarker research is being conducted in oncology is
changing. We are moving away from institutional and expertise specific silos to
multicentre studies, networks of institutions and integrated multidisciplinary
workflows. These changes are influencing the way that researchers operate and
present a host of new challenges, both scientific and operational. Investing in
translational research infrastructure represents both an investment in a technical
platform and access to expertise to promote high-quality, streamlined procedures
under appropriate governance. Key elements that should be addressed to facilitate
the translational of biomarkers to clinical practice include sample collection, labora-
tory analysis, molecular and clinical data collection analysis and interpretation.
Building these elements to create a supportive research environment is therefore
becoming increasingly important.

Keywords Translational research e Infrastructure ¢ Expertise ¢ Biomarkers
* Biobanking * Molecular analysis ¢ Bioinformatics ¢ Quality * Network

Introduction

Personalised Medicine and the Use of Biomarkers

There is an increasing drive towards understanding the biology of disease and drug
response at a molecular level to be able to tailor patient treatment and management
according to their individual molecular profile [1]. In addition, with the rapidly
advancing capacity to quickly generate large volumes of molecular data at lower
cost, there has been a tendency in biomarker discovery to use a battery of molecu-
lar tests to generate large volumes of molecular data. With this, there has been a
lack of appreciation of the need for good biomarker study design and how to
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interpret the volumes of data generated, leading to contradictory results and experi-
ments that have failed to validate. It is even possible that a large number of bio-
marker studies have never been attempted simply due to the lack of access to
appropriate biosamples with the correct annotated data or restrictions due to ethical
and regulatory issues that had not been covered at the time of collection [2]. There
is now an increasing awareness of the need for good study design for biomarker
discovery and also for implementing other required elements such as ethical, legal
and logistical aspects that are necessary to support access to biosamples and asso-
ciated data, thereby allowing the research to take place [3, 4]. Additionally, bio-
marker identification and utilisation are now becoming an integral part of drug
development. For example, early identification and integration of biomarkers into
clinical trials is now becoming widely accepted to enabling targeting the clinical
trial design, allowing enrolment of fewer patients and increasing the likelihood of
identifying positive responses to the drug [5]. Some recent examples of trials heav-
ily based on molecular biomarker assessments include the BATTLE trial and
[-SPY?2 trial [6, 7].

The Need for Translational Research Infrastructure

The challenges associated with biomarker discovery and validation are now becom-
ing well recognised. One of the major stumbling blocks has been the lack of suc-
cessful validation of biomarkers. For a biomarker to progress to a clinically approved
test that is implemented in daily clinical practice, a potential biomarker should be
confirmed and validated using a sufficiently large number of cases to demonstrate
statistical significance and should be reproducible, specific and sensitive. Hampering
these efforts has been the lack of supporting infrastructure and limited or uncoordi-
nated access to expertise to facilitate the biomarker discovery and validation process
[8]. This has led to issues such as limited access to sufficient numbers of patients
and sufficient quality of the right type of samples and associated data, inadequate
controls, lack of access to appropriate statistical expertise and study design or
address issues of limited clinical value. In order to support and enable the discovery
of biomarkers, developing the appropriate infrastructure and providing access to
expertise are required to facilitate and enhance research efforts. This represents not
only technical aspects and tools but also dedicated resources and access to expertise
in order to promote best practice standards and provide logistical and operational
support and streamlined procedures under an appropriate governance framework.
A supportive research environment effectively promotes integration of multiple dis-
ciplines including biobanking, clinical phenotyping, laboratory analysis, molecular
data, informatics, statistical analysis and dissemination of results, all of which are
required for successful biomarker studies (Fig. 1).



Building Translational Research Infrastructure and Access to Expertise for Biomarker... 3

Fig. 1 Key elements of
translational research
infrastructure that support
biomarker discovery and
validation effort
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Key Elements of Translational Research Infrastructure
and Accessing Expertise

Clinical Use

Biomarkers are indicators of a physiological or pathological state of the body.
They may be broad ranging, spanning from physiological measures like blood
pressure through to molecular and chemical laboratory tests of blood, urine, saliva
or other tissues. In all cases, by definition, biomarkers must be objective, measur-
able characteristics of biological processes and, importantly, can be put to use in
multiple ways.

Biomarkers can be used in a number of ways, particularly to tailor patient
treatment options (Box 1) as well as significantly contribute to our understanding
of disease, in the development of new drugs and treatment regimens [9]. Given
the variety of roles a biomarker may take, it is important to consider in each case
if the assay methodology is fit for the intended purpose and to clearly define the
clinical question and clinical utility of any tool that will be developed. Guidance
for the design and reporting of biomarker studies in oncology has been developed,
the principles of which could be usefully applied in other areas of biomarker
research [10].
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Box 1: Examples of Clinical Applications and Uses of Biomarkers

» Early detection (screening)

» Diagnosis and sub-classification of disease (classification)

e Prediction of the likely course of disease or outcome (prognosis)

* Prediction of toxicity to treatments or therapeutics (patient stratification)

* Monitoring of disease progression (monitoring)

* Prediction of therapeutic response (patient stratification)

e Understand drug metabolism and mechanism of drug action (pharmacoki-
netics and pharmacodynamics)

Study Design Biobanking For Future Use

= Assay platform

Fig. 2 The life cycle of a biosample involves many steps, a complex chain of participants and
multiple stakeholders

Management of the Biosample Life Cycle

Performing any type of molecular profiling requires access to patient biosamples.
However, establishing appropriate biosample collections is a complex task involv-
ing many different partners and steps (Fig. 2).

A number of biosample resources and guidelines have recently developed, for
example, the ISBER best practices for biorepositories [11] and the P3G biobank
resources including the comparison chart of guidelines [12]. These tools serve to
create a thorough, accurate and standardised collection of information regarding the
nature and manner of handling of biosamples, as well as providing information on
the collection of the tissue itself and remaining materials available with appropriate
consent for future research. At a minimum, a clear record of tracking the biosample
from patient to fixation or freezer must be maintained. Biosample tracking and cap-
ture of biosample data through an appropriate biosample information management
tool become paramount, not only to ensure an appropriate chain of custody but also
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for capturing key information on sample handling that may influence the final
analysis which cannot be standardised via standard operating procedures (SOPs),
e.g. some pre-analytical procedures or deviations from collection protocols like
accidental thawing. Recently standardised coding terminologies and tools have
been developed to help researchers with cataloguing biosamples, for example, the
use of biosample reporting systems [13]. Critically important for biosample collec-
tions is the link to the clinical information and follow-up data. This linkage can
often be missing or incomplete in more mature biosample collections that are being
used retrospectively for discovery research projects.

Quality of Biosamples and the Associated Data

Collecting and accessing sufficient numbers of biosamples has been a challenge to
many involved in biomarker research, but what is often less well appreciated is the
need to ensure that biosamples have been collected to an adequate standard of quality.
Without appropriate collection protocols or documentation as to how the samples
were collected, a biosample may be unusable for the intended purpose, and collection
protocols should be grounded in scientific evidence wherever possible. The type,
amount and quality of the biosample required can vary greatly depending on the
type of test to be performed [14].

Broadly speaking, two main approaches for the collection of biosamples for bio-
marker research can be applied: retrospective biosample analysis and prospective
biosample collection. Retrospective biosample analysis involves the use of pre-
existing collections and can be useful for quickly investigating open questions and
may also have the advantage of longer follow-up information that has been col-
lected over a period of time but which is now available for immediate use.
Retrospective biosample collections can be a valuable tool for identifying distinct
molecular subgroups of patients that show different profiles and clinical phenotypes
or which benefit from different therapies. One well-known example from oncology
is the analysis of KRAS mutation status in colorectal cancer which was shown to
predict monoclonal antibody therapy response by retrospective analysis of previ-
ously collected biosamples. Also the methodology used to detect KRAS mutations
is one that can be used on standardly collected clinical materials, such as the use of
formalin-fixed paraffin-embedded (FFPE) material without the need for specific tis-
sue collection protocols being implemented [15]. Prospective collection involves
the collection of new sets of biosamples specifically selected to answer a particular
question. This process may take longer and use more resources than retrospective
analysis of biosamples; however, prospective collection has the added advantages of
better control over the parameters of biosamples collection (and these may be tai-
lored for the specific test method planned for use) and is often used in the context of
clinical trials [16]. As this type of collection is more focused, it can provide a greater
degree of confidence in that the right type and sample specifications will be imple-
mented for the biomarker study in question. Prospective, protocol-driven biosample
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collection will also be absolutely necessary when moving forward for the purposes
of validation, where studies are designed and driven by hypotheses. In this situation
access to the biosample may be absolutely required for patient enrolment, and so
this leads to more stringent requirements regarding the quality of collected biosa-
mples than is sometimes applied in the case of discovery research. For example, to
run a gene expression profiling array, carefully collected frozen tissue, frozen within
30 min, is usually required [17] but which then requires specifically implemented
tissue collection protocols.

This was the case with the samples collected in the MINDACT (Microarray In
Node-negative and 1-3 positive lymph node Disease may Avoid ChemoTherapy)
trial, which is a study that exemplifies the inclusion of genomic risk profiling in
clinical research and which required careful implementation of biosample collec-
tion to allow genomic profiling as part of the study goal. The aim of the trial is to
provide further evidence that early breast cancer patients with a low recurrence risk
genomic profile by MammaPrint® (a 70-gene expression signature) may not need
chemotherapy. Due to the study design, it was mandatory for all patients involved
to have fresh frozen tissue samples collected and tested with the genomic signature.
Since access to high-quality frozen tissue biosamples was absolutely essential for
patients to participate in this trial, optimised tissue collection protocols needed to
be designed and the challenging logistics well managed [18]. The challenge was
met through the development of strong interactions between the different depart-
ments involved in the conduct of the trial, e.g. medical oncology, surgery and
pathology, as well as a trained research nurse/fellow. Over 6500 patients were
enrolled in this trial, and over 6000 frozen tissues were collected and analysed.
Furthermore, over 90% of enrolled patients gave their consent to use biobanked
tissues for further research.

In any case, care must still be taken that the chain of events is appropriately man-
aged and information recorded at appropriate time points and that this meets the
required needs of the study. Throughout the process of collecting, processing and
storing biosamples, materials are subject to a number of factors that can signifi-
cantly alter their molecular composition. These factors range from physiological,
e.g. effect of lifestyle, age, gender and endogenous variables, such as exposure to
drugs that influence biosample quality prior to removal from the research partici-
pant, to factors that arise at a later point in the process such as handling, processing
and transport from one location to another (e.g. from the hospital to the laboratory
conducting the analysis). Poor or inappropriate biosample quality can be directly
responsible for incorrect determination of molecular and/or physical characteristics
during subsequent biomarker analysis. Therefore appropriate biosample collection
with evidence-based standard operating procedures that are fit for purpose needs to
be established [19]. This may require some background work in biopreservation
and storage methods and how these affect the molecular readout from the sample,
taking into account the type of laboratory technique that will be applied, and
becomes particularly important in multi-institution collections where variations in
practice may occur.
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Selection of Collected Biosamples

Access to the right type of biosamples is also fundamental to applying personalised
treatment in the clinic. This includes using clinically relevant biosamples for bio-
marker discovery purposes such that any subsequent tests developed in this context
can be applied in a clinical setting without the need to migrate to a new type of biosa-
mples or new test method. With this in mind, it is often best to consider collecting a
range of different types of biosamples such as primary tissue from the site of the dis-
ease, whole blood, serum, plasma or other body fluids like saliva and urine or perito-
neal fluid. Some of these sample types require less invasive methods to collect that
impose less of a burden on patients, making them easier to implement in the clinic and
are also less expensive. An additional advantage to less invasive biosample collection
is that duplicate or triplicate samples may be taken at the same time point enabling a
range of different research studies or different types of test to be performed. Also
samples may be taken repeatedly over time allowing longitudinal monitoring of
biomarkers through the course of disease and monitoring the effect of treatments.

In addition to well-characterised gold standard biosamples taken from the primary
site of disease, such as histologically confirmed primary tumour tissue, having sur-
rogate tissue sample collections like blood, saliva or urine taken from the same patient
can be very valuable in understanding the concordance between surrogate tissues and
the primary tissue. For this reason much attention has recently been focused on cell-
free circulating tumour DNA (ctDNA) or circulating tumour cells as a way of obtain-
ing a ‘liquid biopsy’ [20, 21]. Matched adjacent normal tissue can also provide useful
insights for comparison to the tumour itself. Having access to a broader range of
biosample types can be particularly important depending on the intended clinical use
of the biomarker and the question being addressed with the biomarker study. For
example, addressing the question of sub-classification of the disease into different
categories will require a full spectrum of patients to be represented in the cohort so
that the different categories can be identified. Additionally, biosamples from unaf-
fected individuals can act as control samples. During ongoing biobanking efforts,
particularly in cohort-driven study protocols, care should be taken to avoid the intro-
duction of bias due to the ease or difficulty of collection of particular sample types or
ease of access to particular types of patients. Thus links to well-characterised clinical
phenotype information also become critical.

Accessibility of Biosamples

As diseases are diagnosed earlier and tissue sampling methods improve, the quantity
of tissue material available for research purposes is declining. In cancer treatment,
although diagnostic biosamples are routinely collected in hospitals as part of the
standard care of the patient, these are not always available for research as the primary
healthcare needs of the patient take priority for use of the specimen. If access to
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diagnostic specimens is requested for clinical research, this can necessitate sending
diagnostic material outside the clinic, at least temporarily. Alternatively, if sufficient
material is available, the tissue sample may be divided; however, in some situations,
the pathologist may deem that division of the material is simply not possible due to
the small quantity of starting material or low tumour cell content. In contrast, for
certain cancer types such as for some gastrointestinal cancers, large volumes of
material may be removed from cancer patients as part of the standard treatment, and
portions of this residual material may be kept for research. In addition, the general
fitness of the patient may influence the ability to collect biosamples depending on
how invasive the procedure is and where the tissue needs to be taken from.

Other factors such as ethical and legal requirements can also pose constraints on
the use and access of biosamples for research, and this must be handled in an appro-
priate manner. Notably, the entire biobanking process requires appropriate oversight
and management in accordance with the prevailing regulations and applicable ethi-
cal principles, such as appropriate consent and/or approval by an appropriate body,
e.g. research ethics committee, as applicable. Within an institution, having dedicated
processes and reaching agreement between the various stakeholders such as surgery
and pathology departments that are involved in the handing and decision-making
process around the tissue samples can better ensure that the best use of the available
biosamples can be made in line with good clinical practice requirements. To facili-
tate this for multisite collections, master contracts and agreements with participating
sites can be extremely useful for the articulation of governance and regulatory
regimes. Importantly, having appropriately trained staff, such as a research nurse
available on site, can facilitate the consent process and ensure a robust chain of
custody for the sample.

Future Use of Biosamples

Collection and storage of biosamples for future access provides an important
resource for biomarker discovery and validation [22]. When a biosample is col-
lected, part of the tissue may already be allocated to a specific immediate use in
which case appropriate standards for the collection of the biosamples can be defined
according to the end use; however, there may be residual material left over that
could be stored for future research purposes that are not yet defined. In order for this
residual material to be useful, care should be taken to document the process in order
to avoid any use of the biosample outside the scope of informed consent and also to
be able to subsequently link clinical or other annotations to the right tissue. For the
purpose of biobanking biosamples for the future as yet unknown research, the
applying biosample collection SOPs become challenging. Under these circum-
stances it is often best to revert to standard best practice guidelines for biosample
and to collect biosamples in a manner that is as close as possible to those observed
in current good clinical practice.
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Clinical Phenotyping

As well as collecting and accessing appropriate biosample collections, it is critically
important that biosamples are well annotated with clinical phenotype data and fol-
low-up information. This is especially important when the phenome of the disease
needs to be defined and better characterised. Detailed clinical information such as
data that may be available in patient records or electronic files should be collected
including information such as age, diagnostic data and detailed surgery report with
scoring and staging. Additional lifestyle and epidemiology data or quality of life
data can also be collected by way of standard questionnaires. Standard coding sys-
tems for capturing clinical information such as the Systematised Nomenclature of
Medicine Clinical Terms (SNOMED CT) [23] are available.

Biomarker Analysis
A Variety of High-Throughput Platforms for Molecular Analysis

In addition to traditional laboratory techniques such as immunohistochemistry
(IHC) and polymerase chain reaction (PCR), recent technological advances in
omics and multiplex technology have led to the possibility of simultaneous analysis
of a large number of biomarkers in a single experiment using less and less biosam-
ple material. A good example being next-generation sequencing that has the capac-
ity to rapidly generate a vast amount of data on the molecular profile of the tumour
or obtain the entire genome sequence of the individual [24] in a short space of time
and now also at reasonable prices. This has led to many advantages; large volumes
of data have been generated and significant results have been derived from these;
however, a limiting factor in this process has been the lack of characterisation and
validation of such technologies in practice and moving exploratory newly discov-
ered biomarkers from omics technology into robust and validated markers ready for
use in the clinic [25]. Therefore further steps need to be taken for making the transi-
tion through to robust and clinically useful biomarkers.

Assay Robustness, Reproducibility and Analytical Validation

Assay robustness refers to the ability of a test to provide consistent results using
independent samples and provide confidence that minor perturbations in condi-
tions do not greatly affect the results of the test. Robustness is an issue that has
been raised in the bioinformatics community around methodology for biomarker
signature development from high-throughput data. Due to redundancy and rich,
complex datasets, different subsamplings of data may lead to very different
results for selecting biomarkers. Methods have recently been proposed to help
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address the issue of stably selecting features from large volumes of data [26].
Reproducibility of an assay refers to a biomarker test that can reliably give con-
sistent results and the same classification of cases by different people, for exam-
ple, in different laboratories.

Analytical validation refers to the ability of the test to accurately and reliably
measure the analyte or genotype of interest, for example, a panel of biomarkers
designed to evaluate a set of mutations in the BRCAI and BRCA2 genes to test for
hereditary mutations. Analytical validation is essential for ensuring the consis-
tency of the test’s ability to measure the specific biomarker of interest. Assays
should be suitably analytically validated for their intended purpose [8], i.e. the
performance of the assay should be demonstrated and the assay is finalised and
‘locked down’ prior to use [5]. In Europe, recent guidelines have been issued from
the European Medicines Agency (EMA) [27]. Additionally, part of ensuring assay
robustness also includes maintaining appropriate documentation such as detailed
SOPs or other related laboratory guidelines. This is a good practice even at the
early discovery stage, ensuring a traceable link between the collected biosamples
and the data generated which can be invaluable when the resultant data are being
analysed and interpreted.

Clinical Validity and Clinical Utility

In addition to robustness and analytical validity, biomarkers must also demonstrate
clinical validity and clinical utility in order to be translated into clinical practice.
Clinical validity refers to the accuracy with which a test can predict the clinical
phenotype of interest. In order to demonstrate this, epidemiological studies or clini-
cal studies are required that can generate substantive evidence measuring the
strength of association between the biomarker and a specific and well-defined phe-
notype which allows estimation of the sensitivity and specificity of the test. An
example of a test where substantial evidence for clinical validity was achieved is
the use of the Oncotype Dx 21 gene signature for providing clinically valuable
information to predict effectiveness of chemotherapy in ER-positive breast cancer
patients, in addition to standard measurements (e.g. tumour size, grade, lymph
node status and single molecular markers such as oestrogen receptor, progesterone
receptor and HER2) [28, 29].

Clinical utility refers to the ability of the test to change patient management and
demonstrate that it will significantly improve health-related outcomes. This also
often involves comparison of the test against current gold standard methodologies.
Well-designed and conducted studies are needed to demonstrate this and should be
done in a representative population. Systematic review of existing data and meta-
analysis of randomised controlled trials showing consistency in results can also be
used but may provide a lower level of evidence than prospectively designed studies.
Documents detailing validation data and experimental results should also be
available along with a background or rationale, data and supporting publications
showing the clinical validity and clinical utility of the test for the role in the trial [5].
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The concepts of analytical validity, clinical utility and clinical validity for different
types of biomarkers have been well summarised by the Evaluation of Genomic
Applications in Practice and Prevention (EGAPP) Working Group [30].

Finding solutions to support researchers with the challenges of validating bio-
markers and assay methodology is challenging, and various approaches are in oper-
ation. For example, the Cancer Research UK has developed road maps outlining the
expectations for cancer biomarker projects that are submitted for grant funding [31],
and the NCI USA has developed guidance and a study checklist for those imple-
menting biomarker tests in phase 2 and phase 3 trials [32]. Another approach is to
provide supported access to appropriate analysis facilities composed of dedicated
certified laboratories rather than providing grant funding for the work to be carried
out locally, as is the approach of the Clinical Assay Development Program (CADP)
of the NCI USA. This approach provides an environment for appropriate develop-
ment of fit for purpose tests and dedicated project management support to assist
with coordination of development projects.

Data Management
Clinical Data

The collection and management of data for clinical research is a mature field, and
several current standards exist, for example, the Good Clinical Data Management
Practices (GCDMP) guide developed by the Society for Clinical Data Management
(SCDM) for data management in clinical trials [33]. Various procedures for data
management in clinical trials include the design and annotation of case report forms
(CRF) which collect the necessary core details about the participants in the study
required to meet to research objectives, clinical database design, data-entry proce-
dures, processes for data validation, discrepancy management, medical coding, pro-
cesses of audit trail to track data origin and modifications, data extraction and
database locking. During the conduct of clinical trials, these processes and data
quality are regularly checked at intervals. Standard clinical information such as
diagnostic information, treatments, dosage, clinical outcome, etc. are therefore
often well managed within standard clinical databases. However, in other settings
other than well-defined clinical trials, the challenges of collection of long-term clin-
ical follow-up can be much greater. Using the basis of these well-established meth-
odologies from the field of clinical trials for developing and using clinical data
resources for biomarker research is a distinct advantage and provides assurance of
the robustness of data collected.

In recent years, electronic data capture (EDC) has grown considerably and offers
advantages for uniformly capturing data from multicentre studies, automated
de-identification of data, study management and electronic data checks. EDC is also
facilitating the collection of data that has previously not been easily accessible, for
example, through the use of applications or programmes implemented on touch-screen
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devices, like tablets or mobile phones, or interactive voice response systems on
telephones that can even be used to collect patient-reported data. Various different
commercial and open-source tools that offer similar functionality are available due to
the high demand and the need to meet regulatory criteria. Examples include Oracle
Clinical, Clintrial, RAVE and eClinical Suite (commercial) and OpenClinica,
openCDMS, TrialDB and PhOSCo (open source and free of charge). In addition, data
management tools now need to be extended to cover aspects including provisions for
workflows for biosamples, their associated data and molecular data.

Biosample Metadata

Consistently recording and tracing biosamples through multistage analytical pro-
cesses is important for maintaining the biosample audit trial and to enable future
use of the biobanking resource. Data about the biosamples (biosample metadata),
including both logistical information such as location, shipment batch number,
date and time of delivery and quality information such as lag time from collection
until freezing, preparation method, percentage tumour cells for tumour samples
and tube type for blood collection, are needed. A minimum dataset for sharing
biobank samples, information and data has been developed that can assist with
harmonisation and interoperability of sample information facilitating exchange
between centres [34].

Several organisations have also now developed software tools specifically for
managing biosamples data. Some examples include biosamples databases from the
National Center for Biotechnology Information (NCBI) [35], the European
Bioinformatics Institute (EBI) [36] and the International Association for Research
in Cancer (IARC) [37].

Molecular Data

Given the large volumes and variety of molecular data that is now available from
high-throughput techniques [38], the management of molecular, clinical and biosa-
mple metadata is a new emerging challenge. This task can be approached in differ-
ent ways. One approach is to centralise data and have central coordinated
management; however, this requires securing adequate storage space, tools and
expertise to enable management or large volumes and diverse types of biological
data and also management custodianship of data that may have been generated in
different locations or institutions. The resources required for centralisation can be
particularly significant in the case of new technologies such as next-generation
sequencing, not just for physical storage but also in personnel time for curation. A
second approach is to use a federated model where data is not physically centralised
but instead storage locations are linked. This approach can more easily take advan-
tage of existing public data repositories such as the European Genome-phenome
Archive (EGA) [39]. Notably, greater accessibility, awareness and harmonisation



Building Translational Research Infrastructure and Access to Expertise for Biomarker... 13

between available bioinformatics resources have been identified as a key area for
further development within Europe, as exemplified by the opening of a new
pan-European bioinformatics infrastructure for biological data called ELIXIR [40].

Implementing common data standards has been proposed as a way to save time
and resources in data collection as it facilitates interoperability of systems and lends
itself to automation. This can increase the quality of data and the ability to reuse data
for secondary research projects by facilitating data exchange. Several international
initiatives for inter-institutional data harmonisation are currently underway, such as
open data standards developed by Clinical Data Interchange Standards Consortium
(CDISC) [41] and the Critical Path Institute (C-Path) which orchestrates the sharing
of data, expertise and knowledge among industry, regulatory authorities, govern-
ment, patient advocacy groups and academia in the precompetitive space to generate
the evidence needed to improve the drug development pathway [42]. However, for
successful implementation of such frameworks, the community must be engaged
and come to an agreement on which standards to adopt since parsing and organising
the data according to set standards takes an initial investment of time and resources.

Interoperable Databases and Information Technology

Interoperable databases and supporting integrated computer solutions are an often
underestimated but foundational building block for supporting biomarker transla-
tional research. With the rapidly advancing capacity to quickly generate large vol-
umes of molecular data at lower costs, information technology (IT) platforms for
organising, storing and linking data in a robust and secure way compliant with
appropriate ethical and confidentiality rules become critical. One of the major chal-
lenges of building IT solutions is the diversity of the data and formats to be collated,
particularly if the data are sourced from different institutions or partners. Data can
range from large volumes of molecular results to clinical outcome or biosample data
or even administrative and cost information. Increasingly, projects require the abil-
ity to link between datasets or operations to allow cross database searching, for
example, combining molecular and clinical information to identify patient groups
where biosamples suitable for future research studies are available in the biobank.
A variety of data types and formats need to be integrated into an interoperable
system that allows flexible queries. As part of developing such IT platforms, for-
malised data structures, ontologies and common data elements/minimum datasets
become critical for efficient linkage, retrieval, interpretation and exchange of data.
Capturing data in a modular way allows flexibility in search functionality, and
data retrieval in a format can meet the needs of various user groups. Data may need
to be downloaded, shared or placed in the public domain, as appropriate. Data dis-
tribution must be managed according to data access rules, contractual restrictions,
the scope of patient consent, data access rights of users and institutional and custo-
dianship restrictions; therefore, having tools that can help manage this process is a
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great advantage. For example, new tools such as electronic watermarks can be used
to facilitate traceability of the origin of data and how it is used.

Whether the selected solution is a one-stop-shop platform or involves combining
a series of different software, given the diversity of queries, interoperability between
systems is key. Functions for workflow management and repeatable automated
report generation that build and record the sequence of steps become important for
traceability and integration.

Finally, after collection, data must be analysed and interpreted in order to gain
knowledge; therefore, the interface with analysis and visualisation tools becomes
important [43]. Common private or public cloud-based workspace tools can also
facilitate data analysis between investigators who are physically situated in different
locations but who may be working on the same data and software solutions that
assist in managing, visualising and analysis of diverse translational research data.
These platforms can also provide for the sharing source code or analysis algorithms
between investigators and research centres that serve to map the raw data to the
results via audit trails. These tools may be either integrated into the IT platform or
may be articulated as separate stand-alone software. Since numerous analysis soft-
ware (both open source and propriety) are available to researchers, data should be
accessible for downstream use in a way that allows researchers the freedom to select
the analysis tool of choice. Critically, whatever IT solution is selected, it must have
a user-friendly interface in order for it to be adopted.

Data Analysis

New challenges in the field of data analysis are emerging now that the field is mov-
ing towards a holistic approach to medicine and biology. Through the integration of
multiple data types, we may allow more precise, robust and meaningful identifica-
tion of new cancer biomarkers [44].

Biostatistics

In the past, poor biomarker study design has led to a large number of spurious con-
clusions, and contradictory results are frequently found in the published literature.
Methodological issues stemming from small sample sizes and multiple hypothesis
testing have resulted in a loss of power and inflated estimates of statistical signifi-
cance of putative biomarkers [45].

In addition, the effect of technical variations and pre-analytical variations on
final test results and how they can lead to serious biases and obscure the effects and
variation of interest is becoming increasingly appreciated [46]. These issues
become particularly prominent for multiplex biomarkers, such as gene signatures.
It is important that the biomarker research is robustly designed and that the
statistical analysis methods are clarified and described in sufficient detail to allow
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up-front consideration of the power and sample size, and so early consultation with
a statistician is advisable, and the type of study design selected can affect the level
of evidence generated from the study [4]. Even if the biomarker study is explor-
atory in nature, some rationale for sample size should be given of why that number
of specimens should be collected or better still the biomarker study should be
designed to detect a specified effect size, e.g. a specified hazard ratio. Initial sample
size should be estimated wherever possible. A key parameter impacting sample
size estimation is the frequency of occurrence of the biomarker (e.g. an infrequent
biomarker requires a large sample size to achieve the same power), which can
greatly influence the feasibility of accessing the required number of specimens to
perform the work. Care must also be taken in considering the type of data produced
by the assay, how the final scoring of the results will be categorised and what cut-
points will be used to determine these categories. This is an important issue if the
biomarker is to be used to assist with treatment decisions and subsequently impacts
on the statistical design and power calculations.

Variability in biosample collection, storage, processing and analysis can have a
major impact on the quality of the data obtained and if not well managed could lead
to artefacts resulting in misinterpretation of test results. Therefore, even when work-
ing in a biomarker discovery setting, it is important to consider that assays are well
characterised and validated and that parameters around the biosample collection
and analysis are not associated with artefacts or lead to confounding in the data
produced, for example, effects of the type of tube used for serum collection or devi-
ations from sample collection protocols such as sample defrosting that may lead to
effects in the molecular data produced.

The type of assay platform selected may differ between a discovery and valida-
tion setting, for example, in a biomarker discovery project, a method that produces
a large amount of data in parallel may be selected such as genomic profiling or
genome sequencing methods. Less robust assays may be more sensitive to subtle
variations in the biosample collection and preservation methods making the need
for well-documented, standardised collection protocols important.

Subsequently for validation objectives, once a smaller set of biomarkers have
been identified, robust clinically applicable assays that measure only a few bio-
markers may be used. These qualification studies may also often performed in a
surrogate tissue other than that of the original disease site such as serum or blood. It
is also worth considering the expected failure rate and failure distribution of the
assay as this may be important early indication for assessing the feasibility of the
implementation of the biomarker. Assay failure rate can impact on the number of
patients that need to be measured as part of the study but also if there may be bias
of particular patient groups that are not assessable for the status of the biomarker.

Given these potential pitfalls, it is important to have early statistical input into
the design of biomarker studies. Ideally, and in order to reach the highest level
of evidence, analysis plans should be prespecified. This can also be done when
the biosample collection is not collected in a prospective manner (known as a
prospective-retrospective design) [4].
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Bioinformatics and System Biology

It is now recognised that both biostatistical expertise and bioinformatics expertise
are complementary and necessary part of biomarker research particularly in the case
of complex multigene classifiers. A good example of the needed intersection of both
areas of expertise is the use of clinic-genomic predictors in clinical trials to deter-
mine patient treatment. Recently the NCI USA proposed criterion for this scenario
that drives home the importance of rigour in all aspects of the analysis and verifying
data accuracy, completeness, screening for artefacts in the data, locking down the
algorithm, summarising the distribution of predictions and method validation
including comparison against public sources of data [47]. Verification would also
include monitoring of data management and checking raw data formats. Commented
source code is recommended to enable a skilled reader to follow the algorithm and
written descriptions to document data transformation steps being performed [3].
Literate programming tools are available, such as Sweave, SASweave and odf-
Weave that can assist in documentation of code [48].

Verifying Quality and Expertise, Quality Assurance and Quality
Control

Quality Assurance of Laboratory Testing

Quality assurance and quality control are an often under-appreciated but important
part of biomarker research. Increasingly certification and accreditation of facilities
is becoming important to harmonise activities when work is conducted in a decen-
tralised manner across multiple institutes as it provides some confidence that the
partners are working to similar standards.

One route is through the accreditation of laboratories to internationally recog-
nised standards such as those established by the International Organization for
Standardization (ISO) [49]; however, in addition to this, internal and external qual-
ity control is also important. Internal controls such as the use of control biosamples
and comparison of their values against control limits should be an integral part of
the assay testing procedure that is implemented locally. In external quality control
programmes, the data of control biosamples are submitted to an external organisa-
tion for evaluation. This type of programme serves to monitor long-term assay per-
formance within a laboratory and allows investigators to interact freely within the
network to discuss technical issues, thus helping to improve the overall quality.

Quality Assurance in Biobanking
Although consensus on international technical standards and accreditation has

lagged behind in the field of biobanking, new approaches for certifying or accrediting
biobanks and developing tools are ongoing, for example, the ISBER Self-Assessment
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Tool (SAT) for repositories which is available as an online self-assessment tool [50].
In addition, other standards such as a data standard for sourcing biological samples
in the setting of biobank networks have been released [51]. These examples cover
the general principles of quality management systems such as equipment qualifica-
tion, validation of methods, resources, facilities, staff training, traceability, docu-
mentation, reference materials and participation in proficiency testing as well as
enabling communication about specific samples and aggregated data which form
important aspects of high-quality biobanking [52, 53].

Logistics and Operational Support

Conducting biomarker research requires coordination of multidisciplinary teams,
and in the setting of international or multisite research, additional challenges may
arise. Therefore, dedicated operational project management support is highly ben-
eficial to support biomarker research.

A recent example of addressing feasibility and operational challenges associated
with implementing biomarkers in clinical practice is the UK Stratified Medicines
Programme. This programme has focused on establishing the collection of cancer
biosamples according to given standards, performing centralised testing and securing
turn-around times in a clinically relevant timeframe coupled with collection of a
minimum pathology dataset and centralised storage of data and has tackled key hur-
dles with practical implementation of profiling such as timely and practical patient
consent, access to samples and adequate preparation (including national pathology
guidelines), informatics and interoperability of IT systems and communicating test
results. Over a period of 2 years up until July 2013, over 9000 people had their
tumours profiled over a range of cancers including melanoma and breast, bowel,
lung, prostate and ovarian cancer. This has resulted in 8000 patient records that are
securely stored in a research database, with planned access for researchers [54].

Operational tools and checklists for project management of biomarker studies
may be useful for managing complex projects such as the integration of biomarkers
in oncology clinical trials [55].

Governance

An often overlooked aspect of biomarker research that is key to the success of any
biomarker project is the coordination of the multiple experts and disciplines involved
whilst accounting for local regulatory and conforming to appropriate applicable
ethical principles. Key issues that arise that need to be managed appropriately
include obtaining and tracking the appropriate informed consent accompanying bio-
samples and data, confidentiality and privacy of the participants’ identity, managing
the return of results to participants (and deciding if that is appropriate), specific
aspects relating to research involving biosamples taken from children, the use of
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biosamples and data by commercial entities, the involvement and responsibilities of
ethics boards and custodianship of biosamples. Therefore, the research governance
framework establishing clear guidance as to the use of biosamples in research cover-
ing these issues in addition to the standard safety concerns of handling human mate-
rials is an important element in supporting translational research infrastructure and
is essential for maintaining public trust in researcher’s activities.

Governance coordination is particularly important in the case of inter-institutional
cooperation when multiple entities and jurisdictions are involved, ensuring that work
is in line with prevailing legislation and local regulatory needs. Oversight of the
process by way of policies or guidelines for researchers can be useful for defining
the roles and responsibilities of the various stakeholders involved helping to create
transparency by establishing mutually understood ground rules in collaborative
groups. Elements such as quality control measures, risk assessments and monitoring
plans can also be built into this managerial oversight to help manage any potential
roadblocks. The major challenge in establishing good governance is to maintain
streamlined processes that are simple and practical for researchers to comply with,
or else innovation and cooperation between researchers may be stifled.

Ethical Principles for the Use of Biosamples in Research

Access to human biosamples for use in research is essential for biomarker discovery
and validation. The core principle that freely given informed consent obtained from
each patient for the use of biosamples in research is widely recognised in the global
research community. Therefore, there will always be cases in which the patients not
wish their biosamples to be used in research, and this must be managed appropri-
ately to maintain public trust. There is, however, considerable variability in how this
fundamental principle is understood and applied in different countries. For example,
a DNA sample in one country may be available for use in any well-founded research
study, whereas a similar DNA sample in another country may have tight restrictions
on the scope of its use, and a specific consent relating to genetic research may be
required before it can be processed. As part of the normal process for obtaining
informed consent, patients may be asked to consent to a predefined use of the bio-
sample in a specific research study, if this is already known, or they may be asked to
consent to an open-ended objective where the final use of the biosample is not yet
known. In the latter case, when a new biomarker research proposal is proposed, the
research would then be reviewed by an appropriate ethics committee. It is not
always possible to implement this latter type of open-ended consent, due to differ-
ences in perspective of different ethics committees in different jurisdictions. For
example, some ethics committees simply may not approve of such open-ended
questions being posed to the patient. Furthermore, in some countries, researchers
may even be asked by ethics committees to recontact the donor (if still alive) to
obtain a new consent for any new research proposal. Clearly these ethical and legal
obligations can add to the complexity of performing biomarker research yet must be
handled appropriately. This means that dedicated regulatory support and associated
guiding governing principles need to be put in place to fulfil our responsibilities to
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patients; therefore, access to dedicated staff to assist with these processes can
greatly facilitate the process and remove some of the burden from individual
researchers. A variety of governance models exist among different organisations;
however, the principle of custodianship, the entity or person responsible for the
caretaking of the biosample, remains a common theme [56]. In some models, the
custodianship of the biosample is dictated by the physical location of the biosam-
ples (e.g. confederation of cancer biobanks), or the custodian may be defined by a
legal entity, e.g. institution or hospital (Medical Research Council, UK) or with
individual responsible persons (GlaxoSmithKline), or may be defined as the body
deciding on the use of the biosamples (EORTC). In any case, the relationship and
responsibilities must be clarified as these may vary between organisations and
should be agreed upon when collaborations are initiated.

Use and Reuse of Data in Biomarker Research

In addition to obtaining informed consent from patients for the use of biosamples,
consent for the use and reuse of clinical and biological data in biomarker research must
also be appropriately governed. In the context of an environment where collaborative
projects are increasingly important and funding agencies and scientific journals are
encouraging researchers to share data, researchers need to be aware of the conditions
under which this is appropriate and may benefit from dedicated translational research
infrastructure support in order to do so. Data exchange and storage processes must
comply with the prevailing regulations on privacy, confidentiality and security since
they may be regarded as personal and sensitive data. Data should not be identifiable to
an individual, but should be coded or anonymised in an appropriate fashion. For the
case of some of the newer technologies like next-generation sequencing, this has led to
new discussions regarding the identifying nature of the data itself and how to manage
this [57]. Medical data are considered sensitive information, and debates still continue
regarding appropriate models for (re-)accessing medical data for research, for exam-
ple, whether patients should be re-consented for secondary use of data in new research
projects. Additional regulatory challenges may arise when exchanging data and biosa-
mples outside Europe, especially to the USA, because of differences in data protection
laws. Novel methods in computing and software solutions can help support this pro-
cess, for example, the project DataShield exemplifies an approach that allows parallel
access to and analysis of data that are physically distributed in various locations [58].

Other common practises for managing data access include controlled access poli-
cies where researchers must demonstrate their competence and need for access to the
data or where data is released only to restricted sets of individuals such as the National
Institute of Health’s controlled access data contained in the database of Genotypes
and Phenotypes (dbGaP) [59]. Also new models of consent such as the concept of
dynamic consent are emerging which could fundamentally change the existing model
of consent and information exchange. These trust-based models encourage more
feedback of information to participants providing samples to foster transparency and
thereby allowing broader consent models to be applied for data reuse without having
to re-consent the patient each time [60].
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Future Trends: New Ways of Working

Industry-Academia Partnerships

As we enter a new era of collaborative research and cost sharing, new models of
partnership are surfacing. Within the commercial sector, there has been some move-
ment to promote precompetitive collaborations between companies that offer shar-
ing of selected data and joint troubleshooting of fundamental issues that offer no
competitive advantage to any one firm, and so by solving the issues jointly, all par-
ties benefit by reducing costs. Having dedicated translational research infrastructure
and access to expertise promotes this process by supporting the adoption of best
practices, improved clinical decision-making, less costly clinical studies, develop-
ment and optimisation of information technology, improves quality and provides
access to expertise and therefore generates value in this precompetitive arena that
can lead to cost savings. The improvement of processes that this coordination pro-
vides creates value that can be of interest to a range of stakeholders and is not lim-
ited to commercial entities; it also benefits including patients, governments as well
as academic researchers, and opportunities arise for collaborations and synergies as
new stakeholders become involved.

Additionally, in recent years there has been increased interest in public-private
partnerships for jointly tacking healthcare issues [61]. Some examples of public-
private partnerships in the area of biomarker development include that of the Dutch
Technology Foundation, which has awarded a grant of 4.3 M Euro to establish the
Biomarker Development Center, a public-private partnership involving seven par-
ticipating industrial partners contributing both in cash and in kind. The goal of this
initiative is to accelerate the validation and development of previously identified
biomarkers in Alzheimer’s disease, COPD and type 2 diabetes [62]. A second exam-
ple of a public-private collaboration in biomarker development is that of the
Unbiased Biomarkers for the Prediction of Respiratory Disease Outcomes
(UBIOPRED) consortium that aims to validate innovative testing methods to clas-
sify patients into different subtypes of severe asthma as part of the Innovative
Medicine Initiative (IMI) [63].

Open Innovation Applied to Biomarker Signature Discovery

Other new concepts that have also impacted on biomarker research include the
concept of crowdsourcing which has been used as a completely new approach to
tackling the identification of novel biomarker signatures. Crowdsourcing is the
process of soliciting services, ideas or content from a large group of people, such
as an online community. An example of its application in the field of biomarkers
is an innovative programme called the Sage Bionetworks/DREAM Breast Cancer
Prognosis Challenge [64]. In this challenge, web access was granted to a breast
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cancer dataset that could be used to develop algorithms and signatures to predict
breast cancer clinical outcome. The algorithms were made available as executable
source code. Participants were able to login and use the data to build various
models using their own choice of computational methods, then the predictive
value of the different models were compared using the same standard statistical
approach and the results were posted on a public board. The best algorithm was
selected by validating the models in an independent dataset to give a robust esti-
mate of performance. The winning approach was then published in Science
Translational Medicine. This example of a new way of approaching clinical chal-
lenges through a scientific common which could radically change the way science
is conducted in the future.

Collaborative Platforms for Harmonisation and Exchange

In order to conduct high-quality biomarker research within a reasonable timeframe,
today’s biomarker researchers cannot work in isolation. Multicentre collaborative
efforts are often needed to achieve access to sufficient data and access to biosamples
in order to meet the study design and statistical power requirements. Therefore,
networks and consortia of researchers are now being established where shared
access to biosamples and data from multiple institutions takes place. New platforms
are now emerging such as Seven Bridges Genomics, with technologies to facilitate
collaborative and large-scale data analysis, visual interfaces to make data accessible
and ensuring connectivity and reproducible research via the use of Common
Workflow Language and recognised standards [65]. Adoption and coordination of
technical standards is essential for moving forwards in this domain and enabling
meaningful exchange of data and accelerating scientific advances, particularly in
supporting research in rarer diseases or large-scale population-based research.

Recognising the Benefits of Sharing

As well as harmonisation of technical criteria to allow meaningful interchange of
data and biosamples, social factors may also influence the willingness of researcher
to share biosamples and data, and these aspects are as equally important to manage
as the technical factors. The custodians of data and biosamples need to be con-
vinced and motivated by the synergies that can arise from sharing resources within
a larger cooperative group or consortium. The key to collaborative success is to
identify ‘win-win’ situations for collaboration and to highlight the possible pitfalls
of not participating. Benefits that can arise through collaboration range from
co-authorship, exchange of technical expertise, exchange of raw data or results
between partners, accessing expertise or equipment unavailable to an individual
lab, shared costs or other resources and the possibility for networking and having
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the opportunity to offer additional services. Implementing these benefits can
sometimes be challenging as different institutions may also have their own policies,
with different values, preferences and interpretation of legislation which can lead to
complexity in discussions regarding the terms of contracts and can be very time-
consuming. Therefore, having dedicated support by way of both technological plat-
forms and staff to assist with these interactions is of great benefit and foster trust
and collaboration between stakeholders.

Conclusions

By its very nature, biomarker research is interdisciplinary. Now we can expect the
contributions of surgeons, pathologists, molecular biologists, biobankers, statisticians,
bioinformaticians and imaging experts in addition to clinical expertise. Therefore,
coordination and management of both the processes and the various stakeholders
involved is an essential requirement particularly to integrate the right expertise at the
right moment during the study development and often at very early stage at the con-
cept development. New models of multidisciplinary review committees are being
implemented to reflect this shift in the environment. Harmonisation, collaboration
and networking efforts are emerging and are now starting to be embraced by the com-
munity as it is increasingly recognised that this is needed in order to allow efficient
translation of biomarkers to the clinic, to facilitate financial stability and to enable
more rapid progress in biomarker research and can be implemented through
appropriate translational research infrastructure and access to expertise.
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Biomarkers of Endometrial Cancer

Nicholas Galazis

Abstract EC is one of the commonest cancers worldwide, and its incidence is
increasing particularly in the developed world. A patient usually presents with sus-
picious symptoms (typically PMB) and undergoes a range of investigations and
treatment before a definitive diagnosis of EC is made (TVS, hysteroscopy and endo-
metrial biopsy, CT/MRI, surgery for diagnosis, treatment and further staging).

Biomarkers have the potential to help screening, diagnosing and staging the dis-
ease and could complement conventional means. At the moment, biomarker utilisa-
tion and research are more relevant in facilitating staging of EC and thus guiding
treatment and aiding prognosis. Biomarker utilisation in screening and diagnosis is
much less developed.

Keywords Endometrial cancer ¢ Biomarker ¢ Screening ¢ Diagnosis ¢ Staging
* Prognosis

Introduction
Epidemiology

According to the World Health Organisation, endometrial cancer (EC) is the seventh
most common cancer among women worldwide [1]. The incidence varies among
different regions, with ten times higher incidence in developed countries compared
to developing or less developed countries [2]. In fact, EC occurs in 10-20 per 100,000
women annually, making it the commonest malignant tumour of the pelvis [2].
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The International Federation of Obstetrics and Gynaecology (FIGO) gives the
following staging [3]:

e Stage I EC is confined to the corpus uteri:

— IA confined to endometrium with no or less than half myometrium invaded
— IB invasion equal to or more than half of myometrium

e Stage II involves the corpus with invasion into the cervical stroma but has not
extended outside the uterus.
e Stage III has local or regional spread beyond the uterus:

— Stage IITA is invasion of serosa or adnexa or positive peritoneal cytology and
possibly more than one of these.

— Stage IIIB is vaginal or parametrial metastases.

— Stage ITIC is metastases to pelvic (IIIC1) or para-aortic (IIIC2) lymph nodes
or both.

e Stage IV is involvement of the bladder or bowel mucosa or distant metastasis:

— Stage IVA is involvement of bowel or bladder mucosa.
— Stage IVB is distant metastases including nodes in the abdomen or inguinal
region.

Approximately 72% of EC cases are FIGO stage I at diagnosis, 12% are stage II,
13% are stage III, and 3% are stage IV [4, 5]. The overall survival of patients
affected with EC is about 80% and this depends on the FIGO stage [3].

Actiology and Risk Factors

Despite significant research into the biochemical mechanisms and pathophysiology
of EC, the precise aetiology is unknown [6]. EC rarely presents before the age of 40,
and more than 80% of cases occur in postmenopausal women [7].

About 5-10% of the cases of EC have a hereditary basis, with hereditary non-
polyposis colorectal cancer (HNPCC or Lynch syndrome) being the most common
cause. In fact, women with HNPCC have a higher lifetime risk of developing EC
than developing colorectal cancer (42% versus 30%) [8]. More than 90% of EC
cases occur sporadically [2]. Risk factors include unopposed oestrogen stimulation
of the endometrium such is the case in women suffering from polycystic ovary syn-
drome (PCOS), obesity, diabetes mellitus and oestrogen-secreting tumours [2, 9].

Nulliparity is also a risk factor for EC as well as the use of tamoxifen for the
treatment for women with breast cancer [10, 11].

The Dualistic Model

EC is commonly classified into two types. Type 1 tumours (about 80%) are endo-
metrioid carcinomas arising in a background of hyperplasia in obese women [12].
These tumours are usually low grade, oestrogen related and follow a more
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favourable course. In contrast, type 2 tumours (about 20%) are non-endometrioid
(predominantly serous and clear cell) carcinomas arising in endometrial polyps or
from precancerous lesions in the vicinity of an atrophic endometrium. These
tumours are high grade, not oestrogen related, often invade the myometrium and
(Iymph) vascular spaces and have a high mortality rate [13]. At the time of opera-
tion, about one in every ten clinical stage I ECs has lymph node metastases, most
commonly at pelvic lymph nodes, sometimes associated with para-aortic lymph
node involvement [14]. The latter represent a more aggressive disease stage, and it
is an independent predictor of poor outcome [15].

Clinical Presentation

Typically, EC presents as postmenopausal bleeding (PMB). In premenopausal
women, it presents as menorrhagia, intermenstrual or postcoidal bleeding. EC is
usually diagnosed early so women rarely present with systemic symptoms of malig-
nancy like weight loss, tiredness or malaise.

Investigations
Transvaginal Ultrasound

Transvaginal ultrasound (TVS) is an appropriate first-line procedure to identify
which women with PMB are at higher risk of EC. The mean endometrial thickness
in postmenopausal women is much thinner than in premenopausal women; there-
fore thickening of the endometrium may indicate the presence of pathology. In
general, the thicker the endometrium, the higher the likelihood of important pathol-
ogy, that is, EC. In the UK, the endometrial thickness threshold is 5 mm which
provides adequate sensitivity without excessive false-positive rates in most women
and a false-negative rate of 0.25-.50% [16]. European guidelines have a lower
threshold (3—4 mm), but this leads to greater numbers of biopsies [17]. Some
pathology may be missed; therefore, hysteroscopy and biopsy should be carried
out in cases where endometrial thickness is below the threshold if there is a high
clinical suspicion [17].

Hysteroscopy and Endometrial Biopsy

A definitive diagnosis in PMB is made by histology. Biopsy can be taken during
hysteroscopy performed under local or general analgesia.
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Staging

Once histological diagnosis is established, CT of chest, abdomen and pelvis as well
as MRI of pelvis should be performed to assess the extent of disease. Further stag-
ing is performed intraoperatively which includes exploration of the pelvis and abdo-
men with biopsy of any suspicious lesions, total abdominal or laparoscopic
hysterectomy (TAH/TLH), bilateral salpingo-opherectomy (BSO) and, where
appropriate, complete pelvic and/or para-aortic lymphadenectomy [18].

Treatment

This depends upon the stage [19].

e Stage I requires total abdominal hysterectomy with bilateral salpingo-
oophorectomy. The role of lymphadenectomy is debated [18].

e In stage II there should be radical hysterectomy with systematic pelvic node
clearance. Para-aortic lymphadenectomy may also be considered.
Lymphadenectomy is important for staging and as a guide for adjuvant therapy.

e Stages III and IV are best treated with maximal de-bulking surgery. Although
there is no conclusive evidence, a combination of surgery, radiation and chemo-
therapy (usually with doxorubicin).

Molecular Biology and Genetics of EC

The endometrium undergoes structural modification in response to fluctuations of
oestrogen and progesterone during the menstrual cycle. Long-lasting unopposed
oestrogen exposure leads to endometrial hyperplasia, which increases the chance of
development of type 1 EC. The molecular basis of this process is still not known,
since the involvement of only a minority of factors is reproducible [20]. Aside from
their morphologic and clinical features, type 1 and type 2 ECs are further distin-
guished by genetic alterations [21].

In general, the development of cancer is characterised by self-sufficiency in
growth signals, insensitivity to growth inhibition, evasion of apoptosis, angiogene-
sis, invasion and metastasis [22]. Understanding pathogenesis at the molecular level
is essential in identifying biomarkers for successful targeted therapies.

Type 1 (Endometrioid) EC

The most frequent genetic alteration mainly affecting type 1 EC involves the PTEN
gene—a tumour suppressor [23]. PTEN, located at chromosomel0q23, encodes a
protein (phosphatase and tensin homolog, PTEN) with tyrosine kinase. PTEN has
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been reported to be altered in up to 83% of type 1 EC and 55% of precancerous lesions
[23]. PTEN inactivation is caused by mutations that lead to a loss of expression and,
to a lesser extent, by a loss of heterozygosity. Thus, loss or altered PTEN expression
results in aberrant cell growth and apoptotic escape. Loss of PTEN is furthermore
probably an early event in endometrial carcinogenesis, as evidenced by its presence in
precancerous lesions, and is likely initiated in response to known hormonal risk fac-
tors [23]. Its expression is highest in an oestrogen-rich environment. In contrast, pro-
gesterone promotes involution of PTEN-mutated endometrial cells. These observations
are consistent with the well-documented clinical effects of progesterone-mediated
suppression and resolution of invasive EC and its precursors [24]. PTEN mutation is
well documented in endometrial hyperplasia with and without atypia [25].

Mutations in PIK3CA may contribute to the alteration of the phosphatidylinosi-
tol 3-kinase (PI3K)/AKT signalling pathway mainly seen in type 1 EC [26].
PIK3CA gene mutations occur in 24-39% of the cases of type 1 EC and frequently
coexist with PTEN mutations [27]. PIK3CA mutations have been associated with
adverse prognostic factors such as high-grade and myometrial invasion [27].

The accumulation of sequence changes in DNA segments, which occurs because
of inactivation of intranuclear proteins constituting the mismatch repair system, is
known as microsatellite instability (MSI) [27]. MSI has been demonstrated in 20%
of sporadic type 1 EC [26]. Microsatellites are short segments of repetitive DNA
bases that are scattered throughout the genome. Inactivation of MutL protein homo-
log 1 (MLH1), a component of the mismatch repair system, is a common event in
type 1 EC. This alteration occurs through hypermethylation of CpG islands in the
gene promoter, a process known as epigenetic silencing [27]. MSI and abnormal
methylation of MLHI1 are early events in endometrial carcinogenesis and have also
been described in precancerous lesions [28].

Other genetic alterations in type 1 EC include mutations of K-ras and beta-
catenin genes [26].

Type 2 (Serous and Clear Cell) EC

The most common genetic alteration in serous EC is in p53, the tumour suppressor
gene. This occurs in up to 90% of serous EC [29]. The p53 gene is located on chro-
mosome 17 and is important in preventing the propagation of cells with damaged
DNA. The exact mechanism behind the cause of this mutation is still unclear. It is
postulated that mutation in one allele occurs early during the development of serous
carcinoma, and loss of the second normal allele occurs late in the progression to
carcinoma [29].

Other frequent genetic alterations in type 2 ECs are inactivation of p16 and over-
expression of HER-2/neu [30]. P16 inactivation was found in 45% of serous carci-
nomas and some clear cell cancers. The p16 tumour suppressor gene is located on
chromosome 9p21 and encodes for a cell cycle regulatory protein. Thus, inactiva-
tion of p16 leads to uncontrolled cell growth [30].
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Diagnostic/Screening Markers

EC is detected after pathology assessment of uterine aspirates, hysteroscopy-guided
biopsies and curettage. Although these methods are considered the gold standard for
screening, they still have some limitations and drawbacks [31]. First, they may
cause significant discomfort. Second, as tools for diagnosis, they have only a mod-
erate ability to predict the final pathology, and third, they require a trained patholo-
gist for interpretation.

