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Preface

The double burden of various communicable and non-communicable dis-
eases in developing countries indicates the urgent need for the establishment
of novel biomarkers so as to improvise the current diagnostic and therapeutic
methodologies (Boutayeb and Boutayeb 2005). The advent of high-through-
put technologies, which aid in the biomarker discoveries using various multi-
omics platforms, has encouraged researchers globally to combat with the
heterogeneity and complexities associated with life-threatening diseases to
an appreciable extent. This book provides an overview of the various road-
blocks that researchers face during biomarker discovery, especially in context
to the unique problems posed in the developing world.

The perspective of the developing world with regard to biomarker discov-
ery has many layers to it. At the onset, the first hurdle that is faced by research-
ers is the availability of well-documented and reliable biospecimens, which
are representative of a disease under study. It is for this reason that practices
of biobanking and establishing a network proficient in documenting, storing
and sharing biospecimens must be endorsed in the developing world with due
consideration of standards set worldwide. The necessity of these measures
and suggestions to ease these primary hurdles is focused on in Chap. 1. The
nature of the diseases studied in the developing world are often perceptible in
a heterogeneous manner globally, for instance, the cancer types evident in the
developed countries vary from the ones in the developing countries (Brown et
al. 2006). In this light, understanding the geographic pervasiveness of dis-
eases in the developing world context provides an opportunity for research-
ers, and it has been an important facet focused on in Chap. 2.

The advent of various omics approaches like genomics, transcriptomics
and proteomics, which aim at identifying the arrangement, location and
function of the biological entities like genes, transcripts and proteins, respec-
tively, that constitutes a cell, has not only provided clues to understanding the
geographic biasness of the diseases but also helped greatly in the develop-
ment of personalised therapeutics to aid in resolving the problems associated
with diseases endemic to a certain population (Cho 2010). Mass spectrometry
has been central to proteomic analysis, which aids in the high-throughput
analysis of diseases’ pathogenesis, diagnosis and identification of therapeutic
targets through discovery of potential protein and metabolite biomarkers in
various diseases of the developing countries (Hawkridge and Muddiman
2009). Over the decades, the contribution of mass spectrometry in proteomics,
metabolomics and tissue imaging (Aichler and Walch 2015) is tremendous
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and has been evolving continuously even in analysing the post-translational
modifications quantitatively (Hennrich and Gavin 2015). The roles of these
omics-based technological interventions, experimental structures and docu-
mentation followed by high-throughput analysis are discussed in Chap. 3.
Chapter 4 focuses on mass spectrometry, which is at the forefront of pro-
teomics-based biomarker research.

The biggest challenge in most of the researches revolving around the
dreadful diseases is the paucity of adequate and sustainable financial aid for
enduring research goals (Harris 2004). The current challenge cannot be tack-
led solely by either government or private organisations but by filling the void
that exists between both. The advent of concepts like “angel philanthropy”
and “crowd funding” have opened new avenues to financial abundance in the
research areas, which is discussed in Chap. 5. Angel philanthropy, although
initiated with higher risks for failure, aims optimistically at the great possi-
bilities of the disruptive researches especially in cancer. These funding
resources will contribute tremendously in boosting the high-risk projects in
various complex diseases with less financial hindrances.

In addition to the financial encumbrance faced by the developing coun-
tries, another important aspect for consideration is the development of
research and development. R&D can be established in a true sense only when
there is an interactive bridge built between the scientific communities and the
citizens of the country, together coequally contributing to the social innova-
tions. Open-learning/e-learning and virtual labs are the novel initiatives
which have dissolved the communication voids existing in the societies of the
developing world. e- and open learning are not just encouraging distant learn-
ing in resource-limited developing countries but also have provided a plat-
form to R&D and the social communities to help each other to strengthen the
bioeconomy and social innovations, thus aiding in the development of a suc-
cessful technologically sound twenty-first-century knowledge ecosystem
(Ray et al. 2012). These ideas are far from the traditional ideas of propagating
education and awareness but however are central in catering to the ever-
increasing demands of the developing world, which is discussed in Chap. 6.
An allied area growing hand in hand with biomarker discovery is the develop-
ment of sustainable biosimilars. The role of proteomics in developing these
biosimilars is elaborated in Chap. 7.

At the end of the biomarker discovery pipeline, an important aspect is the
investigation of biomarkers by regulatory bodies to ensure translation and
filing of patent. The stringent regulations implied by federal bodies often
ensure only reliable biomarkers to guarantee successful translation into clin-
ics. Therefore, along with focusing on the novel and constructive innovations,
a developing country should also strive to strengthen its patent regime as it
significantly contributes to innovation and technological changes in the econ-
omy (Sharma and Saxena 2012). Currently, tremendous attention is paid
towards patenting novel biomarkers in both infectious and non-infectious dis-
ease, which are a major burden on the developing nations. These outputs will
motivate the scientific community to carry out robust research, thus contribut-
ing to the overall growth of the country. An overview of the patent scenario in
the developing world with regard to infectious and non-infectious disease is
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provided in Chap. 8. Considering that translation is the ultimate goal of bio-
marker researchers, it is of essence to be aware of the perspective and high
standards set by these regulatory bodies to abide by them better, so as to posi-
tively contribute to the clinical scenario. These considerations are elaborated
in Chap. 8.

Thus, this book, with the help of researchers and clinicians actively
involved in translational research, holistically attempts to cover the various
facets of the biomarker discovery pipeline by dissecting it into sections such
as the acquisition of biospecimens and its moderation, experimental proto-
cols and innovations in technology, funding, education and awareness, ethical
and social aspects and the perspective of regulatory bodies ensuring smooth
translation of the research under study, which pose as hurdles for researchers,
especially in the developing world.

Mumbai, India Sanjeeva Srivastava
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Abstract

The enormous burden of infectious as well as noninfectious diseases
makes biomarker discovery-based research an imperative in the develop-
ing world. The extent of diversity and heterogeneity in the type of diseases
that plague the low- and middle-income group nations often show a stark
difference with the diseases that affect the developed countries. In order to
enable global efforts to combat any given disease, it is important for
researchers to have a large number of reliable biospecimens on which they
could validate their findings. Inappropriate representation of samples at
primary stages of research has sometimes been attributed to researchers
not being able to find gold-standard biomarkers. To capture the disease
heterogeneity in the subjects ranging from genetic and ethnic diversity to
the underlying pathogenesis, it is important to create a resource which
could facilitate the availability of biospecimens from a large cohort of sub-
jects along with their clinical annotation, which can be studied by research-
ers for reliable biomarker discovery. Moreover, biorepositories are
also necessary resources for facilitating validation-based studies following
the discovery phase. This chapter summarizes the pressing need for
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well-planned and managed biorepositories as one of the primary steps to
facilitate reliable biomarker discovery in the developing world.

Keywords

Biobanks * Biorepositories ® Developing World ¢ Biomarker Discovery

1.1 Introduction
Interventions in healthcare research along with
biopharmaceutical demand have resulted in a
surge in biomarker research globally. The begin-
ning of the new millennium also marked the
beginning of the genomics era, following the
completion of the Human Genome Project in
2001 (Venter et al. 2001). The post-genomics era
also saw tremendous progress in other omics-
related fields, where proteomics was perceived to
be one of the most important tools to understand
organisms, at a functional level in the coming
decades. This impetus had led to the first compre-
hensive drafts of the Human Proteome in 2014
(Kim et al. 2014; Wilhelm et al. 2014). Thus, bio-
sciences and healthcare research witnessed a
complete face change, beginning with traditional
technologies followed by the rise of genomics.
This, in turn, has led to the rise of disciplines
using a multi-omics approach which includes
genomics, proteomics, lipidomics, metabolo-
mics, etc. (Montague et al. 2015; Uhlén et al.
2015; Stegemann et al. 2014; Cheng et al. 2015).
Our ability to use modern technology and
innovations to understand the fundamental bio-
logical basis of a disease in terms of understand-
ing the physiology and dissecting the pathology
has initiated the development of sophisticated
precision medicine like never before (Collins and
Varmus 2015; Roychowdhury et al. 2011).
However, to cater to such wide varieties of tech-
nologies, which form the foundation of future
healthcare innovations, logistic and technical
support is required. Research progress in these
areas relies heavily on readily available and
accessible biospecimens with annotated clinical
data. Unfortunately, procuring an assortment of
high-quality biospecimens from large and diverse
cohorts has proven to be a bottleneck in bio-

marker research (Hanash 2011). The allied social
and ethical issues with sample procurement along
with ownership are additional challenges. We
discuss the need for biorepositories in biomarker
research in context of the developing world.

Burden of Diseases
in the Developing World

1.2

Burden of disease refers to the impact of diseases
at the individual or societal levels and/or the eco-
nomic costs of such diseases. An evident double
burden of both communicable and noncommuni-
cable diseases is witnessed in all the developing
countries (Boutayeb and Boutayeb 2005).
According to the WHO report, the mortality rates
associated with the most lethal diseases has not
changed significantly over the past decade.
Among the non-communinicable diseases
(NCD), coronary artery diseases, strokes, chronic
obstructive lung disease, cancer, and diabetes
stand out to be the deadliest diseases affecting
developing countries with no significant decrease
in the mortality and morbidity rate over the past
decade (Boutayeb and Boutayeb 2005). It is
estimated that in 2012, about 7.4 million deaths,
accounting for 13.2% of all the deaths, were
caused by coronary artery disease. Next in the list
are stroke and chronic obstructive lung diseases,
responsible for 6.7 million (11.9 %) and 3.1 mil-
lion (5.6 %) deaths, respectively. Approximately
1.6 million deaths are caused due to lung cancers
which account for 2.9% of deaths worldwide
(WHO factsheet 2014).

Coequally, communicable diseases such as
HIV AIDS, tuberculosis, acute respiratory infec-
tions, and malaria are rampant in most of the
developing countries. According to the statistics
reported by Foundation for AIDS Research
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(amfAR) in 2013, about 1.5 million deaths repre-
senting 2.7 % of the deaths globally can be attrib-
uted to AIDS (UNAIDS factsheet 2014). Another
communicable disease worth mentioning is
malaria, which according to the WHO contributed
to 6,27,000 deaths in 2012 (WHO factsheet on the
World Malaria report 2013). The next lethal infec-
tious killer disease is tuberculosis, which contrib-
uted to 9,00,000 deaths in 2012 according to
WHO reports (WHO factsheet 2014).

The heterogeneity in the spread of diseases
around the various geographical locations in the
globe is an issue of clinical research, according to
The Global Burden of Disease Study. The likely
explanation for this diversity includes ethnicity,
diet, environmental risks, and infectious agents,
etc., as ubiquitous risk factors. Issues more specific
to the developing world include lack of access to
clean water, poor sanitation, poverty and resultant
lack of prioritization of healthcare, and limited
access to treatment facilities (Gupta et al. 2014).

Third-world nations contribute to approxi-
mately 90 % of the global burden of diseases;
however, only 10 % of global research addresses
this problem (Sgaier et al. 2007). To further the
damage, the rate of original research into the
identification and discovery of novel biomarkers
is significantly limited in developing nations. The
primary reasons for this limitation are the lack of
formal training in research methods, inadequate
(or non-existent) protected time for research and
the lack of systematic funding from governmen-
tal and non-governmental resources in such
nations (Gupta et al. 2014).

1.3  What Are Biobanks

Biobanks or biorepositories are essentially a
robust infrastructure for maintaining and storing
biological samples with clinicopathological
information for aiding scientific research (Gupta
et al. 2014). The purpose of having biobanks is to
essentially have a hub or a repository for an
assortment of biospecimens such as serum, tis-
sue, CSF, urine, saliva, etc., which are well anno-
tated with clinical information including
outcomes of treatment and segregated on the

basis of comprehensive information of a subject’s
family history, health records, lifestyle, genetics,
multi-omics profile, etc. (GBI Research 2012;
Otlowski et al. 2010).

Biorepositories are traditionally population-
based or disease-based. The advantages associ-
ated with both these types of biobanks are
multifaceted. While population-based biobanks
essentially serve as an excellent resource for
samples in cohort studies, disease-based bio-
banks are a portal for biological material from
diseased patients with singular focus on a partic-
ular disease. Individual population-based bio-
banks provide an interesting starting point for
performing comparative analysis to understand
the demography of various countries at a molecu-
lar, cellular, or systemic level. They could poten-
tially help determine any underlying risk factors,
prevalent single nucleotide polymorphisms
(SNPs), and haplotypes to guide the emerging
field of precision medicine. Apart from core bio-
specimens, there are examples of biobanks which
store donor samples transformed into permanent
cell lines (cell culture banks), DNA extracted
from peripheral blood mononuclear cells (DNA-
banks), pathologically altered vital tissue banks
which stores frozen tissues, or cell culture sam-
ples where the disease manifests, viz., tumor
sample of the tissue in which it arises. With dis-
eases like cancer, where tumor heterogeneity and
drug response seem to be an overpowering issue,
biobanks storing “organoids” have emerged.
Organoids are long-term cultures of primary
human tissues and cancers. These overcome
some of the drawbacks of tumor cell lines, i.e.,
they present genetic diversity and therefore serve
as an excellent preclinical model to study drug
response toward the mutation it presents, which
is established by next-generation sequencing
(NGS)-based studies on these organoids (GBI
Research 2012).

1.4  Scientific Considerations

Biobanks need to operate within the scientific
framework of several crucial aspects including
close cooperation and inputs from a multidisci-



plinary team including clinicians, pathologists,
biologists, researchers, technicians, data manag-
ers, etc.; standardized data collection and quality
control of data; accepted technologies for preser-
vation of biospecimens and quality control of
biospecimens; updated inventories of biospeci-
mens and clinical data; comprehensive data man-
agement; and analysis tools. Besides these
important points, probably the most critical
aspect is an active research community with close
interaction between the biobank, clinicians, and
researchers translating into some early successes
even with relatively small, nonrisk-averse
research projects. Developing human resource
and expertise in biobanking requires two essen-
tial components: first, increased focus and invest-
ment into training, with free exchange of
information between biobanks and shared best
practices and innovations, and second, a clear
career progression path for biobanking scientists
and acceptance that biobanking is not merely an
infrastructure provider. All the above mentioned
points are of crucial importance if biobanking is
to graduate from being just an ancillary service to
a distinct scientific discipline in its own right
(Harris et al. 2012).

1.5 Biobanking Facilities

Available Globally

Considering that about 75% of the burden of
infectious and noninfectious diseases is localized
to the developing world, it is a matter of concern
that most of the world’s largest biobanks and bio-
banking networks like the Public Population
Project in Genomics (P3G), Estonian Genome
Project (EGP), Singapore Tissue Network, UK
Biobank, and International Genomics Consortium
(IGS) come from the developed world. Moreover,
biobanks which store biomaterials in collaboration
with one of the aforementioned consortia are also
mainly from the developed world (GBI Research
2012; Gupta et al. 2014). Thus, developing coun-
tries and the heterogeneity presented by the dis-
eases plaguing them are not adequately represented
at a global interface. As a consequence, studies on,
for example, breast cancer, in the leading laborato-

S.Gupta et al.

ries of the world, are limited to the samples that are
made available by these biobanks which do not
have any representation or collaboration with sim-
ilar repositories from the developing world.
Prominent examples of biobanks in the developing
world like The Chinese Kadoorie Study in China,
The Mexico City Prospective Study biobank, and
The Indian National Biobanks cannot be scaled up
to the endeavors from the West. Moreover, the
nature of samples collected in these biobanks is
extremely specific. For example, The Chinese
Kadoorie Study and The Mexico City Prospective
Study biobanks sample blood specimens of adults
with noncommunicable diseases over 35 years.
Thus, the need for a broader cohort of samples and
a cohort of varied samples made available to
researchers especially from the developing world
is of prime importance in today’s age (GBI
Research 2012). A comprehensive list of few other
prominent biobanking networks is available on
various online directories and reports (Zika et al.
2010; Biobank Directory, Specimen Central
[2016]).

Cancer is a disease that affects both the devel-
oped and developing world alike. The spectrum
of cancer incidence is widely variant between
more developed and less developed countries.
For example, melanomas are far more common
in the West as opposed to stomach or oral cancer
typically affecting the developing world. Even
within the same cancer, genetic variations are
common. For example, in non-small cell lung
cancer, the epidermal growth factor receptor
(EGFR) mutation rates are approximately 50 %
compared to about 20 % in Caucasian popula-
tions (Shi et al. 2014). In spite of the uniqueness
that the developing world presents in diseases
such as cancer, very few noteworthy cancer bio-
repositories representing such biospecimens can
be named. The Cancer Center Tissue Bank;
Fudan University, China; Malaysian Tissue
Bank; Iran National Tumor Bank; and Bangkok
Biomaterial Center, Thailand, are few among
them. In India, the Tata Memorial Centre Tumor
Tissue Repository (TTR) is one of the few biore-
positories for sustainable cancer research to date.
The Brain Biobank at National Institute of Mental
Health and Neurosciences (NIMHANS),
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Bangalore; OrganRetrieval Banking Organization
at All India Institute of Medical Sciences
(AIIMS), New Delhi; National Repository for
Cell Lines at National Centre for Cell Science
(NCCS), Pune; and Mycobacterial Repository at
JALMA, Agra, are examples of few other biore-
positories in India which cater to specific areas of
research (GBI Research 2012). However, lacking
is a single biorepository entity which captures
samples of a larger cohort, even if it may cover a
specific domain. The Tata Memorial Centre is
planning to build a large biorepository to collect
blood and urine samples from a large prospective
cohort in the near future (personal communica-
tion, Dr. Rajesh Dikshit, Professor, Epidemiology
& PI TARC Regional Hub-Mumbai, Tata
Memorial Centre). With standalone biobanks, it
is often observed that the samples are more often
from cases which are local and do not necessarily
capture the heterogeneity of an entire nation, let
alone an entire continent. This is an area which
has to be constructively worked on with large
scale collaborations.

1.6  Hurdles in Establishing
Biorepositories

in the Developing World

The reasons for the lack of adequate biobanking
facilities in the developing world are multifacto-
rial. The primary reason is the lack of awareness
of the importance of biobanking. In a developing
world setting, where research is more often a
pilot or exploratory study rather than global pro-
filing, the sample size of clinical subjects usually
ranges from about 10 to 100 on an average.
Laboratories often undertake such projects in
collaboration with enthusiastic clinicians who are
passionate about research. However, what is
lacking in such a setting is consistency in sample
availability, nature of samples which may differ
if it comes from two or more different clinics,
similar sample processing, clinical history, and
data processing, which are different in different
organizations. These variations play a huge role
in the outcome of OMICs-based experimental
setting. On the other hand, a biorepository stor-

ing a plethora of various samples, processed in a
uniform way with standard practices with patient
history documented in a uniform way from the
clinicians, creates a more solid foundation on
which reliable experimental data can be based
(Ray et al. 2013).

The second and perhaps an equally important
reason is the non-availability of funding for
developing such repositories. These are essen-
tially non-profit ventures limited by the budget,
as set by the government bodies to accomplish
what is a massive endeavor. Thus, quality is
sometimes compromised and sustenance is left
largely questioned. It is therefore of importance
that one plans such projects on a long-term sus-
tainable model, so that areas of healthcare
research like biomarker research is not hampered.
Finally, ethical issues, governing samples, and
ownership of the data taken from such reposito-
ries often clouds the development of such proj-
ects (Gupta et al. 2014).

1.7  Conclusions

Biobanks and biobanking-related activities can
augment biomarker research in a major way in
the developing world. However, there is a huge
void that is to be filled with regard to awareness
of the advantages that such platforms provide
researchers and clinicians. The need does not
stop at establishing new biobanks; rather, it
extends to ensure its association with larger con-
sortia, both at the national and international level.
One feasible approach toward this is, to establish
local biobanks which are associated with nation-
alized biorepositories. These national reposito-
ries should be part of a global consortium for
multilateral exchange of samples and data. This
will not only facilitate better data sharing among
various geographic locales all over the world but
will also lead to collaborative research, yielding
desirable breakthroughs in life-threatening dis-
eases (Fig. 1.1). Backing from government, phi-
lanthropists, and non-profit organizations is key
to sustaining such endeavours. Fundamental to
this support is the realization that biobanks pro-
vide the necessary raw material for progress in
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Fig.1.1 Represents the pipeline for sustainable biobank-
ing practices which embraces various facets involving
acquisition of biospecimens, robust documentation, ethi-

scientific, medical, and biotechnology research.
The path to this could be a difficult one; however,
it is undeniably an essential step to sustain pro-
ductive research in the field of healthcare in the
future.
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Abstract

Lack of homogeneity in lineages of tumour cell population, in addition
to constant evolution of abnormal cells, results in intratumour heteroge-
neity. Tumour prognosis, to a great extent, depends on the permutations
and combinations in which one or more clonal lineage prevails. This
directly affects therapeutic decisions as tumour sensitivity, or resistance
to a particular treatment is reflected in the heterogeneity it presents. In
this context, geographic predisposition presents a different dimension
which may drive this heterogeneity in a particular direction and is prob-
ably the larger set of cause followed by subsets of causes like clonal
evolution or cancer stem cells which result in the idiopathic nature of
tumour heterogeneity. However, the geographic pervasiveness of can-
cers has not been studied in depth in context to tumour heterogeneity.
The suffix “-omics” denotes a study in total of that particular stream of
science. For example, the study of genome is referred to as genomics.
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Off late, multi-omics approaches encompassing a systemic understand-
ing of cancer tissues have shed immense light in understanding the
molecular basis of tumour heterogeneity with regard to the classical
models traditionally proposed to explain the heterogeneity. Genomics,
proteomics, metabolomics and transcriptomics have received an enor-
mous boost with emergence and evolution of high-throughput technol-
ogy like mass spectrometry and next-generation sequencing. This
chapter discusses briefly about the type of tumour heterogeneity noticed
especially in context of the developing world and how OMICS-based
research can bring about a revolution in understanding any geographic

bias that may exist and contribute to tumour heterogeneity.