A study by Colas et al. compared gene expression screening on 52 carcinomas
and 10 normal tissues to identify potential biomarkers [32]. These were further vali-
dated in an independent series of 19 tissue samples by RTqPCR and on 50 carci-
noma and non-carcinoma uterine aspirates [32]. A panel of potential genes
differentially expressed was identified (ACAA1, APIM2, CGN, DDRI1, EPSSL2,
FASTKDI1, GMIP, IKBKE, P2RX4, P4HB, PHKG2,PPFIBP2, PPP1RI6A,
RASSF7, RNF183, SIRT6, TJP3, EFEMP2, SOCS2 and DCN) which correlated to
their expression in the corresponding primary endometrial tumours [32]. The
authors proposed that such a minimally invasive and highly sensitive and specific
method for the identification of EC which has the potential to increase patient com-
fortability as alternative methods of diagnosis is based in more invasive techniques
[32]. It could also provide a molecular tool for supporting pathologist decision and
hence help gynaecologists to reduce the number of unnecessary hysteroscopies.
Furthermore, among the potential clinical applications for these newly discovered
molecular biomarkers could be a screening programme within high-risk popula-
tions designed to improve the early detection of EC [32]. Large validation studies
need to be conducted first before such results are translated in clinical practice.

DNA methylation is notable because of its early occurrence in carcinogenesis,
stability and detectability using highly sensitive and specific assays [33]. Based on
the hypothesis that candidate DNA methylation markers demonstrate low values in
benign tissues, large differences between carcinomas and benign tissues and highly
statistically significant differences by disease status, Wentzensen et al. were able to
identify an eight-marker panel obtained from endometrial brushings with substan-
tial discrimination (ADCYAP1, ASCL2, CDH13, HS3ST2, HTR1B, MME, NPY,
SOX1) [33]. These findings provide a proof of principle that it may be possible to
develop diagnostic molecular testing as an adjunct to the classification of endome-
trial biopsies or brushings performed to assess suspicious vaginal bleeding [33].
What is more, this test could enable triage patients with carcinoma, while reducing
overtreatment of innocuous lesions [33]. This could be particularly important among
women with limited health care access as rapid identification of carcinomas may
increase chances of cure and reduce the need for more aggressive treatment second-
ary to disease progression, whereas ruling out high-risk lesions could allow many
women to safely opt for conservative management [34]. Again, validation of this
biomarker panel in large prospective studies is imperative before the results can be
applied in practice.
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Higher serum CA 125 levels correlate with the extrauterine disease and advanced
cases and are used as a marker to evaluate prognosis and recurrence in EC (see sec-
tion below on Prognosis and Staging). However, a CA 125 level greater than 35 U/
mL is not useful in diagnosing early stages of EC [35]. Moore et al. have proved that
serum HE4 is elevated in all stages of EC and is more sensitive in early-stage cancer
compared to CA 125 [36]. Although there is sufficient evidence in regard to the
accuracy of HE4 for the diagnosis of EC, there is currently not enough data to esti-
mate its value in clinical practice [35]. Such quantification warrants further large-
scale studies. Finally, there is evidence that patients with EC have significantly
different expression patterns of several serum biomarkers as compared to healthy
controls with a high sensitivity (98.3%) and specificity (98.0%) [37].

In conclusion, the role of biomarkers in the screening and diagnosis of EC is still
in its infancy, and further studies are needed to validate these promising findings
before they are translated to clinical practice.

Prognostic/Staging Biomarkers

Tissue Biomarkers

Expression of p53 protein and/or p53 gene mutations have been detected in 7-43%
of EC and have been associated with advanced stage, high grade, deep myometrial
invasion, type 2 histology, lymph node metastasis and, ultimately, lower survival
compared with EC patients without p53 alterations [38—43].

PTEN mutations are related to early stage, low rate of p53 overexpression and
longer survival in women with EC [44]. On the other hand, Steinbakk et al. failed to
evidence any prognostic relevance for PTEN status in curettages from patients with
FIGO stages I-1II type 1 EC [43]. Therefore, loss of PTEN function did not appear
to impact on survival of patients with early disease, but it was associated with a bet-
ter clinical outcome in those with advanced or recurrent disease [45].

MSI, which is the hallmark of defects in DNA mismatch repair genes, occurs in
11-45% of type 1 EC [45-47]. Whereas MSI is an independent predictor of a
favourable outcome in colorectal cancer [48], conflicting data emerge from the lit-
erature as far as the prognostic relevance of MSI in type 1 EC is concerned [49].

Alterations in f-catenin expression have been reported both in type 1 EC and
atypical hyperplasia and therefore appear to represent an early event in endometrial
carcinogenesis [26]. Saegusa et al., who assessed 199 cases of type 1 EC, found a
significant association between p-catenin mutations and low-grade histological
malignancy (p = 0.048), as well as between f-catenin mutations and lack of lymph
node involvement [50].

K-ras mutations which are most commonly seen in type 1 EC have been associ-
ated with lymph node metastasis and poor survival [26, 51, 52]. For example,
Mizuuchi et al. investigated 49 cases and concluded that the presence of K-ras
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mutations was an independent predictor of unfavourable clinical outcome (p =0.034)
after adjusting for tumour stage, depth of myometrial invasion and patient age [52].

Vascular endothelial growth factor (VEGF) is an important endothelial cell mito-
gen that acts through specific receptors, namely, flt-1 and flk-1/KDR [53]. In EC, an
increase in VEGF expression has been often associated with advanced tumour stage
[54], high tumour grade [55], deep myometrial invasion [56], lymphovascular space
involvement [54] and lymph node metastases [54].

The proportion of aneuploid tumours among EC ranges from 16 to 28% and
significantly correlates with old age at diagnosis, type 2 histology, high tumour
grade and lymph node involvement [57—60]. In most studies patients with aneuploid
tumours have significantly poorer survival at multivariate analysis, after adjusting
for the common clinical-pathological variables [57, 59, 60]. In fact, some authors
have suggested including DNA ploidy among criteria for the selection of high-risk
patients who might benefit from adjuvant treatment [58, 59].

Both HER2 overexpression and amplification have been linked to poor progno-
sis and survical in EC [61-63]. Following the successful development of targeted
therapy against HER2 in breast cancer, reports on HER2 overexpression have
sparked considerable interest for a potential novel HER2-based therapy in
EC. Trastuzumab (Herceptin, Genentech, San Francisco, California), a humanised
monoclonal immunoglobulin (Ig) G1 antibody against HER2/neu, is now Food and
Drug Administration (FDA) approved in the treatment of HER2-overexpressing
breast cancer and HER2-overexpressing metastatic gastric or gastroesophageal
junction adenocarcinoma [61]. In vitro studies have demonstrated that trastuzumab
results in antibody-dependent cellular cytotoxicity in the range of 25-60% against
HER2-overexpressing uterine serous carcinoma which can be augmented by both
IL-2 and simultaneous administration of the heterodimerization inhibitor pertu-
zumab (Omnitarg, Genentech) [61].

Hormone receptor status has consistently been shown to be a relevant prognostic
marker that could also influence the choice of treatment for metastatic disease, due
to higher response rates reported for hormone-receptor-positive tumours [64]. The
presence of steroid receptors correlates with low-grade, type 2 histology as well as
favourable outcome in many studies [65, 66]. Hormone receptor status in curettage
and hysterectomy specimens has been reported to be highly correlated with favour-
able prognosis and with good to very good reproducibility for pathological staining
assessment [65]. On the contrary, loss of oestrogen and progesterone receptors in
curettage specimens has been significantly associated with aggressive phenotypes
and poor survival in patients with EC [66].

Serum Biomarkers

Elevated serum CA 125 levels (>35 U/mL) have been found in 11-34% of patients
with EC [61-64]. Preoperative serum CA 125 concentrations correlate with stage
[67-71], depth of myometrial invasion [65-67], tumour grade [69, 71, 72], cervical
invasion [73], peritoneal cytology [71, 73] and lymph node status [67, 71, 73]. A
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preoperative test that could accurately recognise nodal disease would prevent both
overtreatment (i.e. unnecessary pelvic and para-aortic lymphadenectomy) and
undertreatment (i.e. withholding complete lymphadenectomy or adjuvant postop-
erative treatment to patients with lymph node metastases). However, the optimal
cutoff value has not been determined yet, and correlations between the levels of CA
125 in serum and lymph node metastases remain inconsistent, warranting further
research in this field [74].

Several studies have investigated whether serum CA 125 assay may provide
additional information for the identification of those patients with high risk of sub-
clinical extrauterine spread who need a lymphadenectomy [67, 71, 73]. Scambia
et al. found CA 125 levels >65 U/mL in 22% of patients with negative lymph nodes
compared to 58% of cases with histologically proven positive nodes (p = 0.022)
[67]. Sood et al. observed that preoperative serum CA 125 > 65 U/mL was the stron-
gest predictor of extrauterine disease with a risk ratio of 6.5 (95% CI = 2.5-17.1)
[71]. Other authors confirmed that serum CA 125 level was an independent risk
factor for lymph node involvement [73, 74].

Serum CA 153 levels are elevated in 24—32% of patients with EC and correlate
with tumour stage [67, 69]. Scambia et al. detected CA 153 levels >30 U/mL in 47%
of patients with stage III disease compared with 18% of those with stage I-II dis-
ease (p = 0.01) and found a significant relationship between serum CA 153 positiv-
ity (>30 and >50 U/mL) and shorter survival (p = 0.0004 and p = 0.00025,
respectively) [67].

Conclusions and Future Approaches

Biomarkers have the potential to help screening, diagnosing and staging the disease
and could complement conventional means. At the moment, biomarker utilisation
and research are more relevant in facilitating staging of EC and thus guiding treat-
ment and aiding prognosis. Biomarker utilisation in screening and diagnosis is
much less developed.

There are important limitations that need to be overcome in the future to allow
adequate implementation of new biomarkers to guide clinical care in EC. Suggestions
for future research include [64]:

1. Sufficiently sized, population-based biomarker studies linked to state-of-the-art
clinically and histopathologically annotated patient series.

2. The test criteria applied for new surgical staging procedures by lymphadenec-
tomy should be better standardised, and figures for reproducibility, sensitivity
and negative predictive value for the procedure should be established.

3. Introduction of new imaging methods and biomarkers for test development
needs to meet strict standards for reproducibility and test quality before incorpo-
ration into stratification schemes that define target populations.

4. Studies of new potential markers need to be done in a prospective mulitcentre
setting to document their performance in a routine clinical setting.
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Abstract Chronic inflammatory diseases, such as inflammatory bowel disease—
namely, Crohn’s disease and ulcerative colitis—psoriasis, multiple sclerosis, rheu-
matoid arthritis, and many others affect millions of people worldwide, causing a
high burden of disease, socioeconomic impact, and healthcare cost. These diseases
have common features including autoimmune pathogenesis and frequent co
morbidity.

The treatment of these chronic inflammatory diseases usually requires long-term
immunosuppressive therapies with undesirable side effects. The future of chronic
inflammatory disease prevention, detection, and treatment will be greatly influenced
by the use of more effective biomarkers with enhanced performance. Given the
practical issues of collecting tissue samples in inflammatory diseases, biomarkers
derived from body fluids have great potential for optimized patient management
through the circumvention of the abovementioned limitations.

In this chapter, peripheral blood, urine, and cerebrospinal fluid biomarkers used
in chronic inflammatory conditions are reviewed. In detail, this chapter reviews bio-
markers to fore used or emerging to be used in patients with chronic inflammatory
conditions. Those include inflammatory bowel diseases, chronic inflammatory
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conditions of the liver, biliary tract, pancreas, psoriasis, atopic disease, inflammatory
skin diseases, rheumatic diseases, demyelination, and also the chronic inflammatory
component of various other diseases in general medicine—including diabetes, car-
diovascular disease, renal disease, and chronic obstructive pulmonary disease.
Development of personalized medicine is closely linked to biomarkers, which
may serve as the basis for diagnosis, drug discovery, and monitoring of diseases.

Keywords Biomarkers ¢ Chronic inflammation  Inflammatory bowel diseases
* Neurology * Dermatology ® Rheumatology * Diabetes ® Liver  Pancreas  Medicine

Introduction

As personalized medicine is becoming an integral component of modern healthcare,
the development of biomarker-based clinical tests emerges as a key challenge. In the
conventional setting, chronic inflammatory diseases are assessed by clinical activity
indices that measure clinical symptoms or by radiologic or endoscopic indices that
measure tissue inflammation. Disease subtypes are often defined on the basis of
medical history, physical findings, imaging parameters, serum markers, as well
as endoscopic and histopathological characteristics of the disease. Noninvasive
or minimally invasive diagnostic procedures present less burden and risk to
patients than, for example, invasive biopsy sampling. They may thus support
clinical decision-making by providing information on disease status and prognosis.
The requirements of these applications cannot always be met by a single bio-
marker class.

A comprehensive biomarker approach is needed, given its ultimate significance
for clinical application. This strategy could lead to an optimized management of
chronic inflammatory diseases with existing drugs and may facilitate the develop-
ment of novel, more effective therapies. Chronic inflammation is a component of
many disorders that are discussed as per the system involved. Major disorders
with chronic inflammation involve many diseases including those of the digestive
tract, liver, and cardiovascular and nervous systems. Diseases such as diabetes
and rheumatoid arthritis are also characterized by inflammation. In addition,
rejection of allografts also involves chronic inflammatory immune mechanisms,
and there is an interest in finding predictive biomarkers of organ rejection after
transplantation.

This chapter provides an overview of the field of biomarkers in the peripheral
blood, urine, or cerebrospinal fluid (CSF) that are currently used or can be easily
used in combination with other clinical facilities to diagnose, treat, and tailor therapy
in patients with chronic inflammatory diseases.
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Biomarkers in Inflammatory Bowel Diseases

For patients diagnosed with inflammatory bowel diseases (IBD) including Crohn’s
disease (CD) or ulcerative colitis (UC), several laboratory markers have been inves-
tigated for diagnosis and differential diagnosis of IBD as well as for assessment of
disease activity and risk of complications, prediction of relapse, and monitoring the
effect of therapy [1, 2].

We can differentiate the biomarkers in three major categories: serological, fecal,
and other biomarkers. Each category includes other subcategories, for instance,
serological biomarkers are differentiated in acute-phase reactants, cytokines, and
others [Table 1].

Serological biomarkers are measurable substances in body fluids (blood), whose
application is cheaper, less laborious, less invasive, and more objective compared to
the endoscopy-/biopsy-based approach [3]. Serological acute-phase proteins are those
whose plasma concentration increases (positive acute-phase proteins) or decreases
(negative acute-phase proteins) by at least 25% during inflammatory disorders [1].
It is widely accepted that the concentrations of multiple components of the acute-
phase response do not increase uniformly in all patients with the same illness, although
the serological acute-phase proteins commonly increase together.

As serum markers can be elevated in a variety of conditions, fecal markers of
inflammation would be more specific for IBD, in absence of enteric infection [4].
Fecal biomarkers are valuable in their specificity to the gastrointestinal tract. They
include a heterogeneous group of substances that either leak from or are generated
by the inflamed intestinal mucosa [1]. In the setting of mucosal inflammation in
patients with IBD, inflammatory proteins (protein cytokines and markers C of
neutrophil activation), leukocyte products, and leukocytes themselves leak from a
permeable mucosa. Fecal microbiota appear to be attractive biomarkers in IBD,
since they provide a noninvasive way to directly monitor changes in the intestinal
environment associated with mucosal inflammation. However, they do not necessar-
ily play a causative role in disease. The ability of the organism to compete in the
altered intestinal environment is associated with the appearance or disappearance of
a microbial group in disease [5].

Table 1 Routine biomarkers used in inflammatory bowel disease

Serological Acute phase CRP, ESR, platelets, orosomucoid, ASCA, pANCA,
reactants ALCA, ACCA, AMCA, anti-OmpC, anti-flagellin
antibodies, anti-12
Cytokines Interleukins Others
1L-1, IL-2, IL-6, IL-10, IL-17, IL-23 TNF-a

Fecal Serum proteins | Calprotectin, lactoferrin
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Serological Biomarkers of Acute Phase Response
C-reactive Protein

C-reactive protein (CRP), an acute-phase protein, is produced as an acute-phase
reactant predominantly in the liver, in response to a variety of acute and chronic
inflammatory conditions, and is an important component of the innate immune sys-
tem [1, 4, 6]. CRP is produced mainly by hepatocytes in response to stimulation by
interleukin (IL)-6, and to a lesser extent in response to TNF-a and IL-1b, which are
produced at the site of inflammation [1, 4].

CRP is an easy and reliably measured biomarker across diagnostic laboratories
and has a short plasma half-life of 19 h [6]. CRP production is rapidly upregulated,
in the presence of an acute-phase stimulus [4]. Within 24-48 h the increase may be
500 to 1000-fold higher than under basal circumstances. Inversely, to its increase,
the reduction of CRP may be similarly rapid, as the acute-phase response subsides,
with a fall from peak with a half-time of 48 h [1]. Once the stimulus disappears,
CRP concentrations quickly decrease due to CRP’s short half-life. Hence, this
makes CRP a valuable marker to detect the activity of IBD [4]. CRP is an objective
marker of inflammation correlating well with disease activity in CD. Increased CRP
levels are associated with better response rates, whereas normal CRP levels predict
high placebo response rates in clinical trials [2]. The same increasing trend can be
observed in UC, although CRP levels are generally lower than in CD [4]. Several
studies have identified increased levels of CRP in nearly 100% of patients with CD
and approximately 50% of those with UC [7].

CRP is the most sensitive biomarker compared to other biomarkers of inflamma-
tion in adult population for the detection of IBD and is also used in screening
patients with gastrointestinal symptoms. The sensitivity of CRP in discriminating
CD from irritable bowel syndrome ranges between 70 and 100% and the sensitivity
in UC between 50 and 60% [1]. Hence, CRP is a valuable biomarker in sorting out
active CD from functional bowel disorders [6]. Moreover, since CRP levels tend to
be higher in CD than in UC, CRP might be used to differentiate both types of IBD
[1]. However, the relatively low sensitivity of the CRP test in detection of UC pro-
hibits the use of this marker alone to identify patients with symptoms compatible
with IBD, without further evaluation [7].

CRP distinguishes between active and quiescent IBD and trends with mucosal
healing [6]. Various studies have been conducted, regarding CRP levels and their
correlation to different clinical courses [4]. A retrospective analysis of Mayo Clinic
data has associated moderate to greater clinical disease severity, active disease on
colonoscopy, and histological severe inflammation with an elevated CRP, while
51% of UC patients with active disease also had an elevated CRP. In a follow-up
investigation, among patients with symptoms of active CD and an elevated CRP,
86% exhibited evidence of inflammation at colonoscopy [4, 6]. This suggests that
CRP has the ability to predict active mucosal inflammation. Across studies, how-
ever, it has been showed that CRP (in both UC and CD patients), when compared to
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calprotectin and lactoferrin, is less sensitive and has a lower correlation with mucosal
inflammation as shown by endoscopy [6]. Studies in patients with CD, with clini-
cally inactive disease and elevated CRP, have demonstrated that the latter had higher
chance of relapse in the following 2 years than those with normal CRP. In UC
patients, CRP elevation was significantly correlated with severe clinical activity and
active disease by means of colonoscopy but not with histological inflammation [4].
Yet, some patients have had persistent, normal levels of CRP despite active disease
[7]. These patients often exhibit exclusive ileal disease and low body mass index
[4]. For these patients, CRP will not be a useful marker for differentiation of quies-
cent from active disease [7]. Generally, the value of CRP as a predictor of relapse is
controversial, with some studies considering it an accurate predictor and others not.
A combination of CRP and erythrocyte sedimentation rate (ESR) has also been used
to predict relapse in patients with CD [4].

Erythrocyte Sedimentation Rate

ESR is the rate at which red blood cells (RBC) migrate through the plasma over the
period of 1 h [6]. The ESR determination is a commonly performed laboratory test
and reflects the changes in the various acute-phase proteins [1]. The test measures
the distance that erythrocytes have fallen after 1 h in a vertical column of anticoagu-
lated blood under the influence of gravity [1]. ESR is not rapidly responsive to
changes in clinical status, as the concentrations of many serum proteins vary and
some have long half-lives [4]. ESR determinations have been shown to be satisfac-
tory monitors of acute-phase response to disease after the first 24 h [1]. Therefore,
ESR is less suited to detect changes in disease activity, and it fails to exhibit the real
clinical course, as it may take several days to decrease even when rapid clinical
improvement occurs. Hence, ESR is an indirect, crude, but fairly rapid assessment
of the general acute-phase response [1, 4, 6].

Except from erythrocytes morphology and plasma constituents, such as immu-
noglobulins, ESR is influenced by several factors including age, gender, anemia,
blood dyscrasias, and pregnancy [4, 6]. Although it is still widely used, especially
as a biomarker of IBD activity, its usefulness has decreased as new methods of
evaluating disease have developed [1, 6]. In UC there is a good correlation between
ESR and disease activity. In CD the ESR appears to be a less accurate measure of
disease activity [4]. The increase of ESR in increasing disease activity correlates
more with colonic disease and does not reflect the disease activity in the small
bowel [4]. Compared with CRP, during the first 24 h of inflammation, ESR will
peak less rapidly, and may take days to decrease, even if the inflammation has sub-
sided. However, CRP tests are costly, frequently unavailable, and more time-
consuming to perform than the ESR [1].
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Platelets

Besides their function, which is to stop bleeding, platelets also have a recognized
role in inflammatory processes [6]. Therefore, platelet count correlates with disease
activity in IBD [4]. The high platelet number correlates well with disease severity
and may persist even after bowel resection in IBD patients [1]. Increased platelet
concentration in the blood circulation of IBD patients is not yet understood, but is
associated with inflammation, as a nonspecific response [1]. Thus, their relationship
to IBD pathophysiology demands further investigation [6].

Platelet count is a potential method for the distinction of IBD from infectious
diarrhea [1]. In active IBD, the platelet count may be elevated, while the mean plate-
let volume is low [6]. Causes of this occurrence are unknown, but there might be an
association with the thrombopoiesis disturbance often observed in the early stages
of systemic inflammatory processes, as occurs in CD and UC [1]. According to
studies, in more than 30% of IBD patients, spontaneous platelet aggregation takes
place independently of disease severity [1]. While the normal level varies consider-
ably, in practice, the platelet count is routinely available in patients and, if elevated,
may alert the clinician about ongoing inflammation [6].

Serological Markers with Restricted Clinical Use in IBD
Orosomucoid

Orosomucoid or alpha-1-acid glycoprotein is an acute-phase plasma glycoprotein,
which is synthesized primarily in hepatocytes [6]. The levels of circulating oroso-
mucoid have been shown to correlate with disease activity of IBD as assessed by
standard disease activity indices [4, 6]. However, the long half-life (5 days) dimin-
ishes its usefulness in practice [6]. Therefore, orosomucoid does not appear to be a
useful marker for screening health populations or for distinguishing between
patients with inflammatory versus functional disorders [1].

Anti-Saccharomyces cerevisiae Antibodies

The most prominent member of anti-glycan antibodies is Anti-Saccharomyces cere-
visiae antibodies (ASCA) [8], which are formed both as IgG and IgA antibodies [9].
They are believed to interact with mannose residues on mannan in the cell walls of
S. cerevisiae. More specifically, the major antigen targeted with ASCA antibodies is
a mannan, a cell wall glycoprotein, the 200 kDa phosphopeptidomannan (PPM), of
the common baker’s or brewer’s yeast Saccharomyces cerevisiae [1, 7, 8]. In par-
ticular, the Sul strain of S. cerevisiae used in beer brewing and mannotetraose has
been labeled as the most vital polysaccharide epitope within PPM [8].
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The production of these antibodies is poorly understood [9]. Therefore, three
theories have been proposed regarding the widespread distribution of oligomanno-
sides: The first theory is that dietary yeasts or yeasts that colonize the digestive tract
activate the production of ASCA antibodies. The second theory concerns the epit-
opes shared by other microorganisms (Mycobacterium species). The third one
assumes that there are structural homologies between S. cerevisiae oligomannosides
and oligomannosides expressed on human glycoconjugates as autoantigens or neo-
autoantigens [8].

ASCA are widely used as biomarkers for the discrimination among patients with
CD versus those with UC [7, 8]. Increased titers of ASCA were reported to identify
CD with high levels of specificity (96-100%) but low sensitivity (approximately
50%), while both IgA and IgG antibodies are formed [7, 8]. Indirect immunofluores-
cence (IIF) and standardized enzyme-linked immunosorbent assays (ELISA) are the
two main methods used for the detection of these antibodies [8]. Moreover, the titers
of these antibodies do not seem to correlate with disease activity, and ASCA levels
appear to be stable for long periods. In fact, patients with CD have been reported to
have still high rates of ASCA, though their last outbreak of CD was 20 years ago and
their markings on gastroscopy, colonoscopy, and histology were normal [9].
Interestingly, the results vary between different populations, as the sensitivity of
ASCA IgA is lower in Japanese and Chinese CD patients when compared to Caucasian
CD patients [1]. This observation suggests that several distinct genetic determinants
and/or environmental risk factors may influence the ASCA response [1].

Yet the question still remains, do high rates of ASCA antibodies indicate a pre-
disposition to IBD and are they genetic markers or not? Numerous studies have
been performed; in one study, ASCA antibodies were detected in 20-25% of healthy
first-degree relatives of patients with CD. Another study showed detectable levels of
ASCA in 31% of patients long before they were diagnosed with CD. For them the
maximum frequency of antibodies was recorded 36 months before diagnosis [9].
These studies indicate that ASCA growth happens before or during early stages of
disease. Hence, we assume that ASCA are likely produced in the context of early
development of the disease, rather than as genetic markers in childhood. Further
study needs to be done in order to conclude whether ASCA antibodies serve as
indicators of future disease. For now, the initial event leading to IFPE is still unclear,
but it is of great interest [9].

Anti-neutrophil Cytoplasmic Antibodies

Anti-neutrophil cytoplasmic antibodies (ANCAs) are a group of autoantibodies,
mainly of the IgG type, against antigens in the cytoplasm of neutrophil granulocytes
(the most common type of white blood cell) and monocytes. They are detected dur-
ing a blood test in a number of autoimmune disorders but are classically associated
with small-vessel systemic vasculitis, so called ANCA-associated vasculitides, such
as Wegener granulomatosis, Churg-Strauss syndrome, microscopic polyangiitis,
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and its renal-limited variant (pauci-immune necrotizing and crescentic glomerulo-
nephritis) [6, 8, 10]. In addition, ANCAs are found in other chronic inflammatory
disorders, most notably in rheumatoid arthritis and in UC [1]. Serum levels of
ANCA are used for the purposes of diagnosis and prognosis and in monitoring of
inflammatory activity [1, 8].

In vasculitis, ANCA antibodies target different proteins, usually located in the
lysosomes of monocytes and in the azurophilic granules of neutrophils. The most
commonly employed method in use as a screening method for ANCAs is indirect
immunofluorescence (IIF) on normal peripheral blood neutrophils [8]. But for diag-
nostic purposes, enzyme-linked immunosorbent assay (ELISA) is used in laborato-
ries to detect ANCAs [8, 10]. According to IIF, there are two types of fluorescence
pattern: cytoplasmic granular with central interlobular accentuation (CANCA) and
fine homogenous, rim-like staining of the perinuclear cytoplasm (or rim-accentuated
fluorescence of the nuclei) designated as the pANCA pattern. Various target anti-
gens of atypical pANCA have been intensively studied in IBD patients, and so far
results have been conflicting regarding their potential use in clinical practice as their
sensitivity and specificity are less than 60% [8]. It is likely that the target antigen for
UC-related atypical pANCA is a complex conformational epitope which comprises
the nuclear proteins histone H1, HMG-1, and HMG-2. Nevertheless, since the target
antigen for UC-associated pANCA is yet unrecognized, sensitive and specific solid-
phase methods cannot be developed [8]. The sensitivity of the IIF assay for UC
reaches the 87.2% [8].

Anti-glycan Antibodies

ACCA, ALCA, and AMCA (ACCA, anti-chitobioside carbohydrate IgA antibody;
ALCA, anti-laminaribioside carbohydrate IgG antibody; AMCA, anti-mannobioside
carbohydrate IgG antibody) are novel anti-glycan antibodies to sugars on the sur-
face of microorganisms. Various studies have taken place that have associated
ALCA and ACCA with CD [6]. Interestingly, in a study with CD patients, a rate of
17-28% ALCA and ACCA was found, while the sensitivity ranged between 34 and
44% in CD patients who were ASCA negative [6, 7]. ASMA antibodies also seemed
to be positive in 24% of patients with CD who were negative for ASCA and had a
lower sensitivity but higher specificity when compared with ASCA. Moreover,
ACCA and ALCA antibodies have similarly exhibited low sensitivity but relatively
high specificity in CD patients, compared to patients with UC [6, 7]. Other studies
have shown that the combination of gASCA, pANCA, and ALCA is more accurate
than each individual test separately in distinguishing individuals with IBD (UC or
CD) from healthy controls [7].
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Antibody to Outer Membrane Porin (Anti-OmpC)

OmpC is a major outer-membrane protein, porin C isolated from Escherichia coli
[1, 8]. Adherent-invasive E. coli has been found in ileal CD lesions, and OmpC is
necessary for these organisms to thrive in the gastrointestinal tract [6]. An excessive
secretion of OmpC antibodies has been recently reported, with ELISA assay, mainly
in CD patients (55%), while it was insignificant in UC patients and in healthy sub-
jects (5—11% and 5%, respectively) [1, 8]. Originally, this protein was identified as
a pANCA cross-reactive antigen using the library of colonic bacteria [8]. Anti-
OmpC may also be of value in aiding diagnosis of ASCA negative CD patients [1].

Anti-flagellin Antibodies

Flagellin is a protein that arranges itself in a hollow cylinder to form the filament in
bacterial flagellum. It is the principal substituent of bacterial flagellum and is pres-
ent in large amounts on nearly all flagellated bacteria. Flagellin is a common bacte-
rial antigen which plays a vital role in mucosal immune responses, as it is present in
most motile bacteria in the gastrointestinal tract and is highly antigenic [8]. Anti-
flagellin antibodies can be directed against flagellin (Anti-Cbirl), Pseudomonas
Sluorescens-associated sequence I-2 (Anti-12), and flagellins A4-Fla2 and Fla-X [6].

Anti-Cbirl

Cbirl has been identified as an immunodominant colitogenic antigen which was
initially identified in the enteric flora of mice and has the ability to induce colitis in
immunodeficient mice [6, 8]. Cbirl is closely related to flagellin from Butyrivibrio,
Roseburia, Thermagota, and Clostridium species and appears in the Clostridium
subphylum cluster XIVa of Gram-positive bacteria [1]. Cbirl has been measured in
human sera with the ELISA assay and has shown a high anti-CBirl IgG reactivity
(50%) in CD patients while has only exhibited minor reactivity in UC patients
(5-11%) or other inflammatory GIT diseases [6, 8].

Antibody to Pseudomonas fluorescens: Associated Sequence 12 (Anti-12)

The sequence 12 was discovered in 2000, and this DNA was homologous to the
ptxR and tetR bacterial transcription factor family, which was isolated from CD
colonic lesional mucosa [6, 8]. This suggests that the microorganism expressing the
12 gene product might be related to CD pathogenesis. This sequence derives from
Pseudomonas fluorescens [8]. Studies using ELISA assays have shown 30-50%
IgA seroreactivity against 12 in CD, 10% in UC 36—42% in indeterminate colitis,
19% in patients with other inflammatory gastrointestinal diseases, and 5% in healthy
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controls [1, 6, 8]. Thus, the presence of anti-I2 seems to correlate with small bowel
perforating disease [1].

Antibodies to Flagellins A4-Fla2 and Fla-X

Flagellins A4-Fla2 and Fla-X are newly identified flagellins. According to data
some CD patients are seropositive to them. A 2-year study of 252 patients with CD
was carried out which indicated that 76% of these patients had small bowel CD and
59% had antibodies to A4-Fla2 and 57% to Fla-X. Incidentally in a cross-sectional
study, antibodies to flagellin A4-Fla2 and Fla-X were found in 29% and 26% of IBS
patients, respectively [6]. Anti-flagellin antibodies need further refinement before
they can be used in IBD clinical practice and routine diagnostics.

Emerging Serological Markers in IBD: Cytokines

The cytokines are intercellular signaling polypeptides produced by activated cells.
In patients with active IBD, the expression of proinflammatory cytokines is mark-
edly increased in the intestinal mucosa, but this increase is not always translated in
higher serum concentrations. Some cytokines used as biomarkers are various inter-
leukins (IL-6, IL-10, IL-17, IL-23) and tumor necrosis factor (TNF) and its receptor
[1,4].

Interleukins

Interleukins are detected in blood serum, and the most common noninvasive method
of detecting them is ELISA (enzyme-linked immunosorbent assay), a widespread
form of biochemical analytical test which uses a subtype and a heterogeneous solid-
phase enzyme immunoassay for the detection of a substance, typically an antigen,
in a liquid sample [11].

Some of the emerging interleukins, their sources, and biological activity are pre-
sented below [Table 2].

TNF-a and TNFa Receptors

Tumor necrosis factor a (TNFa) is produced by activated macrophages and mono-
cytes. Serum levels of TNFa are usually increased in patients with active IBD,
though they are not consistently elevated [4]. Hence, TNFa determination is of lim-
ited utility as a marker of disease activity in IBD patients [4]. Nowadays, biological
therapies targeting TNFo have significantly improved the management of IBD
refractory to conventional therapies, thus, turning TNF« into a crucial mediator of
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Table 2 Emerging cytokine that could be used as biomarkers in IBD

Interleukin

Sources

Biological activity

Interleukin 1 (IL-1)
Interleukin 1o (IL-10x)
Interleukin 18 (IL-1f)

Activated mononuclear
macrophages,
fibroblasts, dendritic
cells, B lymphocytes,
NK cells, and epithelial
cells

Possess strongly
proinflammatory effect.
Mediates the inflammatory
responses of the host.
Stimulates the production of
chemokines and acute-phase
proteins and activates fever

Interleukin 2 (IL-2) 55-75 kDa

Activated from antigen
T cells

Stimulates proliferation of T
cells, participates in
apoptosis of T cells

Interleukin 6 (IL-6) 26 kDa.
Stimulatory factor 2 of the B cells
(BSF-2), hybridoma/plasmacytoma
growth factor (HPGF), hepatocyte
stimulating factor (HSF)

T cells, B cells, several
nonlymphocytes
including macrophages,
stromal cells of the bone
marrow, fibroblasts,
endothelial cells, and

Sets B and T cell functions.
Effect in vivo in the process
of hematopoiesis. Induction
of acute-phase response

astrocytes

Interleukin 10 (IL-10) 35-40 kDa. | Activated Stimulates or enhances the

Inhibitor of cytokine synthesis subpopulations of CD4+ | proliferation of B cells, mast

(CSIF) and CD8+ T cells cells and thymocytes. In
collaboration with the TGF-b
stimulates the synthesis and
secretion of IgA by B cells
of humans. Antagonizes the
creation of THI1 subset of T
helper cells

Interleukin 17 (IL-17) 28-31 kDa. | Mainly CD4+ T cells Helps hematopoiesis

CTLA-8 (8 antigen associated with
cytotoxic lymphocytes)

indirectly, stimulating
cytokine production by
epithelial, endothelial, and
fibroblast cell layers.
Enhances expression of
ICAM-1, thus giving the
cells more adhesive ability

Interleukin 23 (IL-23) heterodimer
comprising the p40 subunit of IL-12
(3540 kDa) and the p19 subunit
(18.7 kDa)

Activated dendritic cells

An important factor inducing
differentiation of TH1 subset
of T helper cells. Also
induces interferon production
by T cells and NK cells and
enhances NK activity

this abnormal immune response [11]. The most widely used anti-TNFa agents are
infliximab and adalimumab. Infliximab is the best studied anti-TNFa agent and is
currently approved in the European Union for adults and children with CD and
adults with UC [11]. In CD and UC, infliximab has confirmed efficacy in adults
with benefits observed in both clinical remission and mucosal healing. It has also
shown similar effectiveness in children with CD [11]. Evidence suggests that early
treatment with infliximab may improve the natural course of the disease [11]. Other
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cytokines except TNFalpha have been extensively studied, but drug development
based on other cytokines is still under way.

Fecal Biomarkers in IBD
Fecal Calprotectin

Calprotectin is a 36 kDa calcium- and zinc-binding protein that represents 50-60%
of cytosolic proteins in granulocytes [6, 7]. It has antimicrobial effects and is stable
in feces for 1 week [7]. Calprotectin is measured by enzyme-linked immunosorbent
assays (ELISA), and its concentration is an indirect measure of neutrophil infiltrate
in the bowel mucosa [6, 7]. It is released with cell death or activation, making it a
sensitive marker of inflammation [6]. Various studies identify calprotectin as a sen-
sitive marker of activity in CD, which also correlates well with endoscopic and
histological activity in UC [4, 7]. Increased levels of fecal calprotectin had a posi-
tive predictive value of 81% and a negative-predictive value of 90% for relapse of
UC. In patients with CD, the positive predictive value was 87%, and the negative-
predictive value was 43% [6, 7]. Its sensitivity and specificity of relapse in both CD
and UC ranges approximately at 90% and 83%, respectively. Additionally, the sen-
sitivity and specificity for identification of IBD in adults were 93% and 96%, while,
in children, the test confirmed 92% and only 76%, respectively [4, 6, 7]. Despite
calprotectin’s high sensitivity and specificity, it ought not to be considered as a spe-
cific marker of inflammation, since increased levels are also found in neoplasia,
polyps, microscopic colitis, allergic colitis, active celiac disease, infections, nonste-
roidal anti-inflammatory enteropathy, increasing age, etc. [1, 6]. Relatively high
levels of calprotectin are noticed in the stools of normal individuals, and this data is
compatible with the hypothesis that in normal individuals most circulating neutro-
phils migrate through the mucosal membrane of the gastrointestinal tract wall and
thereby terminate their circulating life [1].

Fecal Lactoferrin

Another fecal biomarker of inflammation is lactoferrin, an iron-binding glycopro-
tein found in neutrophil granules, which possesses antimicrobial properties [4, 6].
Fecal lactoferrin is easily quantified using an ELISA specific for human lactoferrin;
it is resistant to freeze-thaw cycles and degradation, facilitating its use as a labora-
tory test [1]. Multiple studies estimated that the lactoferrin test identified patients
with IBD with a mean sensitivity of 80% and specificity of 82% [7]. Furthermore,
the protein’s concentration increases in active IBD, compared to inactive IBD with
specificity between 85 and 90%. Fecal lactoferrin levels may rise significantly prior
to a clinically evident relapse and thus may be a good marker to predict subsequent
IBD flares [4].
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Biomarkers in Chronic Inflammatory Diseases of Hepatology

Over the past decade, there has been a renewed enthusiasm for developing noninva-
sive serum markers or tests to assess the presence and severity of chronic inflamma-
tion and fibrosis in chronic liver disease. Although a single marker or test has lacked
the necessary accuracy to predict fibrosis, different combinations of these markers
or tests have shown encouraging results [12].

Biomarkers of Chronic Viral Infections Affecting the Liver

For hepatitis B virus, the level of HBV DNA in serum or plasma probably reflects
the replicative activity of HBV. Various techniques for detection of HBV DNA have
been developed, including hybridization assays and PCR. For hepatitis C virus, the
introduction of the approved immunoassay EIA has reduced the incidence of HCV
transmission via blood transfusion. Another test available for HCV is an immunob-
lot assay (RIBA-2). Both methods are of limited use, however, because a period of
several weeks separates infection and seroconversion. Recently, a genetic polymor-
phism near the IL28B gene, encoding IFN-lambda-3, has been reported to be asso-
ciated with an approximately twofold change in response to treatment [12].

Biomarkers of Nonalcoholic Fatty Liver Disease

Serum proteomics are of importance for biomarker research in nonalcoholic fatty
liver disease (NAFLD) but have not been implemented in clinical practice [13].
Recently, 4-hydroxynonenal-protein adducts have been suggested as a reliable bio-
marker of lipid oxidation in liver diseases [14].

Biomarkers of Liver Fibrosis and Cirrhosis

The current “gold standard” for liver cirrhosis detection is an invasive, costly, often
painful liver biopsy. Therefore, there is a need for biomarkers that could obviate
biopsy in cirrhosis patients. Among the noninvasive alternatives to liver biopsy, sev-
eral studies have demonstrated the predictive value and a better benefit-to-risk ratio
than biopsy of five combinations of simple serum biochemical markers i.e.,
FibroMAX in patients at risk of chronic liver diseases such as patients with chronic
hepatitis B or C: FibroTest for the quantitative assessment of fibrosis in patients
with chronic hepatitis or drug-induced liver damage; SteatoTest for the quantitative
assessment of steatosis in fatty liver disease; ActiTest for the quantitative
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assessment of necroinflammatory activity in chronic viral hepatitis C and B and
Nash Test for the categorical diagnosis of nonalcoholic steatohepatitis; and AshTest
for the quantitative assessment of alcoholic steatohepatitis (known in the USA as
HCV FibroSURE, HBV FibroSURE, ASH FibroSURE, and NASH FibroSURE)
[15].

Emerging Biomarkers in Chronic Liver Diseases
Activin

Activin is a cytokine, which belongs to the transforming growth factor-f superfam-
ily and is released rapidly into the circulation during inflammation [16, 17]. Studies
suggest an involvement of activin A not only in fibrosis but also in lipid accumula-
tion [16]. Therefore it is used as a diagnostic marker of clinical inflammation and
probably plays a therapeutic role [17].

Follistatin

Follistatin is an activin-binding protein. Although elevated follistatin can be detected
both in tumor tissue and in the peripheral blood, it has no benefit as surveillance
biomarker for HCC development in patients with alcoholic and nonalcoholic liver
disease because of its already elevated levels in the underlying liver pathologies
[16].

Thymosin p4 (T p4)

Elevated serum concentrations) of T f4 might be a defense mechanism counteract-
ing ongoing inflammation and fibrogenesis [18, 19].

C-reactive Protein

CRP is an acute-phase protein produced mainly by hepatocytes. It is produced as an
acute-phase reactant predominantly in the liver, in response to a variety of acute and
chronic inflammatory conditions, and is an important component of the innate
immune system [1, 4, 6]. The hepatic inflammatory response of CRP to injury and
the production of proinflammatory cytokines are the main factors driving stellate
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cell activation and fibrogenesis [20]. Serum high-sensitivity CRP (hs-CRP) is mea-
sured by immunoturbidimetry or by multiplex enzyme-linked immunosorbent assay
(ELISA)-based assays [20, 21].

IL-6

Interleukin-6 (IL-6) is a proinflammatory cytokine derived from the adipose tissue.
IL-6 induces secretion of CRP in the liver and, hence, may contribute to hepatocar-
cinogenesis [22].

INF-«

Tumor necrosis factor-alpha (TNF-a) is a proinflammatory cytokine, and emerging
data leads to the conclusion that serum TNF-a levels could be used as a sensitive
predictor of liver inflammation and even hepatic malfunctions [23, 24].

Adiponectin

Adiponectin is a protein, secreted from adipose tissue. High concentrations of adi-
ponectin were associated with higher risk of hepatocellular carcinoma [25].

All these biomarkers are not used in the routine clinical practice but are expected
to be integrated in future algorithms of diagnosing and treating patients with
cirrhosis.

Biomarkers of Chronic Inflammatory Conditions
in Neurology

Regarding biomarkers of chronic inflammatory conditions in neurology, most stud-
ies have concentrated on the discovery, characterization, and validation of several
highly promising individual biomarkers, but their impact on different disease stages
has hardly been extensively investigated. One of the primary goals of future studies
on biomarkers should therefore be the evaluation and validation of given markers
according to their impact on diagnosis of subjects at risk, differential diagnosis at
early clinical stages, and predication and description of disease course. Future
research should also focus on the development and validation of cost-effective and
broadly available high-throughput technologies for biomarker quantification, as this
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seems the only way to address the need for highly accurate diagnosis and sufficient
supervision of therapeutic strategies.

Biomarker Development in Chronic Inflammatory
Demyelination

Biomarkers in Central Nervous System Chronic Inflammation

Multiple sclerosis (MS) is the most important chronic inflammatory disease of the
central nervous system (CNS) with a complex pathophysiological course that
includes inflammation, demyelination, axonal damage, and repairing [26]. MS is
characterized by heterogenous genetic backgrounds and immunopathogenetic sub-
types, which are reflected in variable clinical disease courses and unpredictable
therapeutic effects. Therefore it seems more credible that a panel of different bio-
logical markers, rather than a single antibody or other biological marker, should
have to be discovered to reflect the various stages of inflammation, demyelination,
axonal degeneration, and remyelination [27].

Despite the progress in new technologies (such as DNA microarrays, real-time
polymerase chain reaction (PCR), multicolor flow cytometry) and the advances in
the knowledge of the MS pathogenesis, the body of scientific evidence obtained so
far cannot support the existence of reliable biological markers. Most of the periph-
eral blood markers under consideration are of little reproducibility, while biological
markers in the cerebrospinal fluid (CSF) are of little utility due to inability of
repeated sampling [28]. Biomarkers of disease activity in MS could help in predict-
ing the disease course and treatment response, thus providing relapse monitoring,
treatment guidance, and long-term outcome improvement.

Unseparated blood is used both for flow cytometry analysis of cellular subpopu-
lations and for PCR studies. After coagulation, serum can be used for the measure-
ment of soluble markers, such as antibodies and cytokines, while after separation
procedures of uncoagulated samples, different cellular populations can be used for
functional studies [29]. Numerous cytokines (TNFa, IL-12, IL-17, IL-23, INF-y),
cell surface markers, adhesion and migration markers, antibodies, and other mark-
ers of tissue damage have been explored as serum or CSF biomarkers for disease
activity, but none of them has so far the necessary validated reliability for wide-
spread clinical use [30, 31]. This could probably be attributed to the fact that MS is
not a systemic disease and therefore serum molecules might be not able to depict the
immunological changes that take place in the CNS.

Autoantibodies against myelin (anti-MOG, anti-MBP, anti-PLP, anti-GAGA4)
have been thoroughly studied, but none of them has so far demonstrated convinc-
ingly a MS-specific antibody response to a certain CNS target antigen. Moreover,
most of the antibodies, detected in MS, are also found in other disease conditions
and, to a lower extent, in healthy controls. Among the aforementioned antibodies,
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myelin oligodendrocyte glycoprotein (MOG) appears to be the most promising
marker. MOG was initially identified as a dominant target antigen for demyelinating
antibodies in experimental autoimmune encephalomyelitis, and its role in the patho-
genesis of MS still remains unresolved and controversial [32].

To date, 24S-hydroxycholesterol is the only promising biomarker related to neu-
ronal damage in peripheral blood. 24S-hydroxycholesterol is a cholesterol metabo-
lite specific to the brain, formed by the catalytic activity of the cytochrome P450
enzyme, and thus could serve as a marker for changes in brain cholesterol turnover
caused by demyelination or neurodegeneration [33]. A moderate correlation was
found between the numbers of apolipoprotein e4 (ApoE4) alleles and MS disease
progression, while the concentration of serum ApoE was not found to be consis-
tently abnormal in all groups of MS patients. Apart from lipid transport and choles-
terol homoeostasis, evidence suggests that ApoE is also involved in the blood—brain
barrier maintenance and in oxidative stress protection [33].

Serum fluctuations of f2 microglobulin (B2-MG), the 12 kDa light chain of the
class I major histocompatibility complex (MHC-I) on the surface of many cells, and
neopterin, a low molecular mass molecule that is synthesized from guanosine tri-
phosphate, have been found to be good indicators of treatment effect but not of
disease activity in MS. During the natural course of MS, $2-MG was found to be
stable over time, and although urinary excretion of neopterin was found to be higher
during clinical relapses, neopterin blood levels were not found to correlate with
clinical and MRI measurements. Furthermore, both neopterin and 2-MG are unsta-
ble and rapidly eliminated by the kidneys, and thus these molecules can be easily
detected in urine specimens [34]. Urine collection is a simple and noninvasive pro-
cess; however, disabled multiple sclerosis patients often have chronic urinary tract
infections or asymptomatic bacterial bladder colonization—due to bladder instabil-
ity—which both can negatively affect the urine biomarker results. Currently, mea-
surable urine biomarkers include neopterin, nitrate/nitrite, prostaglandin metabolites,
b2-MG, immunoglobulin (Ig) light chains, interleukins (IL-1, IL-2, sIL-2R, IL-6,
IL-8), and myelin basic protein (MBP)-like material [29].

Finally, possible biomarkers in cerebrospinal fluid (CSF) that reflect key patho-
logical processes of MS in inflammation, immune Th1 dysfunction, demyelination,
oxidative stress, remyelination, and neuroaxonal damage are being investigated
[35]. Currently, the main role of CSF examination in MS is to support the diagnosis
of MS and to exclude other diagnoses. The most useful markers are currently the
presence of two or more IgG oligoclonal bands (OCBs), as well as an elevated IgG
index. However, numerous other CSF biomarkers are under investigation, including
kappa free light chains (KFLC), anti-myelin antibodies, sVCAM-1 (soluble vascu-
lar cell adhesion molecule-1), and 24S-hydroxycholestrol [36]. At present none of
them, except for the OCBs, fulfills the criteria of applicability in clinical practice
and should therefore be further investigated and validated in future studies [37]. As
for CSF oligoclonal banding test, it is estimated to have sensitivities between 69 and
91% with specificities between 59 and 94% for the diagnosis of MS, and when
combined with MRI studies, both sensitivity (56—100%) and specificity (53-96%)
are enhanced [38]. Other biomarkers that are currently used in clinical practice in
the diagnosis or treatment of MS are mentioned in Table 3.
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Biomarkers in Peripheral Nervous System Chronic
Inflammation

Chronic inflammatory demyelinating polyneuropathy (CIDP) is an autoimmune
demyelinating disease of the peripheral nervous system. Due to the high clinical
heterogeneity and lack of a specific confirmatory biomarker, at least 14 different
sets of diagnostic criteria (with varying sensitivities) have been proposed so far.
Ancillary diagnostic tests include the measurement of cerebrospinal fluid protein
levels, nerve biopsy, electrodiagnostic testing, and treatment response [39, 40].
High titers of IgM antineural antibodies to myelin-associated glycoprotein (MAG),
sulfatide, and gangliosides (GM1, GM2, GDla, GD1b) are highly predictive of a
chronic immune-mediated neuropathy; however, they are not specific and thus cannot
be strictly associated with a definite clinical syndrome [41]. Transthyretin (TTR)—a
haptoglobin isoform—was highlighted in a small pilot study of CSF proteome analysis
in patients with CIDP as a promising marker that warrants further evaluation [42].
The heterogeneity in therapeutic responses to immunoglobulin (IVIg), steroids,
or plasmapheresis necessitates the need for identifying biomarkers to determine the
most suitable therapy and to monitor the therapeutic response in patients with CIDP
[43]. Potential biomarkers that may help to guide therapy and treatment response
with IVIG include the alterations in transient axonal glycoprotein-1 (TAG-1) and
measurement of Fcy RIIB density on B cells, following infusion of IVIG [40].

Biomarkers of Chronic Inflammatory Diseases of the Skin

Scleroderma

Skin involvement is of major prognostic value in systemic sclerosis (SSc) and often
the primary outcome in clinical trials. Nevertheless, an objective, validated bio-
marker of skin fibrosis is lacking. Optical coherence tomography (OCT) is an imag-
ing technology providing high-contrast images with 4 pm resolution, comparable
with microscopy (“virtual biopsy”) [44]. It has been also suggested that levels of
adiponectin, a marker for PPAR-gamma activity, correlate with skin fibrosis in sys-
temic sclerosis [45].

Dermatitis Herpetiformis

The deamidated gliadin peptides (DGP) cross-linked to human tissue transglutamin-
ase (tTg) comprise a novel neo-epitope structure (Neo-tTg) for serological screening
of celiac disease (CD). Neo-epitope tissue transglutaminase autoantibodies have been
suggested as a useful biomarker of the gluten-sensitive skin disease called dermatitis
herpetiformis [46].
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Psoriasis

Oxidative stress was implicated in the psoriasis disease development and may
damage DNA leading to keratinocytes cell death. According to an interesting study,
serum 8-OHAG levels could be used as good biomarker for the early diagnosis of
psoriasis and its management [47]. Other serum biomarkers for psoriasis are YKL-
40 (chitinase 3-like-1), which has been suggested as a biomarker for psoriasis vul-
garis and pustular psoriasis, and beta-defensin-2 protein as a serum biomarker for
disease activity in psoriasis which reaches biologically relevant concentrations in
lesional skin [48].

Of interest, plasma levels of transforming growth factor (TGF)-betal, tissue
inhibitors of metalloproteinases (TIMP)-1, matrix metalloproteinase (MMP)-1, and
interleukin(IL)-18, when analyzed separately, demonstrate an association with pso-
riasis severity and treatment efficacy [49]. Finally, soluble tumor necrosis factor-
alpha receptor type 1 has been suggested as a biomarker of response to phototherapy
in patients with psoriasis [50].

Atopic Dermatitis

Several cytokines/chemokines, especially in breast milk, are potential biomarkers
for development of atopic dermatitis in early infancy [51]. Recently, urinary eosino-
phil protein X has been suggested as a novel inflammatory biomarker that identifies
children at risk of developing atopic disease [52].

Graft-Versus-Host Disease of the Skin

Graft-versus-host disease (GVHD), the major complication of allogeneic bone
marrow transplantation, affects the skin, liver, and gastrointestinal tract. There are
no plasma biomarkers specific for any acute GVHD target organ [53]. Recently
serum elafin has been suggested as a valuable biomarker of graft-versus-host disease
of the skin [54].

Dermatomyositis

In patients with polymyositis and dermatomyositis, KL-6, which is a mucin-like
high-molecular-weight glycoprotein, has been suggested as a promising biomarker
for use in clinical practice to assess clinical response to treatment [55].
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Biomarkers of Chronic Autoimmune Rheumatic Diseases

Autoimmune rheumatic diseases (ARDs) comprise a wide variety of chronic inflam-
matory disorders in which innate and adaptive immune responses lead to
autoimmune-mediated tissue damage. While the etiology of ARDs remains unclear,
multiple genetic, epigenetic, hormonal, and environmental influences appear to play
a role in disease pathogenesis. The spectrum of their clinical manifestations is
characterized by great diversity in terms of disease severity and the extent of organ
involvement. Most ARDs run a relapsing-remitting course, yet the pattern of con-
tinuously active disease is described in a considerable proportion of patients diag-
nosed with these chronic inflammatory illnesses. Overall, ARDs affect approximately
5% of the population and result in substantial morbidity and increased mortality.
Furthermore, these diseases place a significant burden on public health with high
financial costs [56, 57].

The identification of biomarkers that measure the underlying biologic processes
in ARDs reliably and reproducibly has been recognized as a growing need in rheu-
matology, but given the complex pathogenesis of these disorders, heterogeneous
clinical manifestations, and varying rates of disease progression among patients, it
is reasonable to assume that a particular biomarker may reflect only one specific
aspect, rather than all aspects of the disease course at any given time. Therefore,
some biomarkers provide prognostic information regarding severity of the disease,
whereas others predict response to therapy optimizing risk/benefit assessment in
individual patients. Likewise, biomarkers might predict or quantify the risk of ARDs
in individuals or populations, and others could establish or confirm the diagnosis of
a specific ARD.

This section will only focus on biomarkers detected through blood tests that have
established clinical utility in major ARDs.

Rheumatoid Arthritis

Rheumatoid arthritis (RA) is an ARD that primarily affects the joints and is associated
with progressive functional disability, systemic complications, high socioeconomic
costs, and a guarded prognosis. While the exact prevalence across the entire popula-
tion is unknown, available data suggest that it affects about 1% of the population,
making it one of the most common ARDs [58]. RA involves a complex interaction
among genotype and environmental triggers, leading to a breakdown of immune
tolerance with autoantibody production and synovial inflammation in a characteris-
tic symmetric pattern. Distinct mechanisms regulate inflammation and matrix
destruction, including damage to bone and cartilage [59].