Keywords

Tumour heterogeneity ¢ Geographic variation ¢ Developing country e
Endemic ¢ Personalised therapeutics ® Multi-OMICS

2.1 Introduction

Heterogeneity in the tumours broadly depends on
the origin (tissue and cell type) of the tumour
(intertumour heterogeneity) (Marusyk et al.
2012). Sometimes, despite having the same ori-
gin, tumour heterogeneity (intratumour) can be
observed (Burrell et al. 2013). Intratumour het-
erogeneity is complex, but is a widely observed
phenomenon and has been best explained using
Peter Nowell’s clonal evolution model and exis-
tence of cancer stem cells (Shackleton et al.
2009). Primarily, the genomic instability leading
to a high genetic diversity in the tumour cell pop-
ulation is attributed as the primary reason or the
source of heterogeneity which is driven across
the clonal generations through somatic evolu-
tions. At the same time, the non-genetic hetero-
geneity of deterministic and stochastic cellular
phenotypes is attributed to the cancer stem cell
model (Stingl and Caldas 2007; Marusyk et al.
2012). The micro environment of the tumour
also has a significant influence on the epigenetic
landscapes of these cells further enhancing this
heterogeneity (Gupta and Massagué 2006).
Furthermore, intratumour heterogeneity gets
more complex in nature when a single form of
clonal progeny has a pronounced dominance
over the rest (Marusyk et al. 2012). There could
be a situation where we have mixed dominance
of two or more different clonal progenies. When

such a tumour metastasises to another tissue, the
heterogeneity builds up from the subtle differ-
ences depending on the differences in the tissue
type between the primary tumour site and the sec-
ondary tumour site (Gupta and Massagué 2006;
Bedard et al. 2013). In each of these situations,
the tumour would present a different response to
therapeutics and therefore poor prognosis.
Heterogeneity existing in the tumour cell popula-
tion exhibits some clinically important pheno-
typic features which renders it sensitive or
resistant to certain therapies (Junttila and de
Sauvage 2013), thus posing as a major hindrance
in accurate diagnostic and therapeutic decision
(Bedard et al. 2013). Although such phenotypic
and genetic factors influencing tumour heteroge-
neity have been well explored, there exists a
dearth of research in the field of the geographic
variations which can be believed to enhance the
tumour heterogeneity to another dimension.

2.2  Understanding Cancer
Demographics and its
Influence on Tumour
Heterogeneity

A clear evidence to support the geographic per-
vasiveness of cancer is the fact that the cancer
types that plagues the developed world is very
different from the kind of cancers which burden
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the developing world (Rastogi et al. 2004; Gupta
et al. 2014). This indicates that various pockets of
populations across the globe have a predisposi-
tion towards particular cancers, and therefore
conversely there are cohorts which are more
“protected” from certain cancers than some other
populations. If we segregate the global popula-
tion into firstly two major sections—developed
and developing world—there are several inci-
dences of certain types of cancer specifically in
developing nations, while there are negligible
incidences for the same types of cancer in the
developed world and vice versa (Gupta et al.
2014). The enormous diversities in socio-
epidemiological background, ethnicity, lifestyle,
diet, exposure to various environmental risk fac-
tors and infectious agents, hormonally related
variables and other external epigenetic factors
can be thought to contribute to cancer heteroge-
neity in addition to genetic factors.

Amidst this, it is also important to open up to
another perspective and acknowledge the magni-
tude of disease burden in developing nations.
While it was thought initially that low- and
middle-income nations house the bulk of infec-
tious diseases, recent observations suggest that
the trends are similar even with non-
communicable diseases like cardiovascular dis-
orders, diabetes, cancer, etc. (Wagner and Brath
2012). When specifically talking about cancer,
there has definitely been a rise in the cancer-
incidence rate in developed world as compared to
the developing world (Are et al. 2013). According
to World Cancer Report 2008 (Boyle and Levin),
the incidence of newly reported cancer jumped to
56 % in 2008 compared to 15 % in 1970. Out of
7.6 million cancer deaths worldwide every year,
developing world accounts for two-thirds of it
(Jemal et al. 2011). Hence, while genetic stability
and clonal evolution-based models of studying
cancer heterogeneity, post the manifestation of
the disease, are the ultimate effectors of tumour
heterogeneity, we propose an angle to understand
cancer heterogeneity where it is more likely to
first influence the kind of heterogeneity an indi-
vidual is likely to present. Perhaps genetic pre-
disposition of a population to be prone to a type
of cancer is an interesting arena for -omics
researchers wherein the overshadowed facet of

geographic heterogeneity and its function in
determining the course of detection and treat-
ment are studied in depth.

2.3  Predisposition
of a Population

to a Particular Cancer

Considering that tumour heterogeneity may arise
due to a large number of variables, the very root
of this heterogeneity can at its onset be detected
as aberrations at the genetic level. At this point,
what is of interest is the likely possibility of
genetic vulnerabilities lying in the population of
an area endemic to a certain type of cancer and
the path of heterogeneity it takes as the disease
progresses as compared to any other non-endemic
region. Taking India as an example of an emerg-
ing developing country, one can observe ubiquity
of a particular cancer in a particular territory. It
has been proven that certain gene polymorphism
prevalent within a given population renders them
more vulnerable to a particular cancer
(Shankarkumar and Sridharan 2011). It has been
observed that Indian women residing in the
northern province of the country have a polymor-
phic copy of CYP1AI, a biomarker known to
rendering them more prone to breast cancer
(Singh et al. 2007), while the association of poly-
morphic copy of Fas-670 gene has shown to play
arole in North Indian women being prone to cer-
vical cancer (Kordi Tamandani et al. 2008).
XRCC4 is known to play a key role in nonho-
mologous end-joining repair pathway. Thus,
polymorphisms in such DNA repair genes have
been shown to reduce their DNA repair capabil-
ity. XRCC polymorphisms have been implicated
for the prevalence of prostate cancer in North
Indian Population (Mandal et al. 2011).

Several other examples within the Indian pop-
ulations can be cited wherein the age-adjusted
rates (AAR) of certain cancers are among the
highest reported in the globe. However, the pic-
ture that has unveiled recently is that the highest
AAR of a particular malignancy is focused at its
epicentre and not dispersed in the entire nation
uniformly. In other developing countries like
China, it has been established that IL-1B2511T/T
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genotypes predisposes the population residing in
Shanxi which has reported high prevalence of
gastric cancer as compared to Guangdong which
has low prevalence of gastric cancer (Zeng et al.
2003). Similarly, Korea is known to be endemic
for gastric cancer (Park et al. 2000). Gall bladder
carcinoma is known to be endemic in Chile
(Wistuba et al. 1995), while nasopharyngeal car-
cinoma and oesophageal carcinoma are known to
be major tumours in southern China (Seng et al.
2007). The broader question in this scenario is to
find out the extent to which these cancer endemic
populations are predisposed as compared to the
diseased population from sporadic occurrences.
The next question is to find the nature and
uniqueness of these predispositions as several
factors like age, sex, socioeconomic background,
education, tobacco and alcohol abuse, lifestyle
changes, infections (Helicobacter pylori, human
papillomavirus, hepatitis B virus, Epstein Barr
virus, etc.) and environmental factors contribut-
ing to cancer risks. However, in spite of these
factors, one cannot ignore these significant
demographic trends within the slow-growing
pandemic of cancer which need to be studied
considering these factors more holistically. Thus,
these observations establish the need for specifi-
cally studying the population residing in devel-
oping nations on the basis of these trends
(Nandakumar et al. 2005).

2.4  Perceiving Geographic
Heterogeneity by Multi-
OMICS Research

2.4.1 Genomic and Transcriptomics

Studies

Due to the nature of the problem that tumour het-
erogeneity presents, genomics-based techniques
have been traditionally used to detect signature
abberations (Chung et al. 2002). RNA-/cDNA-
based microarrays have been used to understand
heterogeneous gene expression to understand
cancer as a disease to greater depths (Alizadeh
et al. 2000; Pennings et al. 2012). With the advent
of next-generation sequencing, the power
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unleashed by genomic-based techniques has
undeniably become the most important tool
available to researchers to identify the players
involved in tumour heterogeneity (Meyerson
et al. 2010; Roychowdhury et al. 2011). In a
study, a 54-year-old individual was subjected to
integrated personal omics profile (iPOP). This
involved a high-resolution examination of this
whole genome sequence (WGS) and whole
exome sequence (WES). This study provided his
genomic and transcriptomic profile in addition to
his proteomic, metabolomic and autoantibody
profiles. These were analysed over a 14-month
period through his healthy and diseased states
which helped reveal certain medical risks (Chen
et al. 2012). Such approaches can be extended to
cancer-based cohorts as it would shed some light
on tumour heterogeneity, particularly if one tar-
gets cancers in certain endemic populations.

2.4.2 Proteomic Studies

Although genomic studies are an effective
method to study the heterogeneity presented in
cancer, proteomic analysis of vulnerable popula-
tions can help elucidate the extent of their predis-
position to a particular cancer. A comparative
study of vulnerability with healthy populations
can be sought out with an aim to comparatively
analyse the proteome profile of relatively resis-
tant groups to vulnerable groups (Alaiya et al.
2000). Alterations in the genome are often
reflected in its proteome by several magnifica-
tions. Proteomics-based studies specially allow
identification of novel biomarkers and protein
expression signatures (Wulfkuhle et al. 2003).
They also help in prediction of responses of a
patient to a given drug, thus helping personalised
therapy (Cancer Target Discovery and
Development Network et al. 2010). In an attempt
to reduce the invasiveness to diagnose cancer and
to develop novel biomarkers, the plasma pro-
teome has been proposed to be an attractive tar-
get to detect variation in cancer patients as
compared to healthy individuals. High-
throughput techniques like mass spectrometry
have proved to be instrumental in understanding
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the differential expression of proteins in tumour
tissues. Thus, such approaches provide a base to
form a proteomic reference in an endemic popu-
lation, and it also helps in comparing protein pro-
files of patients across different states within the
country and in the world to explore relative risks
and targeting therapy (Petricoin et al. 2002;
Chumbalkar et al. 2005). The importance of such
studies is to find if there are proteomic differ-
ences which may be location and race based.
From the clinical perspective as well, proteomic
findings can be immediately applied into transla-
tional validations, and hence the initiative to
study those is in the interest of national health.

2.4.3 Metabolomic Studies

Cellular metabolism at the functional level is one
of the key players, which define the physiological
nature of the cell. Thereby, understanding tumour
metabolism is not only crucial to understand the
disease biology, but it also is important in terms
of source of potential biomarkers. Metabolomics,
the systemic study of metabolites, is an emerging
field and is increasingly being adopted to unravel
various facets of clinical oncology. Nuclear mag-
netic resonance (NMR), mass spectrometry
(MS), Fourier-transform infrared spectroscopy
(FTIR), high-performance liquid chromatogra-
phy coupled with electrochemical coulometric
array detection (LCECA), Raman spectroscopy
and metabolite arrays are few of the technologies
available to study metabolomics from various
biospecimens (Kaddurah-Daouk et al. 2008;
Oakman et al. 2011). Metabolomics has been
used extensively and easily in biofluids where
sample preparation is relatively simple; however,
for tissue-based metabolomics, the sample prepa-
ration has been relatively tricky (Heinemann and
Zenobi 2011). With due precaution, it is possible
to study large cohorts to understand systemic
alterations in biofluids like serum, urine, CSF,
etc., and understand population-based metabolo-
mics signatures. To dissect the disease com-
pletely, tissue-based metabolomics followed by
single cell analysis of these tissues would be of
prime importance.

2.4.4 Single Cell Analysis (SCA)

The resolution of results obtained in terms of
dissecting the heterogeneity in both genomics
and proteomics is a huge limiting factor. A mini-
mum of 10° cells are required for extracting
DNA/RNA to perform any further genomic or
sequencing studies. This large number of cell
input implies that they may not be single cell-
derived lineages. Thus, the results from such
studies may give us an averaged or holistic
impression of the genomic profile (Rosenblum
and Peer). Same is the case in proteomic studies
wherein tissue extracts cannot be thought to be
derived from cells in isolation. Single cell
sequencing is an outcome of next-generation
sequencing (NGS) which has helped us to now
perform high-resolution screening of the single
cell genome to understand the genetic, epigene-
tic and transcriptomic heterogeneity, especially
in case of diseased samples (Macaulay and Voet
2014). Single cell proteomics in the form of
flow cytometry, single cell proteomic chips,
etc., have been used to decipher signalling path-
ways (Irish et al. 2006; Shi et al. 2012). However,
there is more scope for innovation to cater to the
needs for detecting proteomic aberrations at the
single cell level.

Many new commercial technologies apart
from the traditional high-throughput microscopy
have recently emerged to take SCA to a
multi-omics platform. These technologies are
essentially “Lab-on-Chip” devices which exploit
microfluidics, cell trapping techniques using bio-
physical parameters like dielectrophoretic
charges, etc. (Mannello et al. 2012). Devices
from ScreenCell, Fluidigm’s C1™ Single-Cell
AutoPrep System, Silicon Biosystems DEPArray,
etc., are few such examples (Mannello et al.
2012). On culturing cell populations derived
from each single cell in a given tumour tissue, it
is possible to run a host of multi-omics-based
experimentation (including genomics, transcrip-
tomics, metabolomics, degradomics, etc.) on
them which would truly represent the systemic
alterations down to the single cell level and cap-
ture the entire biological heterogeneity. These
studies can then be extrapolated at a cross-
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Fig.2.1 Represents the
rationale of undertaking
single cell analysis to
dissect intratumour
heterogeneity by separat-
ing single cells in a
tumour, each of which
could have unique
alterations of their own.
These could be subjected
to various multi-omics
approaches like genomics,
transcriptomics, pro-
teomics, metabolomics,
etc., to holistically
determine the trends in a
population

sectional level where cohorts from different geo-
graphical locations could be studied to find
common and unique etiological alterations in
cancers (Fig. 2.1).

2.5 Tumour Heterogeneity
Necessitates

the Personalisation

of Therapeutics

and Implementation

of Standard Global Models

Findings of research pursued globally, primarily
in the developed world, using samples from the
developed countries would be futile when
extrapolated to populations residing in develop-
ing nations rendering it inconclusive. Certain
strategies have been explored by various research
groups globally, viz., the University of Michigan
in collaboration with the International Genomics
Consortium and institutes contributing to The
Cancer Genome Atlas (TCGA), with an aim to
personalise therapy. The success of such an
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approach from the Broad Institute of Harvard
and MIT has been recently published where
pharmacological profiles of 24 anticancer drugs
were studied across 479 cancer cell lines
(Barretina et al. 2012). They found that the
development of personalised therapeutic regi-
mens can be enhanced by genetic predictions of
drug response in the preclinical settings and their
incorporation into cancer clinical trials (Barretina
et al. 2012). This study is widely being used as
the central rationale for most research groups
towards developing personalised medication. In
fact, the same institute also reported the sensitiv-
ity of Bcl-2 family antagonist, Navitoclax, result-
ing due to mutations in oncogene b-catenin and
its candidate dependency (Basu et al. 2013).
They have used this model to hypothesise novel
therapeutics to accelerate the discovery of drugs
to cater to patients depending on the cancer gen-
otype and lineage. Studies affiliated to TCGA
using such approaches have been responsible for
major findings like classification of glioblastoma
into four distinct subtypes depending on gene
expression patterns and clinical characteristics,
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viz., proneural, neural, classical, and mesenchy-
mal subtypes (Verhaak et al. 2010). Aberrations
in expression of EGFR, NF1 and PDGFRA/
IDHI1 genes result in the classical, mesenchymal,
and proneural subtypes, respectively (Verhaak
et al. 2010). The Pan-Cancer initiative affiliated
to TCGA has profiled 12 tumour types by analys-
ing large number of human tumours to shed light
on aberrations in DNA, RNA, protein or epigen-
etic at the molecular level (Cancer Target
Discovery and Development Network et al.
2010; Kandoth et al. 2013). Their success in
utilising such strategies has helped the scientific
community to understand how one can extend
therapies effective in one cancer type to others
with a similar genomic profile (Barretina et al.
2012). On extending these strategies in collabo-
ration with research groups in the developing
world or by using samples from the developing
world, the genetic basis for the disparity in global

heterogeneity in cancer can be Dbetter
understood.
2.6 Concluding Remarks

Tumour heterogeneity is a challenging subject to
study and is essential to understand how cancer
progresses and the therapeutic implications it
extends. To this end, multi-omics research has
provided numerous clues which establish these
facts clearly. However, there is a huge scope to
study geographic bias of a disease and the hetero-
geneity it presents. By comparing populations and
the cancers endemic to these regions using multi-
omics approaches, it would not only provide us
biological evidences of genetic vulnerability, if it
exists, but will also help extensively in certain
basic generalisations of inclusions or exclusions
of therapeutic regimes according to its response in
a population. Further from population centric
regimes, it also provides a gateway to understand
the response on an individual to a particular ther-
apy. It is probable that in the near future, technol-
ogies like NGS and Mass Spectrometry based
Targeted Proteomics would be routinely used to
detect residual disease after therapy during fol-

low-ups. With the drastic evolution of expertise,
personalised medicine and targeted therapeutics
are very much a reality and should be pursued
extensively in order to combat the challenges pre-
sented by cancer heterogeneity.
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Omics: Data Processing
and Analysis
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Abstract

The innovations in genome sequencing technologies have emanated in
better understanding of biosystems leading to the dawn of the “omics” era.
Proteomics has been an integral interface in the post-genomic era, and has
allowed researchers to explore other omics-based platforms like metabo-
lomics, transcriptomics, phenomics, etc. In pursuit of obtaining a systemic
understanding of biosystems, the scientific community is now largely
incorporating a multi-omics-based workflow, with genomics and pro-
teomics at the centre of this integrated approach. Techniques such as gel-
based proteomics, mass spectrometry, protein microarrays and label-free
platforms have emerged as powerful tools for high-throughput screening
and discovery-based studies in many of these multi-omics disciplines.
However, with increased throughput, large amount of data is generated,
and analysis of huge data often poses a challenge to researchers. The auto-
mation in specialized software has been immensely helpful to researchers
in data acquisition; however, the downstream workflow of these sophisti-
cated technologies continues to disconcert scientists, embracing an inte-
grated multi-omics approach. This chapter aims at providing an overview
of various proteomics-based technologies and their data evaluation strate-
gies in context to biological studies. Data storage in specialized databases
also requires attention, but is beyond the scope of this chapter. Gel-based
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proteomics, mass spectrometry, protein microarrays and label-free tech-
nologies are some of the commonly employed techniques in metabolo-
mics, interactomics, genomics and transcriptomics, thus encompassing a
multi-omics perspective on data analysis.

Keywords

Omics ® Data analysis ® 2D-DIGE ¢ MALDI-TOF ¢ LC-MS-MS ¢ Protein
microarray ¢ Surface Plasmon Resonance

3.1 Introduction

Onmics refers to a field of biology aimed at eluci-
dating the structure, function and dynamics of
various biological entities that constitute a cell.
Various omics technologies are used in different
disciplines such as genomics, “the study of
genes”’; transcriptomics, “the study of expression
and spatial distribution of gene at the mRNA
level”; proteomics, “the study of gene function at
the protein level”; and metabolomics, “the study
of metabolites”. The common objective of these
omics approaches is the creation of large compre-
hensive data sets, which will help in a better
understanding of the biology of organisms. Until
a few decades ago, Sanger’s sequencing was the
sole method to gain an insight on primary struc-
ture of proteins, but recent advances in electro-
phoresis and chromatography, coupled with
improvements in mass spectrometry, allow a bet-
ter understanding of proteomes. Proteomics is the
comprehensive analysis of protein structure,
function and dynamics studied by investigating
the protein abundance, modifications, interacting
partners and pathways, in order to understand the
cellular processes (Chandramouli and Qian
2009). Some of the sophisticated and high-
throughput omics techniques, described in this
chapter, such as 2-DE, DIGE, mass spectrometry,
protein microarrays and surface plasmon reso-
nance, make the quest of knowledge seem never
ending. An overall schematic representing a typi-
cal proteomic analysis workflow using various
omics tools is shown in Fig. 3.1.

With the advent of technology in proteomics,
the data generation is fast, enormous and explod-
ing in terms of size and complexity. The prime
challenge today is to handle large data sets gener-
ated across the world and to analyse the same for
relevant biological interpretations (Gomez-
Cabrero et al. 2014). The accessibility of omics
data to researchers is another matter of concern.
Many proteomics data repositories have been
established to safely store the vast data generated
by researchers across the globe. Some of the
known 2-DE data repositories include SWISS-
2DPAGE, WORLD-2DPAGE Portal, EcoproDB,
2Dbase, GELBANK and proteome 2D-PAGE
database. Recently, some mass spectrometry
(MS)-based data repositories (PRIDE, GPMDB,
PeptideAtlas, Tranche and NCBI peptidome)
have also been established with generation of
high-confidence data and coverage.

Besides proteomics, many other omics
approaches have attained greater interest in
research to offer a better understanding of bio-
logical systems. The emerging omics technolo-
gies such as transcriptomics, metabolomics and
phenomics provide a critical insight into the ori-
gin, function and regulation of molecules and
their pathways. With the influx of omics data,
there is a growing need to know the subject better
in order to combat the challenges in data manage-
ment and analysis. Systems biology has undoubt-
edly evolved to manage, organize and process
multi-omics data, in a methodical manner, by
generating tools capable of analysing huge data
sets (Gehlenborg et al. 1998). The current chapter
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Fig.3.1 Overall schematic representing a typical proteomic analysis workflow using various omics tools

focuses on providing an overview on some of the
omics approaches, mentioned above, and their
data evaluation strategies.