The diagnosis of RA remains clinical and is based on several criteria, including
physical symptoms, joint radiographs, and serological tests [60]. Recently, emerg-
ing data suggest that a preclinical period precedes the onset of clinically apparent
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RA, which is characterized by the presence of abnormalities in disease-related bio-
markers. During this period many genetic and environmental risk factors are likely
to act to initiate or propagate autoimmunity [61].

The main clinically useful biomarkers in patients with RA are rheumatoid factors
(RF) and antibodies to citrullinated peptides (ACPA) for diagnosis and prediction of
functional and radiographic outcomes. These autoantibodies, when appearing
during the preclinical period, may predict the disease onset [61]. Other useful labo-
ratory biomarkers are erythrocyte sedimentation rate (ESR) and C-reactive protein
(CRP).

Genetic Biomarkers in RA

Susceptibility to RA is clearly defined by a pattern of inherited genes, with the
human leukocyte antigen (HLA)-DRBI1 locus being the most important biomarker,
particularly in patients who are RF or ACPA positive. However, other risk alleles
that consistently aggregate functionally with immune regulation, including cytokine
promoters and genes involved in T-cell stimulation, activation, and functional dif-
ferentiation, contribute to susceptibility and disease severity [59].

Rheumatoid Factors

RF is an antibody directed against the constant (Fc) portion of IgG. The key patho-
genic markers in RA are IgM and IgA RFs. They are found in 75-80% of RA
patients (Table 4) at some time during the disease course. High titer IgM RF is rela-
tively specific for the diagnosis of RA in the context of a chronic symmetric polyar-
thritis and was, for decades, the only serologic criterion widely used in the diagnosis
of RA. Nevertheless, RFs may also be present in other ARDs and chronic infections
(Table 4). RFs in RA patients are distinguished from RFs in healthy individuals in
that they exhibit affinity maturation [62]. RF has little predictive value in the general
population, because the disease prevalence is relatively low.

RF may have some prognostic value with regard to disease manifestations and
activity, as well as the severity of joint erosions. Seropositive RA (i.e., disease asso-
ciated with a positive RF test) is often correlated with more aggressive joint disease
and is more commonly complicated by extra-articular manifestations than seroneg-
ative RA [62]. Rheumatoid nodules and vasculitis occur almost exclusively in
seropositive patients. A positive RF test at the initial evaluation is associated with
more destructive joint pathology. It has also been proposed that the rate of formation
of new erosions among seropositive patients correlates with the RF titer [62]. The
presence of RF increases the likelihood of a clinically significant response to ritux-
imab which is a monoclonal antibody against the CD20 antigen found on the sur-
face of B lymphocytes after failure of tumor necrosis factor (TNF)-alpha inhibitor
therapy. Finally, the presence of RF, particularly at high titers, may antedate the
clinical development of RA [61, 63].
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Anti-citrullinated Peptide Antibodies

ACPA are directed against citrullinated protein epitopes and are detected by use of
ELISA for antibodies against synthetic cyclic citrullinated peptides. The sensitivity
of ACPA assays for RA varies from about 50 to 75%, depending upon the assay and
study population, while specificity of ACPA for RA is relatively high, usually >90%
(Table 4). ACPA-positive patients with early RA are at increased risk of progressive
joint damage, while ACPA testing may predict erosive disease more effectively than
RF. The presence of ACPA is also predictive of more rapid radiographic progression
[62]. Positive ACPA testing also appears to predict an increased risk for radio-
graphic progression in patients with early oligo- or polyarthritis who are IgM RF
negative. A decrease in ACPA titers can be seen in patients treated effectively, par-
ticularly if treated early with nonbiologic or biologic disease-modifying antirheu-
matic drugs (DMARD:s), but is less frequent and of a lesser magnitude than the
decrease in IgM RF. ACPA may be detectable months or even years before the
development of RA, and the proportion of individuals who are seropositive for
ACPA increases progressively until clinical onset of disease [61, 63]. Finally, this
biomarker is useful in the differential diagnosis of early polyarthritis, because of the
relatively high specificity for RA of these autoantibodies. The presence of ACPA is
highly predictive of future development of RA with positive predictive values of
>90% in most studies [61, 63].

Erythrocyte Sedimentation Rate

The rate at which erythrocytes fall through plasma, the ESR, depends largely upon
the plasma concentration of fibrinogen and can be influenced by the size, shape, and
number of red cells, as well as by other plasma constituents. Thus, results may be
imprecise and sometimes misleading. Despite these shortcomings, an elevated ESR
in patients with early RA is predictive of greater radiographic joint damage in sub-
sequent years despite treatment with conventional DMARDs. ESR values tend to
correlate with disease activity in RA as well as disease severity and may be useful
for monitoring therapeutic response.

C-reactive Protein

CRP has been recommended as an objective measure of disease activity in
RA. Unlike the ESR, CRP can be measured using stored serum samples; it is inde-
pendent of the hemoglobin concentration and can be performed in automated serum
analyzers. Radiographic damage is significantly more likely to progress when CRP
and ESR are elevated, irrespective of the presence or absence of RF and irrespective
of therapeutic intervention. Elevations of both ESR and CRP are stronger indica-
tions of radiologic progression than CRP alone. However, a wide variation in the
relationship between the degree of radiographic change and cumulative CRP was
noted in several studies between patients, particularly those with low CRP levels.
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Other Investigational Biomarkers in RA

Cytokines are small proteins that regulate the immune system and participate in
intercellular communications. There is more information on the role of cytokines in
RA than in any other ARD which has led to clinical trials with several novel agents
designed to interrupt the cytokine network of this disease. Anti-cytokine therapy has
shown clear evidence of clinical efficacy, especially with TNF-alpha-directed thera-
peutic approaches. Overexpression of certain cytokines, such as I1-2, 11-6, IL-8,
IL-17, IL-21, TNF-a and granulocyte-macrophage colony-stimulating factor have
been reported in RA. However, discrepancy in the results of several studies, differ-
ential cytokine levels in sera and synovial fluid, analytical variability among immu-
noassays, and certain limitations of cytokine measurements [64] preclude their use
as reliable biomarkers in everyday clinical practice.

Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is the most heterogeneous ARD with more
than 100 autoantibodies found in patients and a disease spectrum ranging from mild
symptoms to life-threatening multi-organ manifestations. The hallmark characteris-
tics of SLE, including production of autoantibodies, deposition of immune com-
plexes in tissues, and excessive complement activation, are generally thought to be
consequences of immune dysregulation. Owing to its complex etiology and patho-
genesis, diverse clinical presentation, and unpredictable course, SLE remains one of
the greatest challenges in the field of rheumatology [65].

Genetic Biomarkers in SLE

The genome-wide association study (GWAS) approach has accelerated the discov-
ery of genetic variations contributing to SLE. Over 50 loci associated with SLE
susceptibility have been identified, and most encode gene products participating in
the key pathways relevant to SLE pathogenesis, including those encoding the early
components of the complement system, cytokines, chemokines, loci that mediate
signaling transduction in B and T cells, as well as variants implicated in immune
complex clearance. Yet, dysregulation of type I interferon (IFN) appears as a central
driver of SLE pathogenesis [66, 67]. Variants of FCGR2A also represent significant
risk factors for the disease, whereas the FCG3A-V/F158 polymorphism has a sub-
stantial impact on the development of lupus nephritis [68, 69].
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Biomarkers for Preclinical Disease Stage and for SLE Diagnosis

Individuals who develop SLE appear to have an initial preclinical stage of “benign
autoimmunity” which is characterized by antinuclear antibody (ANA) positivity and
detection of several autoantibodies (anti-Ro/SSA, anti-La/SSB, anti-phospholipid).
This phase develops into a more aggressive stage of “pathogenic autoimmunity”
characterized by the presence of antibodies targeting double-stranded DNA (dsDNA),
the Smith (Sm) antigen, and ribonucleoproteins (RNP) that in turn rapidly evolves
into clinically apparent disease and tissue inflammation [63]. While certain biomark-
ers such as anti-dsDNA and anti-Sm are elevated relatively shortly before SLE onset,
the relationship with preclinical autoimmunity remains uncertain for ANAs which
have been shown to be present at titers of >1/40 in up to 27% of subjects, most of
whom will never develop SLE or other ARD [63].

Although the American College of Rheumatology (ACR) developed classifica-
tion criteria for SLE (published in 1982 and revised in 1997), these criteria are often
cited to support a lupus diagnosis; yet this approach is problematic in clinical prac-
tice. Traditionally, determination of autoantibodies (Table 4) such as ANA, anti-
extractable nuclear antigen antibodies (anti-Ro/SSA, anti-La/SSB, anti-RNP, and
anti-Sm), and anti-dsDNA is used in diagnosing and monitoring SLE. ANAs are
present in virtually all SLE patients, whereas anti-dsDNA and anti-Sm are highly
specific for the disease (Table 4). Nevertheless, there are considerable drawbacks to
the use of these immunologic markers [65]. Recently, cell-bound complement acti-
vation products have been proposed as more sensitive biomarkers for SLE diagnosis
compared to other autoantibodies [67], but larger studies are needed to provide a
more definite confirmation of their validity.

Biomarkers for SLE Disease Activity

Currently, disease activity in SLE is frequently assessed using composite indices
which include a variety of clinical and laboratory parameters. Laboratory measures
of complement and autoantibodies are components of most disease indices. Several
studies have been conducted to identify the associations of various autoantibodies,
particularly anti-dsDNA and complement proteins (including C3 and C4 as well as
activation products) with SLE disease activity. The results, however, are inconsis-
tent, and such uncertainty may also confound the assessment of disease activity
with the widely used disease indices. Therefore, the value of conventional tests
measuring serum complement and autoantibodies, as biomarkers for SLE disease
activity, is being revisited. Several candidate biomarkers have emerged recently; altera-
tion of the B cell subpopulation (namely, the increase in CD27"¢" plasma cells),
cell-bound complement activation products, IFN-inducible genes expression and/or
serum levels of IFN-inducible chemokines, serum levels of B lymphocyte stimula-
tor, cytokines (IL-6, IL-10, IL-16, and IL-18), and anti-nucleosome antibodies may
be valuable biomarkers for monitoring disease activity [67].
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Lupus Biomarkers for Specific Organ Involvement

SLE can affect practically any tissue and organ. Nevertheless, not all organs are
affected simultaneously, and involvement of a specific organ will not necessarily be
manifested in the same manner in all patients. Lupus patient care would benefit
immensely from biomarkers that could determine and/or predict organ-specific
disease.

Among the numerous manifestations of SLE, renal involvement is one of the most
common, and it continues to cause significant morbidity and mortality. Laboratory
biomarkers such as creatinine clearance, proteinuria, urine sediment, serum C3 and C4,
and anti-dsDNA have for decades been used to follow the onset, course, and severity of
lupus nephritis [65], yet, it is generally recognized that these measurements are inade-
quate. Current efforts are focused on identification of more sensitive and specific bio-
markers to diagnose and monitor renal disease in SLE. Anti-nucleosome antibodies
may be more sensitive and offer better diagnostic performance than anti-dsDNA for
active disease, especially nephritis, in SLE patients. Other recent studies demonstrate a
strong correlation between the presence of anti-C1q antibodies and lupus nephritis and
suggest that anti-C1q determination may serve as a biomarker to monitor renal involve-
ment and/or predict renal flares. Other promising biomarkers include the serum neutro-
phil gelatinase-associated lipocalin which might predict renal relapses, yet longitudinal
studies of adult lupus are needed [67].

Many patients with SLE experience a wide range of neuropsychiatric (NP) mani-
festations that result predominantly from immune-mediated damage of the central
nervous system (CNS). While NPSLE is a common manifestation, its diagnosis is
extremely difficult due to lack of reliable biomarkers. Because autoantibodies are
clearly involved in tissue damage in other organs, autoantibodies reactive to CNS
antigens naturally become the focus of the investigation of NPSLE pathogenesis
and the pursuit for reliable biomarkers. Stroke in patients with SLE is likely to
reflect thrombosis due to antiphospholipid antibodies. In addition, recent studies
provide convincing evidence that a subset of anti-dsDNA antibodies cross-react
with a pentapeptide consensus sequence that is present in the extracellular domain
of the N-methyl-pD-aspartate (NMDA) receptor. NMDA receptors bind the neu-
rotransmitter glutamate expressed by neurons throughout the forebrain and particu-
larly at the hippocampus. If such cross-reacting autoantibodies enter the brain upon
transient breach of the blood-brain barrier, they may bind to antigens expressed in
different regions of the brain and induce non-inflammatory neuronal injury result-
ing in various neurologic and psychological changes [67]. Antibodies to ribosomal
P proteins (anti-P) were initially considered extremely promising biomarkers for the
diagnosis of lupus psychosis and of mood disorders. Yet, it was demonstrated that
anti-P antibody testing has negligible diagnostic utility for NPSLE overall or for
these particular manifestations [70]. Testing for anti-P antibody is not useful in
excluding disease-mediated psychosis or mood disorder with enough certainty,
since more than 60% of cases are false negative. Also, a false-positive rate of ~20%
militates against the dependence on this laboratory test for diagnosing psychiatric
disorders in lupus patients [70].
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Vasculitis

Vasculitis comprises a heterogeneous group of ARDs that is characterized by
inflammatory destruction of blood vessels which become liable to occlude or rupture.
Depending on the size, distribution, and severity of the affected vessels, vasculitis
can result in clinical syndromes that vary in severity from a minor self-limited rash
to a life-threatening multisystem disorder.

The most important primary systemic vasculitis syndromes are granulomatosis
with polyangiitis (GPA, formerly known as Wegener’s granulomatosis) and micro-
scopic polyangiitis (MPA) which are associated with circulating autoantibodies to
neutrophil cytoplasmic antigens (ANCA). It has been suggested that they be grouped
together as ANCA-associated vasculitis because of their histologic similarities, the
absence of immune deposits in involved tissues, the potential contribution of ANCA
to their pathogenesis, and their similar responses to immunosuppressive therapy.
Renal involvement occurs in 70% of affected patients and is manifested as rapidly
progressive glomerulonephritis; it results in either death or end-stage renal failure
within 2 years in more than 40% of patients. MPA and GPA were once considered
life-threatening ARDs, but immunosuppressive therapy has substantially improved
the survival of affected patients [71, 72].

Biomarkers for GPA and MPA

The most useful biomarkers for diagnosis of ANCA-associated vasculitis include
antibodies to proteinase-3 (PR3) or myeloperoxidase (MPO) which are highly
specific for GPA and MPA, respectively (Table 4). Inflammatory markers such as
ESR and CRP exhibit only modest sensitivity for active early vasculitis in untreated
patients [71, 72].

All of these biomarkers are problematic for use in assessing disease activity in
patients with established diagnoses. Many relapses of GPA or MPA are accompa-
nied by increases in anti-PR3 or anti-MPO titers; yet these markers do not appear to
have the same predictive value that they do before treatment, making their use
controversial.

Laboratory biomarkers such as creatinine clearance, proteinuria, and urine
sediment are thought to possess very high sensitivity for active glomerulonephritis,
that is, a normal urinalysis is regarded as ruling out glomerulonephritis. Similarly,
the presence of red blood cell casts is regarded as having high specificity, albeit low
sensitivity for glomerulonephritis. Nevertheless, once renal damage has occurred
due to glomerulonephritis, proteinuria, hematuria, and even red blood cell, casts
may persist without evidence of progressive kidney disease.

Among many markers of inflammation, angiogenesis, tissue damage, and repair
that were measured in GPA and MPA patients, the most promising include MMP-3,
tissue inhibitor of metalloproteinase-1, and CXCL13 (B-cell attracting chemokine 1)
[71,72].
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Novel Technologies for Biomarker Development

Metabolomics is a novel and powerful technique for studying biological systems
that allows for the analysis of the specific response of organisms to environmental
stimuli. This new approach belongs, along with genomics, proteomics, and tran-
scriptomics, to the family of “-omics” sciences. It is based on non-hypothesis-driven
scanning platforms for identifying biomarkers and profiling the patients. Thus, the
fundamental rationale in metabolomics is that perturbations caused by a disease in
a biological system will lead to correlated changes in concentrations of certain
metabolites. This procedure has become feasible only recently with the advent of
new high-throughput technologies, including mass spectrometry and nuclear mag-
netic resonance. Comparison of patients with active RA and those in remission pro-
vided different baseline metabolic profiles, suggesting that efficacious treatment
may affect biological changes for improved metabolic profiles. In SLE, the disease
influences the metabolite profile and particularly energy, amino acid, lipid, and
purine metabolism [73].

Proteomic approaches include gel-based methods such as two-dimensional dif-
ference gel electrophoresis (2D DIGE) and modern mass spectrometric techniques
to identify encoded proteins that may better reflect cell function and disease. Most
profiling studies in ARDs have been conducted in RA. Using high-throughput mass
spectrometric techniques, these studies have uncovered about 33 different proteins
that are differentially expressed in RA, of which 3 (serum amyloid A, superoxide
dismutase, and triose phosphate isomerase) are of particular interest as their eleva-
tions in plasma have been reported in multiple studies. Proteomics can also yield
insights into the molecular pathways impacted by therapy. A recent example is the
identification of the nuclear factor-kappa B pathway as being differentially expressed
in RA patients treated with anti-TNF-alpha agents [74].

Transcriptomic profiling using DNA microarrays has been applied to the study of
several ARDs. The analysis of antibody repertoires with antigen microarrays found
that those RA patients who had antibodies to citrullinated peptides in which peptidy-
larginine has been converted to peptidylcitrulline were more prone to develop severe
disease. In another SLE study, the investigators developed antigen microarrays
including several SLE-related antigens, and they found clusters of antibody reactiv-
ity associated to glomerulonephritis and overall disease activity [75-77].

Biomarker discovery and development is a rapidly growing field in rheumatol-
ogy, which is nevertheless fraught with several limitations. Important amendments
to the translational research enterprise are necessary to address these challenges.
Hence, imperative alterations should include rigorous design for studies of bio-
markers that would allow valid interpretation of their clinical utility. In particular,
for studies of biomarkers for diagnosis, greater attention to potential confounders
would help ensure accuracy. When examining biomarkers of disease activity,
emphasis should be placed on evaluating these markers longitudinally. In research
regarding biomarkers of prognosis, longitudinal design and the use of validated
outcome measures would provide reliable results in order to enable use in clinical
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decision-making process of novel biomarkers that outperforms currently available
tests. Finally, the development of novel high-throughput assays might hold tremen-
dous potential for shaping how ARDs are diagnosed, prognosticated, and managed
clinically over the coming years.

Future Trends

Personalized medicine is the best way to integrate new biotechnologies into medi-
cine for improving the understanding of pathogenesis of diseases and management
of patients. Development of personalized medicine is closely linked to biomarkers,
which may serve as the basis for diagnosis, drug discovery, and monitoring of
diseases.

Biomarker discovery is an ongoing process, with translation being tested de novo
in every single study, providing us with the opportunity to revise our knowledge of
the complex scheme of human physiology and pathophysiology.

An ideal biomarker must be specifically associated with a particular disease or
disease state and be able to differentiate between similar physiological conditions.
A rapid, simple, accurate, and inexpensive detection of the relevant marker should
be available, together with a measurable and standard baseline as a reference point.

In the active search for new biomarkers, many potential candidates can be con-
sidered side by side, allowing many failures but a few winners. The traditional iden-
tification of biomarkers as an observational side product of clinical practice is
increasingly turning into an industrialized process of biomarker discovery, sup-
ported by standardized paradigms of biomarker validation and translation from
bench to bedside.

In recent years, significant advances in genomics increasingly impact disease
detection, prognosis, prediction, and efficient patient stratification. Moreover,
genomic biomarkers greatly influence the development of personalized medicine by
providing treatments adapted to the genetic characteristics of the individual patient’s
disease.
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Endometriosis and Diagnostic
Delay: The Patient’s Perspective

Silke Apers, Eline A.F. Dancet, and Thomas D’Hooghe

Abstract Early diagnosis is a top priority for women with endometriosis. However,
diagnostic delays are still common. It is of utmost importance to prevent diagnostic
delay as this can have an adverse impact on women’s physical and psychosocial
health, including undergoing unnecessary treatments and a worsening of symptoms
over time. Furthermore, women with endometriosis experience a sense of relief at
diagnosis. The factors contributing to diagnostic delay are well documented and are
differentiated into patient and medical factors, such as normalization of symptoms
form both sides. The next step is to conduct more research into preventing diagnos-
tic delay and translating evidence into clinical practice by educating the general
public on the topic of endometriosis, by monitoring healthcare quality and by con-
ducting research into biomarkers.

Keywords Endometriosis ¢ Patient centredness ¢ Patient centricity * Adolescent
endometriosis ® Quality of life ® Diagnosis ¢ Diagnostic delay

Diagnostic delay in women with endometriosis refers to the time gap between the
onset of symptoms and receiving a medically confirmed diagnosis. A myriad of stud-
ies reported that diagnostic delays are common in women with endometriosis.
However, reported delays seem to be much longer in patients recruited from patient
associations as compared to patients recruited from secondary and tertiary care clinics
(i.e. a median delay of 7 years vs. a median delay of 1.5 and 2 years, respectively) [1].
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Early diagnosis is a top priority for women with endometriosis. A recent system-
atic review, including all studies on endometriosis patient’s perspective on health-
care, concluded that there are three related primary targets for improving the patient
centredness of care, namely: respecting patients, believing patients and timely diag-
nosis of endometriosis [2]. These three care aspects were unequivocally reported as
important and problematic by at least five studies [2]. More specifically, regarding a
timely diagnosis, five qualitative studies agreed on its importance to patients [3—7],
and nine qualitative studies agreed that patients assessed the service quality prob-
lematic in this respect [3—11]. An example of a patient quote: I think the biggest
problem initially was getting a diagnosis which took years [6]. A recent empirical
study, questioning patients from a European clinic on the importance and service
quality of 38 care aspects, confirmed the relevance of this target to improve the
patient centredness of endometriosis care [12].

It is our job as healthcare professionals to diagnose patients with endometriosis
in time as to preserve these women from many years of unnecessary suffering.

Why Is a Delay in Diagnosis Problematic?

Despite the reported differences in the length of diagnostic delay, the literature is
unequivocal on the adverse consequences of a delayed diagnosis, both from a socio-
economical perspective and a patient’s perspective. From a socio-economical per-
spective, a timely diagnosis is important as it might reduce endometriosis-associated
costs by decreasing productivity loss and healthcare consumption [13]. A multicen-
tre study estimated the average annual total costs of endometriosis at €9579 per
patient [14]. From a patient’s perspective, the delay in diagnosis is detrimental to
patients’ physical and psychosocial health.

Regarding patients’ physical health, the delay in diagnosis of endometriosis
increases not only the length of suffering from symptoms but also its severity as
symptoms worsen over time [15, 16]. For example, if endometriosis is already
present but not diagnosed and treated during adolescence, it can progress and
result in infertility during adulthood [17]. Moreover, a delayed diagnosis can also
cause women to undergo many (unnecessary) medical tests and treatments [16].
Furthermore, receiving a timely diagnosis is important to start the correct treat-
ment. Medical treatment is associated with alleviation of pain and improved
pregnancy rates [18]. Surgical treatment can result in improvements of pain,
quality of life and sexual functioning and is associated with good fertility rates
[19, 20].

Regarding patient’s psychosocial health, quantitative studies found an associa-
tion between diagnostic delays and reduced health-related quality of life [21].
Furthermore, Staal et al. [22] found that the long time lag until recognition of
endometriosis symptoms as part of a disease is a traumatizing experience for
patients. Patients feel angry and frustrated for not being believed or understood
by their healthcare professionals who normalized their symptoms as part of
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menstrual pain or disregarded them as imaginary [3, 16, 23]. An example of a
patient quote: When they gave me my endo-diagnosis, I was fuming that I hadn’t
been believed and that I hadn’t been taken seriously [4]. Moreover, the fear of not
knowing what is wrong (i.e. diagnostic uncertainty) [23] and the social stigma of
not being able to perform as normal at work and at home add to the traumatizing
experience [3].

Why Is Diagnosis a Relief?

When a diagnosis is reached, women will initially feel overwhelmed and worried as
there is no cure and because of the risk for infertility [16]. Later on, receiving a
diagnosis is experienced as a relief for the following reasons: (1) it provides a lan-
guage to talk about symptoms (i.e. possibility to communicate about the disease to
family or employer); (2) it provides a sense of legitimation and, thus, justified access
to psychosocial support; (3) it makes feelings of fear and self-doubt disappear; (4)
it gives a feeling of liberation and empowerment; (5) it offers hope for appropriate
treatment and, hence, pain reduction; and (6) it means that the symptoms are not
caused by a deadly disease, such as cancer [3, 16, 23]. An example of a patient
quote: I was in a way relieved because you have the answers like there was some-
thing wrong and that’s why you are experiencing what you are, plus it wasn’t sort of
like an ectopic pregnancy and other things that I'd been really scared about up until
being diagnosed. At the same time a bit overwhelming that it was something that
was going to stay there, that it wasn't just something that could be treated with
antibiotics. Plus the risk it has to your fertility and stuff like that [16].

What Causes the Delay in Diagnosis?

According to a recent Belgian study, a significant delay between the onset of symp-
toms and the patient’s initiative of seeking medical help exists (i.e. an average of 1
year for a total delay of 2 years) [13]. Indeed, Ballard et al. [3] studied the reasons
for delay in diagnosis and differentiated patient factors (e.g. normalization of symp-
toms or feelings of embarrassment) from medical factors (e.g. normalization or hor-
monal suppression of symptoms or using non-discriminatory investigations). The
following patient quote is exemplary for the medical factors: From the time I was
13, I went through a number of different doctors to try and find the problem, most
Jjust told me that some people have heavier periods than others and more pain and
don’t cope well with the pain, and that it was normal [16]. A recent study by Moradi
et al. [16] pointed out that patient factors are also related to the patient’s family,
friends and colleagues. More specifically, women with endometriosis described that
they normalized their symptoms amongst others because their family and friends
told them that pain and bleeding were normal.
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What Do We Still Need to Know?

Although the factors contributing to the diagnostic delay are well documented,
many women still experience significant delays [23]. This means that the implica-
tions of previous research should be taken into account by clinical practice and that
more research on preventing diagnostic delays is required. Patients will appreciate
research into diagnostic delays. The participants from the study of Staal et al. [22]
on diagnostic delay reported that this study helped them to emotionally deal with
the disease as it made them feel understood and taken seriously.

First of all, in order to limit the medical factors causing the delay, the flaws in the
current diagnostic process in case of pelvic pain should be identified. Currently, the
knowledge on endometriosis and diagnostic strategies in women with endometrio-
sis of Dutch general practitioners (GPs) are, for example, being investigated [22]. It
would also be interesting to find out if diagnostic delays differ between countries
with different healthcare systems.

Second, research efforts should be devoted to developing tools that aid diagnosis
based on symptoms. Currently, a definitive diagnosis of endometriosis requires lap-
aroscopy, but this invasive procedure cannot be performed on the entire population.
A Scandinavian group of researchers has developed an anamnestic tool for physi-
cians [24]. Our own group has developed a diagnostic self-screening tool [25].
Measuring menstrual pain and defining what is considered normal and what is not
are still challenging. When pain begins soon after menarche, neither the patient nor
the physician would know if the experienced pain is of a normal intensity or whether
it was abnormal and was caused by a disease such as endometriosis [26].

Third, existing endometriosis-associated biomarkers should be validated, and
new biomarkers should be identified to develop an accurate, noninvasive method to
diagnose endometriosis [27]. An Iranian qualitative study found that both patients
and physicians agree on the importance of reliable diagnostic indicators [28].

In order to limit the patient factors causing the delay, women with endometriosis
have stressed the importance of increasing awareness and understanding in society
about endometriosis, for example, at schools [16]. This is especially important since
many women reported that they had not heard about endometriosis prior to their
diagnosis [16].

Conclusion

Endometriosis still remains undiagnosed for years in many women, placing a sig-
nificant physical and psychosocial burden on these women and an important socio-
economical burden on society. To prevent diagnostic delays, both patient and
medical factors related to delay need to be addressed by educating the general pub-
lic, monitoring healthcare quality and conducting research into biomarkers.



Endometriosis and Diagnostic Delay: The Patient’s Perspective 81

References

1.

10.

11.

15.

16.

17.

18.

19.

20.

21.

De Graaff AA, Dirksen CD, Simoens S, De Bie B, Hummelshoj L, D’Hooghe TM, Dunselman
GA. Quality of life outcomes in women with endometriosis are highly influenced by recruit-
ment strategies. Hum Reprod. 2015;30(6):1331-41.

. Dancet EA, Apers S, Kremer JA, Nelen WL, Sermeus W, D’Hooghe TM. The patient-

centeredness of endometriosis care and targets for improvement: a systematic review. Gynecol
Obstet Invest. 2014;78(2):69-80.

. Ballard K, Lowton K, Wright J. What’s the delay? A qualitative study of women’s experiences

of reaching a diagnosis of endometriosis. Fertil Steril. 2006;86(5):1296-301.

. Denny E. ‘You are one of the unlucky ones’: delay in the diagnosis of endometriosis. Divers

Health Social Care. 2004;1:39-44.

. Denny E, Mann CH. Endometriosis and the primary care consultation. Eur J Obstet Gynecol

Reprod Biol. 2008;139:111-5.

. Jones G, Jenkinson C, Kennedy S. The impact of endometriosis upon quality of life: a qualita-

tive analysis. J Psychosom Obstet Gynaecol. 2004;25:123-33.

. Manderson L, Warren N, Markovic M. Circuit breaking: pathways of treatment seeking for

women with endometriosis in Australia. Qual Health Res. 2008;18:522-34.

. Denny E. Women’s experience of endometriosis. J Adv Nurs. 2004;46:641-8.
. Greene R, Stratton P, Cleary SD, Ballweg ML, Sinaii N. Diagnostic experience among 4,334

women reporting surgically diagnosed endometriosis. Fertil Steril. 2009;91:32-9.

Hirsh KW, Ladipo OA, Bhal PS, Shaw RW. The management of endometriosis: a survey of
patients’ aspirations. J Obstet Gynaecol. 2001;21:500-3.

Huntington A, Gilmour JA. A life shaped by pain: women and endometriosis. J Clin Nurs.
2005;14:1124-32.

. Dancet EA, Apers S, Kluivers KB, Kremer JA, Sermeus W, Devriendt C, Nelen WL, D’Hooghe

TM. The ENDOCARE questionnaire guides European endometriosis clinics to improve the
patient-centeredness of their care. Hum Reprod. 2012;27(11):3168-78.

. Klein S, D’Hooghe T, Meuleman C, Dirksen C, Dunselman G, Simoens S. What is the societal

burden of endometriosis-associated symptoms? A prospective Belgian study. Reprod Biomed
Online. 2014;28(1):116-24.

. Simoens S, Dunselman G, Dirksen C, Hummelshoj L, Bokor A, Brandes I, Brodszky V,

Canis M, Colombo GL, DeLeire T, Falcone T, Graham B, Halis G, Horne A, Kanj O, Kjer JJ,
Kristensen J, Lebovic D, Mueller M, Vigano P, Wullschleger M, D’Hooghe T. The burden of
endometriosis: costs and quality of life of women with endometriosis and treated in referral
centres. Hum Reprod. 2012;27(5):1292-9.

Kennedy S. What is important to the patient with endometriosis? Br J Clin Pract Suppl.
1991;72:8-10, discussion 11-3.

Moradi M, Parker M, Sneddon A, Lopez V, Ellwood D. Impact of endometriosis on women’s
lives: a qualitative study. BMC Womens Health. 2014;14:123.

Brosens I, Gordts S, Benagiano G. Endometriosis in adolescents is a hidden, progressive and
severe disease that deserves attention, not just compassion. Hum Reprod. 2013;28(8):2026-31.
Brown J, Farquhar C. Endometriosis: an overview of Cochrane Reviews. Cochrane Database
Syst Rev. 2014;(3):CD009590.

Meuleman C, D’Hoore A, Van Cleynenbreugel B, Beks N, D’Hooghe T. Outcome after mul-
tidisciplinary CO?2 laser laparoscopic excision of deep infiltrating colorectal endometriosis.
Reprod Biomed Online. 2009;18(2):282-9.

Meuleman C, Tomassetti C, D’Hoore A, Van Cleynenbreugel B, Penninckx F, Vergote I,
D’Hooghe T. Surgical treatment of deeply infiltrating endometriosis with colorectal involve-
ment. Hum Reprod Update. 2011;17(3):311-26.

Nnoaham KE, Hummelshoj L, Webster P, D’Hooghe T, de Cicco Nardone F, de Cicco Nardone
C, Jenkinson C, Kennedy SH, Zondervan KT, World Endometriosis Research Foundation



82

22.

23.

24.

25.

26.

217.

28.

S. Apers et al.

Global Study of Women’s Health Consortium. Impact of endometriosis on quality of life and
work productivity: a multicenter study across ten countries. Fertil Steril. 2011;96(2):366-373.
es.

Staal AH, van der Zanden M, Nap AW. Diagnostic delay of endometriosis in the Netherlands.
Gynecol Obstet Invest. 2016;81(4):321-4.

Culley L, Law C, Hudson N, Denny E, Mitchell H, Baumgarten M, Raine-Fenning N. The
social and psychological impact of endometriosis on women'’s lives: a critical narrative review.
Hum Reprod Update. 2013;19(6):625-39.

Steenberg CK, Tanbo TG, Qvigstad E. Endometriosis in adolescence: predictive markers and
management. Acta Obstet Gynecol Scand. 2013;92(5):491.

Geysenbergh B, Dancet EAF, D’Hooghe T. Detecting endometriosis in adolescents: Why
not start from self-Report screening questionnaires for adult women? Gynecol Obstet Invest.
2017;82(4):322-28. doi:10.1159/000452098. Epub 2016 Nov 5.

Stratton P. The tangled web of reasons for the delay in diagnosis of endometriosis in women
with chronic pelvic pain: will the suffering end? Fertil Steril. 2006;86(5):1302—4; discussion
1317.

Rogers PA, D’Hooghe TM, Fazleabas A, Giudice LC, Montgomery GW, Petraglia F, Taylor
RN. Defining future directions for endometriosis research: workshop report from the 2011
world congress of endometriosis in Montpellier, France. Reprod Sci. 2013;20(5):483-99.
Riazi H, Tehranian N, Ziaei S, Mohammadi E, Hajizadeh E, Montazeri A. Patients’ and physi-
cians’ descriptions of occurrence and diagnosis of endometriosis: a qualitative study from Iran.
BMC Womens Health. 2014;14:103.


https://doi.org/10.1159/000452098

Genetic Biomarkers for Endometriosis

Sang Hong Lee, Yadav Sapkota, Jenny Fung, and Grant W. Montgomery

Abstract GWAS studies identified seven genomic regions with robust evidence
for genome-wide significant association with endometriosis risk. One important
question that arises is whether these genetic markers can be used to predict risk of
developing endometriosis for individual women. As with most complex diseases,
the effect sizes for genetic markers linked to endometriosis risk are small with
odds ratios less than 1.3. If we combine information from all seven markers, we
explain only 1.85% of the total phenotypic variance on the liability scale (assum-
ing a population prevalence of endometriosis of 8%) with no predictive power for
individual risk.

To explore the ability of all common genetic markers to predict endometriosis risk
in individuals, we conducted simulations to quantify how useful endometriosis risk
prediction is given current parameters. Applying our estimate of heritability (4? = 0.26)
from all common SNPs and assuming data were available from ~30,000 endometrio-
sis cases, the proportion of variance explained by the risk predictor is still only ~0.08.
To improve this prediction would require a far greater sample size. Current data may
be useful for population-based stratification into risk categories. This can have appli-
cations in some cases such as improved efficiency of screening in breast cancer. In the
future, risk prediction for endometriosis might be improved through combining
genetic risk scores with clinical data, estimates of environmental effects such as DNA
methylation signals, and/or better understanding of disease subtypes.

Keywords Endometriosis ® Genetic biomarkers ¢ Risk ¢ Prediction * Simulation
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Introduction

Endometriosis is a complex disorder influenced by multiple genetic and environ-
mental factors. The genetic contributions to endometriosis risk are well documented,
and several studies show that disease risk is higher among the relatives of endome-
triosis cases compared to controls in both hospital- [1, 2] and population-based [3]
samples. This is further supported by twin studies showing an increased concor-
dance in monozygotic when compared to dizygotic twins [4, 5] with the strongest
evidence for genes influencing endometriosis from large-scale studies in twins [6]
and in the Icelandic population [3].

Once the role for genetic variation was established, research efforts were directed
toward identifying the genetic factors responsible. A large number of “candidate
gene” studies have been published looking for association between endometriosis
risk and genetic markers within biologically plausible candidate genes. In general,
these studies were not successful with few results replicated or supported by later
genome-wide association studies (GWAS) [7, 8]. Possible reasons for this have
been reviewed elsewhere [7, 9]. Genetic linkage studies have also reported genomic
regions that might harbor genetic variants increasing risk for endometriosis [10, 11],
but no genes within these regions show significant association with disease risk.

In the last 5 years, the focus has shifted to large GWAS projects employing high
throughput methods to genotype many thousand representative common genetic
variants. This approach has revolutionized gene discovery for a wide spectrum of
complex traits. Several GWAS studies for endometriosis have been published and
results reviewed recently [8]. Seven genomic regions show genome-wide associa-
tion with endometriosis with robust evidence across different populations and eth-
nic groups.

Given robust association between genetic markers and endometriosis risk, can
these genetic markers be used to predict risk of developing endometriosis for indi-
vidual women? Unfortunately, as with most complex diseases, the effect sizes for
these genetic markers linked to increased endometriosis risk are small with odds
ratios less than 1.3. Consequently, markers with robust evidence for association
provide little power to predict a woman’s risk of disease. More recently, methods
have been developed to use genome-wide SNP genotype data for prediction. In this
chapter we discuss genomic regions associated with endometriosis identified from
GWAS studies and discuss prediction of individual risk from the associated markers
and from genome-wide SNP prediction.

Genomic Regions Associated with Endometriosis Risk

Genome-wide association results have been published from four studies [12-15]
and a meta-analysis [16] of summary data from the International Endogene
Consortium study and the larger Japanese study. In addition, replication studies for
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some of the key SNPs identified in the GWAS studies have been published [17-19].
There is excellent agreement across all studies for the major regions implicated in
endometriosis risk [8]. Six regions showed evidence for genome-wide significant
association in all cases, severe cases or both groups, and results for the region
around fibronectin 1 (FNI) are close to genome-wide significance with strongest
evidence in severe cases [8]. Recently, a meta-analysis of imputed data from Nyholt
et al. [16] and the published results from Adachi et al. [12] confirmed association
between endometriosis risk and SNPs in the region of interleukin 1A (IL/A) on
chromosome 2 [20] adding a further important region for follow-up.

Heritability

Heritability (4?) is an estimate of the proportion of variation in disease risk due to
genetic factors. Traditionally this was estimated from similarities and differences in
risk for relatives. One widely used design is to consider disease risks between pairs
of identical and nonidentical twins. If the risk is higher for identical twins, this is
evidence for a genetic contribution to disease risk since identical twins share 100%
of their genome while nonidentical twins share only 50%. Using the classical twin
design in a large sample of Australian twins, heritability for endometriosis risk was
estimated at ~50% [6]. The remaining 50% of risk is due to other factors including
environmental influences.

Studies trying to dissect the genetic and nongenetic causes using familial aggre-
gation studies based on phenotypic observations alone must make explicit assump-
tions about shared environmental influences that are difficult to exclude entirely.
More recently, whole-genome genotyping through GWAS provides an alternative
method to estimate genetic contributions to disease risk independent of assumptions
about shared environment necessary in family-based designs. We have used this
method to estimate the genetic contribution to endometriosis from common genetic
markers, sometimes called the SNP-heritability. After standard QC, the number of
samples and SNPs used for estimating the genetic variance was 10,135 individuals
(3154 cases and 6981 controls) with ~500,000 common SNPs [21]. We estimated
that SNP-heritability on the liability sale was 0.26 (SE 0.04) assuming the popula-
tion prevalence is 0.08 [21].

The difference between the SNP-heritability and heritability estimated from twin
studies is likely due to several factors including uncertainty in the heritability from
twin studies, the 500,000 common variants do not capture all the contributions from
many rare variants, gene x environmental effects were not properly modelled, and
possible heterogeneity from combining all endometriosis cases with different levels
of severity and presentation. This difference between twin estimates of heritability
and SNP-heritability is a general phenomenon for complex diseases. Many studies
are now investigating those factors that can explain the discrepancy between the SNP-
heritability and heritability. For the present study, the estimate of SNP-heritability



86 S.H. Lee et al.

sets the practical upper limit for the ability of genetic markers to predict risk of
disease. For endometriosis, this is ~25% of the variation and requires using data from
genome-wide genotyping.

Genetic Architecture of Endometriosis

The genetic architecture for a disease or trait is defined as the number of loci affect-
ing the trait, the distribution of effect sizes, interactions between the genes or loci,
and interactions with the environment [22]. GWAS results provide strong evidence
for genomic regions associated with endometriosis risk. However, association results
must pass stringent thresholds for significance and be replicated in independent stud-
ies before risk variants are accepted as contributing to disease risk. Only a few of the
“top hits” meet these criteria in most genome-wide studies. Many other variants lie
just below the threshold. A proportion of these markers will be “truly” associated
with disease, but cannot be distinguished from the other false positive signals.

Larger studies help to discover more of the risk variants, but the application of
multivariate statistical approaches to the entire marker data set can also be used in
other important ways to understand the nature of genetic contributions to disease
risk. Genetic risk prediction (GRP) methods make use of the aggregate effects of
many genetic variants where one data set serves as discovery sample, with associa-
tion tested in a target set [23]. Variants of small effect (e.g., with genotype relative
risk of 1.05) are unlikely to achieve even nominal significance in a GWAS analysis;
however, increasing proportions of true effects will be detected at increasingly lib-
eral p-value thresholds. In the discovery sample, sets of allele-specific scores are
selected for SNPs with the different levels of significance (e.g., P < 0.01, 0.05, 0.1,
0.2, etc.). Genetic risk scores for individuals in the target set are then calculated as
the sum of the copies of risk alleles for that individual in the target set weighted by
the allelic effects (log odds ratio) estimated from the discovery set. The term risk
score is used instead of risk, as it is impossible to differentiate the minority of true
risk alleles from the nonassociated markers.

Applications of GWAS Data Beyond the Top Hits

Genetic profiles can be used in important ways to investigate the genetic architecture
of endometriosis. Our results show that analyses of all SNPs in the endometriosis
GWAS data sets provide powerful approaches to investigate subgroups of endome-
triosis and understand shared genetic contributions across studies [14, 16, 24].

It is often difficult to determine the relationship between disease classes with
strongly overlapping symptoms. In genetic studies of endometriosis, the Revised
American Fertility Society (rAFS) classification system is commonly used to stage
disease severity and assigns patients to one of four stages (I-IV) on the basis of the
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extent of the disease and the associated adhesions present [7, 8]. Other classification
systems have been proposed including ovarian vs. peritoneal disease and deep infiltrat-
ing vs. superficial disease. Whether these subclasses represent the natural history of
one disorder, or are in fact different disease subtypes, is an important consideration in
endometriosis research. Analysis of genome-wide marker data can assess the genetic
contribution to individual disease subclasses and also the shared genetic contribution
to each subclass providing new insights into the different disease presentations [24].

We have applied genetic risk prediction methods to show a stronger genetic con-
tribution to severe disease compared with minimal/mild cases of endometriosis
[14]. Further analysis of different disease classes [24] confirms the stronger genetic
association with severe disease. In addition, mild forms of the disease in the discov-
ery sample predict milder forms of disease in the target sample, but not more severe
forms. Larger samples will be needed to confirm this result, but the data suggest
distinct genetic contributions to mild forms of the disease. Similar methods also
show strong genetic overlap for endometriosis cases in both European and Japanese
populations [16].

Taken together, results from the GWAS, estimates of SNP-heritability, and poly-
genic prediction methods demonstrate that genetic contributions to endometriosis
risk are due to a large number of common variants each with small effects. No com-
mon variants with large effects have been detected. Genome-wide significant “hits”
all have small effects (odds ratios <1.3), and many more genetic variants affecting
disease risk remain to be discovered.

Risk Prediction for Endometriosis

As noted above, the individual risks conferred by markers showing genome-wide
significant association with endometriosis are low and do not help with prediction
of individual risk. Even if we combine information from loci discovered from
GWAS, they still have poor predictive power to discriminate individual risk. We
combined results for the seven genome-wide significant loci from data on the refer-
ence allele frequencies and odds ratio from meta-analysis of the combined Australian
and UK samples including 3181 case and 8075 controls [16]. Using a liability
threshold model [25], the variance explained by the seven SNPs was 1.85% of the
total phenotypic variance estimated on the liability scale assuming a population
prevalence of 8%.

To explore the ability of all common genetic markers to predict endometriosis
risk in individuals, we conducted simulations to quantify how useful endometriosis
risk prediction is given current parameters. In this case, data from a large discovery
sample are used to rank markers positively associated with endometriosis risk and
develop a marker set which, when the markers are genotyped in an individual,
would provide some prediction of disease risk. The accuracy of the prediction
depends on a number of parameters and is strongly influenced by the size of the
discovery sample.
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Prediction Accuracy and Sample Size

Using recent results on prediction accuracy of polygenic scores derived from quan-
titative genetic theory [26, 27], we quantified the relationship between sample size
of the discovery sample and prediction accuracy. We assumed that endometriosis
was polygenic [14, 16], the population prevalence was 0.08, and heritability on the
liability scale was either 0.26 [21] based on SNP-heritability or 0.5 [6] from twin
studies. We further assumed that the proportion of cases in the discovery sample
was ~30% (~twice the number of controls compared with the number of cases) and
8% for validation set (i.e., population sample). The effective number of SNPs was
assumed to be 50,000 [28].

Results show that when the heritability is 42 = 0.26 (Fig. 1), the proportion of vari-
ance explained by the risk predictor is ~ 0.08 even with 101,350 individuals (31,540
cases and 69,810 controls). However, the same proportion of variance can be achieved
with ~20,270 individuals when heritability is 4% = 0.5. A similar pattern is observed
for the area under the curve (AUC; Fig. 2). An AUC of 0.65 requires 101,350 indi-
viduals with 42 = 0.26, but requires only 20,270 individuals with 4> = 0.5.

Following a common epidemiological approach to assess a continuous risk fac-
tor [23, 29], individuals were stratified into deciles according to the ranked values
of the genetic risk predictors. We quantify the odds ratio of case-control status by
contrasting the top decile to the lowest decile (Fig. 3). This approach is powerful
even with a relatively small discovery sample, indicating this may be a valuable tool
to stratify a heterogeneous population into groups.
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Fig. 1 The proportion of variance in endometriosis risk explained (R?) is plotted against sample
size for the discovery sample. The red line assumes h> = 0.26, and the blue line assumes h*> = 0.5



Genetic Biomarkers for Endometriosis 89

0.8

0.75

0.7

/
_—
S 065 —
) / /
S

0.6

0.55

0.5

0 20000 40000 60000 80000 100000 120000
Sample size

Fig. 2 Area under ROC (receiver operating characteristic) curve (AUC) plotted against sample
size. The red line assumes h? = 0.26, and the blue line assumes h? = 0.5

70

: /
/

o
2 40
I
(%]
3
o 30 /

) /

’ /

0 . . . . . .
0 20000 40000 60000 80000 100000 120000

Sample size

Fig. 3 Odds ratios of individuals stratified into deciles based on genetic risk predictors in valida-
tion data set, using the decile with the lowest risk as the baseline, plotted against sample size. Red
line with h* = 0.26 and blue line with h*> = 0.5



90 S.H. Lee et al.
Summary and Future Directions

Current genome-wide significant “hits” provide no power for prediction of endome-
triosis risk for individual women. Studies of the genetic architecture of endometrio-
sis and comparison with other complex diseases show that the genetic contribution
to endometriosis is due to a large number of genetic variants each with small effects.
The genome-wide significant “hits” represent only those markers that pass the strin-
gent threshold required to account for the multiple testing required in GWAS analy-
ses. Many other variants will be associated with endometriosis risk among the top
SNPs that do not exceed the threshold and can provide useful information for
prediction.

As we show in our simulations, the precision of genetic risk predictors con-
structed from a discovery sample depends on the size of the discovery sample and
heritability of the disease. A very large discovery sample will be necessary to
develop genetic risk scores with any accuracy for prediction. The meta-analysis of
the International Endogene Consortium and Japanese GWAS studies analysed 4604
endometriosis cases. A new consortium of international groups is assembling data
for ~17,000 cases and a large number of controls. Even with a discovery sample of
this size, genetic risk predictors will still only explain a small proportion of variance
in disease risk at SNP-heritability of 0.26.

Future developments may improve the prospects for including genetic markers
in predictive tests for endometriosis risk. Risk prediction is an active area of research
and a number of groups are working on ways to improve prediction estimates [30].
Although genetic markers do not provide accurate estimates for individual risk pre-
diction, we show that current estimates may still be useful for population-based
stratification into risk categories. This approach is being considered in breast cancer
screening where including risk scores could change the current recommendations
based on age [31]. Inclusion of risk scores could allow younger women with equiva-
lent absolute risk to benefit from screening while decreasing by ~25% the propor-
tion of women in current age groups where screening is considered useful [31].

Risk estimates from genetic marker data could be combined with clinical infor-
mation to improve prediction. In breast cancer, addition of risk estimates from
marker data for seven loci gave a small improvement in risk prediction based on
family history, reproductive information, environment, and lifestyle factors [30].
Another consideration is that the current GWAS “hits” are unlikely to be the func-
tional variants [32]. Identifying the true functional variants at each locus may
improve the accuracy of risk estimates.

Risk prediction may vary across different disease subtypes. Current GWAS stud-
ies in endometriosis include cases of clinically diagnosed and self-reported disease
and are combined across all disease stages. We have shown that the genetic archi-
tecture may differ between mild and severe forms of the disease [24]. If this is the
case, separation of cases into meaningful subtypes may improve the precision of
risk predictors within subtypes. However, very large studies will be necessary to
achieve appropriate power for the different subtypes.
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Endometriosis is influenced by genetic variation and also by environmental fac-
tors. One promising approach being used in other complex traits is the study of
genome-wide methylation signals [33, 34]. Methylation signals are themselves
influenced by genetic variation [32], but they also capture past and present environ-
mental effects [34]. As we have seen, the accuracy of risk prediction depends on the
disease heritability. Risk prediction in endometriosis would be improved if the heri-
tability explained by genetic markers was nearer to the estimate (h* = 0.5) from twin
studies [6]. Even if we can account for all of the genetic variation, this still leaves
half of the variance in endometriosis risk unexplained.

One approach we are following up is whether genome-wide methylation can cap-
ture some of the environmental influence and be used to improve disease prediction.
Using similar approaches we have evaluated combining genetic risk scores and meth-
ylation risk scores for prediction in studies on body mass index (BMI) and height [35].
BMI has modest heritability and is influenced by environment, while height has very
high heritability. Combining risk scores from GWAS and methylation substantially
increases prediction for BMI but does not improve prediction for height.

In conclusion, genetic variants associated with endometriosis risk do not provide
useful markers to predict individual risk for endometriosis, whether restricting the
markers to genome-wide significant results or combining data into polygenic risk
scores. Much larger genetic studies will be required to approach useful prediction.
There are promising developments to improve prediction through combining genetic
data with other data. This includes clinical data and predictors from genome-wide
methylation signals. Further studies will be required to determine if these approaches
are useful for endometriosis risk prediction.
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Abstract The etiology and risk factors associated with endometriosis are unclear.
Over the recent decades substantial work has investigated epidemiological risk fac-
tors for the disease. While some clear patterns emerge with regard to risk, many
studies are plagued with complex methodological issues and bias. This chapter will
present the current state of the epidemiologic knowledge on risk factors for endo-
metriosis including in utero factors, menstrual and reproductive factors, lifestyle
factors, physical characteristics, anthropometric factors, dietary factors, and envi-
ronmental factors. It will further explore the relationships between endometriosis
and other chronic diseases. Future work should aim to fill gaps in knowledge while
taking the complex methodological issues into account.
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Prevalence and Incidence

The prevalence and incidence of endometriosis in the general population are diffi-
cult to quantify because of the need for surgery to establish a diagnosis. Estimates
vary significantly between different population samples and modes of diagnosis.
For example, among asymptomatic women seeking tubal ligation, the prevalence of
incident endometriosis was found in two studies to be between 2 and 18% [1, 2]
with an average prevalence of 4% [3]. Conversely, among women presenting with
pain or infertility, endometriosis prevalence has been reported to range from 5 to
50% within infertile populations [4—10] and between 5 and 21% in women hospital-
ized for pelvic pain [5-8]. A recent investigation, the ENDO study, aimed at better
understanding the incidence of endometriosis. They enrolled 495 women into an
operative cohort of women undergoing laparoscopy/laparotomy between 2007 and
2009 and 131 women into a cohort from the general population near the surgical
centers. They found that among women scheduled to undergo laparoscopy, approxi-
mately 41% had endometriosis compared to approximately 11% among an
unscreened population sample of women [11].

Among the few studies that investigated adolescents with severe dysmenorrhea,
approximately 50-70% are diagnosed with endometriosis [12—14], and this number
has been shown to be as high as 70% in those who did not respond to conventional
medical therapy [15]. However, adolescents that undergo laparoscopic surgery may
have more severe pain symptoms than adults undergoing the same procedure. Thus
the prevalence estimated among symptomatic women undergoing surgical proce-
dures will be higher than in the general population, while the prevalence derived
from asymptomatic populations undergoing elective tubal ligation is likely to under-
estimate the public health burden of disease. Extrapolating prevalence rates for pel-
vic pain and subfertility in the general population, and observed average diagnostic
rates of endometriosis in these groups in clinical settings, the estimated prevalence
of all-stage endometriosis is 5—10% and ~ 2% for moderate/severe disease (rAFS
III/IV) [16]. No autopsy data for any age group has been published to date.

Incidence data in the general population are less readily available. Incidence
rates were first reported from a hospital-based cohort study by Houston et al. [17].
The incidence of histologically confirmed endometriosis among white 15-49-year-
old women in Rochester, Minnesota, between 1970 and 1979 was 160/100,000
person-years (PY). Incidence increased with age, from 17/100,000 PY among
women aged 15-19 to 285/100,000 PY among those aged 40—44. The incidence rate
fell to 184/100,000 PY among women aged 45-49. In an updated study from 2004
within the same geographic region, Leibson et al. reported an overall incidence of
clinically diagnosed endometriosis of 187/100,000 between 1987 and 1999. The
recent rate estimate was the highest in a younger population among women aged
25-34 (380/100,000 PY) and lowest for those over 54 years (16/100,000 PY) [18].
These differences may be indicative of changes in diagnosis and health-seeking
behavior between generations.

Similar patterns to Leibson were found using data from the Nurses’ Health Study
IT (NHSII), a prospective nationally representative cohort of 116,430 US female



Epidemiological and Clinical Risk Factors for Endometriosis 97

nurses aged 25-42 at time of enrollment in 1989. The 10-year incidence rate of
laparoscopically confirmed endometriosis was found to be 298/100,000 PY [19].
Incidence varied between infertile and non-infertile women. The incidence rate
among women with no prior infertility was 237/100,000 PY and was noted to
decrease significantly as women reached their late thirties to early forties. Among
women with a history of infertility, the age-adjusted incidence rate of laparoscopi-
cally confirmed endometriosis was 1,380/100,000 PY. While the overall incidence
of endometriosis decreased with increasing age regardless of infertility status, the
decrease in risk was more modest among women who never reported infertility,
declining only after age 44 (trend p-value <0.0001) [19]. Both of these studies sug-
gest that endometriosis diagnosis occurs primarily during the childbearing years.
The complexities in the endometriosis case definition, delay between symptom
onset and disease diagnosis, and appropriate study population will be discussed in
more detail later.

Hypotheses Regarding the Etiology of Endometriosis

The pathogenesis of endometriosis is complex and multifactorial. The earliest theory
of the etiology of endometriosis was established in 1927. Dubbed “Sampson’s the-
ory,” it posits that retrograde menstruation and subsequent implantation and growth
of endometriotic tissue on extrauterine structures are the primary causes of endome-
triosis [20]. This theory is supported by studies demonstrating clustering of endome-
triotic lesions around the distal ends of the fallopian tubes and the presence of viable
endometrial cells in peritoneal fluid [21] and factors implying increased exposure to
menstruation (earlier age at menarche, shorter cycle length, heavy flow) increases
endometriosis risk. However, a majority of women experience retrograde menstrua-
tion in some capacity. It was estimated that 90% of women experience retrograde
menstruation [22], suggesting that the true differences between women with and
without the disease may be due to varying rates of implantation of endometrial cells
and not the occurrence of retrograde menstruation itself. Factors that influence
adherence, proliferation, and maintenance of the cells and lesions (such as hormonal
milieu, immunological factors, and angiogenic processes) have been implicated.

Certain hormonal environments, in particular exposure to estrogen, may facili-
tate the proliferation and survival of endometriotic tissue. There is a wide range of
circumstantial evidence that shows that endometriosis risk factors are also associ-
ated with hormone levels. For example, the association between endometriosis and
age at menarche, body mass index (BMI), and oral contraceptive use, as well as the
prevalence of the disease among reproductive aged women, all suggest a hormonal
association. Additionally, early work has shown that endometriosis plaques have
estrogen, progesterone, and androgen receptors and grow in the presence of estro-
gen but atrophy when exposed to androgens [23-26]. This theory is not inherently
independent of the retrograde menstruation theory, since hormone levels may influ-
ence the volume of retrograde menstruation or the promotion and survival of endo-
metrial implants outside of the uterus.
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In addition, there is evidence to suggest that endometriosis is associated with
immunologic and inflammatory responses [27]. Women with compromised immune
systems may have more endometrial plaques outside of the uterus than women with
normal immune function. Case-control studies have observed abnormal levels and
function of growth factors, macrophages, and pro-inflammatory cytokines in the
peritoneal fluid and serum of women with endometriosis [9, 23, 25, 28, 29]. Several
case reports and small studies suggest an increased risk of autoimmune diseases
among women with endometriosis [30-36]. These observations prompted a cross-
sectional study of a potential association between endometriosis with periodontal
disease—another chronic inflammatory disease more common in women with sys-
temic autoimmune disorders [37]. Women with self-reported endometriosis were
observed to have significantly higher odds of having both gingivitis and periodontitis
(odds ratio [OR], 1.6; 95% confidence interval [95% CI], 1.1-2.3), suggesting a pos-
sible association between the two inflammatory conditions. The insulin-like growth
factor (IGF) system has also been suggested in the pathogenesis of endometriosis.
However the literature in humans has been mixed, with early case-control studies
suggesting a positive association between IGF-1 levels and endometriosis [38, 39],
but more recent studies finding no association [40—42].

Methodological Issues

Several methodological issues complicate the study of endometriosis including
defining the disease, choosing an appropriate comparison group, and adequately
capturing the appropriate etiologic window for disease onset [16, 43—46]. While
these issues can plague all study designs, case-control studies may be more vulner-
able to bias due to issues with control selection and recall.

Endometriosis case definition: The selection of an appropriate case definition can
be challenging because the current clinical definition of endometriosis includes a
wide spectrum of symptoms and pathologic findings. The few epidemiologic stud-
ies that were able to evaluate the severity of endometriosis based on the American
Society for Reproductive Medicine (ASRM) disease staging among cases do not
demonstrate more extensive disease among women with laparoscopic confirmation
[47]. However, genetic studies have shown that stage III/IV disease is etiologically
different from stage I/II disease [48].

Laparoscopy has long been considered the gold standard for endometriosis diag-
nosis [49, 50] as accuracy of self-reported endometriosis in the absence of laparo-
scopic confirmation has been poor [47, 51]. Limiting the definition of endometriosis
to those with surgical confirmation, however, may introduce selection bias. It is
possible that patients with more frequent utilization of the medical system or those
with the most symptomatic disease may be more likely to undergo laparoscopy and
that women whose symptoms improve with less invasive treatments such as anti-
inflammatory medications or oral contraceptives may not seek an invasive, albeit
confirmatory, diagnosis. Defining endometriosis as the presence of functional endo-
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metrial glands and stroma outside of the uterus allows women who have asymptom-
atic disease noted at the time of unrelated surgery, such as tubal ligation, to be
included as cases. Public health investigations are primarily interested in symptom-
atic disease resulting in morbidity for the patient; thus it has been suggested that
endometriosis be defined not only by the presence of ectopic endometrium but also
by evidence that the lesions are active and have affected normal physiology.

Selection of cases that receive an endometriosis diagnosis from an evaluation for
infertility may similarly under-sample those with pelvic pain. Had such women not
attempted to become pregnant or had not had access to medical help with infertility,
most would never have come to a laparoscopic diagnosis of endometriosis.
Endometriosis discovered as a cause for infertility may differ from endometriosis
diagnosed from pelvic pain. Additionally, there is concern that endometriosis cases
sampled are more likely to be prevalent, and thus an individual may have already
changed many lifestyle factors in response to undiagnosed disease creating the
potential for reverse causation in the study of many risk factors.

Appropriate comparison group: An important challenge in studying endometriosis is
determining the appropriate comparison group. In case-control studies, no strategy
for control selection appears entirely satisfactory because factors that might influ-
ence which women receive a diagnosis of endometriosis may also be related to
exposures of interest. Controls must represent the exposure distribution of the popu-
lation which gave rise to the cases, and sampling must be independent of that expo-
sure. Any restriction or exclusion applied to cases must also be applied to controls.
To date, control selection has largely focused on preventing the inclusion of undiag-
nosed cases in the control group in an effort to reduce misclassification. As a result
of the invasive nature of diagnosis, studies have often chosen controls from groups
of women who have had pelvic surgery for other reasons (e.g., tubal ligation, hys-
terectomy, or laparoscopy for reasons other than endometriosis). It is likely that
these highly selected women represent a biased sample of those from the underlying
population, e.g., by definition, tubal ligation controls are highly likely to be fertile
and have had children [16, 43].

When the cohort or case and control groups are comprised of both infertile and
non-infertile women, analyses should be conducted first with all women and then
stratified by fertility status. When this stratification is not possible, researchers must
remember that comparing cases to infertile controls may yield results that differ in
interpretation from those that would be observed when comparisons are made to a
control group of fertile women without endometriosis. Women who seek a medical
evaluation or treatment for infertility differ on important demographic, lifestyle, and
access factors from infertile women who do not utilize these services; thus failure to
take these differences into account may lead to selection bias or generalizability
issues [52]. This is particularly important when the exposures of interest, such as
menstrual cycle characteristics or reproductive history, are correlated with both
endometriosis and infertility.

Another concern in choosing a comparison group is detection bias. The precision
of evaluation may differ between cases identified during a workup for infertility or
pelvic pain and controls who were declared to be free of endometriosis during a



100 L.V. Farland et al.

surgical procedure not initiated by symptoms of the disease [53]. A purely
population-based selection of controls has also been argued against, because women
with undiagnosed disease may be selected, thus attenuating the association between
exposure and disease. The impact may be minimal, however, as the community
prevalence of asymptomatic endometriosis is low [16].

Onset of endometriosis symptoms: Epidemiologic studies should ideally focus on
incident rather than prevalent cases of disease. However, chronic conditions like
endometriosis are typically diagnosed only after a symptom threshold is reached,
making identification of the exact time of onset of disease impossible. This matter
is additionally complicated by significant delay from endometriosis symptom onset
to diagnoses. According to the Endometriosis Association’s 1998 North American
Member Survey, the average time to diagnosis from symptom onset is 9.3 years,
with women waiting an average of 4.7 years to seek clinical help and another 4.6
hears from first clinical visit to formal diagnosis [34]. Recent estimates have
reported similar delay ranges [54-56]. Consequently, most analyses are in reality
estimating the incidence of endometriosis diagnosis rather than the true incidence
of disease onset, and the temporal relation between exposure and disease must be
interpreted critically. There is great concern when studying modifiable risk factors
that women may change their behavior after onset of endometriosis symptoms but
before an endometriosis diagnosis.

It is through this lens of understanding the methodological issues that we may
appreciate the complex nature of endometriosis research and more accurately inter-
pret studies and risk factor burden.

Risk Factors

In Utero Environment

With the advent of the Barker hypothesis of the fetal origins of chronic disease [57],
there has been increasing interest in the impact of the uterine environment on dis-
ease risk [57, 58]. The in utero environment may reflect maternal exposures and
hormonal and inflammatory states that may have important implications for disease
risk later in life.

Birth weight may reflect the maternal hormonal milieu or adequacy of uteropla-
cental blood flow during the pregnancy. Within the NHSII cohort, women born at
lower birth weight (defined as 5.5 pounds) were at a significantly greater risk of
endometriosis compared to normal or high birth weight women (7.0-8.4 pounds)
(p-value, test for linear trend = 0.01) [59]. In addition, women who were born as one
of a multiple gestation were at greater risk of endometriosis, even after controlling
for birth weight (risk ratio [RR], 1.7; 95% CI, 1.2-1.5).

More recently, a smaller case-control study, the ENDO study, found that women
with low birth weight (<5.5 pounds) compared to 7.0-8.4 pounds had increased, but
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non-statistically significant, odds of endometriosis diagnosis (OR, 1.10; 95% CI,
0.92-1.32) [60].

Maternal exposure to exogenous environmental exposures has also been explored
in relation to endometriosis diagnosis. In NHSII, women exposed to diethylstilbes-
trol in utero had a higher risk of endometriosis (RR, 1.8; 95% CI, 1.2-2.8) [59]. A
prospective hospital-based study of 84 women of reproductive age noted a signifi-
cant reduction in the odds of endometriosis for self-reported intrauterine cigarette
exposure both in the absence (OR, 0.2; 95% CI, 0.1-0.8) and presence (OR, 0.1;
95% CI, 0.01-0.4) of current smoking [61]. A significant attenuation of risk of
endometriosis was also observed among women who reported parental smoking
behavior during gestation in the ENDO study [60]. Since epidemiologic results
indicate that women who smoke cigarettes have lower levels of circulating estrogen
[62], these findings support the idea that circulating maternal hormone levels are of
importance in endometriosis etiology. No consistent statistically significant associa-
tions have been reported with intrauterine exposure to alcohol or caffeine and a
diagnosis of endometriosis.

Menstrual and Reproductive Factors

Earlier age at menarche [47, 53, 63—65] and shorter menstrual cycles [1, 47, 65-71]
have both been reported to influence the risk of endometriosis. A recent meta-
analysis of 13 case-control studies looking at the association between early age at
menarche (<12 years) and risk of endometriosis has been conducted to pool endo-
metriosis data from multiple sources. When restricting the analysis to studies less
prone to bias, they found that earlier menarche was associated with a statistically
significant increase in a woman’s risk of endometriosis [72]. Early age at menarche
may increase frequency and duration of exposure to retrograde menstruation and
may also reflect an altered hormonal environment. There is less consistent evidence
related to monthly duration and heaviness of menstrual flow and tampon use. Various
studies exploring these factors in relation to risk of endometriosis have reported a
direct association [63, 65], no association [66], and an inverse association [73, 74].
While pregnancy may serve as an important etiologic and detection window for
endometriosis, methodologically it is difficult to study. Hormonal changes during
pregnancy and lactation may prevent or diminish the growth of endometrial explants.
Case-control studies [68, 70, 75] and one cohort study [47] have shown a decreased
risk of endometriosis among women with greater parity. Additionally, a strong
inverse association between duration of lactation and endometriosis risk was
observed (RR, 0.2; 95% CI, 0.1-0.4 for women who breastfed >23 months com-
pared to women who never breastfed) [47]. While the benefit from lactation was lost
5 years after delivery, the effect of pregnancy appeared to remain constant regard-
less of time since last birth. The protective association of pregnancy may be caused
by endometrial decidualization and cervical dilation during childbirth, which may
diminish the volume of retrograde menstruation once menses resume postpartum.
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Methodologically, childbearing is of interest because endometriosis is a cause of
infertility in some women. Additionally, medical evaluations for infertility may find
“asymptomatic” endometriotic lesions. Thus there are important issues related to
diagnosis of endometriosis during childbearing years. Data from the NHSII found
that while women with endometriosis were at a twofold increased risk of incident
infertility, among all women with endometriosis, 83% were parous by the age of 40
[76]. Similar findings have been reported in the ENDO study [77]. While women
with endometriosis experienced a longer time to pregnancy than woman without
endometriosis, irrespective of lesion staging, the vast majority of women with endo-
metriosis who reported having planned a pregnancy also reported a successful live
birth (87.5%).

Use of oral contraceptives (OCs) has been considered as both a risk modifier and
a treatment for endometriosis pain. Oral contraceptives are usually prescribed as
first-line therapy if endometriosis is suspected in adolescents [78]. Since oral contra-
ceptive use may modify pain symptoms associated with endometriosis, it has been
considered both an independent risk factor and a means to delay disease diagnosis.
After pooling data from 18 studies (6 cross-sectional, 7 case-control, and 5 cohort)
addressing oral contraceptive use and endometriosis, a uniform reduction in risk of
endometriosis diagnosis for current oral contraceptive users compared to the com-
parison group was found (RR, 0.63; 95% CI, 0.47-0.85) [79] which was consistent
with previous summaries [80]. They also found an increased risk of endometriosis
for past users (RR, 1.21; 95% CI, 0.94—1.21). Similar patterns have been replicated
in other cohort studies of oral contraceptives and with intrauterine devices [69, 81,
82]. Taken together, these findings suggest that current oral contraceptive use may
improve pain among patients with prevalent endometriosis, therefore postponing
diagnosis of the disease [83].

Physical Characteristics

Endometriosis has been found to be associated with specific physical phenotypes.
Cross-sectional studies suggested the proportion of women with naturally red hair
is greater among patients with endometriosis as compared to the general population
[84-86]. While prospective data from the NHSII failed to demonstrate an overall
statistically significant relationship, the authors observed an increased rate of endo-
metriosis among women with naturally red hair who had never been infertile (inci-
dence rate [IR],1.3; 95% CI, 1.0-1.7) and a decreased rate among those with
concurrent infertility (IR, 0.4; 95% CI, 0.2-1.2) [87].

A large French nested case-control study of 4241 cases of surgically confirmed
endometriosis (the E3N study) noted a positive dose-effect relation between risk of
endometriosis and skin sensitivity to sun exposure (OR, 1.2; 95% CI, 1.1-1.4 for
highest vs. lowest tertile), number of nevi (OR, 1.6; 95% CI, 1.4—1.8 for highest vs.
lowest quartile), and degree of freckling (OR, 1.1; 95% CI, 1.0-1.2 for highest vs.
lowest tertile), but, interestingly, no association with complexion or hair color [88].
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The NHSII also found endometriosis risk was increased with presence of nevi on
the lower legs (RR, 1.08; 95% CI, 1.02—1.14) higher level of skin’s burning reaction
to sun exposure in childhood/adolescence (RR, 1.20; 95% CI, 1.06—1.36) and fam-
ily history of melanoma (RR, 1.13; 95% CI, 1.01-1.26) [89]. These findings are
supported by an Italian case-control study related to skin’s burning reaction tothe
sun [90, 91]. Blue/green eyes have been shown to increase overall risk of endome-
triosis and also deep-infiltrating endometriosis [90, 92]. The relationship between
endometriosis and phenotypic differences is posited to be through shared genetic
factors, but the nature of this commonality remains to be explored.

Anthropometric Factors

Body size across the life course may influence endometriosis risk. The literature
has consistently suggested an inverse association between endometriosis and adult
body mass index (BMI) [19, 53, 63, 66, 91, 93-97]. However, the relationship with
childhood and adolescent body size is not conclusive. In the NHSII, childhood
body size estimated using Stunkard childhood body size images (averaged between
ages 5 and 10) was inversely associated with risk of endometriosis diagnosis later
in life (P-value for trend, 0.0002) [98]. Although there are known associations
between childhood BMI and both age at menarche and adult BMI—both of which
are known risk factors for endometriosis—the results of this study suggest an asso-
ciation between childhood BMI and endometriosis that was independent of these
factors.

A case-control study using the same Stunkard childhood body size metric as the
NHSII found a similar inverse association with early body size and endometriosis
[96]. However, one recent case-control study using self-reported recalled childhood
BMI noted a different result: women who reported being overweight at age 10 had
an increased risk of endometriosis (OR, 2.8; 95% CI, 1.1-7.5) [99]. However, the
body of evidence suggests an inverse relationship with adolescent body size and
endometriosis [91]. Work using endometriosis cases from a Korean hospital found
that body size was associated with the staging of endometriosis: more severe stages
(II' and IV) were associated with smaller childhood body size compared to less
severe cases (P-values for trend, 0.002) [100].

It is interesting to note that some research has shown that genetic variants known
to be associated with BMI were not found to be associated with endometriosis risk
[101]. This may suggest that the association between BMI and endometriosis may
be operating through common environmental factors or through a poorly under-
stood selection bias mechanism.

Three case-control studies have reported an increased likelihood of endometrio-
sis with taller height [53, 66, 96], although no association was found in the NHSII
cohort study [19, 97]. The impact of body fat distribution on endometriosis has also
been examined as women with a higher ratio of estrogens to androgens have been
found to have increased peripheral fat accumulation [102]. A case-control study
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found that the odds of surgically confirmed endometriosis was inversely related to
waist-to-hip ratio (OR, 6.2; 95% CI, 1.4-26.7) for women <30 years old with a ratio
of 0.6-0.7 compared to 0.8—1.0 [103]. A similar pattern of significant decreased risk
was observed in the NHSII among women with the smallest waist to hip ratios of
<0.6 compared to 0.7-0.79 [97]. In a meta-genome-wide association study of indi-
viduals of European ancestry, it was observed that an intergenic locus on 7p15.2
was significantly associated with both endometriosis and fat distribution (waist-to-
hip ratio adjusted for BMI) [104].

These findings may support a prevailing etiologic hypothesis that endometriosis
is influenced by circulating steroid hormones. It has been speculated that childhood
body size and adult BMI may represent differences in insulin resistance and levels
of sex hormone-binding globulin or insulin-like growth factors (IGF) during
childhood and adulthood, which may influence endometriosis risk independently of
age at menarche [98]. However, as summarized above, this relationship between
endometriosis and IGF in adulthood has not been consistent across studies [41].
Childhood body size appears to be working independently of age at menarche
although the mechanism is not firmly established.

Lifestyle Factors

While modifiable lifestyle risk factors are of great interest to the public health
community, the study of these factors is complicated by potential changes in life-
style following onset of endometriosis symptoms. This potential bias will be more
pronounced in studies that depend on recall and studies that include both prevalent
and incident cases.

The relationship between smoking and endometriosis is inconsistent. Some
studies exploring the effect of smoking on endometriosis have found an inverse
association [19, 63, 66], while others have found no association [19, 53, 67, 70, 81].
A study of adolescent exposure found indoor exposure to passive smoking during
childhood increased risk of endometriosis diagnosis later in life (RR, 1.34; 95% CI,
1.09-1.64 with several hours exposure a day) [105]. While smokers have lower
estrogen levels [62], they are also exposed to higher levels of exogenous estrogen in
the form of dioxin, potentially complicating the association. Although data vary by
tobacco source, it is estimated that a person who smokes a pack of cigarettes per day
takes in about 4.3 pg of polychlorinated dibenzodioxins/kg body weight/day [106].

Studies have also examined whether caffeine and alcohol consumption increase
the risk of endometriosis. Moderate intake of alcohol has been shown to increase
total and bioavailable estrogen levels [107]. Studies of endometriosis within infer-
tile populations have suggested a direct relation with caffeine and alcohol [108—
111]; however, case-control studies including both infertile and fertile controls have
observed no association [53, 65, 93, 94]. The NHSII observed no association with
caffeine and an inverse association between alcohol and endometriosis (current
alcohol intake >10 g/day vs. none; RR, 0.7; 95% CI, 0.6-0.8) [19]. A recent meta-
analysis on caffeine consumption pooled data from 8 studies (6 case-control studies
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and 2 cohort studies) and found no increased risk from caffeine or coffee intake (RR
1.26 and 95% CI 0.95-1.66 and RR 1.13 and 95% CI 0.46-2.76, respectively).

Physical activity may be associated with endometriosis; however, the data are
conflicting [112]. Physical activity is thought to increase levels of sex hormone-
binding globulin (SHBG) [113], lower luteal estrogens [114], and decrease insulin
resistance and hyperinsulinemia [115, 116]. Two cohort studies of childhood/ado-
lescent physical activity have shown increased endometriosis risk with high exer-
cise levels [105, 117]. Conversely case-control studies of adult endometriosis have
observed a 40-80% reduction in likelihood of endometriosis in regular as compared
to non-regular exercisers [53, 66, 111, 118]. However, a recent analysis of the
NHSII suggests a more modest, nonsignificant decrease in risk (RR, 0.9; 95% CI,
0.8-1.0) [119]. The slight inverse association between exercise and endometriosis
was limited to women with no history of infertility. The prospective cohort design
may more accurately estimate the temporal relation between physical activity and
endometriosis risk; if women with endometriosis experience symptoms that restrict
their ability to exercise, symptom-free women will predominate the physical activ-
ity group, resulting in an incorrect spurious protective effect.

Two case-control studies have explored the association between occupation and
endometriosis [120, 121]. There is evidence that night shift work disrupts circadian
estrogen secretion and increases risk of estrogen-dependent conditions such as
breast cancer [122-124]. In a population-based case-control study of laparoscopi-
cally confirmed endometriosis, women who worked more than half of their job
hours during night shifts demonstrated an increased odds of endometriosis (OR,
2.0; 95% CI, 1.0-3.9) [120]. A subsequent larger case-control study by the same
group observed an increased odds of endometriosis in women who had ever worked
as a flight attendant (OR, 9.8; 95% CI, 1.1-89.0), service station attendant (OR, 5.8;
95% CI, 1.0-32.4), or health worker (OR, 1.5; 95% CI, 1.0-2.2) [121]. In the
NHSII, risk was elevated among women with concurrent infertility and >5 years of
rotating night shift work (RR, 1.71; 95% CI, 1.18-2.49), compared with women
with no rotating night shift work [125].

Dietary Factors

While there are a growing number of patient-directed books and websites focused
on the relationship between dietary factors and endometriosis, only a small number
of studies have been published on this relationship [126]. A significant association
was first suggested in an animal study that observed a protective association of fish
oil supplementation on surgically induced endometriosis in rabbits [127]. Human
studies have since examined an array of potential dietary contributors to endome-
triosis risk, although replication for any given dietary factor is lacking.

Fruits and vegetables: Two studies have investigated the relationship between fruit
and vegetable intake and endometriosis. An Italian hospital-based case-control
study comparing 504 cases of laparoscopically confirmed endometriosis and 504
controls admitted for benign non-gynecologic conditions observed a statistically
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significant inverse association of current green vegetable (OR, 0.3; 95% CI, 0.2—
0.5) and fruit consumption (OR, 0.6; 95% CI, 0.4-0.8) [93]. In contrast, a more
recent case-control study found increased risk associated with increased fruit con-
sumption (OR, 1.5; 95% CI, 1.2-2.3), but no association with vegetable consump-
tion [128].

Saturated fat and red meat: An Italian case-control study found a significantly
increased likelihood of endometriosis with red meat consumption (OR, 2.0; 95%
CI, 1.4-2.8) but no association with butter intake [93]. Two more recent case-control
studies did not find increased endometriosis risk with increased red meat intake
[111, 128]. However, one did find a marginally increased risk of endometriosis with
butter intake [111]. When specifically saturated fat or animal fat was examined, no
clear relationship appeared to emerge in three other studies [129-131].

Olive o0il and monounsaturated fat: There is no clear relationship between olive
oil, monounsaturated fats, and the risk of endometriosis. While two studies, a
case-control and a cohort study, have found no association between monounsatu-
rated fat or vegetable oil intake and endometriosis [93, 129], another case-control
study focusing on benign ovarian tumors found a positive association between
vegetable oil intake and endometriosis (highest vs. lowest quartiles: OR, 2.0; 95%
CI, 1.2-3.2) [130].

Fish and omega-3 polyunsaturated fatty acid (PUFA): No clear association between
endometriosis and fish consumption has been found in case-control studies [93,
111, 128]. In the NHSII, women in the highest quintile of long-chain omega-3 fatty
acid consumption were 22% less likely to be diagnosed with endometriosis com-
pared with those in the lowest quintile of intake (95% CI, 0.62-0.99) [129]. This
inverse relation with omega-3 PUFA was also observed in a recent case-control
study [131] and is supported by the findings from in vitro and animal models.
Human endometrial cell survival was shown to be decreased in cultures containing
a high proportion of long-chain n-3 fatty acids (i.e., eicosapentaenoic acid) [132]. In
a rabbit model of surgically induced endometriosis, alpha-linolenic acid (an n-3
fatty acid) supplementation decreased concentrations of series 2 prostaglandins and
endometrial implant diameter [127].

Trans fats: In the NHSII, women in the highest quintile of trans-unsaturated fat
intake were 48% more likely to be diagnosed with endometriosis (95% CI, 1.17—
1.88). This finding was not supported by a more recent case-control study [128].
Trans fat intake increases the circulating levels of several inflammatory markers,
including IL-6 [133-135] and the markers of TNF system activation [134, 135],
which are thought to be involved in the pathogenesis of endometriosis [27].

Soy/phytoestrogens: A Japanese hospital-based case-control study of 138 women
undergoing laparoscopy for infertility compared 31 women with lower-stage endo-
metriosis, 48 women with higher-stage endometriosis, and 59 controls. Higher uri-
nary levels of the soy isoflavones genistein and daidzein were associated with
decreased likelihood of higher-stage endometriosis (OR for highest vs. lowest quar-
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tile 0.2 and 95% CI 0.1-0.8 for genistein and OR 0.3 and 95% CI 0.1-1.0 for daid-
zein), but no significant relation was observed for lower-stage disease [136]. Soy is
rich in phytoestrogens which may influence circulating estrogen levels. More
recently, the ENDO study found no association between urinary phytoestrogen con-
centrations and either surgically confirmed or self-reported endometriosis in a US
population [137].

Dairy intake: The relationship between dairy intake and endometriosis is unclear.
Two studies found no association between milk or cheese intake and endometriosis
risk [93, 111]. A recent population-based case-control study found a nonsignificant
inverse association between dairy and calcium consumption and surgically con-
firmed endometriosis [128]. Consistently, dairy intake was associated with a lower
risk of endometriosis (OR, 0.95; 95% CI, 0.91-1.00) in the NHSII [138]. This
reduction in risk appeared to be driven by an association between skim/low-fat milk
and the disease.

Circulating vitamin D: Several studies have investigated the role of vitamin D in
relation to endometriosis risk [139]. An Italian case-control study analyzed serum
levels of 25-hydroxyvitamin-D3, 1,25 dihydroxyvitamin-D3, and calcium in 87
women with laparoscopically confirmed endometriosis and 53 controls. Levels of
25-hydroxyvitamin-D3 above the 75th percentile (>28.2 ng/ml) were associated
with increased likelihood of endometriosis (OR, 4.8; 95% CI, 1.7-13.4) [140]. No
significant associations were noted for 1,2,5 dihydroxyvitamin-D3 and calcium
[140]. A more recent case-control study found a decreased but not significant risk
of endometriosis with vitamin D levels [128]. In the NHSII, predicted plasma
25(0OH)D level was inversely associated with endometriosis [138]. Women in the
highest quintile of predicted vitamin D level had a 24% lower risk of endometriosis
than women in the lowest quintile (rate ratio = 0.76; 95% confidence interval,
0.60-0.97) [138].

Environmental Toxins

Based on early animal studies suggesting that polychlorinated biphenyl (PCB) or
dioxin exposure may influence endometriosis risk [141], there has been consider-
able interest in environmental exposures and endometriosis as recently summarized
by Smarr et al. [142]. Environmental toxic exposures may alter risk by changing
circulating hormone levels or by affecting the immune system of women exposed.

Hospital-based case-control studies conducted in various geographical regions
[111, 143-148] have failed to demonstrate a consistent association between envi-
ronmental toxins and endometriosis risk. These studies have varied by the types of
controls included (infertile, fertile, both), the identification of endometriosis cases
(self-report, laparoscopy, magnetic resonance imaging [MRI]), and the types of
environmental toxins evaluated (polychlorinated dibenzo-p-dioxins [PCCDs], poly-
chlorinated dibenzo-furans [PCDFs], dioxin-like PCBs, coplanar PCBs [cPCBs],
and numerous others).
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Many case-control studies examining the role of dioxins and endometriosis have
observed modest but nonsignificant elevations in endometriosis risk [149-153].
Two Italian hospital-based case-control studies of nulliparous women [154, 155]
examined dioxin-like and non-dioxin PCBs in relation to endometriosis risk. Both
studies observed significant positive associations for nearly all the compounds they
evaluated (OR for all PCBs, 6.5; 95% CI, 1.5-28.0). These studies had stricter
inclusion criteria than previously reported case-control studies (women were nul-
liparous, age 2040 years, without any acute or chronic disease, and with no evi-
dence of recent weight change >10 kg). A study of infertile women undergoing
laparoscopy examining a multitude of toxins (including PCDDs, PCDFs, cPCBs,
PCBs, and chlorinated pesticides) revealed higher toxic equivalency (TEQ) values
in controls as compared to cases (P-value = 0.02) and a nonsignificant inverse asso-
ciation between organochlorine exposure and endometriosis risk [156].

Two population-based retrospective cohort studies [51, 157] have examined the
relationship between environmental toxins and endometriosis. The first cohort was
comprised of women exposed to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) fol-
lowing a 1976 chemical plant explosion in Seveso, Italy. Comparison of 19 women
with endometriosis confirmed by laparoscopy or ultrasound to 277 women with no
disease revealed an elevated but nonsignificant increase in the rate of endometriosis
for women with TCDD levels >20 parts per trillion (ppt) (RR, 1.2; 90% CI, 0.3—4.5)
[157]. The second cohort included women exposed to PCBs in 1973 through con-
taminated cattle feed in Michigan, USA. Of 943 women, 79 self-reported endome-
triosis, although medical record review confirmed only 37 cases. There was a
nonsignificant but increased rate of endometriosis among women exposed to PCBs
>4 parts per billion (ppb) compared to PCBs <1 ppb (RR,1.7; 95% CI, 1.0-3.0) [51],
although both confirmed and unconfirmed cases were included in the analysis.

Small sample sizes, varying age at time of exposure, heterogeneity of control
populations, differing levels of baseline exposure to toxins between geographic
regions, and examination of a wide variety of toxins make a global summary state-
ment regarding the relation between environmental toxins and endometriosis diffi-
cult. Given that true associations between environmental toxins may be of small
magnitude, larger, well-controlled studies that critically consider exposure timing
are required.

Endometriosis and Chronic Disease Risk

Mounting evidence suggests that women with endometriosis may also be at risk for
several chronic diseases [158, 159]. While the mechanisms behind these associations
are not fully understood, this research may have important implications for our under-
standing of disease etiology and may influence the management, care, and screening
of patients with endometriosis. The current evidence supports the conclusion that
women with endometriosis are at increased risk of ovarian cancer, cutaneous mela-
noma, and some autoimmune diseases and are at decreased risk of cervical cancer.
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Cancer: At present, the data are most consistent regarding the relationship between
endometriosis and risk of clear cell and endometrioid ovarian cancer. Among the
21 epidemiologic studies that investigated endometriosis in relation to ovarian
cancer risk, 20 reported a positive association (including 16 reporting statistically
significant findings) [160—177]. A recent pooled analysis yielded significant risk
among women with endometriosis (RR, 1.46; 95% CI, 1.31-1.63) [175], findings
which were also supported by a recent meta-analysis [178].

The literature is unclear about the relationship between endometriosis and breast
cancer [179]. While most studies have suggested a modest positive association
between endometriosis and the risk of breast cancer with effect estimates ranging
from 1.08 to 3.20 (albeit only half reported statistically significant findings) [158,
160, 161, 168, 180, 181, 184, 186-188], four studies showed no clear association
[169, 177, 182, 183], and five studies reported an inverse relationship [163, 166, 185,
189, 190]. However, there is significant disease heterogeneity across hormone recep-
tors status, menopause status at time of cancer diagnosis, and molecular subtypes of
breast cancer which has not been adequately addressed in the current literature [188].

The current literature on the relationship between endometriosis and endometrial
and cervical cancer is sparse. For endometrial cancer, the results are inconclusive
with null associations [161, 163, 168, 177], positive associations [169, 191], and
inverse associations having been reported [160]. However, the results for cervical
cancer are more consistent after multiple studies from Sweden seemed to show a
decreased risk associated with a history of endometriosis [160, 161, 168, 169].

Among non-gynecological cancers, cutaneous melanoma has been studied most
often in relation to patients’ history of endometriosis. Of the 12 studies that explored
this topic, seven suggested a positive association [85, 163, 166, 168, 169, 192, 193],
while five studies reported no clear relation between endometriosis and cutaneous
melanoma risk [86, 161, 183, 194, 195]. As presented earlier, there is growing lit-
erature on the associations between endometriosis and skin sensitivity to the sun,
nevi, and freckle patterns which is consistent with possible positive association.
Exploration of endometriosis in relation to other types of cancer have been sparse.

Immune system diseases: Few studies have evaluated the comorbidity of endome-
triosis with autoimmune diseases. A cross-sectional survey conducted among
patient members of the Endometriosis Association first reported higher than
expected rates of systemic lupus erythematosus, multiple sclerosis, rheumatoid
arthritis, and Sjogren’s syndrome than in the general female US population [34].
Some of these findings have been supported in cohort studies, but not case-control
or other cross-sectional data. The most recent and largest cohort study to date, with
over 37,000 endometriosis cases, found a significantly increased risk of systemic
lupus erythematosus, Sjogren’s syndrome, and multiple sclerosis disease in
Denmark [197]. The NHSII found an association with systemic lupus (HR = 2.03;
CI 1.17-3.51) and rheumatoid arthritis (HR=1.41; CI 1.05-1.89) [198]. A Spanish
case-control study based on clinical record information reported no significant asso-
ciation between endometriosis and risk of systemic lupus erythematosus or Sjogren’s
syndrome [67]. Finally, no association was found between endometriosis and risk of
autoimmune thyroid disorders (hypo- or hyperthyroidism) in a Brazilian cross-
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sectional study [199] nor was an association found in 1400 women undergoing their
first laparoscopy between endometriosis and autoimmune conditions [54].

Cardiovascular conditions: There is evidence that endometriosis may be associated
with inflammation after several inflammatory markers have been shown to be ele-
vated in women with endometriosis [200], such as intracellular adhesion molecule 1
(ICAM-1), C-reactive protein (CRP), interleukin-1 and interleukin-6 (IL-1 and
IL-6), tumor necrosis factor-o (TNF-a), and vascular endothelial growth factor
(VEGF). Inflammation is an important risk factor for coronary heart disease (CHD)
[201, 202].

One case-control study compared intima-media thickness in women with and
without endometriosis and found no significant relationship [203]. Recent data from
the NHSII reported increased risk of myocardial infarction (RR, 1.52; 95% CI,
1.17-1.98), angiographically confirmed angina (RR, 1.91; 95% CI, 1.59-2.29), and
coronary artery bypass graft surgery/coronary angioplasty procedure/stent (RR,
1.35; 95% CI, 1.08-1.69) associated with endometriosis [204]. Endometriosis was
also associated with a higher risk of any of the three CHD events combined (RR,
1.62;95% CI, 1.39—1.89). Part of the associations was found to be mediated through
endometriosis treatments that are risk factors for CHDs, such as hysterectomy/
oophorectomy and earlier age at surgery following endometriosis diagnosis.

Chronic disease risk: It is important to note that most studies investigating endo-
metriosis and chronic diseases relied on a self-reported diagnosis of endometriosis
and/or disease. Additionally, many of the studies that have assessed the associa-
tions between endometriosis and cancer to date were within population historical
cohorts, where important confounding factors or mediators of the associations
could not be taken into account. Given the state of the current literature, it is
unclear at this time whether these relationships are causal or are being driven by
shared risk factors, shared hormonal milieu, or treatments for endometriosis which
alter risk.

Conclusion

Data suggests that in utero exposures, menstrual and reproductive history, anthropo-
metrics, lifestyle, dietary, and environmental exposures may each play a role in the
etiology of endometriosis. However, there are many methodological issues and limi-
tations in current research on endometriosis. While the ideal epidemiologic study
has not yet been performed, it is worthwhile to review the literature that has been
presented to date (Table 1). Some authors have used Mendelian randomization
methods where surrogate genetic markers that are known to be associated with an
exposure of interest are used to avoid the potential biases discussed previously. Valid
epidemiologic studies of endometriosis can be conducted, the results of which will
aid our understanding of the pathogenesis as well as early signs and symptoms of
the disease, enhancing diagnosis and perhaps even leading to disease prevention.
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Table 1 A summary of risk factors for endometriosis

Risk factor

‘ Direction and consistency of effect®

In utero environment

Higher birth weight

1, inconsistent

Maternal/paternal smoking

11, inconsistent

Maternal diethylstilbestrol

1, limited study

Menstrual and reproductive factors

Earlier age at menarche

11, consistent

Shorter menstrual cycle length

11, consistent

Heavier menstrual volume

1, limited study

Greater parity

11, consistent

Lactation

11, limited study

Current oral contraceptive use

11, consistent

Physical characteristics

Red hair 1, inconsistent
Freckling 1, inconsistent
Nevi 1, inconsistent

Skin sensitivity

1, inconsistent

Anthropometric factors

Greater height

1, inconsistent

Greater body mass index

1, consistent

Greater childhood body mass index

1, inconsistent

Greater waist-to-hip ratio

1, limited study

Lifestyle factors

Cigarette smoking

1, inconsistent

Alcohol use

1, inconsistent

Caffeine intake

1, inconsistent

Regular exercise

1, inconsistent

Night shift work

1, limited study

Dietary factors

Fruits and vegetables

1, limited study

Red meat/saturated fat

1, limited study

Vegetable oil/monounsaturated fat

-, limited study

Fish and omega-3 PUFA

1, limited study

Trans fat

1, limited study

Soy/phytoestrogens

11, limited study

Low-fat dairy

1, limited study

Vitamin D (25-hydroxyvitamin-D3)

-, inconsistent

Environmental factors

PCB, dioxin exposure

1, consistent in primates but
inconsistent in women

Updated from Missmer SA, Cramer DW. Epidemiology of Endometriosis. In Endometriosis in
Clinical Practice. DL Olive (ed), Taylor & Francis Group, London, 2004

*Arrows indicate the approximate magnitude of the relation: f, slight to moderate increase in risk;
11, moderate to large increase in risk; |, slight to moderate decrease in risk; |}, moderate to large

decrease in risk; -, no association
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Peripheral Blood Biomarkers
for Endometriosis
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Abstract Endometriosis is a complex disease to study and diagnose. Ultrasound
can be used to diagnose cysts and endometrioma but cannot rule out peritoneal
endometriosis. Endometriosis is defined as endometrium outside of uterus. It is
associated with infertility and pain. If we find a diagnostic test to diagnose endome-
triosis in blood it would be a convenient, most probably cheap test that would dis-
criminate women who are suffering from endometriosis from those who do not. Till
today, we do not have a diagnostic test for endometriosis. For women it is a heavy
psychological burden, and quick diagnosis would help reduce this burden. Studies
have shown that endometriosis cost arises predominantly from productivity loss and
is predicted by decreased quality of life. In this chapter we describe and discuss the
current status of biomarkers (miRNAs, glycoproteins, immunological, angiogenic,
cell adhesion/invasion factors) of endometriosis in peripheral blood.
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Abbreviation

AUC Area under the curve

CA-125 Cancer antigen

EDTA Ethylenediaminetetraacetic acid

EGF Soluble epidermal growth factor

ELISAs Enzyme-linked immunosorbent assays
HGF Hepatocyte growth factor

HIF-1 alpha Hypoxia-inducible factor-1 alpha

ICAM-1 Intercellular adhesion molecule 1

IFN-y Interferon gamma

IL Interleukin

miRNAs microRNAs

MMPs Matrix metalloproteinase

MRI Magnetic resonance imaging

NPV Negative predictive value

PEDF Pigment epithelium-derived factor

PDGF Platelet-derived growth factor

PGF or PLGF  Placental growth factor

SOPs Standard operating procedures

TNF-a Tumor necrosis factor

VEGF Vascular endothelial growth factor
VEGFR1 Vascular endothelial growth factor receptor 1
VEGFR2 Vascular endothelial growth factor receptor 2
WERF World Endometriosis Research Foundation
Introduction

Endometriosis is defined by the presence of endometrial glands and stroma outside
the uterus, affecting about 10% of women of reproductive age [1] and up to 35-50%
of women with chronic pelvic pain and/or infertility [1, 2]. The origin of endome-
triosis is still not clear; however Sampson’s theory of retrograde menstruation is the
most accepted theory (shed endometrial tissue flows backward through the fallopian
tubes and attaches to the pelvic wall) [1, 3]. Endometriosis can be treated by surgi-
cal excision or by hormonal treatment, combined with anti-inflammatory drugs;
however there is no cure for this disease [1]. The WERF EndoCost study has shown
that the economic burden of endometriosis is comparable to that from diabetes mel-
litus and Crohn’s disease [4].

The gold standard for diagnosis is laparoscopic inspection of the abdomen, pref-
erably combined with histological confirmation of endometrial stroma and glands
[5]. Nonsurgical diagnostic techniques, such as magnetic resonance imaging (MRI)
and vaginal ultrasonography, can be used for the detection of endometriomas
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(ovarian endometriotic cysts) but do not rule out peritoneal endometriosis or
endometriosis-associated adhesions [5, 6]. A classification of the disease burden is
performed using the scoring system of the American Society for Reproductive
Medicine. Four stages are defined ranging from minimal to severe disease (stage I,
indicating minimal disease; until stage IV, indicating severe disease) [7]. However,
the classification of endometriosis according to this scoring system does not corre-
late with the severity of pain.

Noninvasive diagnosis of endometriosis would allow early diagnosis and treat-
ment, with the potential to improve quality of life and reduce the societal cost
related to endometriosis, and has therefore been selected as a research priority by
the World Endometriosis Society (WES) and the World Endometriosis Research
Foundation (WERF) [8]. The most important goal of a noninvasive diagnostic test
is that no women with endometriosis are missed who might benefit from treatment
[9]. At present, neither a single biomarker nor a panel of biomarkers, measurable in
peripheral blood, has been validated as a noninvasive test for endometriosis [10].

The measurement of serum CA-125 levels has no value as a diagnostic tool com-
pared to laparoscopy [5]. The lack of a noninvasive diagnostic test significantly
contributes to the long delay between onset of the symptoms and definitive diagno-
sis of endometriosis [11].

In this chapter we describe and discuss the current status of biomarkers (miR-
NAs, glycoproteins, immunological, angiogenic, cell adhesion/invasion factors) of
endometriosis in peripheral blood.

Diagnostic Test

Endometriosis cannot be diagnosed based on symptoms alone because of overlap
with other conditions [5]. Symptoms include dysmenorrhea, dyspareunia, chronic
pelvic pain, and/or infertility [12]. Clinical evaluation of the patient may reveal
palpable nodules, especially during menstruation [5, 12]. Transvaginal ultrasound is
only useful to detect endometriotic ovarian cysts, while endometriosis-associated
adhesions, superficial peritoneal lesions, and some locations of deep infiltrating
endometriosis may remain undetected [13]. Similarly, magnetic resonance imaging
(MRI) is only useful to confirm the presence of endometrioma, not peritoneal
lesions [14]. Laparoscopy is the current gold standard for diagnosis of endometrio-
sis, preferably combined with histological confirmation of the lesions [5, 12].
Histological confirmation of endometriosis in a lesion biopsy requires the presence
of two or more of the following features: endometrial epithelium/glands, endome-
trial stroma, and hemosiderin-laden macrophages [15]. However, when no biopsy is
taken for histology, the difficulty to recognize lesions due to their varying appear-
ance may cause an over- or underestimation of the extent of endometriosis [14].
Especially cases with minimal peritoneal disease, when the lesions are immediately
ablated without being biopsied, may account for an overestimation of the diagnosis
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[14]. Furthermore, it may be difficult to assess lesion depth, and therefore the sur-
geon’s experience is important for the reliability of the laparoscopy data [14].

For women with a regular cycle, a partner with a normal sperm examination, lack
of success in conceiving for more than 1 year, without substantial cyclic/chronic
pelvic pain, and with a normal clinical examination and pelvic ultrasound, a clear
indication for laparoscopy may not be present [9]. Up to 45% of these women may
have endometriosis [13]. Therefore a noninvasive test will be particularly useful to
discriminate between women who have endometriosis and might benefit from treat-
ment and women who do not have endometriosis [9]. We want a test with a high
sensitivity, with a low number of false negatives so that no patients with endome-
triosis are missed [9]. The test should not be used to screen in an asymptomatic
population [13].

The delay between onset of endometriosis and eventual diagnosis may amount to
an average of 6.7 years [16]. This delay may be caused by the general nature of the
symptoms, their dismissal as normal, the lack of adequate imaging and clinical
examination tests, and the need for a surgical diagnosis [5, 15, 17]. To reduce this
delay, a blood-based diagnostic test using biomarkers is a top priority in endome-
triosis research [13, 18]. The implementation of such a noninvasive test in the clinic
could shorten the time to diagnosis and treatment, thereby preventing disease pro-
gression, improving patients quality of life, and reducing endometriosis-associated
costs [13], which may add up to €9579 per women per year [4].

Peripheral Blood Biomarkers

A biomarker is defined as “a characteristic that is objectively measured and evalu-
ated as an indicator of normal biological processes, pathogenic processes, or phar-
macologic responses to a therapeutic intervention” [19]. These biomarkers may be
soluble biochemical markers, but they may also be anatomical and functional, such
as physiological assessment and imaging [20]. Since clinical examination and imag-
ing on their own only have limited use [12], the best chance to find a noninvasive
diagnostic test for endometriosis may be a molecular signature. Blood is the pre-
ferred source because it is easily accessible and allows multiple measurements [21].
A review published in 2010 by May et al. summarized the realizations in the field of
blood biomarkers for endometriosis [10]. Despite many efforts, no single biomarker
or a panel of biomarkers has been validated as diagnostic test for endometriosis
[10]. This may partly be due to inadequate control groups, low sample sizes, lack of
validation, and interlaboratory differences in terms of standard operating proce-
dures (SOPs) and enzyme-linked immunosorbent assays (ELISAs) used. The
WEREF has recently published a series of papers with SOP recommendations for
endometriosis in order to facilitate collaborations [22, 23]. Collaborations between
research centers adopting the same SOPs will allow the assembly of large sample
sets necessary for biomarker research in endometriosis [13]. Despite the lack of
validation, many efforts have been done to discover biomarkers for endometriosis.
These will be summarized in the next paragraphs.
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Immune Markers for Endometriosis

Although retrograde menstruation is a common phenomenon among women of
reproductive age, not all women who have retrograde menstruation develop endome-
triosis [24]. An immunological/inflammatory etiology has been conjectured, as dem-
onstrated by increased concentrations of activated macrophages, cytokines, T cells,
and B cells [24]. Immune markers have also been examined extensively as possible
biomarkers for endometriosis [10]. Since the comprehensive literature search of May
et al. [10], only a few new studies have been investigating immune markers for endo-
metriosis. May et al. discussed the following immune markers: interleukin (IL)-1,
IL-6, and IL-8, tumor necrosis factor (TNF)-a, MCP-1, and interferon-y (IFN-y).

One of the several immunologic mechanisms that play a fundamental role in the
immune response is the complement system. Elevated levels of C3c and C4 were
reported along with an increase in SC5b-9—the membrane attack complex [25].
One study has reported lower levels of C3 and C4 in women with endometriosis,
during the follicular phase [26]. Regarding biomarkers, one study has investigated
the possibility of C3a, a proteolytic fragment that induces inflammatory reactions,
but found no difference between women with and without endometriosis [27].

A recent review has performed a literature search on the most studied chemo-
kines, including their receptors, which were CXCL8, CCL2, and CCL5 [28].
Chemokines represent a family of small cytokines or proteins released by cells,
especially lymphocytes, and are capable of inducing chemotaxis (directed move-
ment through the chemicals of the microenvironment) in nearby responsive cells,
directing the cellular migration [28]. Researchers have reported significantly higher
levels of CXCLS in patients with endometriomas versus controls [29-31], whereas
other studies reported no statistically significant difference of this marker among
endometriosis subjects and controls [32, 33].

No difference in the serum levels of the inflammatory markers CD40, CD40L,
and a disintegrin and metalloproteinase domain 8 (ADAMS) was detected between
endometriosis patients (n =47) and controls (n = 29) [34]. Additionally, interleukins
10, 12, 17, and 23 levels were comparable between infertile controls and endome-
triosis patients with infertility [35].

Recently, IL-8, MCP-1, and RANTES showed potential as a biomarker, being
significantly increased in endometriosis cases versus controls, respectively, 46.1,
50, and 75% of reported studies [28]. Mihalyi et al. reported a panel consisting of
luteal plasma levels of IL-8, TNF-a, and CA-125 that was able to distinguish
between 201 women with endometriosis and 93 controls with a normal pelvis with
a sensitivity of 89.7% and a specificity of 71.1% [29]. In a study by the same group,
univariate analysis showed the differential expression of several cytokines and
chemokines in 232 women with endometriosis and 121 controls [30]. Surprisingly
no cytokines or chemokines were included in the final proposed panel of biomarkers
after multivariate analysis [30]. Whether cytokines are suitable to discriminate
endometriosis patients from patients with other pelvic pathology is still question-
able [30] since some studies included have low power due to small sample size and
study designs vary in the assessment criteria for the markers, the state of the patients
(e.g., phase of the cycle and stage of disease), and the nature of the controls [28].
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Glycoproteins

Glycoproteins are important regulators of a number of biological functions, such as
immune recognition, cell signaling, proliferation, and differentiation [36]. A num-
ber of glycoproteins has been investigated for their use as biomarkers for endome-
triosis [10, 37].

Cancer antigen (CA)-125 is until now the most investigated biomarker for endo-
metriosis and has been shown to be elevated. This has been reviewed by Mol et al.
and May et al. [10, 38]. Its specificity for endometriosis is quite low, as it is also a
marker for non-endometriotic ovarian cysts, myomas, and for several cancers, such
as ovarian cancer, endometrial cancer, cervix cancer, and lung cancer [39]. Further,
the sensitivity to detect all stages of endometriosis is low, although it is better for
stage III-IV endometriosis [38]. CA-125 has been measured alone or in combina-
tion with some other markers but without proven diagnostic value [40—45]. Some
panels were promising, but results remain to be validated [29, 30, 46-48].
Additionally, CA-125 may be a good marker to monitor the effects of medical treat-
ment [49, 50].

The ideal cutoff of CA-125 has been debated [45]. For epithelial ovarian cancer,
a cutoff of 35 IU/mL was set [51], which has largely been adopted by the endome-
triosis field [38, 52]. Kitawaki et al. suggested that for women without endometri-
oma the combination of two cutoffs (20 and 30 [U/mL) may be preferable over only
one cutoff to reach maximum specificity and sensitivity [52]. Xavier et al. proposed
a value of 22.6 IU/mL as optimal cutoff [53].

CA-19-9, another ovarian tumor marker, has been shown to be elevated in endo-
metriosis and may be correlated with disease severity [10, 54] and has a comparable
or lower sensitivity than CA-125 for the detection of endometriosis [10, 54]. Further
CA-15-3 and CA-72 have shown mostly contrasting results [37].

Glycodelin A has been shown to be upregulated in patients with endometriotic
ovarian cysts [55] and in another study in patients with stage III-IV endometriosis
[56]. Furthermore, it was part of a panel predicting ultrasound-negative endome-
triosis with good accuracy together with CA-125, VEGF, and annexin V [30].
Glycodelin A has been shown to inhibit sperm-egg binding and block the innate
immune response [56].

Some other glycoproteins have been suggested to be increased in patients with
endometriosis, such as osteopontin [57, 58], fetuin A [59], Zn-alpha2-glycoprotein
[11], and Gremlin-1 (only in the follicular phase) [60]. Pigment epithelium-derived
factor (PEDF) levels were decreased in serum of women with endometriosis [61].
Serum follistatin levels could differentiate between patients with endometrioma and
patients with other benign ovarian cysts [62]; however this was not confirmed by
another study [63]. An increase in haptoglobin § chain isoforms has been shown in
women with endometriosis [64]. However, two independent studies using a pro-
teomics approach reported a downregulation of haptoglobin in women with endo-
metriosis [65, 66].
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Cell Adhesion and Invasion

Cell adhesion and invasion are important steps in the establishment of endome-
triosis [67]. Cell adhesion markers may regulate cell—cell interactions, and their
abnormal expression by endometrial cells has been documented for endometrio-
sis [10, 67]. The most investigated cell adhesion marker is intercellular adhesion
molecule 1 (ICAM-1) [10]. Conflicting results exist on the expression of
ICAM-1 in endometriosis [10]. ICAM-1 levels may rise during stage I-II and
decrease in stage III-IV [10]. ICAM-1 has been included in the biomarker panel
to predict ultrasound-negative endometriosis together with CA-125, VEGF, and
annexin V [30].

Remodeling of the extracellular matrix by matrix metalloproteinase is thought to
be an important step in the development of endometriosis [67]. Therefore, an
increase in MMPs is expected in endometriosis, which has been reported in blood
for MMP-2 [68], MMP-9 [69], and mRNA levels of MMP-3 [46, 70].

Angiogenesis

Studies have shown that angiogenesis is involved in the pathogenesis of endome-
triosis. Vascular endothelial growth factor (VEGF), vascular endothelial growth
factor receptor 1 (VEGFR1), vascular endothelial growth factor receptor 2
(VEGFR?2), placental growth factor (PGF or PLGF), and hypoxia-inducible fac-
tor-1 alpha (HIF-1 alpha) are part of the biological system which plays a key role
during angiogenesis [71-79]. A few controversial data exist regarding the use of
angiogenic factors as peripheral blood biomarkers in endometriosis. The most stud-
ied proangiogenic factor in endometriosis is VEGF. Peripheral blood VEGF levels
have been reported to be either increased [80-83] or to be similar [32, 84, 85] in
women with endometriosis when compared to controls, probably due to differences
in study design and methodology.

A recent study described a panel of biomarkers including VEGF in two panels to
detect minimal/mild endometriosis with 80% sensitivity [30]. Interestingly, another
study followed up patients with advanced endometriosis and showed a reduced
VEGF-A levels after laparoscopic excision of the lesions [82, 86]. No difference
was found between endometriosis patients and control women when soluble epi-
dermal growth factor (EGF) and platelet-derived growth factor (PDGF) were inves-
tigated [10]. In contrast, hepatocyte growth factor (HGF) was suggested to be
elevated in women with endometriosis [87], although this was not confirmed in
another study [10, 88].
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Omics

miRNA in Endometriosis

In addition to genetic mechanisms that may be at the basis of endometriosis, epigen-
etic mechanisms, such as microRNAs (miRNAs), have been investigated [89]. miR-
NAs are short single-stranded noncoding RNAs of ~21 nucleotides which
post-transcriptionally regulate gene expression of several mRNAs [90]. They con-
trol many mechanisms in the body, including some which are important in the
development of endometriosis, such as inflammation, cell invasion, and angiogen-
esis [91]. Furthermore, miRNAs have been implicated in the pathogenesis of endo-
metriosis [90]. In cancer, the miRNA profiles in blood correlated well with the
cancer tissue, which implies that miRNAs are secreted from the tissue into the cir-
culation [92]. Use of miRNA signatures has been proposed for diagnosis of various
diseases, such as cancer, neurological disorders, and cardiovascular and rheumatic
diseases [93]. miRNA differences between eutopic and ectopic endometrium have
been observed in endometriosis [90, 94]. miRNAs can be secreted into the blood
where they are transported in microvesicles, which protect them from RNases, mak-
ing them very stable and potentially good biomarkers [95]. In peripheral blood,
miRNA has been investigated as potential biomarkers for endometriosis [92, 96,
97]. Jia et al. showed that the combination of three downregulated miRNAs in
plasma (miR-17-5p, miR-20a, and miR-22) resulted in an area under the curve
(AUC) of 0.90 [92]. Suryawanshi et al. showed that three plasma miRNAs (miR-16,
miR-191, miR-195) were upregulated in endometriosis and had an AUC of 0.90 to
differentiate between healthy and endometriosis cases [97]. Wang et al. investigated
the miRNA values in serum samples, and after discriminant analysis, the combina-
tion of miR-199a, miR-122, miR-145%, and miR-542-3p proved to be the best to
predict endometriosis, with an AUC of 0.994 [96].