Two-Dimensional Gel
Electrophoresis

3.2

Two-dimensional gel electrophoresis (2-DE) has
been an effective gel-based method for global and
quantitative proteomic analysis of various bio-
specimens. With its advent in the 1970s, this tech-
nique has paved the way for easy separation of
complex protein mixtures, which was not possible
through one-dimensional electrophoresis. The
technique gained popularity in the 1990s with the
introduction of immobilized pH gradient (IPG)
strips which eased the protocols and increased its
reproducibility and efficiency (Palzkill 2002;
Beckett 2012). The basic principle involves the
separation of a complex mixture of proteins
based on two independent parameters: isoelectric
point (pI) and molecular weight (Fig. 3.2a). The

first-dimensional separation occurs through iso-
electric focusing (IEF), a technique in which
separation of proteins occurs based on their
respective pl (the pH at which proteins form
zwitterions), followed by a second-dimensional
separation which is based on their molecular
weight, similar to one-dimensional gel electro-
phoresis (1-DE). 2-DE approach can be used for
global as well as differential protein profiling
from biological samples (Fig. 3.2b). In the past,
protein spot detection involved visual analysis of
coomassie or silver-stained spots. Over the years,
several software have been developed to enhance
the sensitivity of protein spot detection (Table
3.1). The protein spots of interest (all spots in
case of global proteomics and statistically signifi-
cant spots in case of quantitative proteomics) can
be excised, subjected to in-gel digestion followed
by identification using mass spectrometry. The
major advantage of 2-DE over 1-DE is the fact
that it enables high-resolution separation of pro-
teins with similar molecular weights but different
pls. Thus, 2-DE can be regarded as a milestone in
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Fig. 3.2 Proteomic analysis using classical 2-DE and
2D-DIGE. A classical workflow demonstrating (a) 2-DE
and 2D-DIGE experiment generating (b) coomassie-
stained gel image of a complex protein mixture after clas-

sical 2-DE and (c) scanned image of a gel following
2D-DIGE with fluorescently labelled proteins as visible
spots. 3D views for different (d) protein spots and dust
particle as detected using DeCyder software

Table 3.1 List of commonly available software for 2-DE and 2D-DIGE analysis

S. No. Software Source Applications

1 IMP7 www.gehealthcare.com 2-DE

2 DeCyder www.gehealthcare.com 2D-DIGE

3 PDQuest www.bio-rad.com 2-DE

4 Delta2D www.decodon.com 2-DE and
2D-DIGE

5 GelScape www.gelscape.ualberta.ca 2-DE

6 Flicker http://open2dprot.sourceforge.net/Flicker 1-DE and 2-DE

7 REDFIN www.ludesi.com/redfin 2-DE

8 Melanie http://world-2dpage.expasy.org/melanie/ 2-DE

9 ImageMaster www.apbiotech.com 2-DE

10 ProteomeWeaver www.defeniens-imaging.com 2-DE

11 73 2D-gel analysis system www.compugen.co.il 2-DE

12 Progenesis and Phoretix 2D www.nonlinear.com 1-DE and 2-DE

the proteomics era due to its ability to provide
relatively higher protein coverage.

The limitations associated with 2-DE such as
gel-to-gel variability and poor sensitivity led to
the development of a relatively new technique
with the ability to label proteins, which are then
subjected to co-electrophoresis on a single gel.
This technique, designed by Jon Menden’s group,
is referred to as two-dimensional difference gel

electrophoresis (2D-DIGE) (Unlii et al. 1997).
The methodology is similar to the conventional
2-DE except for the pre-electrophoretic labelling
of samples with cyanine dyes (Fig. 3.2c). The
cyanine dyes (Cy2, Cy3 and Cy5) bearing
N-hydroxysuccinimidyl ester groups bind cova-
lently with e-amino groups of lysine residues in
the protein of interest (Wilkins 2008). Each of
these Cy dyes is matched for mass and charge,
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and is spectrally resolvable due to different exci-
tation/emission wavelengths. Cy2 (excitation,
492 nm; emission, 510 nm) is preferably used to
label the internal control, which is a pool of equal
amounts of all samples loaded on the gel, whereas
the samples under study (test and control) are
labelled with Cy3 (excitation, 550 nm; emission,
570 nm) and CyS5 (excitation, 650 nm; emission,
670 nm) dyes. The internal control helps to elimi-
nate the gel-to-gel variations. DIGE gels are usu-
ally run in biological replicates for gel consistency
and better statistical analysis of protein spots.

3.2.1 Gel Analysis and Data

Assimilation

The 2D-DIGE gels are scanned in a specialized
variable mode laser scanner that enables visual-
ization of a wide range of fluorescent wave-
lengths. The scanned images are further analysed
using various software, some of which are enlisted
in Table 3.1. These software align two or more
gels in the same orientation, assign spot numbers
to all protein spots in a gel and then overlay the
gels. The differential expression (up- or down-
regulation) in protein spots is enlisted based on
their spot intensities. For instance, the DeCyder
software provides options like differential in-gel
analysis (DIA) for the analysis of an individual
gel image and biological variation analysis (BVA)
for the analysis of multiple gels (biological repli-
cates) (GE Healthcare DeCyder 2D Software GE
Healthcare 2-DE Principles and Methods 2004).
DIA provides three-dimensional view of each
protein along with its maximum slope and volume
which aids in better understanding of the protein
expression level in a given sample (Fig. 3.2d).
Care must be taken to ensure meticulous gel crop-
ping and overlaying to avoid elimination or mis-
match of any protein spot. It is necessary to
include certain filters during image analysis which
aid in excluding some artifacts as the software
cannot distinguish between protein spots and dust
particles resulting in false 3D images (Fig. 3.2d).
Additionally, manual curation is preferred to
avoid false results and mismatching of protein
spots. For the protein identification of 2D-DIGE
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analysis, a preparatory 2-DE gel run is preferred.
However, a 2-DE gel may not be an exact replica
of the corresponding DIGE gel making spot cut-
ting a difficult task (Baggerman et al. 2005).
Owing to limitations such as limited protein
coverage, higher sample requirement, low sensi-
tivity in protein identification, low solubility of
membrane-associated proteins, limited sample
loading capacity of IPG strips and gel-to-gel vari-
ability, gel-based approaches (2-DE and
2D-DIGE) are increasingly being replaced by gel-
free methods like iTRAQ (isobaric tag for relative
and absolute quantitation) and SILAC (stable iso-
tope labelling by amino acids in cell culture).
These approaches directly label the peptides,
which can be detected using mass spectrometry.
For many years, protein identification relied
on a laborious technique called Edman degrada-
tion. However, there were several disadvantages
linked to this method: (a) very slow and exhaus-
tive process (only ten residues identified in 24 h),
(b) required large amount of protein samples, (c)
could not be performed if N-terminus of the pro-
tein was inaccessible (folded or modified) and (d)
the reduction in efficiency after 50-60 residues.
The advent of high-throughput mass spectro-
metric technologies eased the task of protein
identification and quantification with greater effi-
ciency and accuracy. An overview of mass spec-
trometric analysis of proteins following the 2-DE
procedure is described in the following sections.

3.3  Matrix-Assisted Laser
Desorption/lonization Time

of Flight

Mass spectrometry is one of the key platforms in
the field of proteomics. Out of the various mass
spectrometric techniques available, matrix-
assisted laser desorption/ionization time of flight
(MALDI-TOF) gained popularity due to its ease
of application for mass determination and pro-
tein identification. MALDI-TOF is a versatile
approach for analysing proteins, peptides, oligo-
nucleotides, glycans, polymers and organome-
tallics, utilizing minimal reagents and easily
accessible protocols.
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MALDI-TOF like other mass spectrometric
instruments consists of three functional compo-
nents: an ion source to ionize and transfer analyte
ions to gaseous phase, a mass analyser to sepa-
rate ions based on their mass-to-charge ratio
(m/z) and a detector to detect the separated ana-
lyte ions. Ionization techniques like MALDI and
electrospray are soft-ionization approaches in
mass spectrometry that allow large non-volatile
biomolecules like proteins to ionize and vaporize
readily (Croxatto et al. 2012).

MALDI is based on rapid photo-volatilization
of analytes embedded in the matrix. A matrix is a
compound capable of acquiring energy generated
by laser and passing this energy to analyte mole-
cules, thereby facilitating their desorption and
ionization (Marvin et al. 2003). The excited
matrix causes protonation of analytes resulting in
formation of singly or doubly charged (some-
times multiply charged) ions in the gaseous
phase. An electrostatic field further accelerates
all analyte ions to attain equal kinetic energy.
These ions further travel ahead in the flight tube
to get separated by the analyser based only on
their m/z ratio such that the ions with low m/z
ratios travel faster compared to the ones with
higher m/z. The separated ions are detected by
the detector, which records the intensity of ions
and generates a plot of m/z to relative ion inten-
sity/abundance referred to as the mass spectrum.
MALDI offers both positive and negative modes
that can be selected during analysis depending on
the charge attained by the analyte during ioniza-
tion. Proteins and peptides are generally analysed
using positive mode, whereas nucleic acids are
analysed using negative mode.

The selection of matrix is a crucial step in
MALDI, and depends on the type of analyte and
objective of analysis. Preparation of matrix solu-
tion involves dissolving the solid matrix in suit-
able organic solvents. Pure proteins and in-gel
(trypsin or other suitable enzymes) digested pro-
teins are analysed for mass determination and
protein identification, respectively. Desalting is
an important step performed to remove salts and
other contaminants which may result in unwanted
peaks and noise in the mass spectrum. Semi-
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purified proteins may generate large number of
peaks causing uncertainty in the data obtained.

3.3.1 Data Acquisition and Analysis
Data acquisition refers to storing of electrical sig-
nals as mass spectrum after the ions are detected
by the detector. The matrix and samples are
loaded on the MALDI target resulting in sample
crystallization followed by data acquisition by
laser bombardment (Fig. 3.3a). In the generated
mass spectrum, we may often observe noisy peaks
having poor signal-to-noise ratio (S/N) and higher
baseline for low m/z values. Data processing
involves improving the S/N ratio of peaks and
correcting the baseline by base smoothening and
baseline subtraction, respectively (Fig. 3.3b). This
is followed by peak picking (selection of suitable
peaks), which is generally performed using algo-
rithms such as SNAP (sophisticated numerical
annotation procedure) and centroid. A modifica-
tion of peak picking method called two-Gaussian
algorithm is utilized for proteins showing low
intensity in MS spectrum due to their poor expres-
sion (Kempka et al. 2004). Kernel matching pur-
suit (KMP) classifier is another novel algorithm
that has been used to identify differentially
expressed proteins in tissues of healthy controls
and patients with lung cancer (Liu et al. 2003).

Bovine serum albumin (BSA) is extensively
used as a control for MALDI studies. The molec-
ular weight of BSA is determined in linear posi-
tive mode using sinapinic acid matrix. In linear
mode, generally used for labile or high molecular
weight molecules (proteins), the flight tube is
straight with a detector at its end. In case of BSA,
two major peaks are observed in the mass spec-
trum after initial processing of the raw data
(smoothening and baseline correction). The peak
with maximum intensity corresponds to the mass
of intact singly charged BSA ion ~66.5 KDa (m/z
value), whereas the smaller peak ~33 KDa
denotes the doubly charged BSA ion (m/2Z)
(Fig. 3.4a).

Mass determination for complex samples such
as polysaccharides, polymers, glycans and
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Fig. 3.3 Spotting and peak generation using MALDI-TOF. The representative figure illustrates (a) peptide-matrix
crystals after spotting and (b) common peak characteristics obtained after peak generation

nucleic acids is more challenging compared to
proteins. Polysaccharides (due to their high
molecular weight) require additional salts and
high concentration of matrix for better ionization
and desorption. The MALDI analysis for oligo-
saccharides and polysaccharides may differ from
each other due to their varying molecular weights
and non-uniformity in their structure (Hao et al.
1998). For synthetic polymers, mass determina-
tion has always been questionable due to their
molecular weight, polydisperse nature and the
presence of additional end groups in their
structure (Christian and Jackson 1997). However,
MALDI-TOF plays a significant role in combat-
ing the challenges associated with mass determi-
nation of such complex samples.