Some of the different findings between the studies may be explained due to
methodological reasons. Plasma may show higher miRNA concentration than
serum [98], although other studies showed no differences [97, 99], or an increased
concentration in serum [100]. These discrepancies could be attributed to pre-
analytical variability in blood tube type and SOPs [98]. Some investigators prefer
plasma because of possible interference of released miRNAs during the coagulation
process in serum [100]. Plasma can be collected in ethylenediaminetetraacetic acid
(EDTA) tubes [92] or heparinized [97] tubes, which may also have an influence as
heparin has been suggested to inhibit the RT-PCR reaction, although it may only be
a minimal effect [97]. Another methodological issue is the lack of consensus on the
normalization control to determine the relative expression of the miRNAs. In the
three studies currently published on miRNAs in blood concerning endometriosis,
three different normalization controls were used, namely, miR-16 [92], miR-132
[97], and U6 [96].

Furthermore, miRNAs have been suggested to be hormonally regulated [101].
Therefore, menstrual cycle and the use of hormonal medication may be an issue.
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However, it has been suggested that cycle-dependent changes in miRNA levels are
rather present on a local level and are not reflected systemically [95].

More research on the discovery of miRNAs in peripheral blood of endometriosis
patients is necessary to get a better image of which miRNAs may be potential bio-
markers in a diagnostic test for endometriosis.

Metabolites

To complete the picture of endometriosis besides studying mRNA, miRNA, and
proteins or peptides, maybe the changes in metabolites can give rise to a diagnostic
test for endometriosis. One study has observed that the menstrual cycle has an influ-
ence on the metabolic changes in plasma of premenopausal women [102]. In endo-
metriosis patients (n = 64), stearic acid was significantly reduced compared with
controls (n = 74) (p = 0.030) [103]. Another study found that eight metabolites and
81 metabolite ratios were significantly higher in the endometriosis group compared
to controls (n = 52) [104]. The combination of hydroxysphingomyelin C16:1 and
the ratio between phosphatidylcholine C36:2 to ether-phospholipid C34:2 provided
a sensitivity of 90.0% and a specificity of 84.3% for the detection of endometriosis
[104]. Higher levels of lactate, 3-hydroxybutyrate, L-alanine, glycerophosphatidyl-
choline, L-valine, L-leucine, L-threonine, 2-hydroxybutyrate, L-lysine, and succinic
acid were found in patients suffering of endometriosis, whereas glucose, L-
isoleucine, and L-arginine were decreased [105]. Future studies are necessary to
elucidate whether metabolites could be integrated in a noninvasive diagnosis test for
endometriosis.

Proteomics

Proteomics and endometriosis in peripheral blood will be described and discussed
in detail in the following Chap. 10.

Clinical Factors Integrated in Diagnostic Test

Endometriosis cannot be diagnosed based on symptomatology or clinical tests alone
[12]. Symptoms include infertility/subfertility, chronic pelvic pain and pain during
menstruation, defecation, and/or sexual intercourse [12, 106]. Short menstrual
cycles, heavy menstrual bleeding [107, 108], and a pinpoint cervix [109] have been
related to an increase in endometriosis risk. Endometriosis may be suspected after
finding a fixed uterus, adnexal masses, or palpable nodules during a clinical exami-
nation [5, 12].
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A study by Eskenazi et al. showed that endometrioma could be predicted reliably
using a classification tree that incorporated ultrasound, physical exam, dysmenor-
rhea, and dyspareunia [110]. Nnoaham et al. published a paper in 2012 about a
patient-reported questionnaire, stating that stage III-IV endometriosis could be pre-
dicted by a history of benign ovarian cysts and menstrual dyschezia with good sen-
sitivity and specificity; however performance to detect any-stage endometriosis was
poor [111].

The chance that these clinical factors can predict the presence or absence of
endometriosis on their own is minimal, except possibly for patients with endome-
trioma. However, the clinical factors may provide an added value when they are
incorporated in a diagnostic test for endometriosis in combination with molecular
markers.

Future Trends

Overall, most endometriosis biomarker studies have remained at the level of Phase
I [10] and only a few have made it to Phase II studies. Clearly, there is a need for
well-designed Phase IT and Phase III trials to make progress in this field [112].

Development of a diagnostic test for diseases is in general a long procedure.
Since endometriosis a complex disease and the etiology and pathogenesis is still not
known precisely, it will be difficult to find a diagnostic test with a high sensitivity
and specificity. Animal models such as the baboon endometriosis model would be
ideal to study markers before and after endometriosis. In the study design of future
studies, biostatisticians should always be involved in order to transfer comprehen-
sive biomarker knowledge into diagnostic test [13]. Additionally, a combination of
clinical factors and analytes in a diagnostic test might give rise to a higher sensitiv-
ity and specificity test for endometriosis. Collaborations are necessary to test how
useful the proposed diagnostic test is. Furthermore for successful collaboration, it is
important to have standard operating procedures regarding collection, storage, and
data analysis [23].
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Biomarkers for Endometriosis in Saliva,
Urine, and Peritoneal Fluid
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Linnea Goodman, and Tommaso Falcone

Abstract Endometriosis is a pain syndrome which affects 35-50% of women with
chronic pelvic pain and/or infertility. It is frequently misdiagnosed leading to delays
in patients obtaining appropriate treatments. The most accurate currently available
mode of diagnosis is through laparoscopy with histological confirmation. In this
chapter we describe noninvasive and semi-invasive modalities to obtain biologic
biomarkers which may be an adequate screening tool for patients with endometrio-
sis who are symptomatic with normal transvaginal ultrasounds, whom are at highest
risk for diagnosis delay. In this chapter we will review noninvasive (urinary, sali-
vary) and semi-invasive biomarkers (peritoneal), as screening and diagnostic meth-
odologies for women symptomatic endometriosis and normal ultrasound findings.
Few genetic markers have been identified through DNA amplification of buccal
swabs as well as hormonal markers, and this is an area with lots of potential. Various
urinary peptides and proteins are discussed, some with more potential than others,
which require studies with larger sample sizes, and need to be studied in more
diverse populations. We also review the extensively studied peritoneal biomarkers
which include cytokines, immune modulators, and growth factors. Though many of
the biomarkers described have a lot of potential, there is not one that stands above
the rest. Validation of these studies in larger sample sizes including various study
populations is required prior to their applicability into the clinical setting. It is most
probable that the answer lies in the study of combination of biomarkers and the
identification of ideal panel that can predict the diagnosis and the severity of
endometriosis.
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Introduction

Endometriosis is a pain syndrome that occurs in 6-10 % of reproductive-age women
overall and affects 35-50% of women with chronic pelvic pain and/or infertility
[1-3]. Because of the many different potential presenting symptoms, it can go mis-
diagnosed for many years by many different health care providers including gyne-
cologists. In a survey taken by women with endometriosis, there was a 65%
misdiagnosis rate, and 46% of the 7025 women had to see five doctors or more
before obtaining the correct diagnosis [4, 5]. On average, women with endometrio-
sis can suffer an approximate 8-year delay before obtaining their diagnosis [6].

Given the estimated delay in obtaining the diagnosis and therefore delay in the
appropriated treatment of endometriosis, the health care costs to patients and soci-
ety are excessive. In [7], Simoens et al. determined that the cost of evaluating and
treating endometriosis is comparable to other chronic diseases such as diabetes,
Crohn’s disease, and rheumatoid arthritis. This study estimated that the yearly cost
to the Unites States was 49.6 billion Euros (61.8 billion dollars), mostly due to sur-
gery (29%), monitoring tests (19%), hospitalization (18%), and physician visits
(16%). The goal with early and accurate diagnosis is to obtain appropriate treatment
sooner, improvement in quality of life, and decrease indirect and direct cost to the
patient and society as a whole.

Currently, the tools we have to detect endometriosis are either invasive or inac-
curate, with low specificity and sensitivity. Pelvic ultrasound is useful in the diagno-
sis of ovarian endometriosis cysts [8, 9] but may not reliably identify peritoneal
endometriosis or endometriosis-associated adhesions, with little ability in diagnos-
ing deep infiltrating endometriosis (DIE) [10]. It is also important to note that the
rate of detection of endometriosis via ultrasound is dependent on the experience of
the sonographic examiner [11, 12]. MRI may be useful in screening for upper intes-
tinal tract involvement if one has a high suspicion with a normal transvaginal ultra-
sound. However, if there is a strong clinical suspicion of intestinal involvement, yet
the transvaginal sonography shows no intestinal infiltration, MRI could be useful to
exclude lesions of the upper intestinal tract [11, 13—15]. In the current standard of
care, the definitive diagnosis of endometriosis involves a diagnostic laparoscopy
with concurrent histological findings. Laparoscopy is an invasive approach which
can be associated with some morbidity and may not be beneficial or necessary in
treatment of minimal to mild endometriosis [16]. It is imperative that specific and
accurate markers of endometriosis be identified, in order to avoid an unnecessary
surgical intervention and provide adequate medical treatment.

We will review noninvasive methods of diagnosing endometriosis with the use of
salivary and urinary markers, as well as by semi-invasive identification of biomark-
ers from the peritoneal fluid. The ideal screening test should be easily accessible,
affordable, reliable, accurate, and least invasive as possible (WHO). It should make
it possible for an early diagnosis of endometriosis to be obtained in symptomatic
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patients. These noninvasive and minimally invasive biomarkers could also be used
to monitor disease recurrence and/or response to medical and surgical therapies.
Our ability to identify reliable and reproducible biomarkers of endometriosis will
change our approach to the diagnosis and management of endometriosis. These
screening modalities would potentially most benefit women with pelvic pain and/or
subfertility with otherwise normal pelvic ultrasounds. These women are at highest
risk for diagnosis delay, therefore resulting in treatment delay. The hope is to be able
to identify a biomarker or a group of biomarkers with high sensitivity and specificity
for the diagnosis of endometriosis is rarely missed.

In this chapter we will explore urinary peptides and proteins and genetic markers
through DNA amplification of salivary swabs, as well as the multitude of cytokines
and growth factors that have been identified in the peritoneal fluid to be associated
with endometriosis. All the biomarkers that we know exist have a lot of promise but
are not yet conclusive, reproducible, accurate, or highly sensitive.

Salivary Markers of Endometriosis

One of the most convenient sources of testing for disease markers is through saliva.
A salivary swab would allow for quick noninvasive collection of secretions and
cells. From there, secreted factors such as hormones and specific genetic modifica-
tions can be quickly identified, analyzed, and used to assess the absence or presence
of disease. Salivary markers have been extensively studied as diagnostic tools in
diabetes and Cushing syndrome, and the potential exists to develop salivary markers
for endometriosis [17]. Proper sample collection is essential to ensure the quality of
the intended biomarker and to prevent reduction in the quantity. Guidelines for this
were recently outlined by the World Endometriosis Research Foundation
Endometriosis Phenome and Biobanking Harmonization project (WERF-EPHECT).
These guidelines emphasize the need to use validated collection tools which ensure
high DNA quality, such as the Oragene and DNAgard kits, time collection relative
to daily biomarker fluctuation, and to ensure patients have not consumed or were
exposed to any substance which can compromise specimen quality. They also elab-
orate on the need to store the specimens in a chilled environment or at —80 °C for
long-term storage. Each of the aforementioned studies, at least in part, meets these
guidelines for sample collection and storage.

Salivary markers for endometriosis can be classified into genetic markers (i.e.,
DNA or RNA based) and nongenetic markers. As is described below, the majority
of studies involve nongenetic markers, e.g., proteins and steroids. There is a paucity
of genetic markers studied in the saliva; the vast majority of genetic markers have
been studied in serum. However, numerous microarray studies have shown that
saliva is highly comparable to serum in finding distinct biomarkers over thousands
of genetic variants.
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Hormonal Markers

A handful of studies, starting in the 1990s, sought to determine if non-nucleic acid-
based salivary markers can be identified in patients with endometriosis. One study
looked at follicular and luteal phase salivary progesterone in women with endome-
triosis and infertility and found an increase in salivary progesterone in 45% of the
ovulatory cycles. However, this study only involved 23 women and lacked a control,
and the number of cycles measured was inconsistent among all of the subjects [18].
Another putative salivary marker studied was cortisol; a recent cohort study looked
at morning salivary cortisol and found significant morning hypocortisolism in
women with endometriosis. Unfortunately, this data was not correlated with ASRM
endometriosis staging criteria or disease duration [19]. Nevertheless, the decreased
morning cortisol could be a putative marker, especially if combined with genetic
indicators of endometriosis. Little work has been done on other markers such as
salivary estrogen and CA-125. Altered levels of both markers have been seen in
studies looking at non-salivary markers, and this could be an additional line of
future research.

Genetic Markers

Increasing evidence has shown a polygenetic basis for endometriosis [20]. Twin
studies have shown an inheritable basis for endometriosis with a five- to sevenfold
increased incidence among first-degree relatives [21]. This forms the basis for the
search for practical and reliable genetic markers that can be used for diagnosis,
prognosis, or both.

Many genetic markers have been considered including polymorphisms in mem-
bers of the cytochrome p450 family; progesterone receptor including PROGIN;
various key genes involved in immune cell function such as FOXP3, FCRL3, and
NF-kB among others; CDKN2BAS RNA; and the V109G variant of the p27 gene.
The vast majority of these genetic variants have been identified using serum sam-
ples. This paucity of studies looking at genetic variants in saliva could be due to the
difficulty presented with sorting out human DNA from normal salivary flora.
However, since the cells present in the oral cavity should have the same genetic
variations present in other tissues (excluding any neoplastic tissue), then serum
genetic markers could be considered worthwhile salivary markers. This begs the
question of whether salivary DNA biomarkers are comparable to those found in
serum. Several studies have shown this including one studying the performance of
serum and salivary samples that were compared on a microarray platform testing for
numerous drug metabolism single-nucleotide polymorphisms. This study showed a
98.7% concordance between serum and saliva samples when at least 31.3% of the
DNA was recoverable [22].
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To determine which genetic variants may be implicated in endometriosis, various
biochemical and bioinformatics methods are used. These methods include analysis
of restriction fragment length polymorphisms combined with first- and second-
generation sequencing data and genome-wide association study (GWAS) data.

Restriction fragment length polymorphism (RFLP) analysis is based on the idea
that if a patient has a genetic mutation at a specific site, then this could influence the
cleavage ability of restriction enzymes. These enzymes can only cleave a piece of
DNA if precise sequences of DNA bases are present. This altered cleavage pattern
is then detected using DNA electrophoresis, and the exact sequence change can be
pinpointed using first-generation (Sanger) sequencing methods. An alternative is to
use next-generation sequencing (454, Illumina, etc.) which, although more expen-
sive, can be used to read much larger tracts of human DNA in a quicker fashion.
Bioinformatics work can be used to detect significant single-nucleotide polymor-
phisms based upon the frequency of significant changes in a certain gene’s DNA
sequence.

Although these techniques have been used to discover a wide variety of genetic
variants, numerous shortcomings exist. RFLP analysis, although relatively inexpen-
sive and quick, can oversimplify a group of polymorphisms, especially if the subse-
quent fragments have exactly the same number of nucleotides. This then could lead
to grouping together of two or more variants as one, thereby inaccurately describing
the overall diversity of genetic variants. GWAS studies also have numerous short-
comings in that many of the variants found do not have any clear clinical or bio-
chemical significance, since they tend to occur in noncoding areas of the genome.
Furthermore, the loci found in GWAS studies tend to have weak cumulative predic-
tive power for specific phenotypes [23]. Nevertheless, these techniques have yielded
distinct genetic targets and therefore form the basis in the search for the genetic
variants associated with endometriosis.

Cell-Cycle Regulatory Factors

Research into putative genetic markers for endometriosis has focused mainly on
factors affecting progression through the cell cycle. One such potential target is
cyclin-dependent kinase inhibitor 2B antisense RNA (CDKN2BAS). In a GWAS
study from a group from Utah where only salivary samples were studied, it also
showed a significant association with WNT4 in a cohort of 2019 patients with lapa-
roscopically confirmed endometriosis and 5292 controls [24]. These results were
later confirmed in a case control study and meta-analysis from a group in Italy with
305 patients with endometriosis and 2710 controls. In addition the group found
WNT4 and FN1 as additional loci for which polymorphisms could be indicative of
endometriosis [25]. However, the above studies were only done using serum sam-
ples. Using only salivary samples, a GWAS study from a group from Utah showed
another significant association with WNT4 and endometriosis in a cohort of 2019
patients with laparoscopically confirmed endometriosis [26].
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Variations in p27 have recently arisen as a new potential target for endometriosis.
p27 is also known as cyclin-dependent kinase inhibitor 1B. It is an enzyme inhibitor
that is encoded by the CDKNIB gene. This protein binds to and prevents activation
of cyclin E-CDK2 and cyclin D-CDK4 complexes which can arrest the cell cycle at
the G1 level. A study from Brazil using buccal swabs showed a significant preva-
lence of a V109G substitution in the p27 gene of women with endometriosis [27].
Thus far the V109G variant of p27 is the most promising candidate as a salivary
marker of endometriosis.

Summary

In retrospect, there are many proposed but few worthwhile targets for genetic testing
and fewer still which have been identified in saliva. Additional microarray studies
and our improved mechanistic understanding of endometriosis have since led to
new genetic targets being suggested as viable diagnostic markers [28]. As shown
among a myriad of genes, genetic variants can be found in both serum and salivary
samples with high comparability. Future research should therefore focus on con-
firming the presence of genetic variants in saliva that were previously found in
serum samples. From this initial proof-of-principle work, more investigation would
need to be done with larger, more varied patient populations to identify a reliable
salivary marker.

Urinary Biomarkers of Endometriosis

In an effort to find a quick and easy method to identify markers for women with
endometriosis, urine is an optimal specimen as it can be obtained in abundant quan-
tities with no adverse effects. Urine is specifically advantageous for the identifica-
tion of proteins associated with endometriosis, as it may contain a simpler dynamic
range and the highest concentration of plasma proteins in body fluids due to renal
filtration [29]. It is for these reasons that urine is well suited to proteomics or the
study of proteins. Factors that may alter the concentration and expression of urinary
proteins, including dehydration, medications such as diuretics, and other disease
processes, are a conceivable weakness of urinary proteomics.

Proteomic techniques used to identify and study proteins in the urine include
two-dimensional electrophoresis (2-DE), Western blot, enzyme-linked immunosor-
bent assay (ELISA), matrix-assisted laser desorption/ionization time of flight
(MALDI-TOF), mass spectrometry (MS), liquid chromatography (LC), and liquid
chromatography tandem mass spectrometry (LQ-MS/MS). Unfortunately MALDI-
TOF by itself does not elucidate protein identities, which are necessary for valida-
tion studies and its application in the clinical setting. However this technique may
be combined with tandem mass spectrometry, which does successfully identify
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proteins [30]. In the past 7 years, six studies have emerged evaluating urinary bio-
markers of endometriosis using the above techniques. The significant urinary bio-
markers found in the literature to date and their sensitivity and specificity for
endometriosis where applicable are listed in Table 1. All of these studies meet the
required minimum standard operating procedures detailed by the WERF EPHect
global consensus guidelines. These studies thus offer a minimization in the vari-
ability between different study and center biospecimen results and therefore facili-
tate intercomparisons.

Soluble fms-Like Tyrosine Kinase

With the use of ELISA in 2007, Cho et al. identified an anti-angiogenic factor, sol-
uble fms-like tyrosine kinase (sFlt-1), whose urinary levels when corrected for cre-
atinine were significantly higher in patients with documented and confirmed
endometriosis compared to controls [31]. This study also found a correlation of
urinary sFlt-1 expression corrected for creatinine with the severity of endometriosis
disease, in that its levels were significantly higher in patients with minimal-to-mild
endometriosis (stages I and II), but the levels in moderate to severe disease (stages
IIT and 1V) did not show significant differences. Also of interest, levels of urinary
sFlt-1 corrected for creatinine were significantly increased in endometriosis patients
compared to controls during the secretory phase of their menstrual cycle, but its
levels did not vary throughout the menstrual cycle in the control group. While sig-
nificant increases in sFlt-1 levels corrected for creatinine were discovered in the
urine of patients with endometriosis compared to controls, this study found no dif-
ference in the serum levels of sFlt-1 between these groups.

The complicated process of angiogenesis is essential to endometriosis lesions
successfully establishing their own blood supply at ectopic locations in the body.
Soluble fms-like tyrosine kinase downregulates vascular endothelial growth factor
(VEGF), and perhaps this downregulation of VEGF-mediated angiogenesis is part
of the pathology of endometriosis. The overexpression of sFlt-1 and its contribution
to pathologic neovascularization in breast and colon cancers have been previously
reported [37]. It is of interest that sFlt-1 was significantly higher in stage I and stage
IT endometriosis, suggesting its expression and angiogenic mechanisms in endome-
triosis may alter with progressing disease.

Matrix Metalloproteinases

Using zymography, which is an electrophoretic technique to detect proteases,
Becker et al. in 2010 identified three matrix metalloproteinases (MMPs), MMP-2,
MMP-9, and MMP-9/NGAL (neutrophil gelatinase-associated lipocalin), whose
urinary levels were significantly higher in patients with endometriosis compared
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with controls [32]. Matrix metalloproteinases are endopeptidases that degrade and
remodel the extracellular matrix of cells and enable migration and invasion of these
cells into tissue [38]. It makes sense that MMPs may be involved with the invasive
nature of endometriosis, and indeed MMP-2 and MMP-9 are expressed in both
eutopic and ectopic endometrial tissue in women with endometriosis [39, 40]. In the
study by Becker et al., the odds ratio of MMP-2 level elevation in the urine and having
endometriosis was 4.8. For MMP-9/NGAL this odds ratio was 6.3, and for MMP-9
the odds ratio was 7.8 [32]. MMP-9 was therefore identified as the single best pre-
dictor of endometriosis in this set of MMPs. Longitudinal data was also collected
using these MMP biomarkers, and the presence or absence of later symptoms and/
or disease correlated with MMP urinary levels. While MMP-2, MMP-9, and
MMP-9/NGAL were found to be significantly elevated in the urine of patients with
endometriosis compared to controls in the aforementioned study, a later study on
the serum levels of matrix metalloproteinases by Melvezzi et al. in 2013 [41] found
only MMP-2 levels to be elevated in the setting of stage III or IV disease compared
to controls and highlights the lack of correlation between biomarker levels found in
the urine and the blood.

Vitamin D-Binding Protein

A study by Cho et al. in 2012 used 2-DE, Western blot, ELISA, and LC-MS/MS to
identify five urinary proteins that were most elevated in patients with endometriosis
compared to controls. These proteins included prealbumin, enolase-I, alpha-I anti-
trypsin, chain A solution structure of Bb domains of human protein disulfide isom-
erase, and vitamin D-binding protein (VDBP), of which VDBP was the highest
expressed. Vitamin D-binding protein is a factor involved with chemotaxis and
facilitates recruitment of monocytes, neutrophils, and fibroblasts. It also can be con-
verted by B and T cells into a macrophage-activating factor [42, 43]. Its elevated
levels in the urine of patients with endometriosis may be connected to the subclini-
cal, systemic inflammatory process found in endometriosis. In this study, vitamin
D-binding protein levels when corrected for creatinine (VDBP-Cr) were signifi-
cantly higher in patients with endometriosis compared to the control group [33]. No
significant correlations were noted between VDBP-Cr levels and disease severity.
Also unfortunately, VDBP-Cr showed only 58% sensitivity and 76% specificity for
the diagnosis of endometriosis. Analysis of VDBP-Cr when combined with serum
CA-125 levels showed improved values with 73% sensitivity and 97% specificity;
however even so this test’s value as a surrogate diagnostic marker of endometriosis
may be limited [33]. While VDBP was discovered in this study to be elevated in the
urine of women with endometriosis compared to controls, Borkowski et al. found
that VDBP concentrations in the serum are not affected in women with endometrio-
sis. This again illustrates that the concentration and usefulness of biomarkers of
endometriosis may be disparate between categories of biospecimens [44].
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Cytokeratin-19

Two-dimensional electrophoresis and MALDI-TOF-MS were used by Tokushige
et al. in 2011 to identify that cytokeratin-19 (CK-19) is present in the urine of
women with endometriosis but not detectable in the urine of controls [34]. No cor-
relation was found between the severity of disease and the amount of CK-19
detected in the urine of patients with endometriosis. However, in a recent study by
Kueseel et al. in 2014 [45], these results could not be verified. This latter study also
compared the CK-19 levels in serum between patients with endometriosis and con-
trols and found no difference. Cytokeratin-19 is a cell structural protein and is
expressed in epithelial cells and many cancers [46]. Cytokeratin-19 expression has
been found in endometrial tissue of women both with and without endometriosis
[47]. Not much is known regarding the pathophysiology of CK-19’s role in endome-
triosis, and more study is required.

Peptide Panels

While the above studies identified proteins elevated in the urine of women with
endometriosis, and some of them evaluated an individual protein’s diagnostic value,
El-Kasti et al. and Wang et al. in 2011 and 2014, respectively, evaluated the efficacy
of diagnosis using panels of peptides. Via urinary analysis with MALDI-TOF-MS,
El-Kasti et al. identified six peptides significantly different in endometriosis patients
with moderate to severe disease (stages III and IV) compared to controls with the
absence of disease. The masses of these peptide profile peaks were found at 1519.3,
1767.1, 2660.88, 9767.6, 1824.3, and 3265.4 Daltons (Da). Additionally, seven pep-
tides were identified to be significantly different in patients with minimal to mild
disease (stages I and II) compared to patients with moderate to severe disease
(stages III and IV), with profile mass peaks at 2984.3, 3280.9, 1933.8, 2641.5,
2660.0, 2767.4, and 6157.3 Da. The levels of these peptides in both analyses cor-
related with the menstrual cycle. Comparing moderate/severe disease to controls,
four peptides were significantly different during the periovulatory phase (mass
peaks at 1519.3, 1767.1, 2660.88, and 9767.6 Da) and two during the luteal phase
(1824.3 and 3265.4 Da). Comparing minimal/mild to moderate/severe disease, two
peptides were significantly different during the periovulatory phase (mass peaks at
2984.3 and 3280.9) and five during the luteal phase (1933.8,2641.5, 2660.0, 2767 .4,
and 6157.3 Da.). In the comparison of moderate/severe disease to controls, the peri-
ovulatory peptide mass 1767.1 Da and the luteal peptide mass 1824.3 Da both
showed sensitivities of 75% and 85% and 71% specificity, respectively. In the com-
parison of minimal/mild disease to moderate/severe disease, the periovulatory pep-
tide mass of 3280.9 Da and the luteal peptide mass of 1933.8 Da had sensitivities of
82% and 75% and specificities of 88% and 75%, respectively [35]. This study indi-
cates that peptide panels may be used in the future as surrogate biomarkers for
endometriosis disease progression.
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Similarly using MALDI-TOF and LC-MS/MS technology, Wang et al. identified
and created an algorithm of five peptides (m/z = 1433.9, 1599.4, 2085.6, 3217.2, and
6798.0) with significantly higher levels in 60 patients with endometriosis compared
to 60 controls to use as a diagnostic tool. When used in a blind test, this model had
sensitivity of 90.9% and specificity of 92.9% to predict endometriosis prior to lapa-
roscopy. In contrast to the previous study, no significant differences were noted in
peptide levels throughout the menstrual cycle [36].

It is exciting that urinary peptide and protein profiles may be able to determine
the presence and severity of endometriosis and may be used in the future for both
its diagnosis and potentially for monitoring therapeutic efficacy. The high concen-
tration of proteins within urine compared to other fluid biospecimens makes it an
advantageous medium for proteomics and explains the lack of correlation between
urine and serum peptide specimens in studies comparing patients with endometrio-
sis to controls. The initial research into urinary biomarkers as diagnostic tools for
endometriosis is promising; however validation of these studies in larger sample
sizes, of various populations, is required prior to their applicability into the clinical
setting.

Peritoneal Fluid Biomarkers

Peritoneal fluid contains a wide variety of cells including macrophages, lympho-
cytes, and mesothelial cells [48]. These cells, particularly macrophages, are known
to secrete high levels of cytokines. Peritoneal fluid cytokines may have an important
role not only in the pathogenesis of endometriosis but also as a reflection of disease
presence. This makes peritoneal fluid a useful specimen for potential diagnosis,
identification of targets for therapy, and monitoring response to treatment.
Unfortunately, collection of peritoneal fluid must be done at the time of surgery,
making it less appealing than alternative sources of biomarkers including serum,
saliva, and urine. While some have theorized an ultrasound-guided approach to
aspiration of peritoneal fluid, this has never been completed clinically [49]. The
recommended procedure as described by the WERF working group is to aspirate
peritoneal fluid using a suction or syringe, following entry at the time of laparos-
copy. It may be necessary to perform peritoneal lavage with 10 mL of sterile normal
saline, if limited fluid is available [50]. Although many peritoneal biomarkers have
been identified and studied in the literature, to date there has been no single bio-
marker or panel consistently identified and made clinically available for reliable
diagnosis (Table 2).

Many biomarkers have been shown to have differing levels of expression in
patients with endometriosis, but it remains difficult to determine what role these
alterations play in the pathogenesis of endometriosis. With the complex interactions
of cytokines and various other cells involved in the inflammatory response,
alterations may contribute to the development of disease or reflect a change in the
peritoneal environment caused by its progression.
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While Sampson’s theory of retrograde menstruation persists as a plausible cause
of endometriosis, it may only be a portion of a larger picture involving a disrupted
immune response. Failure of the immune system to eliminate ectopic endometrial
cells could help further explain the pathogenesis of disease. Significant changes
have been observed in natural killer cells’ characteristics and decreased activity
[63]. Changes have also been reported in both B and T cell concentration and func-
tion, lending further support to the investigation of peritoneal fluid cytokines, and
other immunological markers, and their roles in endometriosis [48].

Cytokines
Tumor Necrosis Factor-alpha

Despite the conflicting evidence available for peritoneal biomarkers in endometrio-
sis, tumor necrosis factor alpha (TNF-a) is one of the more consistent cytokines
identified in peritoneal fluid reported in literature. TNF-a is produced by a variety
of cells, including neutrophils, lymphocytes, macrophages, and NK cells. Through
the activation of helper T cells and various other cytokines, it functions to induce an
inflammatory response [48]. TNF-a also has a proven role in angiogenesis, further
supporting the proliferation and growth of endometriosis [63].

Multiple studies have shown elevated TNF-a level in samples of peritoneal fluid
from women with endometriosis, compared to controls [48, 64]. Some studies
report a diagnostic accuracy that rivals CA-125 [48]. One study reported a 99% area
under the curve, indicating its discriminatory power [51].

RANTES

Regulated on activation, normal T-cell expressed and secreted (RANTES) is
secreted from epithelial and mesenchymal cells and regulates inflammation in part
by attracting natural killer cells, macrophages, and granulocytes [20, 48]. The peri-
toneal fluid level of RANTES has been reported higher in endometriosis patients,
with some studies documenting a direct correlation with disease severity [65].
However, other studies have failed to show a difference [66].

Interferon- y

Interferon gamma (IFN-y) is known to activate macrophages, resulting in increased
release of additional cytokines involved in the immune response [67]. It is also sug-
gested that when present with interleukin-6 (IL-6), it may increase cellular adhesion
molecules. Literature on the role of IFN-y in endometriosis remains inconclusive.
Some studies report no difference in the peritoneal IFN-y of women with
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endometriosis from those without disease [67]. However, some more recent data
suggests there may be a role of IFN-y as an important mediator in endometriosis
[68]. Various studies describe a decreased IFN-y level in endometriosis [69]. It is
thought that this diminished expression could be a reflection of the decreased
immune response in patients with disease.

Interleukin-6

Interleukin 6 (IL-6) may be the most commonly studied cytokine as a biomarker of
endometriosis. Nonetheless, there is still no consensus regarding its level in perito-
neal fluid of patients with endometriosis. Multiple studies report an increased level
when compared to controls [49, 70]. However, others observe no significant change
[51]. One possible explanation for this discrepancy may be related to the observed
increase of IL-6 with increased severity of disease. The level of IL-6 in peritoneal
fluid was significantly increased in patients with moderate to severe endometriosis
[49, 71], while in women with mild disease, there may be no observed change in
value. This could potentially limit the findings of studies that do not stratify patient
population for severity of disease. This may also limit the clinical application of
IL-6 as a diagnostic tool, if disease cannot be detected at an early stage. However,
one study identified IL-6 as the only biomarker evaluated to have discriminatory
power for diagnosis of endometriosis [49].

Interleukin-8

Interleukin-8 (IL-8) is involved in macrophage recruitment. It is also believed to
play a critical role in angiogenesis and implantation of endometriotic tissue [63,
64]. Endometriotic tissue itself is able to produce IL-8, in addition to secretion from
macrophages and mesothelial cells [64]. Studies evaluating IL-8 levels in peritoneal
fluid for the diagnosis of endometriosis have been inconclusive. Many demonstrate
an elevated concentration of IL-8 in the peritoneal fluid of women with endometrio-
sis [51, 64, 72]. The relationship of IL-8 with severity of disease has also been
investigated with discrepant results. A positive correlation with severity of disease
is reported by some [64]. Others cite an inverse relationship, with more pronounced
elevations seen in lower stages of endometriosis [73].

Interleukin-10

Type 2 T-helper (Th2) cells are the main producers of interleukin-10 (IL-10), which
suppresses cell-mediated immunity. The alteration of cytokines and immune func-
tion observed in women with endometriosis includes favoring of Th2 cells and their
resultant cytokines [48, 63]. As expected with this shift in the cellular peritoneal
environment, data shows that IL-10 peritoneal fluid levels are higher in women with
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endometriosis compared to controls [49]. In studies, concentrations were higher for
all stages of disease, with no correlation observed between quantitative level and
severity of endometriosis [49, 74]. These findings support the idea that a weakened
immune response may contribute in allowing implantation and progression of
endometriosis.

Interleukin-13

Similar to IL-10, IL-13 is a cytokine secreted by Th2 cells, which acts to suppress
macrophage and lymphocyte activation. It has been proposed that low levels of
IL-13 in endometriosis may allow increased activity of macrophages, due to
decreased inhibition, contributing to the overall inflammatory process of endome-
triosis [75]. Consistent with this theory, studies have demonstrated reduced amounts
of IL-13 in peritoneal fluid of women with endometriosis compared to controls [75,
76]. This decrease is observed independent of time of cycle [75].

Interleukin-16

Interleukin-16 (IL-16) is another pro-inflammatory cytokine evaluated more
recently for a possible role in endometriosis development. Interleukin-16 can acti-
vate T cells, monocytes, and macrophages, stimulating production of other cyto-
kines including IL-1b, IL-6, and TNF-a [77, 78]. Few studies have investigated the
levels of IL-16 in peritoneal fluid, with contradictory findings. No change in IL-16
concentration was observed in one study [58, 59], while others have shown an
increase, particularly in patients with advanced stage disease [78].

Interleukin-18

Interleukin-18 (IL-18) is produced predominately by activated macrophages. It has
also been shown to be produced from ovarian tissue and endometrium. As a com-
plex immunoregulatory cytokine, IL-18 is known to stimulate both Th1 and Th2
immune responses, inducing the release of interferon-y, TNF-a, IL-4, IL-5, and
IL-13 among others [56, 57, 60]. Given its role in various aspects of the immune
response, IL-18 has become an obvious target for investigation in the development
of endometriosis. Data on IL-18 levels in peritoneal fluid vary. Multiple studies
have reported higher amounts of IL-18 in peritoneal fluid of women with endome-
triosis [56, 57, 79, 80]. However, some investigators have demonstrated lower peri-
toneal concentration of IL-18 in women with endometriosis, when compared to
controls free of disease [60]. Still others observed no significant difference in levels
between case and control groups [81, 82]. One possible cause of variation could be
the anatomic site and type of endometrial lesion involved, as higher levels were
noted in women with endometriosis-related peritoneal implants but not endometrio-
mas [56, 57].
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Other Biomarkers
TGF-f-1

Transforming growth factor-p-1 (TGF-B-1) is thought to regulate cell proliferation
and angiogenesis and inhibit natural killer cell activity [83]. This impedance of
natural killer cell function may allow decreased clearance of endometrial cells in the
peritoneal cavity from retrograde menstruation, allowing development of endome-
triosis [63]. In support of this theory, the concentration of TGF-$-1 in peritoneal
fluid is significantly greater in women with endometriosis [64, 83]. Data shows
these levels are further increased with increased stage of disease [64].

FAS Ligands

Fas ligand is a type II cell membrane protein involved in apoptosis [84]. Women
with moderate to severe stage endometriosis have elevated concentrations of soluble
Fas ligand, compared to controls. However, there has been no difference observed
in early disease [61]. Higher levels of Fas ligand cause increased apoptosis, which
may contribute to increased inflammation of the peritoneal cavity as seen in endo-
metriosis. Increased apoptosis of immune cells could also prevent clearance of ecto-
pic endometrial cells in the peritoneal cavity, allowing adhesion and proliferation of
endometrial cells. In addition, Fas ligand stimulates IL.-8 secretion, with the poten-
tial to further contribute to the development of endometriosis [61].

Leptin

Leptin is an adipocyte-derived protein. It has a role in the mediation of immune
responses, inflammation, and angiogenesis, potentially linking it to the develop-
ment of endometriosis. Peritoneal fluid levels of leptin are higher in women with
endometriosis [62, 85, 86]. Levels may also have an inverse correlation with extent
of endometriosis. Leptin concentrations in peritoneal fluid are higher in early-stage
disease [62, 86]. However this relationship is inconsistent, with other studies show-
ing a positive correlation to stage of disease [85]. These findings further support a
possible role of leptin in the pathogenesis of endometriosis.

As discussed, there are multiple peritoneal fluid biomarkers identified that dis-
play altered concentrations in women with endometriosis. With no single cytokine
or factor displaying a predictable and significant change, the most promising use of
these peritoneal biomarkers may be in looking for a panel of markers. Utilized in
combination, we may be able to find sufficient sensitivity to use peritoneal biomark-
ers as a noninvasive diagnostic tool. Since most of the studied markers are involved
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in inflammatory and immune responses, it is likely that there would be confounding
alterations with other disorders or comorbidities. Excluding patients with inflamma-
tory disease may limit the population that could benefit from peritoneal fluid diag-
nosis on a routine basis. Further research into the roles of each marker in the
pathogenesis of endometriosis and validation of previous studies are necessary
before peritoneal fluid markers could be made clinically available.
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Abstract At present, the diagnosis of endometriosis is challenged by the absence
of a clinically useful diagnostic biomarker(s). A biomarker is defined as a character-
istic that can be objectively measured and evaluated to provide a unique and specific
indicator of normal or pathological processes [1]. Alternatively, a diagnostic test, or
disease classifier, does not necessarily contain unique disease characteristics, but
nevertheless distinguishes those with disease and without, and can overlap with the
disease biomarkers.
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Introduction

At present, the diagnosis of endometriosis is challenged by the absence of a clini-
cally useful diagnostic biomarker(s). A biomarker is defined as a characteristic that
can be objectively measured and evaluated to provide a unique and specific indica-
tor of normal or pathological processes [1]. Alternatively, a diagnostic test, or dis-
ease classifier, does not necessarily contain unique disease characteristics, but
nevertheless distinguishes those with disease and without, and can overlap with the
disease biomarkers.

Endometriosis is a relatively widespread, benign, but debilitating gynecological
disorder affecting reproductive age women. Its prevalence varies from 4 to 50% in
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different populations [2, 3], and it is reported in up to 50% of women with pelvic
pain and/or infertility [4, 5]. It develops following the implantation of endometrial
tissue in ectopic (outside of endometrium) locations, most frequently peritoneum,
pelvic organs, and surfaces [4]. Severity of the clinical manifestation does not
always correlate with disease burden at surgery [6], thus making the diagnosis of
endometriosis based on clinical features challenging.

Currently, the gold standard to diagnosis and stage surface disease is direct visu-
alization of lesions during surgery, confirmed by pathological evaluation of excised
or biopsied lesions [4]. Intraoperatively, endometriosis is staged according to the
revised American Fertility Society (AFS) classification system [7]. Time to definitive
diagnosis can be delayed up to 7-11 years for several reasons, including an initial
trial of empiric medical therapy, misdiagnosis, denial, and dismissal of pain as a
normal event during menses, as well as high risks and costs associated with surgery
[8-10]. Thus developing a noninvasive or minimally invasive/office-based bio-
marker of endometriosis and potentially disease stage would be advantageous to
shorten the time to diagnosis, initiate timely therapies, and detect disease recurrence
at the earliest stage. An ideal marker would be measured reliably with high sensitiv-
ity and specificity in serum or other body fluids or obtained by endometrial biopsy
and is menstrual cycle independent in women with versus without endometriosis.

Currently, endometriosis biomarker discovery includes blood, urine, peritoneal
fluid, and endometrial tissue-based approaches. Noninvasive diagnostic methodology
such as MRI and pelvic ultrasound are not ideal to diagnose peritoneal endometriosis
due to their low sensitivity and specificity [11]. While several studies have evaluated
a variety of serum and urine biomarkers, none can be reliably utilized clinically to
date (see relevant chapters herein; [12]). Though diagnosing endometriosis by blood
or urine biomarkers is highly desirable, the specificity of such biomarkers may be
compromised by other disorders with similar pathophysiologic features such as estro-
gen dependence or inflammation. An alternative approach is to evaluate eutopic
endometrium, obtained via endometrial aspiration/biopsy in the office setting.

A Systems Biology Approach to Endometriosis Biomarker
Discovery

In the era of systems biology, whole-genome microarray analysis has been a major
approach used for biomarker discovery, with RNA sequencing (RNAseq) technol-
ogy becoming more widely utilized [13, 14]. The RNAseq approach to transcrip-
tome profiling is a relatively new method that uses deep-sequencing technologies
[13]. It offers certain advantages over microarray technology despite its higher cost
and more sophisticated data storage and analysis [14]. RNAseq and microarray
analyses performed on the same RNA samples demonstrated high correlation in
gene expression profiles generated by both methods; however the RNAseq technol-
ogy showed superiority in terms of detection of low abundance but biologically
important transcripts, more differentially expressed genes with high fold change,
differentiating biologically critical isoforms, and allowing the identification of
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genetic variants [14]. These large-scale molecular/genomic approaches allow iden-
tification of genes and pathways not previously identified in tissues and isolated
cells and the development of disease-specific biomarker(s) and offer the promise of
identifying unique targets leading to new and individualized therapies, as advances
in ovarian cancer treatment, e.g., have recently demonstrated [15, 16]. Compared to
microarray expression profiles that were used to classify disease states almost a
decade ago [17], RNAseq technology has yet to be fully integrated into human
endometrial research, as the vast majority of studies have been focused on the
embryo receptivity transcriptome in cattle and other domesticated species [18, 19].
The first study on human endometrium that analyzed gene expression profiles of the
pre-receptive versus receptive phases of the natural cycle using RNAseq identified
novel, previously unreported candidate genes [20]. To date, no studies on endome-
triosis utilizing this technology have been reported.

In the field of endometrial research, analysis of the endometrial transcriptome
has been by far the most commonly applied “omics” approach beginning with the
first publication in 2002 (reviewed in [21]). Endometrial whole tissue transcrip-
tomic analysis has been performed in control subjects as well as in those with
uterine disease states such as implantation failure, endometriosis, uterine fibroids,
and endometrial cancer (reviewed in [21-23]. With regard to epigenomic analysis
of endometrium, the most commonly used “omics” platform to date has been
microRNA (miRNA) arrays [21].

From a historic perspective, early endometrial researchers analyzed normal human
endometrium throughout the menstrual cycle and specifically during the window of
implantation, followed by evaluation in the setting of various pathological condi-
tions. Shortly thereafter, five groups published endometrial transcriptome expression
in mid-secretory endometrium in healthy fertile women [24-28], followed by analy-
sis of the endometrial transcriptome throughout the menstrual cycle [29, 30] reviewed
in [22, 31]. However, despite using the same array platform, there were only nine
genes that were significantly and similarly regulated during the window of implanta-
tion in at least four of the five reports (reviewed in [31]. These large differences
between studies can be explained by differences in study design, subject characteris-
tics, procedures for tissue collection, handling and processing, microarray platforms,
hybridization conditions, and algorithms used for data analysis. These discrepancies
potentially confound the identification of informative molecular markers.
Consequently, the development of standard operating procedures (SOP) in the han-
dling of human endometrial tissue used in biomarker discovery is a top priority [10].

Standard Operating Procedures

In order to provide high-quality biospecimens with well-characterized data, one
must insure that “best practices” are followed [32]. Adherence to SOPs and “best
practices” significantly reduces variations in protocols, with the goal of technical
reproducibility and comparability of results, and facilitation of quality collaborative
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research [33]. The University of California, San Francisco, NIH Human Endometrial
Tissue and DNA Bank (http://obgyn.ucsf.edu/crs/tissue_bank/) was established in
1999 as a national resource specifically to foster collaborative research and has been
collecting endometrium from healthy women and from women with uterine pathol-
ogy, using well-described standard operating procedures (SOPs) [34]. This SOP
specifically addressed tissue collection, processing, and long-term storage, which
are crucial steps to ensure sample quality and minimization of variance due to non-
biologic contributing factors (i.e., warm or cold ischemia, desiccation, etc.).
Recently, the World Endometriosis Research Foundation reported the results of a
global effort, the Endometriosis Phenome and Biobanking Harmonisation Project
(EPHect), which developed consensus standards for tissue collection, processing,
and storage in endometriosis research [33]. EPHect also developed consensus on
standardization and harmonization of phenotypic surgical, clinical/covariate data
and fluid biospecimen biologic sample collection methods in endometriosis research
[35-37]. Adherence to these recommendations is essential for cross-study compari-
sons and reproducibility of research targets, including biomarker development.

Endometrial mRNA as Biomarkers for Endometriosis

Steroidogenesis in Endometrial Tissue

It is currently well established that normal endometrium differs from both ectopic
and eutopic endometrium. Endometriosis is a steroid hormone-responsive disease
that also possesses its own steroidogenic machinery [38]. Ectopic endometrium
expresses high level of aromatase which allows for higher estrogen production and
progression of ectopic lesions by paracrine mechanisms [39-41]. Additionally,
human endometrium expresses transcripts for important enzymes of the steroido-
genic pathway involved in the synthesis and metabolism of estrogens and progester-
one [38, 42]. Dysregulation of some enzymes (decreased 3-beta hydroxysteroid
dehydrogenase type I (HSD3B1) and HSD17B2 and increased HSD17B1 and aro-
matase) favors local production of estradiol in eutopic endometrium of women with
endometriosis [38]; however, this was not shown in another study [42]. Elevated
local estradiol levels may blunt progesterone actions within the endometrium, lead-
ing to the observed molecular phenotype of progesterone resistance [43].

Progesterone Resistance

Studies on endometrial stromal fibroblasts (eSF) from women with endometriosis
showed a blunted response to decidualization stimuli [44, 45] and resistance to pro-
gesterone, due to lower levels of PGRA, PGRB [46, 47], and PGR coregulator
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expression [48, 49], as well as dysregulation of specific pathways involved in eSF
decidualization (e.g., PKA pathway, epidermal growth factor (EGF) pathway, cell
cycle pathway, vascular endothelial growth factor (VEGF) pathway, G protein-
coupled receptor signaling, Wnt pathway, and others) [43—45, 50]. In a time-course
set of experiments, delayed estrogen-stimulated upregulation of PGR was observed,
supporting the hypothesis that endometrial stromal cells from women with endome-
triosis are resistant to progesterone action [51]. At the whole tissue level, studies by
Kao et al. [52] and Burney et al. [53] demonstrated dysregulation and decreased
expression of progesterone-responsive genes in mid-secretory eutopic endometrium
[52] and in the proliferative-to-early secretory (PE-to-ESE) endometrial transition
[53]. As shown in normal endometrium, there is a downregulation of cell cycle-
related genes highlighting the proliferative-to-secretory transition [30]. In eutopic
endometrium from women with moderate-severe endometriosis, significant dys-
regulation of this transition was observed (consistent among all ESE samples from
subjects with endometriosis), suggesting a phenotype of resistance to progesterone
action in the setting of endometriosis [53]. Further analysis of progesterone target
genes confirmed their dysregulation. Additionally, principal component analysis of
specimens from women with endometriosis demonstrated clustering of ESE and PE
samples [53].

Apoptosis, Proliferation, and Cell Survival

At the whole tissue level, several apoptosis and proliferation markers have been
demonstrated in endometrium from women with endometriosis. In a comprehensive
microarray analysis of endometrial tissue from women with versus without endo-
metriosis throughout the menstrual cycle, Burney et al. [53] showed a delayed tran-
sition from the proliferative to secretory phase, represented by a proliferative phase
genetic fingerprint including persistent expression of genes involved in mitosis and
proliferation [53]. Eutopic endometrium from women with, but not without, endo-
metriosis showed decreased expression of genes associated with inactivation of
mitogen-activated protein kinase (MAPK) signaling cascades, such as ERBB recep-
tor feedback inhibitor 1 (ERRFI1) (mitogen-inducible gene (MIG)-6/receptor-
associated late transducer (RALT)/Gene33), which is a negative regulator of MAPK
signaling, and regulator of G protein signaling 1 (RGS1), which is an activator of
guanosine triphosphate(GTP)ases that rapidly switches off G protein-coupled
receptor signaling pathways [53]. The anti-apoptotic gene, BCL-2, was upregulated
in ESE from women with endometriosis, in agreement with other studies [54, 55],
suggesting enhanced cell survival in the pathogenesis of endometriosis. Johnson
et al. [56] revealed increased proliferation and decreased apoptosis in eutopic endo-
metrium of women with versus without endometriosis [56]. These results support
the possibility that an intrinsic abnormality in the eutopic endometrial cells from
women with endometriosis predisposes the cells to survive, attach, invade, and
establish a blood supply in the peritoneum or other areas.
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Immunological and Inflammatory Factors

Endometriosis is known to be associated with an inflammatory peritoneal environ-
ment [57]. Several immune and inflammatory molecules have been examined in the
setting of endometriosis and even assessed as possible biomarkers and therapy tar-
gets [11, 58]. Soluble markers measured in serum are discussed elsewhere in this
publication. Endometrial expression of interleukin-8 (IL-8), which is responsible
for chemotaxis of neutrophils and is a potent angiogenic agent, and its receptor are
significantly higher in women with endometriosis and are involved in endometrial
cell proliferation and attachment [57]. In a systematic review of different chemo-
kines as marker of endometriosis, IL-8 appeared to be the most promising [59].

The Implantation Window

Both animal models of endometriosis and studies on human endometrium suggest
progesterone resistance in eutopic endometrium and impaired endometrial receptiv-
ity. Ectopic placement of normal mouse endometrium resulted in decreased expres-
sion of progesterone-responsive and endometrial receptivity-associated genes, such
as Hoxal0, Hoxal 1, IGFBP1, and Kruppel-like factor 9 [60], as well as an increased
PRAB and PRB-to-PRAB ratio. In baboons, induced endometriosis resulted in
decreased eutopic endometrial expression of progesterone-regulated genes, includ-
ing glycodelin and HOXA10 [50, 61].

Significant dysregulation of several receptivity markers in human endometrium
was observed, including downregulation of av33 integrin that normally signifies the
implantation window [62, 63], the epithelial marker leukemia inhibitory factor
(LIF) [64], HoxA10, HoxA11 [65], and IL-11 [64].

Kao et al. [52] used a two-way overlapping layer analysis to compare endome-
trial gene expression during the window of implantation (WOI, also MSE) in
women with versus without endometriosis, which identified three unique groups of
target genes. Group 1 target genes were upregulated in endometrium during the
WOI in controls, but significantly decreased in endometriosis: IL-15, proline-rich
protein, B61, Dickkopf-1 (DKKI1), glycodelin, N-acetylglucosamine-6-O-
sulfotransferase, GOS2 protein, and purine nucleoside phosphorylase. Group 2
genes were normally downregulated during the WOI, but significantly increased
with endometriosis: semaphorin E, neuronal olfactomedin-related endoplasmic
reticulum localized protein mRNA, and Sam68-like phosphotyrosine protein alpha.
Group 3 had only a single gene, neuronal pentraxin II, normally downregulated dur-
ing the window of implantation, which further decreased in endometrium from
women with endometriosis. Burney et al. [53] also found dysregulation of several
WOI-related genes in MSE from women with endometriosis, including CYP26A1,
glutathione peroxidase (GPX)-3, decidual protein induced by progesterone (DEPP),
Dickkopf (DKK)-1, and stanniocalcinl [53].
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The profound transcriptomic changes during the WOI in eutopic endometrium
from women with endometriosis appear to create an inhospitable, if not hostile,
environment for an implanting embryo, due to dysregulation of genes involved in
embryonic attachment, stromal decidualization, immune function, and apoptotic
responses, contributing together with angiogenic factors, dysregulated progesterone
receptor, and aromatase, to the pathophysiology of endometriosis-associated infer-
tility [52, 53, 66].

Neuroangiogenesis

In order to survive in the peritoneal environment, endometriotic lesions must estab-
lish a de novo blood supply. Neoangiogenesis occurs concomitantly with neuronal
sprouting, collectively known as neuroangiogenesis [67] and has been postulated to
be supported by high levels of VEGF and other angiogenic factors detected in peri-
toneal fluid from women with endometriosis [68]. Compared with expression in
healthy endometrium, endometrium from women with endometriosis expresses
higher levels of VEGF [69]. A transcript for pleiotrophin, an angiogenesis associ-
ated peptide, was significantly upregulated in eutopic endometrium from women
with severe endometriosis [70].

Detection of neuronal fibers in eutopic and ectopic endometrium is relatively
novel and has been proposed as a biomarker for endometriosis. Described initially
in human endometriotic lesions and thought to be responsible for dysmenorrhea
[71], nerve fibers were detected in a mouse model of endometriotic lesion innerva-
tion [72]. At the level of protein expression, nerve fibers were repeatedly reported in
endometrium from women with endometriosis, but not in those with endometritis,
leiomyomata, or endometrial polyps [73—75]. At the level of gene expression, the
axon signaling pathway is one of the pathways detected and dysregulated in eutopic
endometrium from women with endometriosis in microarray studies [76]. Using
laser capture microdissection of endometrial cell types, Matsuzaki et al. [77] identi-
fied upregulation of the following genes putatively involved in the endometriosis-
related pain in subjects with endometriosis: tyrosine kinase receptor B (TRkB) in
epithelial cells and serotonin transporter (SHTT) and mu opioid receptor (MOR) in
stromal fibroblasts [77].