For protein identification, the digested protein
yields a mixture of peptides unique to the particu-
lar protein, which results in a peptide mass fin-
gerprint (PMF) or peptide mass map. This PMF
is further searched against different protein
sequence databases identifying the correct match
with the highest score (Webster and Oxley 2012).
For BSA identification, after trypsin digestion,
a-cyano-4-hydroxycinnamic acid (CHCA) is
used as matrix to spot the BSA tryptic digest. The
reflectron mode, designed for peptides and other
small molecules, is used in such situations. In this
mode, a reflectron (series of evenly spaced elec-
trodes) is introduced in the flight tube at the end

of the analyser to increase the flight length of the
ions. Electrical field is applied over the reflectron
so that the ions entering the reflectron undergo a
continuous deceleration till they stop and leave
the reflectron, where they get accelerated again to
reach the detector. The reflectron thus facilitates
in improving the resolution of small molecules
by increasing their flight length.

The BSA peptide mass fingerprint shows
many signature peptide peaks of different molec-
ular masses: 927.4, 1,439.7, 1,479, 1,567.7,
1,724.7 and 2,044.9 (Fig. 3.4b). After processing
the raw PMF, few peptide peaks with higher
signal-to-noise ratios are selected for an extended
step, the tandem mass spectrometry (MS-MS)
(Fig. 3.4c). In tandem mass spectrometry, an
additional analyser is incorporated, as observed
in TOF/TOF with two TOF analysers or Q-TOF
with one quadrupole and one TOF analyser. The
two mass analysers in these instruments are sepa-
rated by a collision cell and an ion deflection
gate. The precursor ions, after being separated by
the first analyser, get further fragmented in the
collision cell, and the resultant daughter ions are
analysed by the second analyser (Hoffman and
Stroobant 2007). Tandem mass spectrometry
thereby significantly increases the sensitivity of
protein identification.

The MS-MS spectra for BSA with collective
parent and daughter ions can then be searched
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Fig.3.4 MALDI-TOF data analysis for mass determina-
tion and identification of bovine serum albumin. The pan-
els demonstrate (a) mass spectrum of undigested BSA,
(b) peptide mass fingerprint of trypsin-digested BSA and

against one of the various protein databases using
mascot search engine (Fig. 3.4d). The search
result also displays other serum albumins from
closer taxonomical groups, due to protein
sequence similarity in related species. The data
retrieved from such databases provides a compre-
hensive information on molecular weight, iso-
electric pH, protein sequence and the sequence
coverage of protein under study (Fig. 3.4e, f). To
achieve high sequence coverage, maximum num-
ber of peaks should be analysed while perform-
ing MS-MS.

Various databases, such as UniProt (Swiss-
Prot), NCBInr, PlasmoDB and PlantEST (Table
3.2), help in protein identification via search
engines like Matrix science (Mascot server).
Though MALDI is a reliable and effective tech-
nique for rapid identification of proteins, the data-

(¢) MS/MS spectrum of BSA. Protein identification is
performed using Swiss-Prot database to derive (d) Mascot
search results for generating (e) Spectrum analysis report
showing (f) BSA sequence data

bases play a significant role in data generation and
analysis. For this reason, studies associated with
proteins from remote sample sources with no
record of their information in existing databases
face challenges in their true identification.
Nevertheless, MALDI-TOF offers a promising
platform for rapid molecular identification with
extensive applications in clinical diagnostics, bio-
marker detection and tissue imaging studies.

3.4 Liquid Chromatography-

Mass Spectrometry

The technique LC-MS is a result of a successful
alliance between two techniques, the liquid chro-
matography and mass spectrometry. Liquid chro-
matography separates a highly complex mixture
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Table 3.2 Few commonly used software/tools for protein identification from MS-MS data

S. No. Software Features URL site References

1 Mascot Protein identification using http://www.matrixscience.com/ | Palagi et al. (2006)
mass spectrometry data

2 MS-Fit Mining the sequence of the prospector.ucsf.edu Palagi et al. (2006)
protein from MS data

3 SEQUEST Interpretation of tandem http://fields.scripps.edu/sequest/ | Palagi et al. (2006)
mass spectra data for protein
identification and amino acid
sequence

4 X! Tandem Protein identification using http://www.thegpm.org/tandem/ | Palagi et al. (2006)
tandem MS data index.html

5 Sequit! De novo sequencing of http://www.sequit.org/ Palagi et al. (2006)
protein using tandem mass
spectrum

7 PEAKS De novo sequencing of raw http://www.bioinfor.com/ Pevtsov et al.
MS-MS data, label-free (2006)
quantification

into different subsets based on their physical and
chemical properties. The separated mixtures are
then ionized and injected into the mass spectrom-
eter where ions get further separated under the
influence of a strong electromagnetic field before
getting detected. The data obtained is in the form
of a spectrum, which can either be analysed man-
ually (if the sample contains very few proteins) or
with the use of specialized software developed
for analysing high-throughput data (Table 3.2).
Despite the superior capabilities of this tech-
nique, its use in protein studies picked up pace
only in the 1980s, after the advent of ionization
techniques such as electrospray ionization. This
soft ionization method was demonstrated to
generate charged ions from peptides in solution
thereby paving the way for the emergence of
LC-MS as a robust technique in proteomics. Over
the last two decades, LC-MS has played a critical
role in proteomics and contributed in sequencing
of the yeast proteome (Peng et al. 2003), human
tissues and cell lines (Phanstiel et al. 2011;
Munozetal. 2011; Geiger et al. 2012; Moghaddas
Gholami et al. 2013), to name a few.

3.4.1 Data Acquisition and Analysis

Before the complex protein sample is injected
into the mass spectrometer, a number of process-

ing steps, aimed at reducing the complexity of
samples, are involved. The process of enzymatic
digestion ensures that the complex proteins are
broken down into less complex peptides. MS
instruments measure the m/z values of various
fragments by reducing these sequences into pat-
terns of numbers. Therefore, understanding the
number pattern becomes very important in iden-
tifying the right peptide sequence leading to the
right protein. A clear idea of the chemistry behind
fragmentation is needed to help marvel the ability
of these highly sensitive instruments. When the
peptide ions collide with the neutral gas mole-
cules in the collision cell, the most common
cleavage involves that of the peptide bond form-
ing the backbone. This cleavage results in the for-
mation of two ions — most commonly referred to
as the “y ion” and the “b ion”. The “y ion” is
positively charged and represents the C-terminal
end of the peptide, while the “b ion” is negatively
charged ion and represents the N-terminal of the
peptide. It is to be noted that in addition to the
peptide bond, the other bonds of less significance
also undergo fragmentation, albeit less
frequently.

Manual analysis of the spectra and data inter-
pretation is easier with a definite pattern of
observed peptide peaks. In cases of complex pep-
tide peak profiles, the process of understanding
the data and being able to decipher the sequence
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can be time consuming. Moreover, the ambigu-
ous fragmentation of certain peptides due to the
variable amino acid fragmentation tendency and
presence of proline, which does not facilitate
easy fragmentation, can pose additional chal-
lenges, thereby making manual data analysis
from MS-MS spectra an uphill task.

Owing to challenges associated with manual
analysis of tandem mass spectrometry data, a
number of software have been developed, each
with their own merits and demerits. While most
commercially available software come with a
huge price tag, software like Mascot allow easy
analysis and interpretation of data from tandem
mass spectrometry experiments.

We now take up an example of an LC-MS run
for a protein sample from Arabidopsis thaliana to
better understand, analyse and interpret an
LC-MS data set. The foremost step in analysing
data using Mascot involves filling up of a MS-MS
ion search form on the Mascot website, enquiring
all important information such as the enzyme
used during digestion, database used for search,
number of missed cleavages, taxonomy, fixed
and variable modifications, MS-MS tolerance,
peptide charge, etc. After initiating the search,
the software generates a result file containing a
Mascot histogram and a peptide summary report.
The protein hits falling outside the green region
of the histogram are considered significant. The
generated peptide summary report allows the
user to select the significant peptides, in addition
to other valuable information such as molecular
weight, total ion score and the number of pep-
tides matched (Fig. 3.5a). The peptide view con-
tains all information regarding the peptide
sequence derived from the corresponding “y” and
“b” ions (Fig. 3.5b, ¢).

In the current analysis, a total of three signifi-
cant hits were obtained. Of these, one hit corre-
sponded to trypsin used for digestion of proteins.
The other two peaks corresponded to the follow-
ing proteins: photosystem I reaction centre sub-
unit IV A (chloroplastic) and photosystem I
reaction centre subunit IV B (chloroplastic), with
molecular masses 14,958 Da and 15,188 Da,
respectively.

S. Ghantasala et al.

3.4.2 Advancements in LC-MS-
Based Quantification
of Proteins

The technological advancements in mass spec-
trometry have led to increased use of these new-
age instruments in quantitative proteomics.
Quantification of peptides can either be achieved
through differential labels such as iTRAQ and
ICAT (isotope-coded affinity tag) or SILAC or
label-free quantification approaches. The use of
labels allows relative quantification of peptides
among different biological samples in a single
run. The iTRAQ-labelling approach enables cal-
culation of peptide abundance based on intensi-
ties of fragment ions reported in the obtained
MS-MS spectra (Chloe et al. 2007). The ICAT-
based approach (Gygi et al. 1999) and SILAC
(Ong et al. 2002), on the other hand, result in the
generation of pairs of peptides with mass differ-
ences characteristic to the label used. The shift in
masses and similarities in elution profiles form
the basis for computing peptide ratios between
the two forms of labels thereby allowing determi-
nation of the relative abundance of peptides.
Despite their widespread usage, a major limita-
tion associated with these approaches is the prej-
udice towards high-intensity peptide signals for
the selection of the precursor ion, which results
in under-sampling of low-abundant proteins in
the sample mixture (Mueller et al. 2008).

The past few years have seen an upsurge in the
label-free quantification strategies, which rely on
correlating the abundance of a protein or peptide
in a sample with the corresponding MS signal
(Simpson et al. 2009). Determination of ion inten-
sity using extracted ion chromatograms (XIC) is a
popular method for the protein quantification.
This involves summation of the number and
intensity of the selected precursor ions at a spe-
cific m/z range and peak areas as a measure of the
relative abundance (Old et al. 2005). Another
approach that is increasingly being used for quan-
tification is spectral counting of fragment ion
spectra for a particular peptide. This is a semi-
quantitative approach used for low to moderately
mass-resolved LC-MS data. The approach relies
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Fig.3.5 MS-MS search results of an in-gel digested pro-
tein sample mixture using Mascot. The panels demon-
strate (a) peptide summary report containing details of
significant hits, (b) peptide view of a significant hit indi-

cating the peptide sequence information and (c) the infor-
mation regarding residual masses of amino acids deducing
the peptide sequence
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on the assumption that the frequency of a particu-
lar precursor ion getting selected in a large data
set is proportional to the abundance of the peptide
in a sample. The spectral counts from peptides are
averaged and an abundance index of a protein is
generated (Liu et al. 2004; Gao et al. 2003;
Colinge et al. 2005; Ishihama et al. 2005). The
label-free approaches mentioned above facilitate
quantification of peptides without using expen-
sive labels and performing additional sample pro-
cessing steps. They are, hence, becoming the
choice of most researchers despite their inherent
limitations (Simpson et al. 2009). However, these
approaches are still evolving, and are believed to
improve greatly in the years to come (Mueller
et al. 2008).