Endometrial Transcriptome Dysregulation in Endometriosis

Table 1 presents a list of microarray studies performed using human endometrial
tissue obtained from women with endometriosis. Notably, these studies used sam-
ples from different menstrual cycle phases, location of endometrial tissue (eutopic
versus ectopic), and used different microarray platforms.
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Table 1 Gene expression microarray studies performed on human endometrial tissue from women
with endometriosis (modified from Aghajanova et al. 2010)

Type of
endometrial Endometriosis Array
Study Cycle phase tissue stage/comments Reference
Kao et al. MSE Eutopic Mild/moderate Affymetrix
(2003) Genechip
Hu95A
Matsuzaki PE, SE Eutopic vs. -1V Clontech
et al. (2004) ectopic (deep Atlashuman
endometriosis) 1.2 cDNA
expression
array
Absenger PE, SE Eutopic, Affymetrix
et al. (2004) ectopic Genechip
Hu95A
Matsuzaki LPE, ESE, Eutopic (deep Not defined/ Clontech
et al. (2005) MSE, LSE endometriosis) epithelial vs. Atlashuman
stromal cells 1.2 cDNA
expression
array
Wau et al. PE, SE Eutopic vs. I-1v House-made
(2006) ectopic
Mettler PE Eutopic Clontech
et al. (2007) unmatched vs. Atlashuman
ectopic 1.2 cDNA
expression
array
Eyster et al. PE Eutopic vs. -1V CodeLink
(2007) ectopic Whole Human
Genome
Bioarrays
Burney PE, ESE, Eutopic Moderate/severe Affymetrix
et al. (2007) MSE Human
U133-Plus 2.0
Sherwin LSE Eutopic Minimal/mild, Custom-made
et al. (2008) moderate/severe array,
University of
Cambridge
Aghajanova, PE, ESE, Eutopic Mild, severe Affymetrix
Giudice MSE Human
(2011) U133-Plus 2.0
Fassbender Menstrual, Eutopic Minimal/mild, Affymetrix
et al. (2012) ESE moderate/severe GeneChip
Human Gene
1.0ST
Tamaresis PE, ESE, Eutopic Minimal/mild, Affymetrix
etal. (2014) MSE moderate/severe Human

U133-Plus 2.0

PE proliferative endometrium, ESE early secretory endometrium, MSE mid-secretory endometrium
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Cycle Dependent

The first microarray analysis of human eutopic endometrium from women with
versus without endometriosis was performed by Kao et al. in the mid-secretory
phase [52]. The authors found 91 significantly upregulated and 115 significantly
downregulated genes (>2-fold). Dysregulation of several progesterone-regulated
genes, such as interleukin-15, proline-rich protein, B61, Dickkopf-1, glycodelin,
N-acetylglucosamine-6-O-sulfotransferase, and G0S2, was reported and suggested
dysregulation during the implantation window perhaps due to a compromised
response to progesterone [52].

Subsequently, Burney et al. [53] investigated the endometrial transcriptome in
women with versus without endometriosis throughout the menstrual cycle [53].
They demonstrated for the first time the molecular dysregulation of the prolifera-
tive (estrogen dominant)-to-secretory (progesterone and protein kinase A (PKA)
dominant) transition in the endometrium of women with disease and an attenu-
ated progesterone response suggestive of progesterone resistance in ESE tran-
scriptome [53].

In an attempt to evaluate if mild and severe stages of peritoneal endometriosis
may be molecularly distinct disorders as suggested by clinical differences [78—80],
Aghajanova and Giudice [76] performed comparative microarray analysis on the
endometrium from 19 mild and 44 severe endometriosis subjects throughout the
cycle (PE, ESE, MSE) [76]. The analysis revealed dysregulation of progesterone
and/or cyclic adenosine monophosphate (cAMP)-regulated genes (downregulation
of IHH, SST, and TAGLN in ESE and upregulation of DKK1, MAO, IL15, and
IL1R1 in MSE in severe versus mild endometriosis) and genes related to thyroid
hormone action and metabolism (upregulation of DIO2 and downregulation of TRH
in severe versus mild endometriosis). Some of the differences between severe and
mild endometriosis were related to the EGFR signaling pathway, with the greatest
upregulation of EGFR in severe versus mild disease in ESE. The extracellular
matrix proteoglycan versican, responsible for cell proliferation and apoptosis, was
the most highly expressed gene in severe versus mild disease.

Fassbender et al. [81] used a slightly different approach, simultaneously investi-
gating the differential gene expression and protein expression in menstrual and
early luteal endometria in women with and without endometriosis [81]. Their choice
of menstrual endometrium was rationalized by studying the endometrium that is
shed and transported to the peritoneal cavity during retrograde menstruation result-
ing in the establishment of lesions. This study revealed no differentially expressed
genes in menstrual endometrium from women with endometriosis compared to con-
trols. One explanation for the lack of differentially expressed genes may be hetero-
geneity of the control group that included women with fibroids, benign ovarian
cysts, and hydrosalpinges. Of note, it was shown previously by Sherwin et al. [82]
that the late secretory endometrial transcriptome in women with versus without
endometriosis is uninformative and not useful in the development of a diagnostic
test for endometriosis [82].
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Cycle Independent

A comprehensive microarray study on eutopic endometrial samples from the prolif-
erative and secretory cycles phases (cycle phase allocation based on serum proges-
terone levels) suggested that Cyr61 (cysteine-rich, angiogenic inducer, 61; CCN1)
is a cycle-independent biomarker for endometriosis. This was based on its consis-
tent upregulation in 18 of 20 samples analyzed at the gene and protein levels and
confirmed in a nude mouse xenograft model of endometriosis [42]. It was also
upregulated in endometriotic lesions, and its role in endometriosis pathogenesis was
speculated to be associated with facilitating adhesion and angiogenesis [42]. Also,
increased levels of CYR61 mRNA were found in the endometrium of baboons with
induced endometriosis, as well as in blood vessels in ectopic and eutopic endome-
tria correlated with VEGF levels [83]. Interestingly, this increase of CYR61 mRNA
in eutopic endometrium of baboons was detected following peritoneal inoculation
with menstrual endometrium, suggesting a feedback mechanism from induced ecto-
pic lesions to gene expression patterns in the eutopic endometrium [83].

Molecular Classifiers to Diagnose and Stage Endometriosis

For the reasons described above in this and other chapters, there is an urgent need
for a minimally invasive diagnostic test for endometriosis. An endometrial diagnos-
tic assay is preferably obtained in the proliferative phase, to avoid concerns regard-
ing interruption of an unanticipated pregnancy. Another preferred characteristic of a
classifier would be its menstrual cycle independence and ability to detect disease at
all stages (minimal to severe). Importantly, a classifier should delineate endometrio-
sis from other pelvic pathology, such as uterine fibroids, adenomyosis, hydrosal-
pinx, endometritis, and endometrial polyps, which often accompany endometriosis
and have been shown to significantly affect the eutopic endometrial gene expression
signature [84—86]. Therefore, the specimens involved in the process of biomarker
discovery and validation should be carefully screened for coexisting pathology, and
unequivocal endometriosis samples should be ideally used.

May et al. [87] performed a systematic review of over 200 potential endometrial
biomarkers, including hormones and their receptors (n = 29), cytokines (n = 25),
factors identified through proteomics (n = 8), and histology (n = 10), with reported
sensitivity and specificity in only 32 articles ranging from 0 to 100% [87].

Recently, Giudice and colleagues reported the development of menstrual cycle
phase-specific classifiers with high accuracy in the detection of both endometriosis
and staging of disease [88]. They used whole-genome microarray data involving 148
endometrial specimens from women with confirmed endometriosis or other benign
surgically confirmed gynecologic pathology (i.e., leiomyomata, endometrial polyp,
hydrosalpinx) and women with no uterine pathology (confirmed surgically) through-
out the menstrual cycle, all collected and processed using well-established SOPs.
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The performance of the classifier was evaluated on an independent sample set.
Classification of samples from women with and without endometriosis involved two
binary decisions based on expression of specific genes. The first decision was to
distinguish the presence or absence of uterine/pelvic pathology; the second decision
was differentiation of endometriosis from no endometriosis, followed by classifica-
tion of endometriosis according to disease severity (minimal/mild or moderate/
severe). Moreover, the study reported (1) menstrual cycle phase unrestricted classi-
fiers diagnosing samples in all cycle phase categories, (2) phase-restricted classifiers
diagnosing samples in both PE and ESE, and (3) phase-specific classifiers (PE, ESE,
or MSE) diagnosing samples in the corresponding cycle phase. Best performing
classifiers identified endometriosis with 90-100% accuracy, were cycle phase spe-
cific or independent, and used relatively few genes to determine disease and severity
[88]. Interestingly, a relatively small number of genes (less than 100) were sufficient
to separate endometriosis from other uterine pathologies and to classify disease by
severity. In particular, PE and ESE phase-specific disease classifiers achieved 100%
accuracy using less than 100 genes for each disease classification decision. In addi-
tion, gene expression and pathway analyses revealed immune activation, altered ste-
roid and thyroid hormone signaling/metabolism, and growth factor signaling in the
endometrium of women with endometriosis, confirming earlier findings described
above. To date, this study [88] represents the first and only study involving the clas-
sifier analysis of genomic data from healthy and diseased endometrium for the
detection and staging of pelvic endometriosis with high accuracy. Validation of the
classifier in a large multisite independent cohort is necessary.

Endometrial miRNA as Biomarkers for Endometriosis

MicroRNAs (miRNAs) are highly conserved endogenous short 19-25-nucleotide-
long noncoding RNAs, which, in general, repress transcription of the target mRNA
[89, 90]. miRNAs function as posttranscriptional regulators of gene expression and
operate through RNA interference, either degrading or translationally repressing
target mRNAs [91, 92]. A single miRNA can regulate multiple, up to 1000 genes,
and several miRNAs can target the same gene.

Endometrial miRNAs Dysregulated in Endometriosis

A recent review by Gilabert-Estelles [93] summarized the available literature on
miRNAs in gynecological pathology, including three gynecological malignancies
(endometrial, cervical, and ovarian cancer), and endometriosis, which shares some
key molecular features with cancer. This review suggested not only an important
role for miRNAs in the pathogenesis of endometriosis but also the possibility of
miRNA as a disease biomarker [93].
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Table 2 Global miRNA profiling studies performed on human endometrial tissue from women
with endometriosis

Type of Endometriosis Array
Study Cycle phase | endometrial tissue | stage/comments | Reference
Pan et al. ESE, MSE Ectopic, eutopic Stage II1 mirVana miRNA
(2007) Array
Burney ESE Eutopic Severe miRCURYTM LNA
et al. (2009) Array (version 10.0,
Exiqon)
Ohlsson PE, SE Ectopic, eutopic Stages II-1V mirVana miRNA
Teague Array
etal. (2010)
Filigheddu PE Ectopic Unknown mirVana miRNA
etal. (2010) (endometrioma), Array
eutopic
Hawkins PE Ectopic Unknown Illumina’s Human
etal. (2011) (endometrioma), WG-6 version 2.0
eutopic BeadChips (Illumina)
Laudanski PE Eutopic Severe TagMan MicroRNA
etal. (2013) Array Cards
Shi et al. PE Ectopic, eutopic Unknown miRCURY LNA™
(2014) microRNA Array (v.
14.0; Exiqon)
Saare et al. PE, SE Ectopic, eutopic, Stages III-IV High-throughput
(2014) matched healthy miRNA sequencing
surrounding tissue

PE proliferative endometrium, ESE early secretory endometrium, MSE mid-secretory endome-
trium, SE secretory endometrium

MicroRNA regulation and dysregulation in eutopic endometrial tissue from
women with endometriosis has been investigated within the past decade. Pursuant
to their study on the global endometrial transcriptome that revealed incomplete tran-
sitioning from PE to ESE in the setting of moderate to severe endometriosis [53],
Burney and colleagues performed global miRNA array analysis of the same tissue
samples, allowing parallel miRNA-mRNA expression profiling [94]. Members of
the miR-9 and miR-34 families were downregulated in ESE from women with
endometriosis (Table 2). Cross-referencing of the predicted mRNA targets with the
differentially expressed genes in ESE from women with versus without endometrio-
sis revealed 156 genes, which upon pathway analysis were associated with the bio-
logical processes of cell death, cell cycle, and cellular assembly and organization
[94]. Earlier, Pan et al. [95] performed paired analysis of eutopic and ectopic endo-
metrium and found differential expression of miRNAs in these tissues [95].

It is notable that miRNAs in human endometrial tissue exhibit cycle phase varia-
tion and endometrial cells in culture are regulated by ovarian steroids, thus likely
explaining variations in findings among studies [95, 96]. A comprehensive miRNA
microarray study identified 22 dysregulated miRNAs in paired ectopic and eutopic
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endometrial tissue samples (14 upregulated, miR-145, miR-143, miR-99a, miR-99b,
miR-126, miR-100, miR-125b, miR-150, miR-125a, miR-223, miR-194, miR-365,
miR-29¢, and miR-1, and 8 downregulated, miR-200a, miR-141, miR-200b, miR-
142-3p, miR-424, miR-34c, miR-20a, and miR-196b miRNAs), with corresponding
mRNA expression mapping which showed that 673 of the putative targets were also
differentially expressed in ectopic versus eutopic endometrium [97]. Furthermore,
miR-483-5p and miR-629* were found to be downregulated in eutopic endome-
trium from women with endometriomas [98]. Microarray analysis demonstrated
significant downregulation of miR-200a, miR-200b, miR-200c, and miR-182 in
ectopic endometrium, while miR-202 expression was increased in ectopic versus
eutopic endometrium [99]. A study involving miRNA sequencing showed upregula-
tion of miR-34c, miR-449a, miR-200a, miR-200b, and miR-141 in peritoneal endo-
metriotic lesions compared to healthy peritoneal tissues [100]. They also showed
increased expression of miR-200 family target gene E-cadherin in endometriotic
lesions compared to healthy tissues [100]. Inhibition of apoptosis in endometriotic
cells resulted in downregulation of miR-183 and miR-196b [101, 102]. Upregulation
of microRNA 21 (MIR21) and DICERI1 transcripts was observed in a comparative
study of endometrial transcriptomes of severe versus mild endometriosis, again sug-
gesting a role for microRNAs in the pathogenesis of severe versus mild disease,
potentially through regulation of gene silencing and epigenetic mechanisms [76].

To date, only two studies have applied next-generation sequencing/deep sequenc-
ing (RNA sequencing, in which all miRNAs, including unknowns, are sequenced)
for identifying miRNA expression profiles in human endometrium from women
with endometriosis [103, 104]. miRNA profiling between endometriomas and
eutopic endometrium from women without endometriosis, combined with tran-
scriptome profiling and in silico microRNA targeting predictions, revealed multiple
biologically important pathways dysregulated in endometriomas potentially through
functional microRNA [104]. miR-29c, which targets several extracellular matrix
genes, was validated in endometriomas [104].

Based on the above data, identification of dysregulated endometrial miRNAs
was recently suggested for the development of potential biomarkers identifying
endometriosis [105]. Further studies however are warranted to identify a panel of
miRNAs that are potentially diagnostic for the disease.

Circulating miRNAs in Endometriosis

First described as a noninvasive biomarker for diffuse large B cell lymphoma [106],
circulating miRNAs have since gained increasing interest. Alterations in circulat-
ing microRNA profiles have been linked to various disease states and tumors [93,
107-110], including ectopic pregnancy [111]. Correlations between serum and
cancer tissue microRNA profiles [112, 113], suggest that microRNAs may be
released from tissues and shed into the circulation [114]. Jia et al. [114] performed
microarray-based microRNA expression analysis of plasma samples from women



178 L. Aghajanova et al.

with and without histologically-confirmed stage III-IV endometriosis in a Chinese
population [114]. They found and validated significantly reduced plasma levels of
miR-17-5p, miR-20a, and miR-22, suggesting the promise of plasma miRNA eval-
uation as a noninvasive diagnostic of endometriosis. In another study, serum miR-
199a and miR-122 were elevated and miR-145%, miR-141%*, miR-542-3p, and
miR-9* were decreased in serum from women with endometriosis patients com-
pared to controls [115]. Also, miR-16, miR-191, and miR-195 levels evidence ele-
vation in women with versus without disease [116]. Collectively, these data provide
a strong foundation for future studies aimed at the identification of dysregulated
microRNA(s) for the nonsurgical diagnosis of endometriosis.

Conclusions

Endometriosis is a benign chronic and debilitating disease, which even now requires
surgery for definitive diagnosis. Identification of mRNA or miRNA signatures of
the disease provides bases for the development of biomarker(s). Technological
advances have allowed for significant progress in the development of potential non-
invasive diagnostics for endometriosis, laying the foundation for future validation in
the clinical setting and furthermore in clinical trials.
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Proteomic Biomarkers for Endometriosis
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and Thomas D’Hooghe

Abstract Endometriosis is a benign, estrogen-dependent gynecology disorder
associated with pelvic pain and infertility. It is characterized by the presence of
endometrial-like tissue outside the uterine cavity, mainly on the pelvic peritoneum
and ovaries and in the rectovaginal septum and more rarely in the pericardium, the
pleura, and even the brain. The etiology and pathogenesis remains unclear. The
most accepted theory is Sampson’s theory: retrograde menstruation. The gold stan-
dard of diagnosing endometriosis is through laparoscopy.

Proteomics research has found differentially expressed protein/peptides; how-
ever, till today we have not found a non- or semi-invasive test for endometriosis. To
date, two most commonly applied technologies used in endometriosis research are
surfaced-enhanced laser desorption ionization (SELDI)-time-of-flight (TOF) mass
spectrometry (MS) and two-dimensional difference gel electrophoresis (2D DIGE).
In this chapter we will discuss the proteomics technologies available and their
advantages and disadvantages and critically describe the biomarker proteomics
results in endometriosis.
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Abbreviations

2D DIGE Two-dimensional difference gel electrophoresis
FTMS Fourier transform mass spectrometry

HPLC High-performance liquid chromatography

ICAT Isotope-coded affinity tags

ICPL Isotope-coded protein labeling

LC Liquid chromatography

MALDI Matrix-assisted laser desorption ionization

MS Mass spectrometry

MudPIT Multidimensional Protein Identification Technology
SCX Strong cation exchanger

SELDI Surface-enhanced laser desorption ionization
SILAC Stable isotope labeling by amino acids in cell culture
TOF Time of flight

Introduction

The importance of having a reliable biomarker, or a set of reliable biomarkers, for
the diagnosis of specific diseases should be evident, especially when it can detect
early stages of the disease. Additionally, biomarkers could also be applied to predict
the outcome of a disease or to monitor and guide the therapy. Regarding the chemi-
cal composition of the biomarker(s), all kinds of biomolecules could serve as a valu-
able marker: this can be proteins, peptides, lipids, metabolites, and nucleic acids. As
the various ‘-omics’ strategies, including proteomics, peptidomics, lipidomics, and
metabolomics, are essentially based on various mass spectrometry methods, mass
spectrometry (MS) has become the key analytical tool for biomarker discovery.

An important issue in the biomarker discovery research is that the most relevant
modifications are found at the site of the affected tissue itself where these molecules
are obviously present at their highest concentration. As a result, the analysis of
biopsies is still the best starting point to find relevant molecular modifications.
However, the ultimate goal behind biomarker discovery research is to identify rele-
vant biomolecules in easily obtained patient samples (particularly blood, urine,
feces). This automatically implies that these molecules should be released from the
affected site and should be transportable (water-soluble or attached to a transport
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protein). The amount released should be appropriate to deal with the substantial
dilution (e.g., dilution in 5 L blood) in the final sample. There is an increasing evi-
dence that a panel of biomarkers, instead of a single biomarker, dramatically
improves the quality in terms of selectivity and specificity. This requires advanced
data processing for accurate weighing of each potential biomarker (see further).
Obviously, all these considerations are not only valuable in the field of endometriosis
but apply to the whole field of biomarker discovery. In following chapters, we will
focus on common proteomics strategies and studies described in endometriosis.

Proteomics Strategies for Biomarker Discovery

Various strategies have been applied and are applied to screen for differences in the
protein content related to a specific disease or a specific disease state. Gel electro-
phoresis is a common technique to analyze the protein content of biological sam-
ples, but has only a very limited resolving power and therefore insufficient to
analyze complex protein mixtures. This does not apply to 2D gel electrophoresis
where two dimensions are used (separation based on the isoelectric point combined
with separation based on the molecular weight). 2D gel electrophoresis can separate
up to several 1000s of protein spots and is probably one of the oldest methods
applied in high-throughput proteomics. The multiplexed variant (2D DIGE), in
which multiple samples (up to three) are combined, allows parallel analysis of dif-
ferent samples and has been proven to be very effective and very popular. Although
this approach has several drawbacks, it has several strong merits including simpli-
fied data analysis, and it is still used (see further). The idea to separate proteins
using two dimensions has also been proposed in a chromatographic format using
separation based on isoelectric point (isoelectric focusing LC) and on molecular
weight (Beckman PF 2D), thereby copying exactly the strategy used in 2D gel
electrophoresis.

Mass Spectrometry Is the Key Analytical Tool in Biomarker
Discovery

In the strategies mentioned above, mass spectrometry only plays a role in the iden-
tification of the detected differences in protein content. However, in most currently
applied strategies, mass spectrometry itself is used to detect these differences. This
differential analysis is performed by comparison of the signal intensities of the mea-
sured ions in mass spectrometry and is used as a parameter to evaluate the abun-
dance. These signals can come from intact proteins (such as used in SELDI-TOF
MS; see further) or—more commonly—from labeled or unlabeled peptides gener-
ated from these proteins.
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As sample complexity severely affects the outcome of the MS analysis, an
impressive collection of methods have been proposed (e.g., multiple liquid chroma-
tography (LC) steps) developed to reduce this sample complexity. Separation strate-
gies using multiple dimensions improve the resolution, sensitivity, and overall
quality of the obtained data, but induce less straightforward data processing. The
first dimension could be anything from an affinity step (e.g., immunoprecipitation,
affinity beads) to solid-phase extraction, physical separation (centrifugation, ultra-
filtration, etc.), ion-exchange chromatography, reversed-phase chromatography at
high pH, or even gel slices from a 1D gel electrophoresis. The final dimension typi-
cally separates the peptide mixture by reversed-phase chromatography at low
pH. An example of an early 2D LC-MS-based proteomics strategy is the original
multidimensional protein identification technology (MudPIT) method (see further),
combining an initial digestion of the sample and a separation by ion-exchange and
reversed-phase chromatography.

Labeled and Unlabeled Methods

When in proteomics the focus is set on biomarker discovery, it is required not only
to identify but also to quantify proteins in different samples in order to obtain a more
detailed picture of the differences between various conditions, e.g., healthy versus
disease or mutant versus wild type. This quantitative proteomics can be obtained by
comparing samples which have been labeled (labeled methods) with dedicated tags.
Labeling can be performed at the protein level or at the peptide level (after digestion
of the protein). Each method has its own benefits and constraints. Labeling methods
allow both relative and absolute quantification. The labeling can be performed at the
protein level or at the peptide level. Labeling at the protein level offers the advantage
of easy interpretation and could establish a dramatic reduction in sample complexity
(in the best case: one peptide per protein). However, labeling at the peptide level
offers the ability to use various peptides from the same protein for proper quantifica-
tion. Also the risk of inconsistencies induced by missing a single-labeled site is
reduced. It is also possible to obtain quantitative information from unlabeled sam-
ples by processing the mass spectral signal intensities (comparison of the relative ion
intensities). The most commonly used methods will be described.

Labeled Methods

2D DIGE

The two-dimensional difference gel electrophoresis (2D DIGE) allows a parallel
separation of proteins from up to three different batches. Separation of the proteins is
based on their isoelectric point (first dimension) and on their molecular weight (sec-
ond dimension). This technique starts by the labeling of the protein mixtures with one
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of the three available fluorescent CyDyes (Cy2, Cy3, or Cy5). These labels bind to
lysine side chains (the “minimal labeling” method) or, alternatively, to cysteines (the
“saturation labeling” method). Up to three samples, each with a different fluorescent
color staining, can be mixed and loaded into a single 2D gel. This approach involving
the simultaneous analysis of multiple samples is known as multiplexing and is a gen-
eral advantage of labeled methods. Scanning of the gel delivers a picture of “gel
spots” with diverse locations. An internal reference is constituted of an equal mix of
all the processed samples. This internal reference sample therefore contains all pos-
sible spot positions of the individual samples. This facilitates the interpretation of
closely migrating gel spots. Moreover, matching of the same reference sample in
different gels creates an intrinsic link between these different gel runs. Matching and
quantitative analysis of the spots from scanned gel images is performed by special-
ized software. Here, an impressive collection of software is available, including
Melanie (GeneBio, Geneva, Switzerland), DeCyder 2D or ImageMaster 2D (GE
Healthcare, Chalfont St. Giles, UK), PharosFX System, PDQuest 2D (Bio-Rad,
Hercules, CA), Dymension (Syngene, Cambridge, UK), Progenesis SameSpots, and
Delta2D. Following the differential analysis, the identification of the content of each
gel spot is based on an in-gel digestion and subsequent analysis in MS.

Isotope-Coded Affinity Tags (ICAT)

This is one of the first tagged methods developed for quantitative mass spectrometry
[1, 2]. The original tags exist in two forms, heavy and light, and react specifically
with free cysteine residues. The tags have exactly the same chemical composition
but differ in mass because of the presence of eightfold deuterated (heavy tag) or
non-deuterated linker groups (light tag). Labeling can be performed both at the
protein level and on the peptide level. Two samples, each with a different ICAT tag,
are mixed to generate a multiplexed analysis. The tags also contain biotin, which
allows easy separation of the tagged cysteine containing peptides by (strepta) avidin
beads. ICAT offers the advantage that after digestion, only the peptide (or peptides)
with the specific label is required for the quantification. This can strongly simplify
the MS analysis and subsequent data processing.

As stable isotope labels should in principle affect only the mass, the biophysical
and chemical properties of peptides and proteins should not be affected. Therefore,
the heavy and light peptides co-elute from the LC column at the same retention
time. The heavy stable isotope leads to a mass shift in the mass spectrum. The pres-
ence of both heavy and light tags results in the appearance of peak pairs, which can
be compared to calculate the difference in abundance between both samples.

As the number of cysteine residues in proteins is restricted, a huge reduction in
complexity of the sample can be obtained. Obvious disadvantages are that the label-
ing efficiency is not always optimal and that some proteins (about 10%) even do not
contain cysteine residues. Additionally, the biotin tag is not small and increases the
complexity of fragmentation spectra, making peptide identification more tricky.
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Moreover, the deuterium atoms that are associated with the tag may lead to a shift
between the light and heavy peptides in reversed-phase chromatography [3]. The
method has been improved by the substitution of a cleavable and co-eluting tag [4, 5].

Isotope-Coded Protein Labeling (ICPL)

This method uses similar principle (isotope-coded tags with the same chemical
composition) as ICAT, but now free lysine side chains and free N-termini are
labeled. Because there are significantly more free amino groups available than free
cysteine residues, the level of labeling is increased significantly. ICPL allows the
simultaneous comparison of up to four experimental conditions in a single experi-
ment [6]. Labeling can be performed at both the protein level (before digestion) and
the peptide level (after digestion).

Stable Isotope Labeling by Amino Acids in Cell Culture (SILAC)

An interesting protein labeling method involves the manipulation of the culture
medium to ensure that newly synthesized proteins are carrying an isotopic label. As
the stable isotopes are incorporated into metabolic products (proteins), this approach
is known as in vivo labeling or metabolic labeling. Application of this method to
allow quantitative proteomics was originally reported by Oda et al. [7] in growing
yeast cultures, demonstrating the inclusion of N atoms in all amino acids by add-
ing ""N-labeled ammonium persulfate as the only nitrogen source in the culture
medium. The method was further developed in 2002 by the lab of Matthias Mann
[8], to create a stable isotope labeling by adding amino acids in cell culture (SILAC).
In stable isotope labeling by amino acids in cell culture (SILAC), cell cultures are
incubated with essential amino acids (lysine, arginine) containing heavy stable iso-
topes. During cell growth, those amino acids will be integrated into proteins, result-
ing in the integration of the labeled amino acids in the whole cell proteome.

The labeling of lysine and arginine is highly interesting because trypsin, the pre-
dominant enzyme used for protein digestion in MS analysis, cleaves at the C-terminus
of lysine and arginine. Therefore, in a SILAC experiment, all tryptic peptides, with
exception of the C-terminal peptide, have at least one labeled amino acid. When ana-
lyzed, this will result in a shift in the masses of the digested peptides. When the labeled
samples are mixed together with the non-labeled samples, peptides will be represented
by peak pairs. The mass difference between those peaks is dependent on the number
and nature of the labeled amino acids. More recently, SILAC has been applied in
global proteome studies [9], for functional proteomics assays, as well as for the study
of post-translational modifications [10, 11]. SILAC is currently the most common
approach for in vivo isotopic labeling, but is considered as an expensive and time-
consuming method, with an efficiency that was reaching only 70% in plants [12],
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which is not sufficient in many other proteomic studies. Moreover, it is not always
suitable, in terms of use and ethics, to label the tissues in a living organism, meaning
that the development of alternative chemical and enzymatic methods is also useful.

TMT and iTRAQ Isobaric Labeling

The isobaric tag for relative and absolute quantitation (iTRAQ) [13] and tandem
mass tag (TMT) [14] technologies have been developed as an alternative to standard
isotope-coded labeling especially to enhance the degree of multiplexing. Unlike
isotopic tags, isobaric tags not only have identical chemical properties but also iden-
tical masses, resulting in perfect co-elution of heavy and light tagged peptides [15,
16]. Both TMT and iTRAQ labeling are commonly performed at the peptide level
and create a covalent labeling of the N-terminus and side chain amines of peptides.
The labeled peptides produce only a single peak during liquid chromatography,
even when two or more samples are mixed. After fragmentation of the labeled pep-
tide by collision-induced dissociation (CID), the specific mass tag becomes visible
as one of the fragments. Therefore, this type of quantitative proteomic analysis
essentially requires MS/MS. Isobaric labeling allows superior multiplexing (four,
six, or even eight labels). Isobaric mass tagging has also been adapted for use with
protein labeling (similar to ICPL).

Chemical Labeling

All kinds of custom chemical labeling have been described. The label is introduced
into proteins or peptides by a chemical reaction, for instance, with amine groups or
sulfhydryl groups. Esterification or acetylation of amino acid residues also has been
applied, as well as dimethylation of the primary amines of digested peptides with
isotopomeric dimethyl labels.

Enzymatic Labeling

Another labeling method involves the creation of newly formed C-termini upon
trypsin digestion [17]. By digestion in heavy water (H,'*0), the new C-termini will
carry the heavy 80 label. This method allows the comparison of two conditions in
parallel (normal versus heavy C-terminus) and is cheap. Unfortunately, the label is
not stable and can be lost by incubation in normal water.
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Label-Free Methods

The label-free methods do not use any labeling step and are therefore very attractive
because of their simplicity. In addition, problems related to incomplete labeling are
also avoided. However, the data processing of whole proteomic datasets is much
less straightforward, and usually the threshold to identify differences is higher than
what is obtained with labeling-based methods. Therefore, if the focus is set on only
tiny differences (e.g., less than 35%) in protein concentration, labeling-based meth-
ods are definitely preferred. The ease of use and the low cost compared to other
quantitative proteomic approaches have established the label-free quantification
strategies as the most popular methods in large-scale sample experiments such as
clinical screenings or biomarker discovery experiments.

Unlike other quantitation methods, label-free samples are not multiplexed. Each
sample is analyzed separately. Therefore, label-free quantitation experiments need
to be more carefully controlled than stable isotope methods to account for any
experimental variations. Protein quantitation is performed using either ion peak
intensity or spectral counting.

SELDI-TOF MS

The surface-enhanced laser desorption ionization (SELDI) time-of-flight mass
spectrometry has been applied in the past in various label-free proteomics studies.
This method is rather unique as the differential analysis is performed by comparing
the signal intensities from proteins and not from peptides. This technology uses
special matrix-assisted laser desorption ionization (MALDI) target plates, so-called
ProteinChip Arrays, which have spots with particular chromatographic surfaces
(hydrophobic, cationic, anionic, metal ion presenting, or hydrophilic), allowing an
on-chip purification of the sample. Also pre-activated ProteinChip Arrays are avail-
able for the coupling of diverse capture molecules (proteins such as antibodies or
receptors, DNA, or RNA) prior to sample loading. The technology was originally
produced by Ciphergen Biosystems Inc. (Fremont, CA, USA), later hosted by Bio-
Rad, but currently this technology is no longer available, because of various
limitations.

Multidimensional Protein Identification Technology (MudPIT)

This method involves a digestion of the sample and subsequent analysis by a multi-
dimensional liquid chromatography (more than one LC)-MS setup. Multidimensional
protein identification technology (MudPIT) was originally described in 2001 by the
group of Yates [18], with a first chromatography dimension consisting of a strong
cation exchanger (SCX), and the second dimension consists of a reversed-phase
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chromatography. This online two-dimensional high-performance liquid chromatog-
raphy (HPLC) can separate well-complex peptides, and the output of the second
liquid chromatography (LC) is directly connected to the mass spectrometer. Recent
method developments in peptide separation are using alternative separation strate-
gies to SCX to improve peak separation and hence increase peptide identifications
for MudPIT. A promising method is the use of “high pH-reversed-phase” separation
as the first dimension. The use of this method increases peptide identifications by a
factor of two when compared to similar MudPIT runs.

The use of “virtual 2D mapping,” with the elution time from the column in one
axis and the measured MS ions in the other axis, has been proven to be very power-
ful in differential analysis and quantification of the obtained results. The developed
software tools (e.g., DeCyder MS, Progenesis, etc.) could build upon the large
expertise generated from the data processing of 2D gels.

Current mass spectrometers demonstrate a huge improvement in resolution,
accuracy, and speed, and some of them offer an additional separation such as ion
mobility. Together with the recent developments at the LC level (nanoLC using
ultra-performance liquid chromatography (UPLC) or ultrahigh-performance liquid
chromatography (UHPLC), “chip-based” microfluidic systems, etc.), it should be
clear that various new LC-MS or LC-LC-MS workflows are under investigation.

Liquid Chromatography Coupled to Fourier Transform Mass
Spectrometry (FTMS)

Fourier transform mass spectrometry (FTMS) using Fourier transform ion cyclotron
resonance (FTICR) or using an Orbitrap analyzer outperforms any other commonly
used mass spectrometry setup in terms of resolution (separation power) and accu-
racy. The Orbitrap-based MS instruments are currently recognized as the standard
for accurate mass and high-resolution measurements, and the Orbitrap Q Exactive
combines superior dynamic range and unsurpassed sensitivity with the high-
performance quadrupole precursor selection and the high-resolution, accurate-mass
Orbitrap detection to deliver high performance and tremendous versatility. An
Orbitrap Q Exactive mass spectrometer linked to a nanoflow liquid chromatography
(nanoL.C) represents a platform that not only can offer broad screening capabilities
but also excels at targeted quantitation of molecules of interest (candidate
biomarkers).

Proteomics in Endometriosis

Proteomics is the large-scale study of proteins, their expression, localization, func-
tions, post-translational modification, and interactions [19]. Proteomics allows the
simultaneous observation of alterations in protein expression which may be either a
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precursor to or causative in disease development or consequence of the disease [20].
Endometriosis researchers found differentially expressed protein/peptides between
women with and without endometriosis in blood and urine but also in eutopic and
ectopic endometrium [21, 22]. However, there is a general lack of studies that focus
on the validation of biomarkers which to date still no biomarker or panel of bio-
markers is sufficiently validated for clinical use [22].

SELDI-TOF MS platform has been used in endometriosis. Both eutopic endo-
metrial specimens from women with and without endometriosis [23, 24] and blood
samples have been used [22]. Briefly, SELDI-TOF MS provides differential pro-
teomic profiles in the form of mass/charge (m/z) peaks without identification of the
peptides or proteins, rather a fingerprinting. Kyama and coworkers were the first to
use SELDI-TOF MS for endometriosis research and found reduced expression of a
protein peak in secretory-phase endometrium from women with mild endometriosis
relative to controls [25]. The same group found 32 peptide peaks differentially
expressed in secretory-phase endometrium from women with endometriosis
(n = 10) compared to controls (n = 6) [26]. Other research groups found five dif-
ferentially expressed peptide peaks (5.385 m/z, 5.425 m/z, 5.891 m/z, 6.448 m/z,
and 6.898 m/z) that collectively showed 91.7% sensitivity and 90% specificity in the
diagnosis of endometriosis [24]. A panel of three differentially expressed peptide
peaks (16.069 m/z, 15.334 m/z, and 15.128 m/z) diagnosed endometriosis with
87.5% sensitivity and 86.2% specificity [27].

In an exploratory study, a panel of four mass peaks (two upregulated, 90.675 kd
and 35.956 kd, and two downregulated, 1.9 kd and 2.5 kd) allowed the identification
of endometriosis with maximal sensitivity (100%) and specificity (100%) [28, 29].
The 90.675 kd and 35.956 kd mass peaks were identified as T-plastin and annexin V
proteins, respectively [28, 29]. Annexin has a role in proliferation and/or cell mobil-
ity, has metastatic potential, and may promote the pathogenesis of endometriosis by
stimulating early invasion of endometrial cells into the mesothelium after initial
attachment to the peritoneal T-plastin plays a role in cellular motility, formation of
the actin bundles required for cell locomotion, and maintenance of the cellular
architecture [29]. The same group described a panel of differentially expressed pep-
tide peaks (2072 m/z, 2973 m/z, 3623 m/z, 3680 m/z, and 21,133 m/z) in the early
secretory endometrial proteome of women with versus without endometriosis as
diagnostic of endometriosis with 91% sensitivity and 80% specificity [23].

In peripheral blood, SELDI-TOF MS and MALDI-TOF MS investigations have
also shown differentially expressed protein and peptides in women and without
endometriosis [30—40]. The largest study made an effort to identify the protein/
peptide peaks with altered levels after analysis of 254 plasma samples from women
with (n = 165) and without (n = 89) endometriosis [30]. Ultrasonography-negative
endometriosis was best predicted (sensitivity 88%, specificity 84%) using a model
based on five protein/peptide peaks (2.058 m/z, 2456 m/z, 3.883 m/z, 14.694 m/z,
and 42.065 m/z) in plasma samples obtained during the menstrual phase [29, 30].
2189 m/z was identified as fibrinogen beta-chain and was decreased in moderate-
severe women of endometriosis. Fibrinogen beta-chain has been patent for endome-
triosis; this group Fazleabas found decreased levels in uterine flushing of baboons



Proteomic Biomarkers for Endometriosis 195

with induced endometriosis. A proteomic fingerprint model (126 endometriosis
patients and 120 healthy controls), based on three peptide peaks, had 91.4% sensi-
tivity and 95% specificity to detect endometriosis [38]. These results were validated
in an independent cohort, showing a sensitivity of 89.3% and a specificity of 90%
[38]. In a study by Dutta et al., using 2DE and 2D DIGE followed by MALDI analy-
sis, 25 serum proteins were found to be differentially expressed between women
with endometriosis and healthy subjects [40].

Hwang et al. used 2DE followed by MS and showed six differentially expressed
plasma proteins between plasma pools of women with (7 = 15) and without (n = 15)
endometriosis [41]. Only haptoglobin was identified as potential biomarker using
Western blotting on a subset of the individual samples [41].

Recently, one research group has reported 36 differentially expressed peptides in
urine samples of women with endometriosis (n = 60) compared to women without
endometriosis (n = 62) detected by MALDI-TOF MS. Using ClinProTools software,
they generated an algorithm with a combination of five peptide peaks (m/z = 1433.9,
1599.4, 2085.6, 6798.0, 3217.2) [42]. Only one other group has identified six dif-
ferentially expressed protein/peptides in urine of women with and without endome-
triosis [43]. The results were comparable between El Kasti group [43] and Wang
et al. group [42]; however, both were not able to identify the protein/peptides.

Proteomics does not only imply protein/peptide differentiation but also post-
translational modification. Post-translational modification occurring within cells is
mainly responsible for the discrepancies noted between the genome and the
expressed proteome. Currently, ~300 different types of PTM are responsible for the
huge repertoire of protein origination from a small number of genes [44]. A study
investigating the endometrial phosphoproteome of women with (n = 4) and without
(n = 4) endometriosis showed that 516 proteins were modified at phosphorylation
level during endometriosis [45]. Recent evidences have emerged that endometriosis
may be an epigenetic disease [46]. Epigenetics refers to functionally relevant modi-
fications to the genome that do not involve a change in the nucleotide sequence; this
process is involved in development, homeostasis, disease, and aging and is respon-
sible for X chromosome inactivation and genomic imprinting [46]. Histone proteins
are located in the central part of chromatin, where they provide binding sites for
covalent modification at their N-terminus [46]. Histone-modifying enzymes, such
as HATs, HDAC, and HMTs, could affect structure of nucleosome and chromatin
through modifying histone proteins posttranscriptionally, which in turn regulates
gene expression pattern [46].

Future Trends

Endometriosis represents a significant global health burden, and proteomic
approaches offer one avenue to discover new molecules allowing more sensitive and
specific detection or diagnostic strategies [47]. To date, none of the differentially
expressed protein/peptide peaks have been validated in an independent study cohort
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(blinded method as to patients’ disease status). Standardization is essential to over-
come any pitfalls in the study design and methodology such as small sample size,
lack of relevant clinical information, inconsistency in sample handling and storage,
and technical control of pre-analytical sample variability [29]. The right documen-
tations of the type of samples and highly standardized techniques for collection,
processing, and storage are very important [47-49]. The depletion method is a cru-
cial item in the design of future studies [30] to decrease the complexity of highly
abundant proteins.

Many problems remain to be resolved, and while some of these are technical in
nature, the most intractable ones have mainly to do with the complex and multifac-
torial character of the disease itself [20]. The analysis of differential protein expres-
sion in such complex biological samples requires strategies for rapid, highly
reproducible, accurate, and robust protein quantitation [47] preferentially using
Fourier transform mass spectrometry (FTMS).
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Abstract Endometriosis is a heterogeneous condition in terms of surgical charac-
terization of the disease and nonsurgical symptomatic and non-symptomatic char-
acteristics of the woman. Many centers across the world conduct research into
endometriosis independently from each other, using different standard operating
protocols (SOPs) for collection of biological samples and different questionnaires
for capturing clinical and surgical phenotypes. The aim of the World Endometriosis
Research Foundation (WERF) Endometriosis Phenome and Biobanking
Harmonisation Project (EPHect) is to standardize globally the collection of samples
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and phenotypes across centers, allowing for more effective large-scale international
collaborative research of the condition. To achieve this goal, two workshops were
conducted in 2013, bringing together 54 clinical, academic, and industry leaders in
endometriosis research from 16 countries. SOPs and questionnaires from the con-
tributing centers were systematically compared, and available literature evidence,
along with consultation from laboratory experts, was taken into consideration to
reach consensus SOPs and questionnaires. After several global revisions, two-level
standard recommended and minimum required (1) forms for collection of surgical
phenotypes; (2) questionnaire for collection of clinical phenotypes; (3) SOPs for
blood, saliva, urine, endometrial/peritoneal fluid, menstrual effluent; and (4) SOPs
for ectopic and eutopic endometrium, peritoneum, and myometrium were pub-
lished. These instruments will be updated regularly based on feedback from inves-
tigators, and current versions are available through http://endometriosisfoundation.
org/ephect.
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Introduction

Endometriosis is a heterogeneous condition with respect to its natural history, disease
burden, extent of inflammation, state of progression, and phenotypic presentation of
lesions and symptoms. The variability of patient “types” included in endometriosis
research studies is determined by both (1) the surgical characterization of the extent
of disease during laparoscopy and (2) symptomatology (onset, duration, extent and
severity of symptoms, comorbidity) and other non-symptomatic phenotypes such as
anthropometric characteristics, ethnicity, and reproductive and demographic factors.
Until recently, no consensus existed on even the minimum surgical information that
should be collected to perform clinical and basic science studies for endometriosis.
This is reflected in the varying and conflicting results in biomarker studies for endo-
metriosis [1-3]. Currently available data sets on endometriosis cases and controls
typically (1) lack surgical and symptomatic phenotype detail combined with biologi-
cal sample information, (2) are not sufficiently consistent in terms of the type of data
collected and protocols used to allow the collaborative exploration of the abovemen-
tioned associations, or (3) are limited by sample size.

In terms of the surgical data collection, while there is consensus that laparoscopy
remains the gold standard for a definitive diagnosis of endometriosis [4—6], investi-
gators are advised to take full advantage of the diagnostic aspect of the procedure by
collecting more standardized detailed information during laparoscopic surgery and
optimize the characterization of the surgical phenotype. In addition, for nonsurgical
symptom or non-symptom-related characteristics, the use of standardized detailed
questionnaires should optimize characterization of the different patient “types.”
Moreover, to study the phenotypic variation successfully, studies need to include
sufficient numbers of patients to allow for the detection of differences between sub-
phenotype groups with adequate statistical power. Collaboration and pooling of
individual participant data across research centers can enable much larger sample
sizes, allowing for subgroup analyses and meaningful comparison between different
patient populations in endometriosis research. Indeed, successful risk factor and
sub-phenotype investigations among many centers have been demonstrated by large
consortia across an array of disease outcomes [7-13].

In addition, many centers worldwide have been collecting biological fluid and
tissue samples from women with and without endometriosis, with the aim to iden-
tify potential diagnostic biomarkers and novel drug targets for the disease [14].
Molecular profiles obtained toward these goals include, but are not limited to,
changes at the deoxyribonucleic acid (DNA), ribonucleic acid (RNA), protein, and
metabolite levels detected in various bodily fluids and tissues. However, variability
in specimen collection, processing, and storage methods can act as a considerable
source of bias and measurement error, obscuring detection of disease-related molec-
ular perturbations [15, 16].

Standard operating procedures (SOPs) and recommendations for blood collec-
tion in reproductive biology research have been published [1, 17], but—until
recently—there were none for other fluid specimens such as urine, saliva, or perito-
neal and endometrial fluid. Likewise for eutopic endometrium collection, the
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University of California, San Francisco, NIH Human Endometrial Tissue and DNA
Bank (http://obgyn.ucsf.edu/crs/tissue_bank/) published well-described SOPs spe-
cifically to allow collaborative research [17], but none existed for the other
endometriosis-related tissue specimens such as ectopic endometrium, myometrium,
and peritoneum. Standardized collection of biospecimens across centers using inter-
nationally agreed-on SOPs—based on existing scientific evidence and consensus—
is likely to reduce variability and facilitate comparability of results and enhance the
detection of endometriosis biomarker relationships through multicenter collabora-
tive studies. Successful collaborative investigation of fluid and tissue markers has
been well established in the investigation of other disease outcomes [18-24].

The objective of the WERF Endometriosis Phenome and Biobanking
Harmonisation Project (EPHect) was to develop a consensus on standardization and
harmonization of phenotypic surgical/clinical data and biological sample collection
methods in endometriosis research. Through a series of workshops and global con-
sultations involving 54 clinical, academic, and industry leaders in endometriosis
research from 16 countries, a set of standardized surgical and clinical data collec-
tion tools and SOPs of biospecimen collections were developed [25-28]. These
instruments facilitate—for the first time—Ilarge-scale internationally collaborative,
longitudinal, epidemiologically robust, translational biomarker and treatment target
discovery research in endometriosis [14, 29].

Here, we have summarized the EPHect consensus on:

1. Standardized surgical data and sample collection in women undergoing
laparoscopy
2. Standardized collection of nonsurgical/clinical and epidemiological phenotypic
data through patient-administered questionnaires
. Standardized SOPs for biological fluid
4. Tissue collection, processing, and long-term storage to enable cellular, genetic,
molecular, proteomic, metabonomic, and transcriptomic studies

(O8]

We acknowledge that there are likely to be differences in resources and logistics
among centers that influence feasibility of adherence to some of the strictest stan-
dards of data collection and SOP implementation. Therefore, WERF EPHect devel-
oped two-tiered data collection instruments and biospecimen SOPs: a standard
recommended version and a minimum required version.

Materials and Methods

Setting

Two workshops were conducted in March and July 2013, bringing together 54
clinical, academic, and industry leaders in endometriosis research from 16 coun-
tries on five continents, to develop and reach consensus on evidence-based
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phenotype collection and SOP guidelines. During workshop I, four areas of stan-
dardization and harmonization were defined: (1) surgical phenotyping, (2) nonsur-
gical clinical/epidemiologic phenotyping, (3) fluid sample, and (4) tissue sample
collection, processing, and storage protocols for molecular and genetic analysis.
The workshop was followed by e-mail consultation round including open invita-
tions sent to all 54 WERF EPHect collaborators, asking them to review the data
collection tools and SOPs under development and to participate in workshop
II. During workshop II, the data collection tools and SOPs were presented to par-
ticipants together with a summary of reviews obtained through e-mail consultations
and literature-based evidence. Draft consensus data collection tools and SOPs were
subsequently reviewed during several rounds of expert review by the WERF
EPHect working group (Fig. 1).

Woaorkshop | (n=17)

March 2013 Discussion of EPHect aims and planning

Amalgamation of; (1) Surgical phenotype forms from Global Study Women's Health, Harvard, and Oxford
(2) Clinical patient data questionnaires from 8 centres
(3) SOPs for fluids collection from 18 centres
(4) SOPs for tissue collection from 24 centres

Sent to WERF EPHect Working Group (n=54) for review/revision

A 4
Incorporation of comments and input from additional centres
Creation of EPHect Standard and Minimum (1) Surgical forms, (2) Patient quesionnaires, (3) SOPs for
the collection of fluid samples (4) SOPs for collection of tissue samples

Workshop Il (n=30)
July 2013 Discussion of Standard and Minimum surgical forms, patient questionnaires and SOPs with incorporation
of agreed modifications

| Final versions circulated to WERF EPHect Working Group (n=54) for agreement |

v A

August 2014 | Open access publication of 4 articles in Fertility and Sterility |
August 2016 [ First update of the surgical form, questionnaire and SOPs with public feedback through WERF EPHect |
|
|
+ v
Future | Regular updates with incorporation of public feedback through WERF EPHect |

Fig. 1 Flow diagram depicting the WERF EPHect development and consensus process (Adapted
from [25-28])
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Harmonization Procedure for Surgical Phenotypic Data

The first draft of the surgical data collection instrument was based on a postsurgical
scoring sheet, originally developed as part of the WERF Global Study of Women’s
Health [30, 31], which had recently been extended and piloted in the Boston Center
for Endometriosis and the Endometriosis CaRe Centre Oxford. The scoring sheet
contained general and gynecological information about the patient, the procedure,
extent of disease, and the location and type of endometriotic lesion, along with
existing tools for disease classification such as the revised AFS [32] and EFI [33].
This form was discussed and extended during several review rounds by experts in
the field of endometriosis using surgical data collection tools that were in use at
their centers.

Adaptation of the standard recommended version of the surgical data collection
instrument (SSF) will be of central importance for current and future advancement
in understanding the biology of disease and investigation of the effects of treatment
on symptoms and disease recurrence. The minimum required version (MSF) is the
basic requirement for more limited research studies in settings where completion
of the standard instrument is logistically impossible. Both forms are designed for
surgery involving women with confirmed endometriosis and symptomatic or
asymptomatic women free from endometriosis (http://endometriosisfoundation.
org/ephect/).

Harmonization Procedure for Nonsurgical Phenotypic Data

The initial development of the nonsurgical patient questionnaire was based on
questionnaire tools provided by eight centers worldwide that have collected nonsur-
gical information from endometriosis cases and controls on a large scale (criterion,
publication on >100 cases); all provided the patient questionnaires used. These
questionnaires were reviewed, and key topics were identified for inclusion in the
draft consensus endometriosis patient questionnaire (EPQ), including pelvic pain,
infertility and reproductive history, menstrual history and hormone use, medical
and surgical history, medication use, and personal information. A subsequent e-mail
consultation was conducted including all 54 EPHect collaborators, asking them to
review the EPQ.

An extensive literature search was conducted in PubMed for English language
publications describing associations between the key topics included in the EPQ
and endometriosis. Rigorous review of the phrasing and temporality of each ques-
tion on the EPQ was performed by the clinical and epidemiologic experts in the
WERF EPHect working group. Importantly, the EPQ development focused on
selecting questions and rating scales that are validated in the literature. In addition,
most questions were piloted by patients and volunteers in the centers contributing
the questions, and all questions were reviewed by the workshop participants.
During workshop 1II, the questionnaire was presented to participants together with
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a summary of reviews obtained through e-mail consultation, and a consensus was
obtained on the final content and format of the questionnaire. All participants in the
consultation were asked to decide which information in the EPQ should be col-
lected as a minimum (EPQ-M) requirement and which would be recommended as
standard (EPQ-S), to reach the consensus on this division.

The development of the EPQ focused on information that was considered by the
WERF EPHect working group to be universally important to endometriosis centers
in characterizing patients by their spectrum of symptoms. We did not include many
potentially important exposures that may be associated with endometriosis etiologi-
cally and that may be of specific interest to some centers but were not considered
crucial for patient characterization. These include, for example, nevi and freckles,
sun exposure, in utero exposures, and others exposures [34]. Investigators adopting
the EPQ are encouraged to add any additional questions they would like to further
their own scientific aims and state these adaptations in resulting publications.

Harmonization Procedure for Fluid and Tissue Biospecimen
Collection

Fluid Biospecimen SOPs

A total of 18 centers worldwide were identified that collect biologic fluid samples
from endometriosis cases and controls on a large scale (criterion, publication on
>100 cases); all provided SOPs for sample collection, processing, and storage. Six
fluid sample types were collected by the centers (blood, urine, saliva, peritoneal
fluid, endometrial fluid, and menstrual fluid). In addition to the information pro-
vided by the 18 centers, publicly available SOPs were searched from general
large-scale biobanking efforts (e.g., UK Biobank) and large biorepositories
(International Society for Biological and Environmental Repositories [ISBER],
the NCI Biorepositories and Biospecimen Research Branch [NCI-BBRB], and the
Australian Biospecimen Network [ABRN]). A systematic literature search was
conducted in PubMed for English language publications describing crucial steps
in SOPs, using the following search terms: “standard operating procedure” with
“endometriosis,” “blood,” “urine,” “endometrial fluid,” “peritoneal fluid,” “men-
strual effluent,” “fluid samples,” “best practice,” or “biobank.”

Tissue Biospecimen SOPs

A total of 24 centers were identified worldwide that collect tissues from endome-
triosis case and control subjects on a large scale (publication on >100 cases); all
provided SOPs for sample collection, processing, and storage. Four tissue types
(ectopic endometrium, eutopic endometrium, myometrium, and peritoneum) were
collected by these centers. In addition to the information provided by the 24 centers,
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publicly available SOPs were searched from general large-scale biobanking efforts
(UK Biobank) and large biorepositories (ISBER, NCI-BBRB, ABRN), and a sys-
tematic literature search was conducted in PubMed for English language publica-
tions describing crucial steps in SOPs, with the use of the search terms: “standard
operating procedure” with “endometriosis,” “tissues,” “endometrium,” “myome-
trium,” “peritoneum,” “best practice,” or “biobank.”

On the basis of this information, we compiled draft consensus fluid and tissue
SOPs, identifying steps that varied between center-specific SOPs, but for which
little or no evidence could be obtained. Prior to workshop II, consensus documents
and associated evidence and queries were distributed to the WERF EPHect working
group. During workshop II and a separate e-mail consultation process, the final
consensus SOPs were reviewed and agreed upon.

WERF EPHect strongly advises standard recommended collection SOPs to be
adopted when possible, as they will yield results that are least prone to variation and
degradation of the samples; the minimum required SOP steps are offered to provide
the fundamentals for standardization that need to be adhered to as an absolute mini-
mum requirement given unavoidable logistical and budgetary circumstances. It is
important to note that publications of results generated using samples collected fol-
lowing the EPHect SOPs need to state explicitly, which EPHect procedures were
used and any alterations made to them.

When collecting biologic samples for research purposes, additional data items
need to be collected to allow interpretation of results from the samples, such as
recent medication use by the participant and her menstrual cycle phase at the time
of sample collection. For this purpose, the WERF EPHect working group developed
a consensus biospecimen form to be completed at each sample collection event.

Results: Standardization of Surgical Phenotypic Data

The rationale behind the development of the WERF EPHect surgical data collection
forms (the standard [recommended] surgical form [SSF] and minimum [required]
surgical form [MSF]) is described below.

EPHect SSF

The SSF is divided into two parts. The first part includes detailed information about
clinical covariates including the current menstrual cycle, current hormone treat-
ment, and history of previous endometriosis surgery, as well as any imaging find-
ings before the procedure. The second part is on intraoperative findings, including
the type and duration of the procedure and the extent, exact location, and color of
endometriotic lesions, with a particular focus on the size of endometrioma and
endometriotic nodules. It allows for an exact description of tissue biopsies (see
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section “Biological Sample Collection”), including their location and appearance,
and surgical treatment of lesions.