3.5 Protein Microarrays

Protein microarrays have been widely accepted
as a high-throughput technique to achieve sys-
temic understanding of protein-protein interac-
tions, functional analysis of proteins and
autoantibody screening in various systems
(Mitchell 2002; MacBeath 2002). This technol-
ogy essentially relies on proteins immobilized on
glass slides, traditionally coated with PVDF
(polyvinylidene fluoride), nitrocellulose or poly-
styrene. The approach has now evolved into
incorporating soft lithography techniques to
enhance surface chemistry for the immobiliza-
tion of proteins (Hu et al. 2011). These protein
arrays are subjected to a set of probe molecules,
and are classified on the basis of the biological
question to be answered. For instance, functional
protein arrays are arrays where immobilized pro-
teins are subjected to probing by query DNA,
RNA, peptides, small molecules, glycans or pro-
tein molecules to observe their interaction with
ligands on the chip (Phizicky et al. 2003; Hu
et al. 2011). Analytical protein arrays are arrays
on which ligands like allergens, aptamers, anti-
bodies or antigens are printed to perform protein
profiling or clinical diagnostics (Phizicky et al.
2003). Reverse-phase protein microarrays is
another popular kind of biomarker validation
platform, where a large number of clinical sam-
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ples such as, biofluids or cell lysates are printed
on the chip and probed with antibodies for target
biomarkers for large-scale screening in clinical
cohorts (Zha et al. 2004; Tibes et al. 2006).

Although there are several types of protein
microarrays with varied applications for each,
autoantibody screening from biofluids like serum
and CSF has been one of the most popular appli-
cations for elucidating novel biomarkers in infec-
tious diseases or cancers (Song et al. 2010;
Anderson et al. 2011; Hu et al. 2012).
Autoantibody production is a response of the
immune system against certain aberrant self-
proteins, also termed as tumour-associated anti-
gens (TAAs) in case of cancer (Anderson et al.
2011). Biofluids can be screened for the presence
of autoantibodies by high-throughput protein
microarrays harbouring human peptides or whole
proteins (Fig. 3.6a, b). If antibodies are produced
against an aberrant protein, they would bind to
the antigen and detected using Cy dye-labelled
secondary antibodies displaying fluorescent sig-
nals. The spot intensity of the protein would indi-
cate the strength of the immunogenic response
against a particular protein, which enables rela-
tive quantification of the protein. The signal
intensities are measured by scanning the chip
using a microarray scanner at appropriate chan-
nels depending on the absorbance wavelength of
the Cy dye employed in the assay (Fig. 3.6a). The
data exported is usually in .gpr, .cel or .txt format,
depending on the scanner used to generate the
output file, which contains information regarding
image acquisition and each protein spot (feature).
As against tissue biopsy, a highly invasive diag-
nostic approach, the autoantibody profiling using
serum is a minimal invasive approach aiding in
early diagnosis of cancer.

DNA microarrays provided the foundation for
data analysis strategies for protein microarrays.
(Hu et al. 2011; An et al. 2014). Here, we will
focus on the generic data analysis approach
applicable across all platforms of protein
microarrays. The workflow of protein microar-
rays for screening autoantibodies is very similar
to other immunological assays like western blot-
ting and ELISA. However, the staggering differ-
ence in microarray throughput as against to these
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Fig. 3.6 An overview of protein microarray data analy-
sis. The figures represent (a) a processed microarray slide
scanned at 635 nm for Cy5. This results in illumination of
features, signal intensities of which are extracted during
data acquisition. The autoantibody profile of a healthy
against diseased subject is shown in panel (b). Quality
control features like positive controls and negative con-
trols aid as landmarks in the normalization process.
Differentially expressed proteins can visually be observed
showing opposite trends in the two cohorts. The visual

traditional techniques, accompanied with other
variables influencing the experimental outcome,
makes protein microarray data analysis extremely
challenging. Specialized software used for data
acquisition from the microarray scanner, statisti-
cal models and robust computational support fol-
lowed by systems biology approaches are the
fundamentals of protein microarray data analysis
(An et al. 2014). The primary statistical and com-
putational elements of data analysis in a protein
microarray experiment can be broadly divided
into following stages.

representation of unnormalized (top panel) and normal-
ized data (bottom panel) is shown in panel (c). The dif-
ferential expression of a putative protein marker emerging
from the data, and its relative fold change across the
cohorts is shown in (d) upper panel, whereas the bottom
panel shows the visual spot intensities. Panel (e) repre-
sents the classification of subjects in two distinct cohorts
based on the group of classifiers deduced using mathemat-
ical algorithms

3.5.1 Pre-processing of the Data:
Background Correction

and Normalization

The use of Cy dyes often results in false positives
(noise), in addition to the true positives, due to
non-specific binding. The true estimate of a spot
intensity is obtained by subtracting the back-
ground intensity from the foreground, called
background correction. In order to study the
effects of different background correction meth-
ods, log-normalized foreground and background
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intensities are plotted for different samples with-
out performing any correction at first. One of the
methods (normexp + offset) from LIMMA (lin-
ear model for analysing differential expression)
model is used to normally distribute the back-
ground intensities treating the foreground signal
as an exponential distribution while stabilizing
any resulting variance (Syed et al. 2015).

The underlying assumption of any microarray
experiment is that the majority of proteins dis-
play the same expression levels across arrays. In
order to study the biological differences, the
technical variation that may arise due to dye bias,
print-tip effects or day-to-day variations must
first be optimized. It is therefore important that
the data is normalized for an unbiased analysis
(Fig. 3.6¢). Some of the commonly used normal-
ization strategies include quantile normalization,
variance-stabilizing normalization, cyclic loess
and robust-linear-model normalization (An et al.
2014). These are essentially mathematical algo-
rithms aimed at distributing the variance arising
in a set of arrays to normalize the signal intensi-
ties. Each of these strategies may be used under
different set of conditions, depending on the
nature of experiment in consultation with the
biologists, clinicians and statisticians analysing
the data. A comparative analysis of these normal-
ization strategies has been described in one of the
previous studies (Kingsmore 2006).

3.5.2 Differentially Expressed
Proteins

Protein microarrays are generally used to com-
prehend the differential protein expression levels
across any two cohorts (diseased vs. healthy)
(Fig. 3.6d). Determination of differentially
expressed proteins between two sets of samples
involves statistical tests with a null hypothesis
that no gene is differentially expressed. In order
to screen for significant biomarkers that could
differentiate these cohorts, a robust analysis of
protein expression levels is required. The stu-
dent’s t-test (assuming normal distribution of
data), rank product (non-parametric), Wilcoxon
rank-sum test (assuming nonparametric, normal
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distribution approximation), significance analy-
sis of microarrays (SAM), LIMMA and
M-statistic are commonly employed for generat-
ing a list of differentially expressed proteins (An
et al. 2014). However, since protein microarrays
are highly dynamic, statisticians often choose
one or a combination of these tools or alterna-
tively develop complementary approaches to
improve the stringency of data, especially if there
are underlying assumptions of data distribution.

3.5.3 Shortlisting Differentially
Regulated Proteins

Correction methods, like Benjamini-Hochberg,
shortlist proteins based on their statistical signifi-
cance providing a p-value cut-off. Another way
to improve the stringency of shortlisting proteins
is to employ a fold-change cut-off further to the
corrected p-value cut-off. This is a manual way of
examining if the data shortlisted qualifies the
threshold cut-off, which may be of interest to a
biologist. These shortlisted proteins could be
studied further or subjected to algorithms like
correspondence analysis (CA) (Syed et al. 2015),
a model analogous to principal component analy-
sis (PCA), to understand the degree of classifica-
tion that can be achieved to segregate two cohorts.
CA is a dimensionality reduction technique,
which helps in narrowing down the long list of
differentially expressed proteins. The list from
correspondence analysis can be treated as set of
markers whose values are associated with classes
in a statistically significant manner rather than by
mere chance. In order to select a panel of signifi-
cant classifier proteins differentiating control
samples from diseased samples, recursive feature
elimination using models like support vector
machine can be used (Syed et al. 2015). The effi-
cacy of these models can be visually validated
using multidimensional scaling plots (Fig. 3.6e)
(Syed et al. 2015). Figure 3.7 describes the basic
workflow of such an autoantibody screen-
ing experiment along with a general pipeline for
protein microarray data analysis.

A biologist could use a systemic approach to
understand the dysregulated pathways emerging



3 Omics: Data Processing and Analysis

33

Fig.3.7 Schematic representation
of the protein microarray data
analysis strategy

Short-listby correspondence
analysis

Normalization (Quantile)

Differentially Expressed genes

Feature Extraction

Feature Extraction

from the list of significantly dysregulated pro-
teins. In addition to this, protein interaction and
metabolic networks, gene ontology and gene set
enrichment analysis can be performed to com-
pletely understand pathobiology of the disease
under study (Syed et al. 2015). Classifier proteins
with high fold-change values can be validated in
clinical diagnostics. Thus protein microarray
platform, with indispensable computational and
statistical support for robust data analysis, is a
powerful discovery tool for biomarker studies.

3.6  Surface Plasmon Resonance
Surface plasmon resonance (SPR) is an optical
method to monitor changes in the refractive index
of materials in the near vicinity of the metal sur-
face. It is a phenomenon that occurs when polar-
ized light, under the condition of total internal
reflection, strikes an electrically conducting thin
metal film at the interface between media of dif-
ferent refractive index: the glass of the sensor
chip surface and the sample solution.

As the plane polarized light strikes through a
high refractive index prism, the light becomes
totally internally reflected and generates an eva-
nescent wave that penetrate the thin metal film.
At a certain angle of incidence, the incident light
excites surface plasmons (electron charge density

Panel of Classifier Proteins

waves) on the metallic film. As a result, there is a
characteristic absorption of energy via the eva-
nescent wave field, and a drop in the intensity of
reflected light at a specific angle known as the
resonance angle. These surface plasmon waves
are extremely sensitive to the refractive index of
the solution within the effective penetration depth
of the evanescent field. Interaction of biomole-
cules produces a change in the refractive index
near the metal surface, leading to a shift in the
resonance angle, which is monitored in real time
by detecting changes in the intensity of the
reflected light. The apparent rate constants for the
association (K,) and dissociation (K,) can be ana-
lysed from the rate of change of the SPR signal.
SPR-based biosensors are now routinely used
as an established platform for validating biomo-
lecular interactions and performing concentra-
tion analysis (Pattnaik 2005; Helmerhorst et al.
2012; Berggard et al. 2007; Boozer et al. 2006;
Shah et al. 2015). The technology allows analysis
of these interactions in real time with high sensi-
tivity and low sample requirement in a label-free
environment. The method is not restricted to the
usage of protein-protein interactions, but the gen-
erality extends to all kinds of molecules includ-
ing protein-lipid, protein-RNA and
protein-nanoparticle studies (Katsamba et al.
2002; Cedervall et al. 2007; Navratilova et al.
2006). Briefly, one of the interacting molecules
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(ligand) is bound on a sensor chip surface and the
other interacting partner (analyte) is injected over
the surface. The amount of analyte bound is con-
tinuously monitored as a function of time show-
ing the progress of interaction. This plot of
response against time is called sensorgram. The
SPR response is proportional to the mass of ana-
lyte bound at the sensor surface. The analyte
injection is followed by an increase in binding
response which enables the determination of rate
of complex formation (K,). As the analyte injec-
tion is replaced by buffer flow, the rate of disso-
ciation of the complex (K,) can be monitored.
The complex may not dissociate completely in
many cases, wherein regeneration of the surface
is performed with mild acidic or basic washing
conditions.