For reference on interpretation of appearance of lesions, pictures of representa-
tive endometriotic lesions are given in Becker et al. [25].

Pilot work has shown that after an initial brief learning period, the SSF takes
about 1-3 min to complete, depending on the extent of disease and sample taking to
be recorded.

EPHect MSF

The sole aim of developing the MSF was to identify the essential, basic, surgical
information that a surgeon under considerable time constraints would be able to
complete accurately and consistently after surgery. The MSF will enable a group to
start gathering relevant surgical phenotypic information where such information
was not systematically collected before. The MSF is also divided into two parts,
asking about clinical covariates and intraoperative findings but in less detail.

Video/Photo Documentation

To evaluate the presence or absence of endometriotic lesions, adhesions, and cysts,
it is vital to systematically and meticulously search the entire pelvis and abdominal
cavity with a laparoscope. Where permitted, video recording of pelvic exploration
and surgical procedures is the recommended standard [35]. In addition, photo docu-
mentation is strongly recommended to provide an objective record of the reported
data (including for research purposes). In addition to exploring the clinical and
molecular phenotype of the individual lesions, it may be that unique and critical
information can be discovered from the colony/cluster/microenvironment of lesions
proximal to each other. These phenotypic details can only be documented and quan-
tified via video and/or photographic documentation. Becker et al. show the photo
documentation to be collected as the standard recommendation by EPHect [25].

Biological Sample Collection

Biological samples relevant to endometriosis research could be collected during
laparoscopic surgery. The results on detailed WERF EPHect SOPs for collection,
processing, and long-term storage of these samples are described in the harmoniza-
tion of fluid and tissue biospecimen collection sections [26, 27].

WERF EPHect recommends the collection of samples in a prespecified order
and with optimal SOPs implemented from the moment of surgical extraction of the
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Fig. 2 Suggested timeline for biological sample collection depending on research question (From
[25])

sample. Sampling should be performed as early as possible to diminish a possible
impact of anesthetic drugs and minimize contamination by blood or distension
fluids [36-40]. Provided it is clinically justifiable, the order of samples collected is
prioritized by the research question as depicted in Fig. 2. For example, if intra-
abdominal sampling (peritoneum, peritoneal fluid, endometriotic disease) is the
main focus, it is recommended to perform laparoscopy before hysteroscopy to
avoid contamination from hysteroscopic fluid. However, for clinical purposes, it
may be necessary to perform hysteroscopy first. Nevertheless, it is important to
record the order of surgical procedures and the type of hysteroscopic fluid used in
the SSF.

If peritoneal fluid is collected, this should be the first intra-abdominal sample
collected to reduce the risk of contamination with blood, cyst fluid, or tissue. The
volume of peritoneal fluid is influenced by menstrual phase [41]. If no or very lim-
ited peritoneal fluid is available, then a lavage with sterile saline (10 mL) over pelvic
organs and walls is the standard recommendation (see section ‘Peritoneal Fluid
Stability, Processing, and Storage” section in ‘“Harmonization of Fluid Biospecimen
Collections”).

Next is the collection of endometriotic peritoneal lesions from endometriosis
patients and normal peritoneal tissue from the healthy control patients. Owing to the
anatomic location and possible surgical complexity, endometriomas and deep infil-
trating nodules are commonly the last samples to be collected. It is a standard rec-
ommendation to record the temperature of the CO, entering the abdomen and the
presence or absence of a gas humidifier on the SSF.
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If the main research focus is on uterine sampling (eutopic endometrium and
myometrium), then it is preferable to begin with the endometrial biopsy to reduce
the potential effect of the anesthetic drugs or potential endocrine or paracrine influ-
ences on the sample (Fig. 2). It is the standard recommendation to collect endome-
trial samples before insertion of a uterine manipulator as this is likely to affect the
sample quality. The type and date of any prior intrauterine procedures, such as hys-
teroscopy or endometrial biopsy, should be recorded as part of the MSF.

If surgically feasible, the use of thermal energy should be avoided for all tissue
collections, as these may impact the histological interpretation of the tissue [42] and
the expression of biomolecules. If thermal energy is required, then it is recom-
mended to use laser or plasma jet with as little energy as clinically possible and to
leave a safety margin of 5 mm.

Results: Standardization of Nonsurgical Phenotypic Data

The rationale behind the development of standard and minimum versions of the
WERF EPHect endometriosis patient questionnaire (EPQ-S and EPQ-M) is
described below. The standard questionnaire (EPQ-S) is a 30-page self-administered
questionnaire on comprehensive phenotypic description of endometriosis symp-
tomatology, menstrual and reproductive history, various lifestyle factors, and medi-
cation use of the subjects. In the minimum patient questionnaire (EPQ-M), the
symptoms and characteristics pertaining across the life course are excluded even
though they are crucial to characterize women with and without endometriosis.
Pilot studies have shown that the standard EPQ-S takes 25—-40 min to complete. In
settings when the completion of EPQ-S will impact study recruitment because of its
length, EPQ-M can be used instead.

Pain

Most common pain symptoms experienced by endometriosis patients are dysmen-
orrhea, noncyclical pelvic pain, dyspareunia, and dyschezia. The relationship
between endometriosis and these pain symptoms is complex with little correlation
between extent of disease and severity of pain experienced by the patient [43, 44].
Recommendations have been published for standard endometriosis-associated
pain data collection techniques [45]. Using these guidelines, for the EPQ, the pain
intensity is measured on an 11-point numerical scale (NRS), 0 being no pain and
10 being the worst imaginable pain. On the EPQ, pain effect is captured with the
short form McGill Pain Questionnaire (SF-MPQ). However, we recommend as
standard the use of the most recent SH-MPQ-2, as ratings are given on an 11-point
scale, similar to measures of pain intensity, and seven additional questions allow for
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calculation of four separate domains (continuous pain, intermittent pain, neuropathic
pain, and affective) and a total score as opposed to the original version which only
calculates two domains (sensory and affective) and a total score [46]. SH-MPQ-2
requires each center to sign a user agreement form, which is why it was not included
in the EPQ.

Of all the cognitive and psychological covariates commonly measured in experi-
mental and clinical pain studies, pain catastrophizing [47] is identified as the most
robust measure associated with indices of pain sensitivity, clinical outcomes, and
behavioral expressions of pain [48]. Therefore, a pain catastrophizing scale is
included in the EPQ.

Depression, Anxiety, and Health-Related Quality of Life

Questions on the psychological state and health-related quality of life in a symptom-
based questionnaire are important as these factors may affect responses related to
symptomatology. The validated generic health status measures, such as the
Endometriosis Health Profile (EHP-30) questionnaire [49] or the Short-Form Health
Status Survey (SF-36) [50], were not included in the EPQ since their use requires
registration and/or payment from the individual centers. Additionally, validated
depression and anxiety scales can be helpful for patient stratification such as the
Beck Depression Inventory (BDI) [51] and the State-Trait Anxiety Inventory (STAI)
[52]. WERF EPHect recommends that individual sites consider including these
additional scales when adopting the EPQ at their centers.

Menstrual History and Hormone Use

Age at menarche and menstrual cycle characteristics in the last 3 months are cap-
tured in detail as they have been robustly associated with endometriosis [53-57], are
likely to influence symptom reporting, and are crucial for interpretation of molecu-
lar assays. Furthermore, lifetime menstrual cycle characteristics and their change
over time may be important in understanding the etiology of endometriosis.

For capturing regularity, frequency, duration, and heaviness of menstrual flow,
the International Federation of Gynecology and Obstetrics (FIGO) guidelines [58]
were adapted in the EPQ. Menstrual flow is classified as spotting, light, moderate,
and heavy using previously validated menstrual pictogram [59].

A complete history of hormone use is captured in the questionnaire, as this
information is crucial for interpretation of the reported symptomatology.
Furthermore, long-term and recent hormone use can affect biomolecule profiles
[60-62].
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Infertility and Reproductive History

Fertility impairments such as delay in conception and infertility are associated with
endometriosis [4], though the relationship between causality and diagnostic bias
between these outcomes is unknown. Infertility is assessed by the longest time
(>6 months) a study participant has tried to become pregnant without success and
any test she might have had to find the cause of infertility. The standard definition of
infertility is 12 months of regular unprotected intercourse without achieving a clini-
cal pregnancy [63], and this definition can be derived from data collected within the
EPQ. However, a 6-month screen cutoff was selected here since older women may
seek medical intervention before reaching the 12-month period.

A detailed pregnancy history is also captured by the EPQ, including age at the
start of each pregnancy, type of fertility treatment used for each pregnancy, and
pregnancy outcome. Further details for live births include whether the pregnancy
was multiple gestation, the delivery method, and pregnancy complications.
Retrospective studies suggest that women with endometriosis have higher rates of
maternal complications, fetal problems, and miscarriage [64—68], although these
associations need further confirmations.

Medical and Surgical History

Comorbidity is an important confounding factor in assessing the extent and severity
of symptoms. In the EPQ, women are asked if they have ever been diagnosed and
age of diagnosis with a list of ~30 medical conditions, including cancer, gyneco-
logic disease, pain syndromes, and autoimmune diseases [69—72]. Surgical history
including age at surgery, type, and indications is also enquired that can be etiologi-
cally related to pelvic pain symptoms and impact on symptom reporting.

In addition women are asked about recent bowel and urinary symptoms. For the
bowel symptoms that are common in women with endometriosis, questions from
the Rome III criteria irritable bowel syndrome module are included [73].

A diagnostic history for endometriosis is questioned in detail including age at
first symptoms, age and method of diagnosis, and any prior surgical treatments.
Also, family history of endometriosis or chronic pelvic pain is obtained, recogniz-
ing that accuracy of diagnosis is varied across generations.

Medication Use

Collection of recent medication use is important in biomarker studies since some
drugs can interact with the biomarkers, clouding the results. Recent medication
use is not captured in detail in the EPQ; however, in the biospecimen form that is
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required to be completed along with fluid or tissue biospecimen collections,
including a detailed section on medication use in the past 30 days and 48 h before
biospecimen collection. The questions on medication use on the EPQ are to cap-
ture medication that could influence how women respond to questions. For exam-
ple, medication for chronic pain or inflammatory conditions or for other symptoms
including depression or anxiety may affect pain reporting.

Personal Information

Demographic data, including age, race/ethnicity, major ancestry, and highest level
of education attained, that are required for interpretation of any epidemiological
study are collected on EPQ.

Anthropometric measurements such as body mass index (BMI; current weight
and height), most and least weighed since age 18, somatotype by age range [74],
and body shape by age range [75] are recorded. Current BMI has been shown to be
inversely associated with endometriosis [76] and validly measured by self-reported
questionnaires [77-79]. Two questions on hair and eye color, previously associated
with endometriosis [80-84], are also included. Lastly, basic questions on smoking,
alcohol use [85], and exercise are included.

Results: Harmonization of Fluid Biospecimen Collection

The rationale behind the development of the WERF EPHect SOPs (standard recom-
mended and minimum required) and the biospecimen form for recording of associ-
ated data for collection, processing, and long-term storage of blood and its derivatives
(serum, plasma, and red/white blood cells), urine, saliva, peritoneal fluid, endome-
trial fluid, and menstrual effluent is given below.

Blood

Blood tissue is stored after separation into serum, plasma, and red/white blood cells
for widest future use possibilities. However, blood tissue has a complex mix of
molecules that do not only reflect changes relevant to the disease.

1. Timing and conditions of sample collection
Dependent on the time of the day, the blood sample collected will have vary-
ing levels of various biomolecules due to physiological state, circadian rhythms,
fasting status, or other factors that could result in changes in the endogenous
concentrations of these. Therefore, ideally blood samples should be collected
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after a 10-h fast [86]. Secondly, if samples are collected on the day of diagnostic
surgery for endometriosis, they should be collected prior to induction of anesthe-
sia, as these drugs can have an effect on the biomolecules of interest.

2. Anticoagulants and clot accelerators

The type of anticoagulant used in the blood collection tubes determines how
the sample can be used [87]. Particular anticoagulants are recommended for cer-
tain analytical purposes; therefore, selection of the appropriate anticoagulant for
the assay of interest is crucial [88, 89]. EDTA tubes are often the most preferred
type as they are suitable for wide variety of DNA and protein-based assays [87].

If interested in storing the serum component of blood tissue, blood needs to
be clotted, and the supernatant is the serum which can be separated with ease.
Clots form very slowly in untreated tubes; however, there are serum separator
tubes with clot accelerators that can speed up the process. Serum samples are
suitable for most clinical biochemistry and metabolomics analyses, but they are
not optimal for other assays such as proteomics due to clot-related peptides that
contaminate the sample [90, 91].

3. Sample stability between collection, and processing/storage

The time lapse and temperature conditions between sample collection and
processing/storage are crucial factors affecting the stability of biomolecules in
samples. In general, keeping samples at 4 °C from collection till storage mini-
mizes enzymatic degradation of many biomolecules [92]. DNA is one of the
most stable biomolecules [92], while RNA degrades within the first half hour of
sample collection [17].

For most uses, therefore, the blood samples should be processed and stored as
soon as possible (within 2 h) or at most within 4 h [93, 94]. If there is a longer
delay in processing, pilot studies are required to test the stability of the biomol-
ecule of interest. For sensitivity biomolecules such as RNA, the integrity can be
maintained by immediate addition of commercially available inhibitors of RNase
enzymes. However, it should be noted that the addition of these RNase inhibitors
compromises the utility of the sample for other assays and they can be costly in
large-scale studies [87].

4. Processing

Centrifugation is performed to separate blood into its components, and we
suggest centrifugation at 2500 x g for 10 min, based on the typical parameter
values observed in the contributing WERF EPHect centers and in the UK
Biobank. Secondly, we recommend cooled (4 °C) centrifugation as standard to
avoid effect of temperature on stability of the biomolecules.

5. Long-term storage

The number and volume of the sample aliquots created should be a balance
between minimizing future freeze-thaw cycles and use of freezer space. Repeated
freeze-thaw cycles are detrimental to the stability of biomolecules in the samples
[95, 96]. The samples should be stored as a minimum requirement in —80 °C
mechanical freezers for long-term storage. Liquid nitrogen (LN,) freezers are
colder and have less temperature fluctuations and are recommended for standard
long-term sample storage.
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Urine

Urine samples are widely used in metabolomics and proteomic studies [93, 97, 98]
because of its easy, noninvasive collection in large quantities [99]. However, many
other molecules are excreted in the urine along with molecules of interest to the
disease. It is vital to measure and adjust the molecules of interest to creatinine levels
in sample to determine the concentration of the sample, as this varies substantially
within individuals over time [100].

1. Sample collection
Adapting a “clean catch” protocol for sample collection is important to reduce
the incidence of microbial contamination of the samples. The timing of the sam-
ple collection for urine is complex as each urine sample reflects what was metab-
olized and excreted since the previous void. The most comprehensive approach
could be to collect all urine voided over a 24-h period; however, this may not be
feasible for most of the studies. Therefore, a first morning void sample can be
collected as an alternative unless the participant voided during the night [101]
and is better than a “spot urine” sample collected at a random time during the day
[87, 99].
2. Sample stability, processing, and storage
The standard recommendation is to maintain the urine sample at 4 °C until
processing/storage to reduce the effects of possible enzymatic activity and store
within 2 h of collection. If first morning void urine samples are collected, the
participant should keep the collected sample in the refrigerator and transport the
sample to the clinic on ice. Long-term storage of urine samples should ideally be
in LN, freezers or in —80 °C freezers (see blood storage section).

Saliva

Saliva samples are most often used for DNA-based analysis when taking blood tis-
sue from the participant is not desirable [102]. Other biomolecules such as hor-
mones can also be measured in saliva; however, since they are found in only their
free form, their concentrations are relatively low [103].

1. Sample collection

Saliva samples can be collected with various methods including, “swish and
spit,” saliva collection kits for DNA and swabs. The “swish and spit” method or
the Oragene® kits are recommended as standard in WERF EPHect as they pro-
vide the best DNA quality and yield [104—106]. For other biomolecule mea-
surements, the “passive drool” method for sample collection is recommended
as standard since other methods stimulate saliva production can alter hormone
levels [103]. Furthermore, actively spitting tightens muscles and may affect the
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flow rate and concentration of proteins in saliva [107, 108]. In terms of amount
of sample collected, EPHect is recommending 2 mL as standard and 1 mL as
the minimum requirement [109]. Timing of saliva collection is important if
interested in measuring stress-related biomolecules [99]; therefore, recording
time/date information is critical. Lastly, on the biospecimen form, it is impor-
tant to record when the participant last brushed their teeth, chewed gum,
smoked, or consumed alcohol, spicy food, or fishy food within the last 24 h, as
these can affect sample quality.
2. Sample stability, processing, and storage

Some salivary hormones are relatively stable in samples kept at room tem-
perature for up to 1 week, although commination with mold can be problematic.
Therefore, we recommend keeping samples chilled (4 °C) [110, 111]. For DNA
extraction using commercial Kits, the product instructions should be followed.
Long-term storage should be in —80 °C freezers as a minimum requirement or in
LN, freezers per standard (see blood storage section).

Peritoneal Fluid

1. Sample collection
Peritoneal fluid is present in the peritoneal cavity, and its specific microenvi-
ronment is investigated for roles of various constituent biomolecules in relation
to endometriosis [112-114].
2. Sample stability, processing, and storage
Peritoneal fluid is aspirated using a syringe or suction device during laparos-
copy, after entry into the pelvic cavity [25]. If no or very limited fluid is found, a
lavage method can be used to wash the peritoneal surfaces with 10 mL sterile
saline solution. This peritoneal lavage fluid (PLF) can be processed as peritoneal
fluid, but the supernatant should be regarded with caution as molecular profiles
may vary depending on the collection method used. Pilot studies are needed to
compare the peritoneal microenvironments when sampling is performed using
these two different methods. On the biospecimen form, the collection method
and cycle phase should be recorded as they may affect the concentration of the
biomolecules measured [114].

Endometrial Fluid and Menstrual Effluent

Endometrial fluid is found in the endometrial cavity in the uterus [115, 116] and
reflects its specific microenvironment. Menstrual effluent is used for investigation
of molecules in menstruation/endometrium-related processes such as angiogenesis
and endometrial repair [117].
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1. Sample collection
Endometrial fluid is recommended to be collected without administration of
any premedication or anesthetics using an embryo-transfer catheter connected
to a syringe [25, 116]. If very limited fluid is found, a uterine lavage can be
performed through slow infusion and withdrawal of 4 mL sterile saline solution
into the uterine cavity [118]. This uterine lavage fluid (ULF) can be processed
as endometrial fluid, but the supernatant from ULF should be regarded with
caution. On the biospecimen form, the collection method and cycle phase (in
menstrual phase this sample should not be collected) should be recorded as
they may affect the concentration of the biomolecules measured [119].
Menstrual effluent is collected during menstrual phase with a diaphragm or
mixing cannula [117].
2. Sample stability, processing, and storage
The endometrial samples should be kept cool (4 °C) during processing and
supernatant and pellet stored separately. If volume of the sample is not large
enough for centrifugation, i.e., collected with embryo-transfer cannula, the can-
nula can be snap frozen immediately in LN,. For long-term storage, samples per
standard should be used in LN, freezers (see section “Blood Storage”).

Results: Harmonization of Tissue Biospecimen Collection

The rationale behind the development of the EPHect SOPs (standard recommended
and minimum required) for collection, processing, and long-term storage of ectopic,
eutopic endometrium, myometrium, and peritoneum samples is given below. The
collection methods for these tissues are distinct from each other; however, many
aspects related to processing and storage are similar.

Methods of Collection

1. Ectopic endometrium

Ectopic endometrium is excised using cold scissors/scalpels, electrosur-
gery, harmonic scalpel, or laser [25]. The presence of stromal and glandular
epithelial cells should be verified histologically by an experience pathologist.
Pathologic analysis of the tissues accrued before freezing or release for
research needs to document the histologic characteristics of the tissues, and
histology slides should be prepared in a cryostat at low temperatures to main-
tain the integrity of the tissue. Ectopic endometrium can be snap frozen in LN,,
placed in an RNA-stabilizing solution, or fixed. The ideal collection method to
preserve the molecular composition of the tissue is sharp dissection without
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heat, followed by snap freezing in LN, and long-term storage in —80 °C or per
standard in LN, freezers.
2. Eutopic endometrium
Eutopic endometrium can be collected using different methods including (1)
an endometrial sampling device, (2) curettage with cervical dilation, if necessary,
(3) hysteroscopic resection, (4) post-hysterectomy excision, and (5) brushing [25].
For detailed description of each collection method, see Fassbender et al. [26].
Menstrual cycle phase should be determined by an experienced pathologist,
and the first day of the last menstrual period should be recorded on the biospeci-
men form.
3. Myometrium
Myometrium is excised using cold scissors/scalpel or laser [25]. The recom-
mended method of collection is through sharp dissection without use of heat to
preserve the molecular composition of the tissue. Myometrium is then snap fro-
zen in LN, placed in an RNA-stabilizing solution or fixed.
4. Peritoneum
Peritoneum tissue can be collected using a brush (for collection of peritoneal
mesothelial cells for cell culture) or surgical devices including electrosurgery,
ultrasound energy, harmonic scalpel, laser, or cold scissors/scalpel. The recom-
mended method to keep the molecular integrity of the sample is the cold sharp
dissection without use of heat. The location of the sample collected should be
recorded (see the EPHect Standard Surgical Form).

Sample Quality: Time and Temperature Between Collection
and Storage

The time between surgical excision of the tissue and storage should be as short as
possible [17]. In the WERF EPHect SOPs, it is recommended to limit this to 15 min
to minimize enzymatic degradation. Although DNA is relatively stable [92], mRNA
is particularly sensitive to degradation [120, 121], and phosphoproteins are also
unstable [122]. The effect of tissue ischemia on RNA analysis is well documented
for variety of human tissues [123—129]. Sheldon et al. demonstrated high-quality
RNA for microarray analysis if the time between collection and preservation did not
exceed 10 min [17]. Others showed that 15 min after collection 10-15% of all
detectable genes and proteins and after 30 min 20% differed significantly from the
baseline values [128]. An alternative to immediate snap freezing in LN, for RNA
studies is to immerse the tissue sample into an appropriate RNA-stabilizing solu-
tion, which allows the sample to be temporarily kept at temperatures as high as
37 °C before long-term freezing. The time between tissue extraction and storage
should be recorded.
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Processing and Storage

The choice of processing via (1) immediate snap freezing in LN,, (2) immersion in
an RNAse inhibitor solution followed by freezing or paraffin embedding, (3) neutral
buffered formalin fixation/universal molecular fixative and paraffin embedding
(FFPE), or (4) in vitro culture depends on a number of factors, including the antici-
pated future use of samples, amount of tissue available, and budgetary constraints.

If interested in conducting analyses on a cellular subtype of ectopic or eutopic
endometrium, which can be highly heterogeneous containing epithelial cells, stro-
mal cells, fibrotic tissue, muscle tissue, and blood, microdissection can be per-
formed on the tissues stored in RNA-stabilizing solution [130, 131], fresh frozen
tissue, or FFPE tissue [132].

DNA is very stable and extractable from samples treated and stored within a
range of methods including fresh frozen and fixation. However, it is documented
that DNA recovered from long-term achieved FFPE samples is compromised in
strand length [133, 134] due to the cross-linking properties of formalin, which could
have consequences for technologic applications such as long-read next-generation
DNA sequencing.

RNA is very sensitive to degradation, and multiple studies have investigated
optimal processing and storage conditions [135—141]. The best storage methods are
either immediate snap freezing in LN, or immediate immersion in RNA-stabilizing
solution [135-137]. Tissue thickness is important for successful RNA stabilization
for rapid and reliable diffusion of the stabilizing solution. In the EPHect SOPs, we
recommend the sample is cut into slices not thicker than 0.5 cm.

In terms of long-term storage of tissue samples, in the WERF EPHect SOPs, we
recommend to snap freeze the tissue as soon as possible after collection (within
15 min for RNA analysis) or otherwise immerse in RNA-stabilizing solution, fol-
lowed by freezing in LN, or —80 °C freezers. Only if freezing for long-term storage
is not an option, or large volumes of tissue allow for multiple storage methods,
FFPE archiving is recommended.

Conclusions and Future Directions

The WERF EPHect initiative has provided consensus in endometriosis research on
the surgical (SSF, MSF) and nonsurgical (EPQ-S, EPQ-M) data collection tools and
SOPs (standard recommended and minimum required) for collection of fluid and
tissue biospecimens along with a biospecimen form to collect additional data
required for informative analysis of the samples. Adoption of these standardized
tools and protocols by those conducting research in endometriosis will facilitate
worldwide collaborations between centers and maximize validity of results.

All current WERF EPHect questionnaires and SOPs are freely available for
investigators through endometriosisfoundation.org/ephect. The evidence base for all
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of these instruments will be reviewed continuously based on feedback received from
investigators adopting the WERF EPHect standards, along with regular systematic
reviews of the literature and other publicly available evidence.

Centers utilizing the WERF EPHect tools can register on the WERF EPHect
website (endometriosisfoundation.org/ephect) to enable cross center collaboration
in endometriosis phenotype discovery. The development is currently underway of
freely available software to facilitate center-restricted data entry and reduce costs
and time expenditure to individual centers. It is requested that the centers publishing
results using the EPHect instruments reference the sources and include version
numbers of the instruments used in publications.

In conclusion, the WERF EPHect instruments were developed with input from
leaders in endometriosis research and industry worldwide to facilitate large-scale,
cross-center, longitudinal, epidemiologically robust, biomarker and treatment tar-
get discovery research in endometriosis. Integration of standardized phenotypic
data collection instruments and adoption of the biological sample SOPs by research
centers will enable large multicenter, geographically diverse studies with high reli-
ability and validity to aid in shedding new light on mechanisms underlying this
heterogeneous, enigmatic disease.

References

1. Fassbender A, Vodolazkaia A, Saunders P, Lebovic D, Waelkens E, De Moor B, et al.
Biomarkers of endometriosis. Fertil Steril. 2013;99:1135-45.

2. May KE, Conduit-Hulbert SA, Villar J, Kirtley S, Kennedy SH, Becker CM. Peripheral bio-
markers of endometriosis: a systematic review. Hum Reprod Update. 2010;16:651-74.

3. May KE, Villar J, Kirtley S, Kennedy SH, Becker CM. Endometrial alterations in endome-
triosis: a systematic review of putative biomarkers. Hum Reprod Update. 2011;17:637-53.

4. Giudice LC. Clinical practice. Endometriosis. N Engl ] Med. 2010;362:2389-98.

5. Johnson NP, Hummelshoj L, World Endometriosis Society Montpellier Consortium.
Consensus on current management of endometriosis. Hum Reprod. 2013;28:1552-68.

6. Kennedy S, Bergqvist A, Chapron C, D'Hooghe T, Dunselman G, Greb R, et al. ESHRE
guideline for the diagnosis and treatment of endometriosis. Hum Reprod. 2005;20:2698-704.

7. Blein S, Berndt S, Joshi AD, Campa D, Ziegler RG, Riboli E, et al. Factors associated with
oxidative stress and cancer risk in the breast and prostate cancer cohort consortium. Free
Radic Res. 2014:48:380-6.

8. Elks CE, Ong KK, Scott RA, van der Schouw YT, Brand JS, Wark PA, et al. Age at menarche
and type 2 diabetes risk: the EPIC-InterAct study. Diabetes Care. 2013;36:3526-34.

9. Felix AS, Cook LS, Gaudet MM, Rohan TE, Schouten LJ, Setiawan VW, et al. The etiology
of uterine sarcomas: a pooled analysis of the epidemiology of endometrial cancer consor-
tium. Br J Cancer. 2013;108:727-34.

10. Jung S, Spiegelman D, Baglietto L, Bernstein L, Boggs DA, van den Brandt PA, et al. Fruit
and vegetable intake and risk of breast cancer by hormone receptor status. J Natl Cancer Inst.
2013;105:219-36.

11. Pesch B, Gawrych K, Rabstein S, Weiss T, Casjens S, Rihs HP, et al. N-acetyltransferase
2 phenotype, occupation, and bladder cancer risk: results from the EPIC cohort. Cancer
Epidemiol Biomark Prev. 2013;22:2055-65.


http://endometriosisfoundation.org/ephect

220

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

N. Rahmioglu et al.

Thorgeirsson TE, Gudbjartsson DF, Sulem P, Besenbacher S, Styrkarsdottir U, Thorleifsson
G, et al. A common biological basis of obesity and nicotine addiction. Transl Psychiatry.
2013;3:e308.

Trabert B, Ness RB, Lo-Ciganic WH, Murphy MA, Goode EL, Poole EM, et al. Aspirin,
nonaspirin nonsteroidal anti-inflammatory drug, and acetaminophen use and risk of invasive
epithelial ovarian cancer: a pooled analysis in the ovarian cancer association consortium.
J Natl Cancer Inst. 2014;106:djt431.

Rogers PA, D'Hooghe TM, Fazleabas A, Giudice LC, Montgomery GW, Petraglia F, et al.
Defining future directions for endometriosis research: workshop report from the 2011 World
Congress of Endometriosis in Montpellier, France. Reprod Sci. 2013;20:483-99.

Ransohoff DF, Gourlay ML. Sources of bias in specimens for research about molecular mark-
ers for cancer. J Clin Oncol. 2010;28:698-704.

Tworoger SS, Hankinson SE. Use of biomarkers in epidemiologic studies: minimizing the
influence of measurement error in the study design and analysis. Cancer Causes Control.
2006;17:889-99.

Sheldon E, Vo KC, Mclntire RA, Aghajanova L, Zelenko Z, Irwin JC, et al. Biobanking
human endometrial tissue and blood specimens: standard operating procedure and importance
to reproductive biology research and diagnostic development. Fertil Steril. 2011;95:2120-2.
el-12.

Bojesen SE, Pooley KA, Johnatty SE, Beesley J, Michailidou K, Tyrer JP, et al. Multiple
independent variants at the TERT locus are associated with telomere length and risks of
breast and ovarian cancer. Nat Genet. 2013;45:371-84.

Earp MA, Kelemen LE, Magliocco AM, Swenerton KD, Chenevix-Trench G, Australian
Cancer S, et al. Genome-wide association study of subtype specific epithelial ovarian cancer
risk alleles using pooled DNA. Hum Genet. 2014;133:481-97.

Eliassen AH, Hendrickson SJ, Brinton LA, Buring JE, Campos H, Dai Q, et al. Circulating
carotenoids and risk of breast cancer: pooled analysis of eight prospective studies. J Natl
Cancer Inst. 2012;104:1905-16.

Endogenous Hormones and Breast Cancer Collaborative Group, TJ GK, Appleby PN, Reeves
GK, Travis RC, et al. Sex hormones and risk of breast cancer in premenopausal women: a
collaborative reanalysis of individual participant data from seven prospective studies. Lancet
Oncol. 2013;14:1009-19.

Mitta VP, Christen WG, Glynn RJ, Semba RD, Ridker PM, Rimm EB, et al. C-reactive pro-
tein and the incidence of macular degeneration: pooled analysis of 5 cohorts. JAMA Ophthal.
2013;131:507-13.

Rizzato C, Campa D, Pezzilli R, Soucek P, Greenhalf W, Capurso G, et al. ABO blood groups
and pancreatic cancer risk and survival: results from the PANcreatic Disease ReseArch
(PANDORA) consortium. Oncol Rep. 2013;29:1637—44.

Rudolph A, Hein R, Lindstrom S, Beckmann L, Behrens S, Liu J, et al. Genetic modifiers of
menopausal hormone replacement therapy and breast cancer risk: a genome-wide interaction
study. Endocr Relat Cancer. 2013;20:875-87.

Becker CM, Laufer MR, Stratton P, Hummelshoj L, Missmer SA, Zondervan KT, et al.
World Endometriosis Research Foundation Endometriosis Phenome and Biobanking
Harmonisation Project: I. Surgical phenotype data collection in endometriosis research. Fertil
Steril. 2014;102:1213-22.

Fassbender A, Rahmioglu N, Vitonis AF, Vigano P, Giudice LC, D’Hooghe TM, et al. World
Endometriosis Research Foundation Endometriosis Phenome and Biobanking Harmonisation
Project: I'V. Tissue collection, processing, and storage in endometriosis research. Fertil Steril.
2014;102:1244-53.

Rahmioglu N, Fassbender A, Vitonis AF, Tworoger SS, Hummelshoj L, D'Hooghe TM,
et al. World Endometriosis Research Foundation Endometriosis Phenome and Biobanking
Harmonization Project: III. Fluid biospecimen collection, processing, and storage in endo-
metriosis research. Fertil Steril. 2014;102:1233-43.



Harmonization of Clinical and Laboratory Data to Improve Biomarker Discovery... 221

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Vitonis AF, Vincent K, Rahmioglu N, Fassbender A, Buck Louis GM, Hummelshoj L, et al.
World Endometriosis Research Foundation Endometriosis Phenome and biobanking har-
monization project: II. Clinical and covariate phenotype data collection in endometriosis
research. Fertil Steril. 2014;102:1223-32.

Rogers PA, D'Hooghe TM, Fazleabas A, Gargett CE, Giudice LC, Montgomery GW, et al.
Priorities for endometriosis research: recommendations from an international consensus
workshop. Reprod Sci. 2009;16:335-46.

Nnoaham KE, Hummelshoj L, Webster P, d’Hooghe T, de Cicco Nardone F, de Cicco Nardone
C, et al. Impact of endometriosis on quality of life and work productivity: a multicenter study
across ten countries. Fertil Steril. 2011;96:366-73.e8.

Nnoaham KE, Hummelshoj L, Kennedy SH, Jenkinson C, Zondervan KT, World
Endometriosis Research Foundation Women’s Health Symptom Survey Consortium.
Developing symptom-based predictive models of endometriosis as a clinical screening tool:
results from a multicenter study. Fertil Steril. 20122a;98:692-701.e5.

ASRM. Revised American Society for Reproductive Medicine classification of endometrio-
sis: 1996. Fertil Steril. 1997,67:817-21.

Adamson GD, Pasta DJ. Endometriosis fertility index: the new, validated endometriosis stag-
ing system. Fertil Steril. 2010;94:1609-15.

McLeod BS, Retzloff MG. Epidemiology of endometriosis: an assessment of risk factors.
Clin Obstet Gynecol. 2010;53:389-96.

Koninckx PR. Video registration of surgery should be used as a quality control. J] Minim
Invasive Gynecol. 2008;15:248-53.

Davey AK, Hayward J, Marshall JK, Woods AE. The effects of insufflation conditions on rat
mesothelium. Int J Inflamm. 2013;2013:816283.

Mammoto A, Mammoto T, Ingber DE. Mechanosensitive mechanisms in transcriptional
regulation. J Cell Sci. 2012;125:3061-73.

Molinas CR, Mynbaev O, Pauwels A, Novak P, Koninckx PR. Peritoneal mesothelial hypoxia
during pneumoperitoneum is a cofactor in adhesion formation in a laparoscopic mouse
model. Fertil Steril. 2001;76:560-7.

Shimomura M, Hinoi T, Ikeda S, Adachi T, Kawaguchi Y, Tokunaga M, et al. Preservation of
peritoneal fibrinolysis owing to decreased transcription of plasminogen activator inhibitor-
1 in peritoneal mesothelial cells suppresses postoperative adhesion formation in laparoscopic
surgery. Surgery. 2013;153:344-56.

Stelzhammer V, Rothermundt M, Guest PC, Michael N, Sondermann C, Kluge W, et al.
Proteomic changes induced by anaesthesia and muscle relaxant treatment prior to electrocon-
vulsive therapy. Proteomics Clin Appl. 2011;5:644-9.

Martin DC, Hubert GD, Vander Zwaag R, el-Zeky FA. Laparoscopic appearances of perito-
neal endometriosis. Fertil Steril. 1989;51:63-7.

Bloom KJ, Dowlat K, Assad L. Pathologic changes after interstitial laser therapy of infiltrat-
ing breast carcinoma. Am J Surg. 2001;182:384-8.

Chapron C, Fauconnier A, Dubuisson JB, Barakat H, Vieira M, Breart G. Deep infiltrat-
ing endometriosis: relation between severity of dysmenorrhoea and extent of disease. Hum
Reprod. 2003;18:760-6.

Vercellini P, Fedele L, Aimi G, Pietropaolo G, Consonni D, Crosignani PG. Association
between endometriosis stage, lesion type, patient characteristics and severity of pelvic pain
symptoms: a multivariate analysis of over 1000 patients. Hum Reprod. 2007;22:266-71.
Vincent K, Kennedy S, Stratton P. Pain scoring in endometriosis: entry criteria and outcome
measures for clinical trials: report from the art and science of endometriosis meeting. Fertil
Steril. 2010;93:62-7.

Dworkin RH, Turk DC, Revicki DA, Harding G, Coyne KS, Peirce-Sandner S, et al.
Development and initial validation of an expanded and revised version of the Short-form
McGill Pain Questionnaire (SF-MPQ-2). Pain. 2009;144:35-42.

Sullivan MJL, Scott RB, Pivik J. The pain Catastrophizing scale: development and validation.
Psychol Assess. 1995;7:524-32.



222

48

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

N. Rahmioglu et al.

. Quartana PJ, Campbell CM, Edwards RR. Pain catastrophizing: a critical review. Expert Rev
Neurother. 2009;9:745-58.

Jones G, Jenkinson C, Kennedy S. Evaluating the responsiveness of the Endometriosis Health
Profile Questionnaire: the EHP-30. Qual Life Res. 2004;13:705-13.

Brook RH, Ware JE Jr, Davies-Avery A. A conceptualization and measurement of health for
adults in the health insurance study. Rand Corp: Santa Monica; 1979.

Beck AT, Steer RA, Ball R, Ranieri W. Comparison of Beck depression inventories-IA and -11
in psychiatric outpatients. J Pers Assess. 1996;67:588-97.

Spielberger C, Gorsuch R, Lushene R, Vagg P, Jacobs G. Manual for the State-Trait Anxiety
Inventory (form Y). Palo Alto, CA: Consulting Psychologists Press; 1983.

Arumugam K, Lim JM. Menstrual characteristics associated with endometriosis. Br J Obstet
Gynaecol. 1997;104:948-50.

Kvaskoff M, Bijon A, Clavel-Chapelon F, Mesrine S, Boutron-Ruault MC. Childhood and
adolescent exposures and the risk of endometriosis. Epidemiology. 2013;24:261-9.
Missmer SA, Hankinson SE, Spiegelman D, Barbieri RL, Malspeis S, Willett WC, et al.
Reproductive history and endometriosis among premenopausal women. Obstet Gynecol.
2004a;104:965-74.

Moen MH, Schei B. Epidemiology of endometriosis in a Norwegian county. Acta Obstet
Gynecol Scand. 1997;76:559-62.

Nnoaham KE, Webster P, Kumbang J, Kennedy SH, Zondervan KT. Is early age at menarche
a risk factor for endometriosis? A systematic review and meta-analysis of case-control stud-
ies. Fertil Steril. 2012b;98:702-12.e6.

Fraser IS, Critchley HO, Broder M, Munro MG. The FIGO recommendations on termi-
nologies and definitions for normal and abnormal uterine bleeding. Semin Reprod Med.
2011;29:383-90.

Wyatt KM, Dimmock PW, Walker TJ, O’Brien PM. Determination of total menstrual blood
loss. Fertil Steril. 2001;76:125-31.

de Sa Rosa e Silva AC, Rosa e Silva JC, Nogueira AA, Petta CA, Abrao MS, Ferriani RA. The
levonorgestrel-releasing intrauterine device reduces CA-125 serum levels in patients with
endometriosis. Fertil Steril. 2006;86:742—4.

Piltonen T, Puurunen J, Hedberg P, Ruokonen A, Mutt SJ, Herzig KH, et al. Oral, transdermal
and vaginal combined contraceptives induce an increase in markers of chronic inflammation
and impair insulin sensitivity in young healthy normal-weight women: a randomized study.
Hum Reprod. 2012;27:3046-56.

Rossouw JE, Cushman M, Greenland P, Lloyd-Jones DM, Bray P, Kooperberg C, et al.
Inflammatory, lipid, thrombotic, and genetic markers of coronary heart disease risk in the
women's health initiative trials of hormone therapy. Arch Intern Med. 2008;168:2245-53.
Zegers-Hochschild F, Adamson GD, de Mouzon J, Ishihara O, Mansour R, Nygren K, et al.
The International Committee for Monitoring Assisted Reproductive Technology (ICMART)
and the World Health Organization (WHO) Revised Glossary on ART Terminology, 2009.
Hum Reprod. 2009;24:2683-7.

Brosens I, Brosens JJ, Fusi L, Al-Sabbagh M, Kuroda K, Benagiano G. Risks of adverse
pregnancy outcome in endometriosis. Fertil Steril. 2012;98:30-5.

Fernando S, Breheny S, Jaques AM, Halliday JL, Baker G, Healy D. Preterm birth, ovarian
endometriomata, and assisted reproduction technologies. Fertil Steril. 2009;91:325-30.
Stephansson O, Kieler H, Granath F, Falconer H. Endometriosis, assisted reproduction tech-
nology, and risk of adverse pregnancy outcome. Hum Reprod. 2009;24:2341-7.

Tomassetti C, Meuleman C, Pexsters A, Mihalyi A, Kyama C, Simsa P, et al. Endometriosis,
recurrent miscarriage and implantation failure: is there an immunological link? Reprod
Biomed Online. 2006;13:58-64.

Vercellini P, Parazzini F, Pietropaolo G, Cipriani S, Frattaruolo MP, Fedele L. Pregnancy
outcome in women with peritoneal, ovarian and rectovaginal endometriosis: a retrospective
cohort study. Br J Obstet Gynaecol. 2012;119:1538-43.



Harmonization of Clinical and Laboratory Data to Improve Biomarker Discovery... 223

69.

70.

71.

72.

73

74.

75.

76.

77

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Brinton LA, Sakoda LC, Sherman ME, Frederiksen K, Kjaer SK, Graubard BI, et al.
Relationship of benign gynecologic diseases to subsequent risk of ovarian and uterine tumors.
Cancer Epidemiol Biomark Prev. 2005;14:2929-35.

Jess T, Frisch M, Jorgensen KT, Pedersen BV, Nielsen NM. Increased risk of inflamma-
tory bowel disease in women with endometriosis: a nationwide Danish cohort study. Gut.
2012;61:1279-83.

Nielsen NM, Jorgensen KT, Pedersen BV, Rostgaard K, Frisch M. The co-occurrence of
endometriosis with multiple sclerosis, systemic lupus erythematosus and Sjogren syndrome.
Hum Reprod. 2011;26:1555-9.

Pearce CL, Templeman C, Rossing MA, Lee A, Near AM, Webb PM, et al. Association
between endometriosis and risk of histological subtypes of ovarian cancer: a pooled analysis
of case-control studies. Lancet Oncol. 2012;13:385-94.

. Drossman DA, Dumitrascu DL. Rome III: new standard for functional gastrointestinal disor-

ders. J Gastrointestin Liver Dis. 2006;15:237—41.

Stunkard AJ, Sorensen T, Schulsinger F. Use of the Danish adoption register for the study of
obesity and thinness. Res Publ Assoc Res Nerv Ment Dis. 1983;60:115-20.

Thoma ME, Hediger ML, Sundaram R, Stanford JB, Peterson CM, Croughan MS, et al.
Comparing apples and pears: women's perceptions of their body size and shape. J] Women’s
Health. 2012;21:1074-81.

Shah DK, Correia KF, Vitonis AF, Missmer SA. Body size and endometriosis: results from
20 years of follow-up within the Nurses” Health Study II prospective cohort. Hum Reprod.
2013;28:1783-92.

. Rowland ML. Self-reported weight and height. Am J Clin Nutr. 1990;52:1125-33.
78.

Spencer EA, Roddam AW, Key TJ. Accuracy of self-reported waist and hip measurements in
4492 EPIC-Oxford participants. Public Health Nutr. 2004;7:723-7.

Stommel M, Schoenborn CA. Accuracy and usefulness of BMI measures based on self-
reported weight and height: findings from the NHANES & NHIS 2001-2006. BMC Public
Health. 2009;9:421.

Kvaskoff M, Mesrine S, Clavel-Chapelon F, Boutron-Ruault MC. Endometriosis risk in
relation to naevi, freckles and skin sensitivity to sun exposure: the French E3N cohort. Int
J Epidemiol. 2009;38:1143-53.

Missmer SA, Spiegelman D, Hankinson SE, Malspeis S, Barbieri RL, Hunter DJ. Natural
hair color and the incidence of endometriosis. Fertil Steril. 2006;85:866-70.

Somigliana E, Vigano P, Abbiati A, Gentilini D, Parazzini F, Benaglia L, et al. ‘Here comes
the sun’: pigmentary traits and sun habits in women with endometriosis. Hum Reprod.
2010;25:728-33.

Woodworth SH, Singh M, Yussman MA, Sanfilippo JS, Cook CL, Lincoln SR. A prospective
study on the association between red hair color and endometriosis in infertile patients. Fertil
Steril. 1995;64:651-2.

Wyshak G, Frisch RE. Red hair color, melanoma, and endometriosis: suggestive associations.
Int J Dermatol. 2000;39:798.

Missmer SA, Hankinson SE, Spiegelman D, Barbieri RL, Marshall LM, Hunter DJ. Incidence
of laparoscopically confirmed endometriosis by demographic, anthropometric, and lifestyle
factors. Am J Epidemiol. 2004b;160:784-96.

Peplies J, Gunther K, Bammann K, Fraterman A, Russo P, Veidebaum T, et al. Influence of
sample collection and preanalytical sample processing on the analyses of biological markers
in the European multicentre study IDEFICS. Int J Obes. 2011;35(Suppl 1):104-12.

Elliott P, Peakman TC, Biobank UK. The UK Biobank sample handling and storage proto-
col for the collection, processing and archiving of human blood and urine. Int J Epidemiol.
2008;37:234-44.

Flower L, Ahuja RH, Humphries SE, Mohamed-Ali V. Effects of sample handling on the
stability of interleukin 6, tumour necrosis factor-alpha and leptin. Cytokine. 2000;12:1712-6.
Holland NT, Smith MT, Eskenazi B, Bastaki M. Biological sample collection and processing
for molecular epidemiological studies. Mutat Res. 2003;543:217-34.



224

90

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

N. Rahmioglu et al.

. Rai AJ, Gelfand CA, Haywood BC, Warunek DJ, Yi J, Schuchard MD, et al. HUPO plasma
proteome project specimen collection and handling: towards the standardization of param-
eters for plasma proteome samples. Proteomics. 2005;5:3262-77.

Tammen H, Schulte I, Hess R, Menzel C, Kellmann M, Mohring T, et al. Peptidomic analysis
of human blood specimens: comparison between plasma specimens and serum by differential
peptide display. Proteomics. 2005;5:3414-22.

Peakman TC, Elliott P. The UK Biobank sample handling and storage validation studies. Int
J Epidemiol. 2008;37(Suppl 1):i2-6.

Bernini P, Bertini I, Luchinat C, Nincheri P, Staderini S, Turano P. Standard operating proce-
dures for pre-analytical handling of blood and urine for metabolomic studies and biobanks.
J Biomol NMR. 2011;49:231-43.

Tuck MK, Chan DW, Chia D, Godwin AK, Grizzle WE, Krueger KE, et al. Standard oper-
ating procedures for serum and plasma collection: early detection research network con-
sensus statement standard operating procedure integration working group. J Proteome Res.
2009;8:113-7.

Grizzle WE, Semmes OJ, Bigbee W, Zhu L, Malik G, Oelschlager DK, et al. The need
for review and understanding of SELDI/MALDI mass spectroscopy data prior to analysis.
Cancer Informat. 2005;1:86-97.

Holland NT, Pfleger L, Berger E, Ho A, Bastaki M. Molecular epidemiology biomarkers—
sample collection and processing considerations. Toxicol Appl Pharmacol. 2005;206:261-8.
Mallick P, Kuster B. Proteomics: a pragmatic perspective. Nat Biotechnol. 2010;28:695-709.
Silberring J, Ciborowski P. Biomarker discovery and clinical proteomics. Trends Anal Chem.
2010;29:128.

Hankinson SE, Tworoger SS. Assessment of the Hormonal Milieu. In: Rothman N, Hainaut
P, Schulte P, Smith M, Boffetta P, Perera F, editors. Molecular epidemiology: principles and
practices, vol. 163. Lyon, France: IARC Scientific Publication; 2012.

Saude EJ, Adamko D, Rowe BH, Marrie T, Sykes BD. Variation of metabolites in normal
human urine. Metabolomics. 2007;3:439-51.

Thorpe JD, Duan X, Forrest R, Lowe K, Brown L, Segal E, et al. Effects of blood collection
conditions on ovarian cancer serum markers. PLoS One. 2007;2:e1281.

Koni AC, Scott RA, Wang G, Bailey ME, Peplies J, Bammann K, et al. DNA yield and qual-
ity of saliva samples and suitability for large-scale epidemiological studies in children. Int
J Obes. 2011;35(Suppl 1):113-8.

Shirtcliff EA, Granger DA, Schwartz E, Curran MJ. Use of salivary biomarkers in biobehav-
ioral research: cotton-based sample collection methods can interfere with salivary immunoas-
say results. Psychoneuroendocrinology. 2001;26:165-73.

Hansen TV, Simonsen MK, Nielsen FC, Hundrup YA. Collection of blood, saliva, and buccal
cell samples in a pilot study on the Danish nurse cohort: comparison of the response rate and
quality of genomic DNA. Cancer Epidemiol Biomark Prev. 2007;16:2072-6.

Livy A, Lye S, Jagdish CK, Hanis N, Sharmila V, Ler LW, et al. Evaluation of quality of
DNA extracted from buccal swabs for microarray based genotyping. Indian J Clin Biochem.
2012;27:28-33.

Walker AH, Najarian D, White DL, Jaffe JF, Kanetsky PA, Rebbeck TR. Collection of
genomic DNA by buccal swabs for polymerase chain reaction-based biomarker assays.
Environ Health Perspect. 1999;107:517-20.

Mohamed R, Campbell JL, Cooper-White J, Dimeski G, Punyadeera C. The impact of saliva
collection and processing methods on CRP, IgE, and Myoglobin immunoassays. Clin Transl
Med. 2012;1:19.

Navazesh M, Kumar SK, University of Southern California School of Dentistry. Measuring
salivary flow: challenges and opportunities. ] Am Dental Assoc. 2008;139(Suppl):355—-40S.
Pulford DJ, Mosteller M, Briley JD, Johansson KW, Nelsen AJ. Saliva sampling in global
clinical studies: the impact of low sampling volume on performance of DNA in downstream
genotyping experiments. BMC Med Genet. 2013;6:20.



Harmonization of Clinical and Laboratory Data to Improve Biomarker Discovery... 225

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Chiappin S, Antonelli G, Gatti R, De Palo EF. Saliva specimen: a new laboratory tool for
diagnostic and basic investigation. Clin Chim Acta. 2007;383:30—40.

Rockett JC, Buck GM, Lynch CD, Perreault SD. The value of home-based collection of bio-
specimens in reproductive epidemiology. Environ Health Perspect. 2004;112:94-104.

Kalu E, Sumar N, Giannopoulos T, Patel P, Croucher C, Sherriff E, et al. Cytokine profiles
in serum and peritoneal fluid from infertile women with and without endometriosis. J Obstet
Gynaecol Res. 2007;33:490-5.

Koninckx PR, Kennedy SH, Barlow DH. Pathogenesis of endometriosis: the role of perito-
neal fluid. Gynecol Obstet Investig. 1999;47(Suppl 1):23-33.

Pupo-Nogueira A, de Oliveira RM, Petta CA, Podgaec S, Dias JA Jr, Abrao MS. Vascular
endothelial growth factor concentrations in the serum and peritoneal fluid of women with
endometriosis. Int J Gynaecol Obstet. 2007;99:33-7.

Ametzazurra A, Matorras R, Garcia-Velasco JA, Prieto B, Simon L, Martinez A, et al.
Endometrial fluid is a specific and non-invasive biological sample for protein biomarker iden-
tification in endometriosis. Hum Reprod. 2009;24:954—65.

Casado-Vela J, Rodriguez-Suarez E, Iloro I, Ametzazurra A, Alkorta N, Garcia-Velasco JA,
et al. Comprehensive proteomic analysis of human endometrial fluid aspirate. J Proteome
Res. 2009;8:4622-32.

Malik S, Day K, Perrault I, Charnock-Jones DS, Smith SK. Reduced levels of VEGF-A and
MMP-2 and MMP-9 activity and increased TNF-alpha in menstrual endometrium and efflu-
ent in women with menorrhagia. Hum Reprod. 2006;21:2158-66.

Scotchie JG, Fritz MA, Mocanu M, Lessey BA, Young SL. Proteomic analysis of the luteal
endometrial secretome. Reprod Sci. 2009;16:883-93.

Hannan NJ, Nie G, Rainzcuk A, Rombauts LJ, Salamonsen LA. Uterine lavage or aspirate:
which view of the intrauterine environment? Reprod Sci. 2012;19:1125-32.

de Cecco L, Dugo M, Canevari S, Daidone MG, Callari M. Measuring micro-RNA expres-
sion levels in oncology: from samples to data analysis. Crit Rev Oncog. 2013;18:273-87.
Neubauer C, Kiesel L, Gotte M. MicroRNAs and the pathogenesis of endometriosis.
J Endometr. 2012;4:1-16.

Baker AF, Dragovich T, Ihle NT, Williams R, Fenoglio-Preiser C, Powis G. Stability of phos-
phoprotein as a biological marker of tumor signaling. Clin Cancer Res. 2005;11:4338-40.
Blackhall FH, Pintilie M, Wigle DA, Jurisica I, Liu N, Radulovich N, et al. Stability and
heterogeneity of expression profiles in lung cancer specimens harvested following surgical
resection. Neoplasia. 2004;6:761-7.

Dash A, Maine IP, Varambally S, Shen R, Chinnaiyan AM, Rubin MA. Changes in differen-
tial gene expression because of warm ischemia time of radical prostatectomy specimens. Am
J Pathol. 2002;161:1743-8.

de Cecco L, Musella V, Veneroni S, Cappelletti V, Bongarzone I, Callari M, et al. Impact of
biospecimens handling on biomarker research in breast cancer. BMC Cancer. 2009;9:409.
Huang J, Qi R, Quackenbush J, Dauway E, Lazaridis E, Yeatman T. Effects of ischemia on
gene expression. J Surg Res. 2001;99:222-7.

Popova T, Mennerich D, Weith A, Quast K. Effect of RNA quality on transcript intensity lev-
els in microarray analysis of human post-mortem brain tissues. BMC Genomics. 2008;9:91.
Spruessel A, Steimann G, Jung M, Lee SA, Carr T, Fentz AK, et al. Tissue ischemia time
affects gene and protein expression patterns within minutes following surgical tumor exci-
sion. BioTechniques. 2004;36:1030-7.

Wong V, Wang DY, Warren K, Kulkarni S, Boerner S, Done SJ, et al. The effects of timing of
fine needle aspiration biopsies on gene expression profiles in breast cancers. BMC Cancer.
2008;8:277.

Emmert-Buck MR, Bonner RF, Smith PD, Chuaqui RF, Zhuang Z, Goldstein SR, et al. Laser
capture microdissection. Science. 1996;274:998-1001.

Matsuzaki S, Canis M, Mage G. Use of laser capture microdissection in studying hormone-
dependent diseases: endometriosis. Methods Mol Biol. 2009;590:295-306.



226

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

N. Rahmioglu et al.

Burgemeister R. Nucleic acids extraction from laser microdissected FFPE tissue sections.
Methods Mol Biol. 2011;724:117-29.

Lin J, Kennedy SH, Svarovsky T, Rogers J, Kemnitz JW, Xu A, et al. High-quality genomic
DNA extraction from formalin-fixed and paraffin-embedded samples deparaffinized using
mineral oil. Anal Biochem. 2009;395:265-7.

Sah S, Chen L, Houghton J, Kemppainen J, Marko AC, Zeigler R, et al. Functional DNA
quantification guides accurate next-generation sequencing mutation detection in formalin-
fixed, paraffin-embedded tumor biopsies. Genome Med. 2013;5:77.

Grotzer MA, Patti R, Geoerger B, Eggert A, Chou TT, Phillips PC. Biological stability of
RNA isolated from RNA later-treated brain tumor and neuroblastoma xenografts. Med
Pediatr Oncol. 2000;34:438-42.

Lee SM, Schelcher C, Gashi S, Schreiber S, Thasler RM, Jauch KW, et al. RNA stability
in human liver: comparison of different processing times, temperatures and methods. Mol
Biotechnol. 2013;53:1-8.

Ohashi Y, Creek KE, Pirisi L, Kalus R, Young SR. RNA degradation in human breast tissue
after surgical removal: a time-course study. Exp Mol Pathol. 2004;77:98-103.

Paska C, Bogi K, Szilak L, Tokes A, Szabo E, Sziller I, et al. Effect of formalin, acetone,
and RNA later fixatives on tissue preservation and different size amplicons by real-time PCR
from paraffin-embedded tissue. Diagn Mol Pathol. 2004;13:234-40.

Staff S, Kujala P, Karhu R, Rokman A, Ilvesaro J, Kares S, et al. Preservation of nucleic acids
and tissue morphology in paraffin-embedded clinical samples: comparison of five molecular
fixatives. J Clin Pathol. 2013;66:807-10.

Vincek V, Nassiri M, Nadji M, Morales AR. A tissue fixative that protects macromol-
ecules (DNA, RNA, and protein) and histomorphology in clinical samples. Lab Investig.
2003:83:1427-35.

Wang SS, Sherman ME, Rader JS, Carreon J, Schiffman M, Baker CC. Cervical tissue col-
lection methods for RNA preservation: comparison of snap frozen, ethanol-fixed, and RNA
later-fixation. Diagn Mol Pathol. 2006;15:144-8.



OMICs Studies and Endometriosis Biomarker
Identification

Merli Saare, Maire Peters, Alar Aints, Triin Laisk-Podar, Andres Salumets,
and Signe Altmie

Abstract The fast development and capabilities of high-throughput ‘omics’ tech-
nologies have provided new insights into the complexity of endometriosis and
enabled the identification of novel diagnostic biomarkers. In this chapter, we take a
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and metabolomics studies applied in endometriosis research. We summarise the
existing information concerning ‘omics’ studies applied to blood, endometrium,
endometriotic lesions, and body fluids in order to describe the potential disease-
specific biomarkers. Also, we discuss the importance of sample collection, proper
study design, data processing, and analysis in high-throughput studies. And finally,
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CpG
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ESI-MS/MS

GWAS

H-NMR spectroscopy
LCM

IncRNA
MALDI-TOF-MS
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Array-based comparative genomic hybridization
Copy number variation

C-phosphate-G-site

Two-dimensional difference gel electrophoresis
Electrospray ionisation tandem mass spectrometry
Genome wide association study

Proton nuclear magnetic resonance spectroscopy
Laser capture microdissection

Long non-coding RNA

Matrix-assisted laser desorption/ionisation time-of-flight
mass spectrometry

miRNome Full spectrum of expressed miRNAs
NMR Nuclear magnetic resonance spectroscopy
SCNA Somatic copy number alteration

SELDI-TOF-MS Surface-enhanced laser desorption/ionisation time-of-

flight mass spectrometry

SNP Single nucleotide polymorphism

WERF EPHect World Endometriosis Research Foundation Endometriosis
Phenome and Biobanking Harmonisation Project

Introduction

Conventional methods have not been very successful in endometriosis-specific bio-
marker discovery, and to date there are no reliable non-invasive or minimally inva-
sive diagnostic markers for endometriosis. Therefore, there is a considerable need
for non-invasive biomarkers, because due to the non-specific symptoms, the aver-
age delay between the onset of symptoms and the surgical diagnosis is almost 7
years [1]. The delayed diagnosis may in turn lead to more severe complications and
is associated with remarkable healthcare costs [2]. Objective and reliable non-inva-
sive diagnostic biomarkers would not only avoid the unnecessary laparoscopy in
suspicious cases but would also make it possible to get the diagnosis of endometrio-
sis earlier and thus provide an easy strategy for monitoring the disease treatment
efficacy and recurrence [3]. However, despite extensive research in this field during
the past 10 years, there are still no reliable non-invasive diagnostic markers for
endometriosis [4, 5], and numerous women with nonspecific complaints, such as
infertility and pelvic pain, undergo diagnostic laparoscopy. Thus, ‘omics’-level
studies using both easily assessable materials like blood, urine, and menstrual blood
but also endometrium and endometriotic lesions are one of the top research priori-
ties in the field.
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The high-throughput techniques provide massive data from the genome (vari-
ability in DNA sequence in the genome, i.e. genomics), epigenome (epigenetic
modifications of DNA, i.e. epigenomics), transcriptome (variability in composition
and abundance of mRNA and miRNA levels, i.e. transcriptomics), proteome (vari-
ability in composition and abundance of the proteins, i.e. proteomics), and metabo-
lome (variability in composition and abundance of metabolites, i.e. metabolomics/
metabonomics). The major advantage of ‘omics’ studies is that the data can be col-
lected without existing hypotheses, and a primary research question is not always
needed (first experiment-then-hypothesise approach) [6]. This could be particularly
useful when studying complex diseases with unknown pathogenesis, such as endo-
metriosis. There are still many missing pieces in the puzzle of endometriosis, and
the new ‘omics’ studies promise to add new biological knowledge transferrable into
the development of disease-specific biomarkers. The considerable increase (15 pub-
lication in 1999-2006, 104 publication in 2007-2016, altogether 118 studies) in
‘omics’ research is a definite sign that the ‘omics’ revolution in endometriosis is
actively ongoing.

In this chapter, we take a closer look at the high-throughput studies applied in
endometriosis research, namely, genomics, transcriptomics, epigenomics, pro-
teomics, and metabolomics (Fig. 1). We summarise the existing information con-
cerning endometrium, endometriotic lesions, blood, and body fluids in order to
describe the potential disease-specific biomarkers. Also, future perspectives of
single-cell ‘omics’ in endometriosis biomarker research will be provided. And
finally, we discuss the importance of sample collection and proper study design in
high-throughput studies.

Search for Endometriosis Biomarkers: ‘Omics’ Studies
and Endometrium

Endometrium is not just a uniform tissue that undergoes cyclical changes under the
influence of endogenous hormones, cytokines, and chemokines but an assortment of
different cells, each with their own special functions responsible for tissue differen-
tiation, desquamation, and regeneration. It is evident that eutopic endometrium of
women with endometriosis functions normally and has almost comparable respon-
siveness to steroid hormones; however, there is evidence from epigenomic, tran-
scriptomic, and proteomic studies that endometrial tissue from patients with
endometriosis and healthy women is differently regulated at the molecular level.
Therefore, understanding the complex mechanisms controlling the changes within
the endometrium is crucial to find endometrial biomarkers for endometriosis.
Genomic studies focusing only on eutopic endometria of endometriosis patients
have not been very popular, and to date, only two studies have investigated somatic
DNA mutations in endometrium (Table 1). Guo et al. found a number of individual
chromosomal losses and gains in laser capture microdissection (LCM)-harvested
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Fig.1 ‘Omics’ publications in endometriosis studies. Literature search was performed in PubMed
up to December 2016. Only publications that were in English were considered. The keyword
‘endometriosis’  was one-by-one searched with terms: ‘endometrium + microarray’,
‘miRNA + microarray’, ‘sequencing’, ‘microarray’, ‘gene expression + microarray’, ‘exome
sequencing’, ‘GWAS’, ‘CNV’, ‘genomics’, ‘proteomics’, ‘metabolomics’, ‘DNA methyla-
tion + microarray’, ‘DNA alterations + microarray’, and ‘proteome’. Some of the eligible studies
were identified using the reference list of appropriate review articles. In total 118 ‘omics’ studies
were included into this review chapter

endometrial epithelial cells and hypothesised that these genomic alterations could
be the proximate cause of endometriosis [7]. Li et al. conducted whole-exome
sequencing of blood DNA and LCM-harvested endometrial cells from eutopic and
ectopic endometria of 16 endometriosis patients and eutopic endometria of 5 healthy
women [8]. They found that DNA originating from healthy endometria contains
thousands of somatic mutations that are absent in blood DNA. Furthermore, the
general somatic mutation spectrum in endometria of women with and without endo-
metriosis was very similar and authors proposed that most of the mutations are
probably benign and irrelevant to endometriosis pathogenesis [8].

Aberrant DNA methylation is shown to contribute to many human diseases, and
there is accumulating data from DNA methylation studies that methylation altera-
tions in certain genes could contribute to the pathogenesis of endometriosis (reviewed
[9]). So far, three studies have applied genome-wide microarray-based DNA meth-
ylation analysis to eutopic endometria of endometriosis patients [10-12] (Table 1).
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Table 1

‘Omics’ studies in endometriosis

231

Patients®

(n)

Controls®

(n)

Main findings

Reference

Endometrium

Genome studies

21

Gains: +3p, +10q, +13q; losses:
—1p, =3p, —4p, —22q
724 mutated genes

(7, 8]

Epigenome studies

55

46

No common genes

[10-12]

Transcriptome
studies

330

203

Differences in PI3K/AKT, JAK/
STAT, SPK/INK, and MAPK, p53,
adherens junction, calcium
signalling, EGF/PGF/DGF,
endothelial biology, protein
synthesis, cell division, integrin-
mediated cell adhesion, RAS/RAF
signalling, decidualization, cellular
adhesion, cytokine-cytokine
receptor interaction, apoptosis,
complement pathway

[13-25,
28-32]

Two miRNAs reported at least in
two studies

Proteome studies

100

97

Vimentin, peroxiredoxin, HSP70,
HSP90, annexins, actins, and
14-3-3 family proteins

[13, 35,
37-44]

Lesions

Genome studies

130

Frequent SCNAs: Gains: 1p, 3p,
6q, 17q, and Xq; Losses: 1p, 5p,
and 6q

[46-52]

Epigenome studies

24

27

HOXDI10

[54-56]

Transcriptome
studies

281

96

Differences in expression of genes
involved in organ development;
metabolism; action of
prostaglandins and glucocorticoids;
complement, RAS, MAPK, and
PI3K signalling; cytokine-cytokine
receptor interaction; cellular
adhesion; immune cell recruitment;
apoptosis; cell signalling; T-cell
cytotoxicity and regulation of
inflammatory responses pathways;
miR-200 family (epithelial-
mesenchymal transition)

[23,30-32,
51, 57-71,
73-78]

Proteome studies

35

Glycolysis and oxidative
respiration, transforming growth
factor -1, calponin-1 and emilin-1,
SM-22a and Rab37, Rho-GDlIa,
haptoglobin, transgelin, smooth
muscle actin-binding protein

[80-84]

(continued)
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Table 1 (continued)

Patients* | Controls®

(n) (n) Main findings Reference
Blood and body fluids
Genome studies 14688 161694 11 significant SNPs [87-90, 95,
2226 18024 9 CNVs 101, 102]
Transcriptome 79 69 No common miRNAs, 12 miRNAs | [105-110]
studies reported at least in two studies
Proteome studies 1970 1104 Serum/plasma: HP and A1BG [37, 44,
PF: al-antitrypsin, a-1b- 111-137]

glycoprotein, S100-A8,
serotransferrin, acute phase proteins
(haptoglobin and SERPINAT)
Menstrual blood: RMP2, UCH-LI,
MYL9

Urine: cytokeratin-19, VDBP

EF: proteins involved in cell
signalling, cell death, and cell
movement processes

Metabolome 119 114 SMOH C16:1, ratio (PCaa C36:2/ [140-143]
studies PCae C34:2), 2-methoxyestradiol,
2-methoxyestrone,
dehydroepiandrostion,

androstenedione, and cholesterol

“The total number of patients or controls in this type of study. PF peritoneal fluid, EF endome-
trial fluid

The study by Naqvi et al. described several aberrantly methylated and expressed
genes, among them MGMT, DUSP22, CDCA2, ID2, TNFRSFI1B, ZNF681, and
IGSF21 have previously not been associated with endometriosis [10]. Although sev-
eral formerly known genes with altered methylation levels, including MAFB,
HOXDI0, and HOXD1 1, were highlighted, alterations in DNA methylation levels in
other genes (PR-B, CYP19AI, SF1, COX2, and ER-f) previously associated with
endometriosis were not confirmed. The study by Saare et al. showed that the endo-
metrial DNA methylation profiles were highly similar between endometria of
patients and controls but largely influenced by the menstrual cycle phases [11].
Authors suggested that DNA methylation differences are likely not the main reason
for endometriosis development, but it is crucially important to take into account the
normal epigenetic changes across the menstrual cycle when looking for disease-
specific methylation differences in endometrium. A subsequent study by Houshdaran
et al. compared endometrial DNA methylation patterns and associated gene expres-
sion levels in endometriosis patients and healthy controls across the menstrual cycle
and found a small number of differentially methylated loci between the patients and
controls [12]. The differences in endometrial DNA methylome were most contrast-
ing between the patients and controls in the mid-secretory phase (137 CpG sites,
corresponding to 125 loci), followed by proliferative (58 CpG sites, corresponding
to 58 loci) and early-secretory phase (39 CpG sites, corresponding to 36 loci).
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Interestingly, there were no overlapping differentially methylated genes in all three
genome-wide studies [10-12]. Based on these results, it can be proposed that the
normal physiological fluctuations during the menstrual cycle may have larger impact
on endometrial DNA methylation signature than disease/non-disease status, and
thus, the DNA methylation changes in endometria of patients is probably not the
primary cause for endometriosis development.

Several transcriptome studies have used mRNA microarray technology to resolve
the question whether there are any differences between endometria of patients with
endometriosis and healthy women [13-25] (Table 1). While a majority of these
studies have yielded numerous candidate genes, the amount of genes which have
consistently been shown as up- or downregulated has remained small. Aghajanova
and Giudice provided evidence that also the endometria from patients with different
endometriosis stages have differences on the molecular level [18]. Further, the
authors proposed that the influence of menstrual cycle phase on endometrial tran-
scriptome could be larger than the presence or absence of endometriosis. Still, dys-
regulationof progesterone and/orcyclicadenosine monophosphate (cAMP)-regulated
genes and genes related to thyroid hormone action and metabolism between endo-
metria of patients with different endometriosis stages and menstrual cycle phases
was found. Also, upregulation of epidermal growth factor receptor (EGFR) and
extracellular matrix proteoglycan versican (VCAN) during the early secretory phase
was found in severe versus mild disease [18]. The pathway analysis of differently
expressed genes in endometria of patients with severe endometriosis exhibited dys-
regulation of PI3K/AKT, JAK/STAT, SPK/INK, and MAPK pathways that have
been associated with endometriosis pathogenesis in several studies [26]. The study
conducted by Tamaresis et al., comparing endometria of patients and controls,
found 18 upregulated and 11 downregulated genes in all three studied menstrual
phases, and also a number of genes were dysregulated in patients with different
stages of the disease [19]. They used gene expression data of 148 women to develop
a molecular classifier that distinguishes endometria of women with and without
endometriosis and found that the best performing classifiers, enabling identification
of endometriosis with 90—100% accuracy, were mostly menstrual phase specific and
utilised relatively few genes to determine the presence and severity of the disease.
Multiple pathways were found to be activated in the proliferative and early secre-
tory phase endometrium (JAK/STAT, EGF/PGF/DGF, PI3K-AKT signalling, pS3
signalling, integrin-mediated cell adhesion) of women with moderate-severe endo-
metriosis compared to minimal-mild endometriosis [19], and this was in good con-
cordance with the previous results [18]. Dysregulation of the RAS/RAF/MAPK and
PI3 kinase signalling pathway genes, which participate in a wide variety of cellular
functions and cell survival, is identified in several studies [18-20, 25], referring to a
link between these pathways and disease pathogenesis. Ahn et al. noticed that based
on the unsupervised hierarchic clustering analysis, the overall gene expression
signature of endometria from patients and controls was similar [23]. Still, 91 dif-
ferentially expressed genes involved in regulation of decidualization, cellular adhe-
sion, cytokine-cytokine receptor interaction, apoptosis, and complement pathway
were found. In the latest study by Zhou et al., mid-secretory endometria from
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patients and controls were analysed and 357 differentially expressed mRNAs were
found to be involved in signalling pathways such as the INK/MAPK, PI3K-AKT,
P53, adherens junction, and calcium signalling pathway [20]. In addition to studies
reporting distinct endometrial molecular signatures of endometriosis patients, there
are also evidence that endometrial receptivity gene signature during the implanta-
tion window is similar in patients with endometriosis and healthy women [22, 27].

Several microarray-based microRNA (miRNA) studies concentrating on eutopic
endometria have been performed [28-32]. Burney et al. studied eutopic endometria
from patients and controls to reveal a disease-specific endometrial miRNA signa-
ture [28]. They found six downregulated miRNAs from miR-9 and miR-34 families
in eutopic endometria of endometriosis patients and suggested that downregulation
of miR-34 family could be involved in maintaining the molecular fingerprint in
proliferative endometrium and mediate the delayed proliferative to secretory transi-
tion observed in women with moderate-severe endometriosis [28]. A following
study by Laudanski et al. reported a lower expression of miR-483-5p and miR-629*
in the eutopic endometrium of women with advanced ovarian endometriosis com-
pared to controls [29]. They suggested that expression changes of these miRNAs are
a consequence of an early defect in the physiological activity of the proliferative
endometrium, ultimately resulting in the overgrowth of this tissue outside the uterus
[29]. Subsequently, Laudanski et al. utilised a more comprehensive array and
reported the presence of 136 upregulated miRNAs in the eutopic endometrium of
patients with endometriosis compared with the healthy women [30]. However, after
validation, only three out of 11 validated miRNAs revealed borderline significance.
In the study by Braza-Boils et al., both eutopic endometria from patients and con-
trols and endometriotic tissues were studied, and only five miRNAs were found to
be differentially expressed in eutopic endometria of endometriosis patients com-
pared to healthy endometrium [31]. Thirty-six downregulated miRNAs in endome-
tria of patients were also reported by Shi et al. [32]. However, the comparison of all
results from aforementioned miRNA studies showed a minute overlap, and only two
miRNAs (miR-9* [28, 32] and miR-636 [31, 32]) were reported in at least two stud-
ies. Therefore, as different miRNA studies have reported different candidate miR-
NAs, the potential application of endometrial miRNAs as endometriosis biomarkers
is still limited. Clearly, our knowledge about the endometrial miRNome and its
physiological and pathophysiological significance in association with endometrio-
sis is scarce and remains to be unravelled.

The functional interpretation and understanding of the proteome is one of the
current challenges in biology due to the presence of sequence variations, alternative
splicing, and epigenetic and post-translation modifications [33, 34]. The complexity
of the proteome is illustrated by the fact that there is a poor correlation between the
transcript levels and the abundance of the corresponding proteins [35, 36]. Proteomic
research in endometriosis is currently a ‘hot topic’, and a number of endometrial
proteome studies have been performed in endometriosis patients [13, 35, 37—44]
(Table 1). A long list of potential disease-related proteins has been proposed but
only a few of them, like vimentin, peroxiredoxin, HSP70, HSP90, annexins, actins,
and 14-3-3 family proteins (phosphoserine- or phosphothreonine-binding proteins),
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are consistently identified as differentially expressed in patients in at least three dif-
ferent studies. A recent excellent review by Siva et al. summarises the current situ-
ation in the proteomic research field—so far no clear biomarker or therapeutic
targets have been discovered [45]. Nevertheless, as the protein synthesis is the final
result of the gene expression and is directly linked to the phenotype, the endometrial
proteome studies do hold a great promise for future biomarker discovery.

Taken together, the large-scale ‘omics’ studies have provided clear evidence that
the endometrial genome, epigenome, transcriptome, and proteome are differently
regulated in endometriosis. Although the concordance between different ‘omics’
studies has been moderate, some potential biomarkers such as miR-9 and miR-636
family; disease-related pathways PI3K/AKT, JAK/STAT, SPK/JINK, and MAPK
from transcriptome studies; and proteins like vimentin, peroxiredoxin, HSP70,
HSP90, annexins, actins, and 14-3-3 family members from proteome studies have
been proposed.

‘Omics’ Studies of Endometriotic Lesions and Possible
Biomarkers

When it comes to biomarkers research, endometriotic lesions are a less-favoured
study object than endometrial biopsies, as lesions do not provide direct non-invasive
or minimally invasive biomarkers for clinical use. Nevertheless, the studies using
lesions are crucial for detecting molecular alterations involved in the disease devel-
opment and pathogenesis and thereby provide valuable information for biomarker
research.

Microarrays and single nucleotide polymorphism (SNP) genotyping technolo-
gies together with recent advances in high-throughput sequencing have led to a
rapid progress in genomic studies in endometriosis and provided new evidence
about the genetic background of the disease. However, genome-wide studies have
provided no clear consensus about the somatic DNA alterations either in endometri-
otic lesions and/or eutopic endometria. A number of studies have reported chromo-
somal alterations, more frequently gains in chromosomes 1p, 3p, 6q, 17q, and Xq
and losses in chromosomes 1p, 5p, and 6q [46—50], while other studies have found
no chromosomal aberrations in ectopic endometrial tissue or eutopic endometrium
[51, 52], thus raising a question about the relevance of DNA genomic imbalance in
the pathogenesis of endometriosis (Table 1). Saare et al. used SNP microarrays
instead of traditional array comparative genomic hybridization (aCGH)] to compare
the same patients’ blood, endometria, and LCM-harvested cells of endometriotic
lesions and found no evidence of disease-specific somatic DNA copy number
alterations (SCNAs) [52]. The authors suggested that some SCNAs identified in
previous studies may be related to the detection methodology (CGH or array-CGH)
as it has been shown that some G-C-rich chromosomal regions (1p and 16p and
chromosomes 19 and 22) tend to give false-positive results [50, 53].
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The identification of epigenetic biomarkers for endometriosis diagnostics is defi-
nitely an emerging, challenging, and still largely uncovered field of investigation. In
the recent years, researchers have turned their major interest from transcriptome to
epigenome, and a few large-scale epigenome studies, describing the lesion-specific
DNA methylation profiles, have been performed (Table 1). The genome-wide DNA
methylation profiles of endometriotic lesions or stromal cells originating from
lesions have been described in three studies [54—-56]. Borghese et al. published the
first study describing the global DNA methylation profile of different endometriotic
lesions, including ovarian endometriomas, deep infiltrating endometriosis, and
superficial endometriosis, and showed that global methylation pattern was similar in
different lesion types and eutopic endometria [55]. When global methylation data of
eutopic endometria was compared to ovarian endometriomas in combination with
gene expression data, 35 genes were found to share alterations both in methylation
and expression patterns [55]. Specific regions were consistently hypermethylated
(or hypomethylated) in all subtypes of the disease, and other regions were strictly
altered in one endometriosis type only, and variation in methylation was more likely
to occur at discreet loci across the genome. The later study by Dyson et al. found
more than four thousand differentially methylated CpGs when stromal cells from
eutopic endometria were compared to stromal cells from endometriomas, and the
authors concluded that endometriotic cells possess a unique epigenetic fingerprint
[54]. The analysis of differentially methylated and expressed genes identified 403
genes that were aberrantly methylated and differentially expressed in endometrio-
sis, among them are genes from the HOXA cluster, ESRI, NR5A 1, and GATA family
transcription factors [54]. Although a different study design (entire lesions vs. culti-
vated stromal cells) and platforms were applied to interrogate DNA methylation,
both investigations [54, 55] reported different methylation of ADAPI, HPCALI,
PRKAG2, PRKCZ, RIPKI, SEC61A1, ZNF22, and HOXDI10 genes. Most recent
study by Yamagata et al. analysed stromal cell cultures from endometriomas and
eutopic endometria of patients and controls and found that methylation profiles of
eutopic endometria were very similar but significantly different from stromal cells
originating from endometriomas [56]. The genes with altered methylation in endo-
metriomas were related to signal transduction, molecular functions of receptors and
signalling molecules, and cytokine-cytokine receptor interactions and development.
Comparison of datasets from Yamagata et al. and Dyson et al. revealed four overlap-
ping genes: HOXD10, BST2, GATA4, and TCF21, but when all three DNA methyla-
tion studies were compared to each other, only HOXD10 was seen to be differentially
methylated.

The first transcriptome studies in endometriosis applying microarray technology
were conducted already in 2002, and since then, many studies have been carried out
to reveal the specific gene expression profile of endometriotic lesions. Transcriptome
studies in lesions can be divided into two groups—studies performed in 2002-2007
[57-65] that used less comprehensive microarrays [up to 23 thousand (23K) probes]
and studies conducted in the recent years using advanced large-scale microarrays
covering 44K or 60K probes [23, 30, 51, 66-71] (Table 1). Although the list of can-
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didates in each study contains a remarkable number of dysregulated genes in ecto-
pic endometrial tissue compared to eutopic endometria, there is little concordance
in the reported genes between studies. However, altered expression of genes belong-
ing to RAS, MAPK, and PI3K signalling pathways was proposed in several studies
(reviewed in [26]). Khan et al. found 50 differently expressed genes associated with
immunological, neurocrine, and endocrine functions and gynaecological cancers
(CHEKI, ERBB family, laminin gamma, and Ki-67), but there was no overt onco-
genic potential in endometriotic tissue [66]. Also, they reported a list of 28 novel
genes that were not previously associated with endometriosis, representing poten-
tial markers for ovarian endometriosis. The following studies by Monsivais et al.,
Crispi et al., and Suryawanshi et al. found many dysregulated genes that belong
mostly to tissue and organ development pathways [68], pathways regulating metab-
olism and action of prostaglandins and glucocorticoids [72], and complement path-
way [24]. Sun et al. used a microarray comprising of probes for long non-coding
RNAs (IncRNA) and mRNAs and found hundreds of dysregulated IncRNAs and
thousands of mRNA transcripts in ectopic endometrial tissues compared to paired
eutopic endometrial tissues [67]. Authors proposed that many dysregulated IncRNAs
may participate in biological pathways related to endometriosis through cis- and
trans-regulation of target protein-coding genes. In the latest study by Ahn et al., a
large number of differentially expressed genes involved in cytokine-cytokine recep-
tor interaction, cellular adhesion, immune cell recruitment, apoptosis, cell signal-
ling, T-cell cytotoxicity, and regulation of inflammatory responses were found [23].

To date, eight high-throughput miRNA studies describing the miRNome of the
whole endometriotic lesion biopsies or cultured stromal cells from lesions have
been performed [31, 32, 73-78] (Table 1). Each study has identified a subset of
miRNAs that has been differently expressed in ectopic lesions compared to eutopic
endometria. As there is a large variability between studies in the terms of design,
analysis methods, and selection of controls, the concordance has been moderate,
and only 22% of reported miRNAs are consistent between studies [79]. In addition
to microarrays, next-generation miRNA sequencing technology has also been
applied in endometriosis studies [73, 76]. Hawkins et al. compared specimens from
endometrioma and normal endometrium and found several miRNAs that were
upregulated (miR-29c, miR-100, miR-193a-5p, miR-202, miR-485-3p, miR-509-
3-5p, miR-708, and miR-720) or downregulated (miR-10a, miR-34c-5p, miR-141,
miR-200a/b/c, miR-203, miR-375, miR-429, miR-449b, miR-504, and miR-873) in
endometriomas [73]. The following study by Saare et al. investigated paired sam-
ples of peritoneal endometriotic lesions and matched healthy surrounding tissues
together with eutopic endometria of the same patients and found five miRNAs
(miR-34c-5p, miR-449a, miR-200a, miR-200b, and miR-141) that were signifi-
cantly overexpressed in lesions compared to healthy surrounding tissues [76].
Although majority of these miRNAs were reported to be associated with endome-
triosis pathogenesis in Hawkins et al. [73] and Ohlsson Teague et al. [75] studies,
Saare et al. [76] concluded that these miRNAs rather reflect the presence of endo-
metrial cells in the peritoneal tissue than are associated with pathologic events.
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Furthermore, the authors suggested that the miRNA profile of peritoneal endometri-
otic lesions is largely masked by the surrounding peritoneal tissue present in biopsy
samples, challenging the discovery of an accurate lesion-specific miRNA profile
[76]. Still, it should be pointed out that according to the results of all these miR-
Nome studies, there was only one single miRNA (miR-200b) that was differentially
expressed in all six studies in whole lesions [32, 73—77] but not in endometriotic
stromal cells [78]. miR-200b, member of the miR-200 family, could be an attractive
molecular marker that can be easily linked to disease pathogenesis because of its
important role in cell migration and epithelial-mesenchymal transition (EMT). It
could be proposed that altered expression of miR-200b in lesions changes the well-
balanced network of EMT and leads the endometrial epithelial cells to acquire mes-
enchymal phenotype with higher migratory capacity.

To summarise, transcriptome studies of endometriotic lesions have already pro-
vided some clues about the pathogenesis of endometriosis, though the concern still
remains about using whole-tissue biopsies instead of pure populations of endome-
trial epithelial and stromal cells from lesions to reveal transcriptome changes inside
the lesion.

Only a few studies on endometriotic tissue proteomics have been conducted so
far [80-84] (Table 1). However, it could be hypothesised that if disease-specific
proteins with high concentration in affected tissues exist and are secreted from
lesions into the blood stream, they could also be monitored in the body fluids [81]
and thereby could offer potential for discovery of non-invasive markers. The results
of proteome studies have shown that some proteins are differentially expressed (e.g.
SM-22a and Rab37), modified (e.g. haptoglobin and Rho-GD]Ia,), or localised (e.g.
haptoglobin) in endometriotic lesions compared to eutopic endometria of patients or
healthy women [80]. Also, significant increase in transforming growth factor -1,
calponin-1, and emilin-1 [81] in ovarian endometriomas has been reported. In the
recent study by Kasvandik et al., metabolic reprogramming of ectopic endometrial
stromal cells with extensive upregulation of glycolysis and downregulation of oxi-
dative respiration was noticed [82].

The above-discussed examples from genomic, epigenomic, transcriptomic, and
proteomic levels have provided inconsistent evidence about the possible molecular
changes occurring in the endometriotic lesions. The genomic studies in endometri-
otic lesions have reported chromosomal alterations more frequently in chromo-
somes 1p, 3p, 5p, 6q, 17q, and Xq; epigenome studies have provided evidence on
altered DNA methylation in HOXD10; transcriptome studies have found altered
expression of genes belonging to RAS, MAPK, and PI3K signalling pathways, and
proteome studies have found upregulation of glycolysis and downregulation of oxi-
dative respiration and differently expressed proteins like SM-22a, Rab37, haptoglo-
bin, and Rho-GDlIa. Although the ‘omics’ studies in endometriotic lesions require
invasive procedures and will not provide biomarkers directly translatable into the
clinical practice, the knowledge obtained from these studies enables more complex
insight into the possible mechanisms of endometriosis pathogenesis.
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‘Omics’ Studies on Blood and Body Fluids and Novel
Endometriosis Biomarkers

The ultimate goal of ‘omics’ studies in endometriosis is to find robust and specific
non-invasive biomarkers with acceptable sensitivity and specificity and preferably
from easily assessable sources like blood and body fluids. Endometriosis biomark-
ers have been sought from peripheral blood (whole blood, plasma, serum), men-
strual blood, endometrial fluid, peritoneal fluid and urine samples, and more than
100 markers, among them annexin V, VEGF, CA-125 and sSICAM-1/or glycodelin,
glycoproteins, inflammatory and non-inflammatory cytokines, and angiogenic and
growth factors have been reported but with inconsistent and contradictory results [4,
5, 85, 86].

The first large-scale genomic study from blood was published in 2010, and since
then, numbers of SNP microarray-based genome wide association studies (GWAS)
from genomic DNA, together with following replication studies, have been con-
ducted to reveal associations between common SNPs and endometriosis [87-95].
Previous meta-analysis included more than 11,506 patients and 32,678 controls and
found six loci (rs12700667 on 7p15.2, rs7521902 near WNT4, rs10859871 near
VEZT, 1s1537377 near CDKN2B-AS1, rs7739264 near ID4, and rs13394619 in
GREBI) that had consistent effects across different populations [96]. In a recent
study by Steinthorsdottir et al., 1840 women with endometriosis and 129,016 con-
trols were included into GWAS, and in addition to the previously reported suscepti-
bility loci [96], also two new loci on 4q12 (rs17773813) upstream of KDR encoding
vascular endothelial growth factor receptor 2 (VEGFR2) and rs519664 in TTC39B
gene on 9p22 were identified [95].

Although GWAS have provided valuable information about novel candidate
genes and genome regions, the effect sizes for the associated variants are quite mod-
erate (odds ratios between 1.0 and 1.2), and apparently these common variants do
not provide any molecular markers for direct diagnostic or prognostic tests.
However, it is very likely that in the case of a common diseases, such as endometrio-
sis, the rare variants (minor allele frequency <0.05) could contribute to the risk of
the disease [97].

In addition to GWAS, high-resolution SNP arrays provide the opportunity to
assess inherited copy number variations (CNVs) that normally exist in all tissues
and may potentially contribute to genetic predisposition of common diseases.
Although many disease-related CN'Vs have been described, large population-based
CNV studies have also found substantial variability in CNV distribution in healthy
individuals [98-100], challenging the findings of CNVs responsible for the devel-
opment of a complex diseases. Genomic CNVs in endometriosis have been investi-
gated so far only in two large-scale studies [101, 102]. Chettier et al. conducted a
case-control study of 2126 surgically confirmed endometriosis cases and 17,974
controls of European ancestry and found no significant differences in CNV counts,
excess of large CNVs, and gene-based CNVs between controls and patients [101].
However, the locus-specific analysis revealed 22 rare CNVs that were detected in
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6.9% of the affected women compared to 2.1% of the general population. Three out
of 22 CNVs passed a genome-wide P-value threshold, namely, a deletion at SGCZ
on 8p22, a deletion in MALRDI on 10p12.31, and a deletion at 11q14.1 [101].
Recently, six sub-telomeric putative novel CNV loci in regions 1p36.33, 16p13.3,
19p13.3,20p13, 17925.3, and 20q13.33 from pooled DNA samples of 100 patients
and 50 controls were reported by Mafra et al. [102]. Though the genomic studies
have not been very successful in uncovering the pathogenesis of endometriosis or
finding disease-specific biomarkers, it is very likely that the availability of more
advanced methodologies (exome sequencing and whole-genome sequencing) will
provide more detailed information about the genomic background of endometriosis
in the near future.

Transcriptome studies have focused on determining circulating miRNAs in
blood serum or plasma. miRNAs are considered as good candidates for biomarkers
because cell-free miRNAs are shown to be stable in different body fluids [103]. In
healthy individuals, the miRNA profile in serum is similar to that of circulating
blood cells, but in the case of physiological or pathological changes, the levels of
miRNAs in serum may differ [103]. Thus, alterations in the miRNA levels may pos-
sibly be used as biomarkers for endometriosis [104]. Although more than 200
potential non-invasive miRNA biomarkers have been proposed for endometriosis
[105-110], the results are still inconsistent between studies, and only 12 miRNAs
(miR-548b-5p, miR-92a, miR-320d, miR-139-3p, miR-122, miR-145%*, miR-15b,
miR-21, miR-572, miR-9*, miR-199a-5p, miR-342-3p) have been found to be dif-
ferentially expressed in at least two studies. Not a single miRNA alteration has been
confirmed in all studies. As there are only six global miRNA studies published to
date with moderate numbers of participants involved, thus the real diagnostic poten-
tial of miRNAs in endometriosis is not fully discovered, and further studies, using
additionally more advanced sequencing techniques to fully describe the wide spec-
trum of miRNAs, are needed.

Proteomics analyses have been extensively conducted to identify endometriosis-
specific biomarkers from blood plasma [111, 112], serum [37, 44, 113—124], urine
[125-128], endometrial fluid aspirate [129], menstrual blood [130], and peritoneal
fluid [128, 131-137]. Although the number of serum-based studies is quite remark-
able, the correlation between the different studies is relatively small. Nevertheless,
some of the studies have identified a signature of peptides/proteins that could dis-
criminate patients from controls with relatively high sensitivity and specificity. Jing
et al. found two proteins (5830 m/z and 8865 m/z) in serum samples that were sig-
nificantly more abundant in patients than in healthy women, and the signature of
these two proteins offered diagnostic potential with a sensitivity of 86.7% and spec-
ificity of 96.7% [115]. A following study by Zheng et al. found three peptide peaks
(5988,7; 7185,3; 8929,8 m/z) in serum that distinguished endometriosis patients in
test and training sets with a sensitivity of 89.3-91.4% and a specificity of 90-95%
[113]. A study conducted by Long et al. reported 13 serum proteins with signifi-
cantly different levels between controls and patients and proposed one promising
peptide (4180 Da) with 100% specificity and 100% sensitivity [114]. In the most
recent study by Dutta et al., two proteins, HP and A1BG, were found to be effective
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for the diagnosis of stage IL, III, and IV endometriosis, with a sensitivity of 68-92%
and a specificity of 84-96% [124]. In addition to the large number of serum pro-
teome studies, a few plasma studies have been published [111, 112]. Fassbender
et al. found that a model based on five protein/peptide peaks (2058; 2456; 3883;
14,694 and 42,065 m/z) discriminated ultrasonography-negative endometriosis with
a sensitivity of 88% and a specificity of 84% [111]. A study by Liu et al. found 20
protein peaks that were up- or downregulated in the plasma of endometriosis
patients [112]. Overall, the blood-based proteomic studies have brought out several
potential biomarkers with relatively high sensitivity and specificity. However, it
should be pointed out that the methods most commonly used in biomarker identifi-
cation, SELDI-TOF-MS and MALDI-TOF-MS, have several shortcomings like
limited mass range, and these methods do not provide direct protein identities.
Therefore, for further biomarker discovery, other methods that enable identification
of proteins (such as tandem mass spectrometry) are needed [138].

From the clinical perspective, urine that is simple to collect would be the most
preferable source for disease-specific biomarkers. Similarly to other fluids, urine
contains peptides and proteins that may reflect disease status and can be easily mea-
sured by proteomic methods. Indeed, proteomic studies from urine [125-128] have
provided promising results. The study by Tokushige et al. found that cytokeratin-19
levels were not influenced by the menstrual cycle phase or disease severity and were
elevated in patients with endometriosis [126]. The following study by El-Kasti et al.
identified six peptides influenced by disease severity and menstrual cycle phase
when controls were compared with moderate-severe endometriosis patients, and
seven peptides when patients with minimal-mild disease were compared to
moderate-severe endometriosis patients [125]. The study by Cho et al. found 22
protein spots with differential expression in patients, among them is urinary vitamin
D-binding protein (VDBP). However, the diagnostic potential of VDBP in endome-
triosis alone or combined with serum CA-125 remained moderate [127]. No spe-
cific urine proteomic biomarkers that could discriminate patients and controls were
found in a study by Williams et al. [128].

The full potential of menstrual blood as a source of biomarkers is yet to be found.
Although the collection of menstrual blood is fairly complicated, it could reflect the
physiological and molecular environment of the pathologically altered endometrial
cells of endometriosis patients more precisely compared to the peripheral blood
(reviewed in [138]). However, there is only one study using menstrual blood for
biomarkers research published so far [130]. This study identified three differentially
expressed proteins as endometriosis-specific markers: collapsin response mediator
protein 2, ubiquitin carboxyl-terminal hydrolase isozyme L1, and myosin regula-
tory light polypeptide 9 [130]. Additionally, the study reported higher expression of
stem cell marker gene transcripts (Oct-4, CXCR4, SOX2, and c-MET) in the men-
strual blood of patients with endometriosis [130]. The higher expression of stem
cell markers in menstrual blood of women with endometriosis may indicate the
importance of these markers in implantation process of endometriotic lesion.

Microenvironment of the peritoneal cavity is thought to be one important factor
influencing the capability of endometrial cells to implant into the peritoneal cavity.
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Further, there is strong evidence that dysregulation of peritoneal immunological and
proinflammatory systems, and also alterations in angiogenesis processes may play
a crucial role in the progression of the disease. Therefore, a number of proteome
studies of peritoneal fluid have been conducted, and several potential biomarkers
have been proposed [128, 131-136]. Silicano et al. studied peritoneal fluid in
patients with different disease stages and found a pattern of peptides corresponding
to fibrinogen alpha chain that were more frequently present in women with
moderate-severe endometriosis [131]. Study by Wolfler et al. identified 11 differen-
tially regulated proteins that might have an impact on the development and estab-
lishment of endometriotic lesions [136]. Ferrero et al. found nine proteins mostly
involved in the immune response (e.g. serotransferrin, complement C3, serum amy-
loid P-component, alpha-1-antitrypsin, and clusterin) with significantly higher
expression in infertile endometriosis patients than in infertile controls [135].
Williams et al. detected a number of proteins with metabolic functions, such as
proteins involved in glucose metabolism (phosphoglycerate kinase-1, fructose-
bisphosphate aldolase A, transaldolase, triosephosphate isomerase, malate dehydro-
genase) and glutathione S-transferase P which is involved in detoxification [128].
Summing up, although studies in peritoneal fluid have provided some insight into
the pathogenesis of endometriosis, the concordance between the results of different
studies is non-existent, and to date, there are no specific reliable biomarkers for
diagnostic purposes. Also, the diagnostic potential of peritoneal fluid biomarkers in
clinical practice is debatable due to the invasive nature of the peritoneal fluid
collection.

Beside other ‘omics’ technologies, metabolomics has great potential to become
a new frontier in endometriosis biomarkers research, as global changes in measur-
able, low-molecular-weight products of metabolism are thought to be good indica-
tors of health status. Although the concentration of circulating metabolites provides
integrative information about the tissue function within the larger context of the
organism, the global metabolic profile is influenced by a number of dependent vari-
ables, such as environmental factors, altered activities or levels of enzymes, genetic
factors, and lifestyle factors including diet, drugs, exercise, microbiota, hormonal
homeostasis, and age (see review [139]), thereby challenging the finding of disease-
specific metabolites. To date, only a few global metabolome studies using either
blood serum or plasma of patients and controls have been conducted [140-143].
These studies have proposed several potential metabolites with a good diagnostic
potential for endometriosis. Vouk et al. proposed a model including hydroxyl sphin-
gomyelin (SMOH C16:1) and phosphatidylcholine/ether-phospholipid ratio (PCaa
C36:2/PCae C34:2) that discriminates the ovarian endometriosis patients from con-
trols with a sensitivity of 90% and a specificity of 84% [142]. Dutta et al. found 13
metabolites that discriminated minimal-mild endometriosis patients from healthy
women with a sensitivity of 82% and specificity of 91% [141]. The study by Jana
et al. found 15 metabolites showing a sensitivity and specificity of 92.83% and
100%, respectively [140]. In the most recent study by Ghazi et al., several metabo-
lites such as 2-methoxyestradiol, 2-methoxyestrone, dehydroepiandrostion, andro-
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stenedione, and cholesterol showed significant increase in the endometriosis group
compared to control group [143]. As all these four studies reported different metab-
olites that discriminate diseased and healthy women with high sensitivity and speci-
ficity, future studies including larger number of participants and different types of
endometriosis are needed.

The research in the field of non-invasive biomarkers has been comprehensive and
continuously ongoing, and valuable knowledge will be obtained piece by piece. The
results from transcriptome, proteome, and metabolome studies are encouraging and
hold a great promise for endometriosis biomarker discovery.

Perspectives in Single-Cell ‘Omics’

The remarkable progress in ‘omics’ technologies using DNA or RNA from small
amount of cells or even single cells has revolutionised our conceptual understand-
ing of biological diversity of human cells and has allowed to take a closer look
into the single-cell genome, proteome, epigenome, and proteome in health and
disease [144].

So far all ‘omics’ studies in endometriosis have operated on the level of systemic
or multicellular analysis, and results of these studies inevitably show any changes in
a greatly diluted fashion, and therefore the potential of single cell technologies in
endometriosis research is yet to be realised. The traditional approaches in endome-
triotic lesion research have not provided any clear consensus about the genetic,
transcriptomic, and epigenetic changes inside the lesions, and therefore, the ‘omics’
information from single cells or from homogenous cell populations from lesions
(e.g. endometrial epithelial and stromal cells, stem cells, endothelial cells, mono-
cytes, NK cells, lymphocytes, and dendritic cells) could offer new prospects to
reveal the true disease-specific molecular changes (Fig. 2).

The major challenge of using single-cell technologies is not related to the
research methodology or data analysis per se but is rather associated with obtaining
specific single cells or cell populations from lesion biopsy. There are already some
good examples of using fresh tissue biopsies for single-cell RNA sequencing [145—
147], and the methodology can be transferred from these studies to endometriosis
research. Also, there is great potential to use combinations of fluorescently labelled
antibodies (e.g. CD10, CD9, and CD13 are previously shown to be markers of endo-
metrial stromal and epithelial cells [148]) and fluorescence-activated cell sorting
(FACS) for isolating single cells or cell populations from lesions. Furthermore, cell
populations could be isolated from lesions using LCM technique, but as DNA and
RNA quality obtained by this methodology varies a lot [149, 150], this method
would probably not be the first choice. In addition to the lesion and endometrial
single-cell studies, specific cells originating from blood or body fluids (like mono-
cytes, NK cells, lymphocytes, granulocytes, endothelial cells, and progenitor cells)
could offer new interesting perspectives to uncover pathologic changes related to
the disease.
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Fig. 2 Single-cell ‘omics’ in a search of endometriosis-specific biomarkers

Although the advantages of single-cell ‘omics’ research in endometriosis are not
utilised yet, it could be assumed that traditional transcriptome and epigenome stud-
ies will progress from the multicell level to single-cell level in the nearest future.

Systems Biology and Integrative ‘Omics’ Studies
in Endometriosis

The number of ‘omics’ studies in endometriosis is rapidly increasing, and the mas-
sive amount of ‘omics’ data is becoming an immense challenge to the researchers.
However, no single ‘omics’ analysis can fully resolve the complexity of the biology
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behind the disease development. Therefore, one of the main tasks for systems biol-
ogy is the integration of large amounts of different types of data in order to under-
stand the functional principles and dynamics of cellular systems and unravel the
complexity of molecular networks in health and disease. Integration of multiple
layers of ‘omics’ data requires network analysis and annotation of the involved
pathways to capture meaningful information from genomics, epigenomics, tran-
scriptomics, proteomics, metabolomics, and other ‘omics’ studies. After integration
of single ‘omics’ data with computational engineering, modelling, and simulation
and visualisation tools, new theoretical models can be created that provide compre-
hensive interpretation of integrated data (Fig. 3).

In endometriosis research, the first attempts to use systems biology and inte-
grated data and knowledge from different ‘omics’ studies have been done [12, 13,
54-56, 67, 73, 151]. Most of these studies have combined epigenome data with
gene expression data in order to reveal correlations between DNA methylation and
gene expression. Borghese et al. found 35 genes that shared alterations both in
methylation and gene expression levels [55]. The following study by Yamagata et al.
observed a relationship between altered methylation and mRNA expression in 75
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genes from cultured stromal cells from eutopic endometria and endometrioma,
including steroidogenesis-related genes NRAI, STAR, STAR6, and HSD17B2 [56].
The results of this integrative analysis suggested that aberrant DNA methylation of
the key steroidogenesis-related genes causes aberrant gene expression leading to the
development of endometriosis. The transcriptome and epigenome data interaction
modelling of stromal cells originating from eutopic and ectopic endometria of
patients together with stromal cells from healthy endometria was performed by
Dyson et al. [54]. They identified hundreds of genes, correspondent to thousands of
differentially methylated CpGs that were aberrantly methylated and differentially
expressed, among them the HOXA cluster, ESR2, NR5AI, and PGR genes.
Furthermore, the authors classified the list of these genes by protein function and
found that the only proteins that reached a statistical significance were transcription
factors, such as GATA transcription factors and transcriptional coregulators of the
GATA family. They proposed that GATA2 could regulate genes important for the
decidualization process, whereas GATA6 promotes an endometriotic phenotype via
regulation of steroidogenesis in endometriotic cells [54]. Sun et al. combined tran-
scriptomic data of eutopic and ectopic endometria from mRNA and IncRNA micro-
array and found hundreds of IncRNAs that were co-expressed with thousands of
mRNAs [67]. Hawkins et al. performed the first transcriptome-miRNome analysis
of endometriomas and eutopic endometrium in order to narrow down genes that
were functionally targeted by miRNAs [73]. The combined analysis revealed sev-
eral potential biologically important pathways involved in cellular development,
connective tissue development and function, and cellular growth and proliferation
including TGFf and mitogen-activated kinase 1 [73]. Completely novel approach to
uncover regulatory changes in endometriosis was applied by Yang et al. [151]. They
used integrative analysis of gene expression data from two different datasets com-
bined with data from transcription factor (TF) gene regulatory interactions database
(identified from ChiP-seq or ChIP-chip experiments available from ChEA database)
to find endometriosis-associated TFs. This data was further combined with data
from protein-protein interaction database (Interologous Interaction Database (I12D)
and data from Ravasi et al. [152]) to create integrated regulatory network for under-
standing molecular mechanisms involved in endometriosis [151]. Authors identified
a network of known TFs such as androgen receptor and estrogen receptor a and f
participating in endometriosis pathogenesis. Also, several new TFs, such as FOXA2
and TFAP2C, were identified and validated in mRNA and protein level [151].

In conclusion, the ‘omics’ studies in endometriosis have provided the research-
ers with a substantial amount of data, but clearly, the full potential of this data is not
entirely utilised. Although the amount of ‘omics’ datasets in publicly available
repositories (Gene Expression Omnibus — GEO, etc.) is considerable, researchers
still prefer using their own small datasets [153]. While the ‘omics’ studies in endo-
metriosis are relatively small in size, future studies should use the advantage of the
publicly available pre-existing data to raise the power, credibility, and reliability of
the findings and also to find new biomarkers without the wet-lab costs.
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The outcomes of ‘omics’ studies have also highlighted the shortcomings related to
study design that may be the reason for the poor overlap between the results from
different studies.

Large variability in tissue collection, processing, and storage methodology, poor
description of patient phenotype data, small size of study groups, and differences
between ‘omics’ platforms, together with data analysis and interpretation differ-
ences, are likely to result in bias and measurement error between studies.
Standardised sample collection is crucial in biomarker discovery, as small differ-
ences in the processing and handling of biological samples can lead to the pre-
analytical bias and might have a huge effect on analytical reliability and
reproducibility [154]. The importance of harmonising standard operating proce-
dures for collecting phenotypical data, and for sample collection, processing and
storage is discussed in detail in the publications of the World Endometriosis
Research Foundation Endometriosis Phenome and Biobanking Harmonisation
Project (WERF EPHect) [155-157]. The main goals of the harmonised data and
sample collection are not only to facilitate large-scale international collaborations
and decrease cross-centre variability but also to collect information for future stud-
ies addressing specific research questions on different patient subtypes. The mini-
mum and standard recommendations for surgical phenotype data collection include
information about menstrual cycle, hormone treatment, history of previous endome-
triosis surgery, as well as any imaging findings before the procedure and the type
and duration of the procedure; the extent, exact location, and colour of endometri-
otic lesions; and video/photo documentation of surgery [157]. In addition, the
WERF EPHect provides precise recommendations for collecting, processing, and
storing fluid biospecimens (plasma, serum, saliva, urine, endometrial/peritoneal
fluid, and menstrual effluent) and tissue specimens (ectopic and eutopic endome-
trium, peritoneum, and myometrium) and for collecting biospecimen data, includ-
ing information about the menstrual phase on the day of the sample collection,
menstrual cycle regularity, timing of the next menstrual cycle, administration of any
premedication or anaesthetics, and also information about the weight, height, and
waist and hip circumference [155, 156]. It is strongly advised to follow the WERF
EPHect published guidelines for designing new studies, as the well-characterised
phenotypic datasets could be used to answer various current and future research
questions in endometriosis.

One of the concerns related to the design of ‘omics’ studies is the definition of
the endometriotic lesion. Majority of the studies have compared biopsied lesion
samples and endometria; however, endometriotic lesions often contain only a small
proportion of endometrial glands and stromal cells and a large proportion of sur-
rounding tissue. Histological evaluation of biopsies is routinely used in everyday
practice, and several studies have demonstrated that approximately 30-50% of sur-
gical specimens removed during laparoscopy are not confirmed by histological
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assessment [158-161]. Even in the case of histologically confirmed biopsied
endometriotic lesions, the proportion of endometrial tissue is variable. As different
tissue types have their own molecular signature, the comparison between endome-
trial tissue and lesions that contain a mixed population of endometrial and perito-
neal or ovarian tissue will not reveal disease-specific alterations but may rather
reflect molecular signature of the surrounding tissue [76]. Therefore, future ‘omics’
studies of lesions should focus on pure cell populations or single-cell analyses
instead of studying the entire endometriotic lesion to reveal the true molecular sig-
nature of endometriotic cells.

Selecting proper controls for biomarker discovery studies is one of the key issues
that need to be resolved. Currently, endometriosis studies have applied different
strategies for choosing controls and have included either fertile women undergoing
laparoscopic sterilisation, women undergoing laparoscopy because of infertility,
hospital-based controls (women with various indications for laparoscopic proce-
dure), and also self-reported disease-free population-based controls [162]. Selecting
controls for searching biomarkers from blood and body fluids is problematic, and
there is never one ideal control group, as all above-mentioned options have their
pros and cons. For example, laparoscopically confirmed endometriosis-free con-
trols usually suffer from other diseases; a self-reported disease-free population-
based control group could contain a number of undiagnosed cases and thereby
dilute the disease risk factor effects.

The cost of the high-throughput technologies is relatively high, the sample sizes
in ‘omics’ studies are rather small, and therefore the studies are underpowered to
take into account the variance of individual measurements. Thus, it is strongly
encouraged to maximise the sample sizes in ‘omics’ studies by collaborating with
other workgroups and sharing either phenotypically well-described samples or data.
In addition, there are other study type-specific standards for minimum information,
including MIAME (Minimum Information about a Microarray Experiment),
MIAPE (Minimum Information about a Proteomics Experiment), MIGS-MIMS
(Minimum Information about a Genome/Metagenome Sequence), MIMIx
(Minimum Information about a Molecular Interaction eXperiment), MINISEQE
(Minimum Information about a high-throughput Nucleotide Sequencing
Experiment), and CIMR (Core Information for Metabolomics Reporting). These
guidelines must be followed to ensure the interpretability of the experimental results
generated using ‘omics’ technologies [163, 164].

In conclusion, a good study design in endometriosis ‘omics’ studies includes
setting an innovative study hypothesis, defining phenotypically well-described con-
trols/cases, calculating study power that takes into account individual measurement
variance, acceptable false-positive rate, and desired power of the used platform,
collecting phenotypical data and biospecimens according to the guidelines of WERF
EPHect, identifying risk factors and confounders, assessing sample quality and
quantity, following the protocols for ‘omics’ technologies according to the specific
guidelines (MIAME, MIAPE etc.), considering technical duplicates and statistical
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methods, describing databases for data analysis, validating results using alternative
technologies, presenting data (e.g. GEO database), and addressing limitations/
strengths of the study.

Conclusions and Future Perspectives

The ‘omics’ revolution in endometriosis research is ongoing, and around 120 stud-
ies applying the high-throughput ‘omics’ technologies have been published to date.
Significant advances in ‘omics’ technologies have been made to discover potential
biomarkers for endometriosis; however, most of the results have not been replicated
in other studies, and the practical value of the proposed biomarkers is still limited.
Though the genomic studies in endometriosis have not been very successful for
finding potential biomarkers, the transcriptomic studies of endometriosis have pro-
vided some clues about the potential disease related pathways. Also, the results
from proteome studies have been encouraging and hold a great promise for non-
invasive biomarker discovery. Furthermore, great perspectives for future endome-
triosis biomarkers discovery are related to metabolomics and epigenomics as these
fields are still poorly covered and harbour immense opportunities. Also, the advan-
tages of single-cell transcriptome and epigenome studies should be carefully con-
sidered when planning future research.
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