3.6.1 SPR Data Processing

and Analysis

In SPR, the data is collected continuously over
time so that the kinetic parameters can be deter-
mined with accuracy and precision. SPR analysis
of biomolecular interactions involves crucial
experimental design and depends on several
experimental factors such as optimum buffers,
pH conditions, immobilization chemistry, ligand
density, regeneration solutions, flow rate and
temperature. In single-cycle kinetics, analytes
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with increasing concentrations are injected one
after the other in a single cycle without the need
to regenerate the surface between sample injec-
tions. However, in multi-cycle kinetics, different
analyte concentrations are run as different cycles
which may require regeneration of the surface
after every individual cycle, depending on the
dissociation pattern of the analyte molecule.
Figure 3.8 demonstrates an example of protein
interaction with a small drug molecule performed
using both multi-cycle kinetics and single-cycle
kinetics. The latter approach reduces the experi-
mental time involved and seems aptly suitable for
situations where optimum regeneration condi-
tions cannot be achieved. It is suggested to immo-
bilize low amount of ligand for kinetic analysis
of macromolecular interactions to achieve sur-
face saturation and avoid mass transport limita-
tion effect and aggregation. Mass transport
limitation occurs when the binding rate of ana-
lyte to ligand is faster than the diffusion rate of
analyte to the ligand surface. Low surface immo-
bilization and high flow rates can minimize this
effect allowing better fit of models.

After the data is collected, several processing
steps need to be performed before any quantita-
tive information can be extracted. A number of
software programs are available for processing
SPR data, including BIAevaluation, Scrubber and
CLAMP (Morton and Myszka 1998). The initial
steps in data processing involve zeroing on the
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Fig.3.8 Surface plasmon resonance analysis for a protein-drug interaction study. The figures illustrate protein interac-
tion with a small drug molecule performed using (a) multi-cycle kinetics and (b) single-cycle kinetics
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Fig. 3.9 An example illustrating blank subtraction for
subtracting bulk effects and checking the specificity. A
protein-protein kinetic sensorgram showing subtraction of
an ideal baseline response (shown in grey) before sample

x-axis (time) and y-axis (response units). This
aligns the beginning of injections with respect to
each other and allows the responses observed
from each flow channel to be compared with one
other. The referencing steps help in minimizing
artifacts, and also correcting for any bulk shift
resulting from buffer mismatch in sample buffer
and running buffer. In the first referencing step,
the reference flow cell sensorgram is subtracted
from the active flow cell to produce a sensorgram
removing bulk shift contributions. In the second
referencing step, as exemplified in Fig. 3.9 from a
protein-protein interaction study, the effect of buf-
fer injections is nullified by subtracting the base-
line response before sample injection from the
obtained sample response. These two referencing
steps, known as double referencing, remove the
systematic shifts and drifts in baseline, frequently
observed in sensorgrams (Myszka 1999).

The data now becomes ready for fitting to
appropriate models using a mathematical algo-
rithm, and to further determine the kinetic param-
eters (K,, K; and Kp) and characterize the
interaction. The chosen analyte concentration
range should be wide enough to achieve surface
saturation, the highest concentration being
approximately five to ten times the Ky value.
Purity of the ligand and analyte, immobilization
heterogeneity, mass transfer effects, rebinding of
analytes to ligand, buffer mismatch, inappropri-
ate analyte range and complexity of biological
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injection from the obtained sample response of different
concentrations (shown in different colours). The panel (a)
shows the unsubtracted sensorgram, whereas panel (b)
displays the blank-subtracted sensorgram

systems can greatly influence the fitting of mod-
els. There are a number of kinetic models avail-
able that can fit the acquired data such as 1:1
Langmuir fit model, heterogeneity model,
bivalent analyte model, conformational change
model, etc. In general, the simplest model, the
1:1 Langmuir fit model (one ligand molecule
interacts with one analyte molecule assuming
that the interaction rate is not limited by mass
transport) should be tried as the first attempt
since most of the biological interactions occur in
a 1:1 stoichiometry. There should be a valid justi-
fication for the use of other models, the results of
which should be confirmed with other supporting
experiments. Many factors need to be considered
while deciding the correct fit model.

In a global fit, both association and dissocia-
tion data, for all analyte samples, are fit at the
same time using a sum of squared residuals over
every data point. The global approach is more
efficient because there are fewer adjustable
parameters, whereas a different R, value is cal-
culated for each curve in a local fit. After the fit is
made, the curves need to be studied well to
understand the accuracy of fit for the association
and dissociation phase, and examine if the calcu-
lated R, is within the expected range. R, is the
maximum feasible response that can be obtained
for a specific interaction. The theoretical R, for
an interaction can be calculated based on the fol-
lowing formula: R,,,, = analyteMW/ligandMW
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*Ry*Sm, where R, is the maximum binding
response (RU), R, is the immobilization level, S,,
is the stoichiometric ratio (number of binding
sites per ligand) and MW is the molecular weight.
In concept, the theoretical R, should be the
same for different analyte concentrations injected
one after the other, if we do not consider the bind-
ing site loss due to harsh regeneration or incom-
plete regeneration. R, is the response obtained
when binding between ligand and analyte reaches
equilibrium. The equilibrium constant, Kp, can
be calculated directly using steady-state or equi-
librium analysis, where the rate of association
equals the rate of dissociation. The response at
equilibrium, Ry, is measured over a given range
of analyte concentrations, and the values are plot-
ted against those analyte concentrations. The
kinetic and equilibrium analyses performed on
the same data set should ideally produce similar
K, values, which can reflect the confidence level
of the data obtained.

Differences in sample buffer and running buf-
fer result in bulk signal, which does not allow
models to fit well to the data (Rich and Myszka
2010). Many times, when the analyte concentra-
tions are not accurately known, the curve fittings
using software can be misleading. One such
example is demonstrated from a protein-small
molecule interaction study (Fig. 3.10a). In such
cases, a good fit of the analysed kinetic data can
be confirmed by low chi? (less than 10 % of R,,,,),

which is the average of squared differences
between the measured data points and the corre-
sponding fitted values. One chi’® value, which
gives a measure of the closeness of model fit, is
determined for all curves fitted simultaneously.
Residual plots, generated by some of the soft-
ware, determine the accuracy of fitting even bet-
ter than chi? values. The residual plot shows the
difference in response between each data point
for the experimental curves and the calculated
curves. The shape and distribution of the residual
plot give a better insight on the quality of fit to the
chosen model. If there are systematic deviations
between the experimental and fitted curves, the
plot will indicate them by displacement from the
zero line. Figure 3.10b demonstrates an ideal
residual plot obtained from an antibody-protein
interaction using BIAevaluation software. The
guidelines are drawn in green to indicate the
range of acceptability. Ideally, the noise level in
the plot should be on the order of +2 RU (Drescher
et al. 2009).

3.7 Concluding Remarks

Omics platforms have emerged as powerful tools
to help researchers look at biosystems with a
global perspective. Innovations in technologies
have broadened our existing knowledge, reveal-
ing the interplay of various biomolecules at the
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Fig.3.10 An example illustrating a poor curve fitting and
an ideal residual plot. A protein-small molecule interac-
tion study resulting in (a) a poor curve fitting. An ideal (b)
residual plot from an antibody-protein interaction show-

ing differences in response between experimental and
calculated curves, demonstrating the quality of fit to the
chosen model
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systemic level. However, the quantity of data
assimilated through these technologies employs
new challenges on data processing and analysis.
High-throughput techniques aiming at decoding
the complexity of biosystems have led to a surge
of data, albeit with many downstream hurdles in
the form of data storage and data analysis. In the
last few decades, huge efforts have been devoted
towards creation of database repositories for dif-
ferent data sets where researchers are encour-
aged to share their data associated with scientific
publications. This has enabled researchers
around the world to reproduce and validate the
studies, as well as analyse the data in innovative
ways using different methodologies. With multi-
omics technologies routinely being used for var-
ious studies, it is important to appraise the
challenges of data analysis associated with these
sophisticated platforms. Data exploitation
requires vital support from sophisticated soft-
ware and explorative tools, employing statistical
methods and visualization aids, to analyse het-
erogeneous data sets.

Lately, there have been significant advance-
ments in proteomic techniques offering greater
sensitivity and rapidity, complementing the tra-
ditional methods. Data processing and analysis
in proteomics are certainly a complex multistep
process. Common proteomic techniques like
gel-based approaches, mass spectrometry, pro-
tein microarrays and label-free technologies
find overlapping applications in multi-omics
disciplines. As discussed above, these tech-
niques are often employed for proteome profil-
ing, identification of  post-translational
modifications, comparative expression analysis
of proteins and studying molecular interactions.
Accurate and reliable data processing and anal-
ysis are the fundamentals of these proteomic
approaches to generate factual biological
insights. Hence, data processing and analysis of
heterogeneous data types is presently an active
field of research where biologists and biostatis-
ticians are persistently working together
towards improving data utilization in research
and discovery.
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Abstract

Mass spectrometry (MS) is the method of choice for both qualitative and
quantitative high-throughput proteome analysis. In the early years, mass
spectrometry was used only for small molecule analysis. However,
advances in ionization sources, mass analyzers, and mass detectors made
MS the central force in proteomics technologies. Starting from its use in
peptide mass fingerprinting (PMF), MS has evolved greatly over the last
two decades and now finds use in shotgun proteomics where thousands of
proteins can be quantified at once. Currently, MS finds use in targeted
proteome analysis and is widely used for biomarker discovery in cancer,
diabetes, cardiovascular diseases, and infectious diseases worldwide to
diagnose the diseases at the early stage or to unravel the mechanism of
pathogenesis. The applications of MS have not been limited to proteomics
and have moved to metabolomics, lipidomics, tissue imaging, in under-
standing posttranslational modifications (PTMs), etc. This chapter pro-
vides details of mass spectrometry and its applications in biomarker
discovery.
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disease diagnosis and prognosis (Venter et al.
2001; Lander et al. 2001). Thus far, genomes for
more than 500 organisms have been sequenced.
Despite the enormous data that genome sequenc-
ing could generate, there was little information
about proteins, the end products of gene expres-
sion with roles in biological function, and main-
taining homeostasis. It was now, that the use of
different proteomic platforms and techniques to
study proteins gained importance. Proteomic
studies aimed at offering better insights into
understanding the biological systems, answering
the ambiguity created by the data from whole
genome sequencing of different organisms, and
strengthening the findings at the genomic as well
as the transcriptomic level. Two-dimensional gel
electrophoresis (2-DE) and differential in gel
electrophoresis (DIGE) were the two gel-based
approaches that were largely used in the 1980s
and 1990s for most proteomic studies. However,
the inherent limitations of these techniques and
the relatively less data that these would generate
meant that new, efficient, and fast techniques be
employed in a bid to revolutionize the field of
proteomics. It was during the early years of 1990s
that mass spectrometry, a technique largely
applied for small molecules, came to the rescue
of the proteomics community by helping in large-
scale protein identification (Aebersold and Mann
2003)(Table 4.1).

The technique of mass spectrometry (MS)
finds use in protein identification and character-
ization. A typical mass spectrometer has three
parts, namely, an ionization source responsible
for ionization of target molecules, a mass ana-
lyzer to resolve ions based on mass to charge
(m/z) ratio, and a detector to capture the ions
and generate MS spectrum. In addition to these,
the pre-fractionation techniques employed to
reduce complexity of the samples and the vari-
ous bioinformatics tools used also play a signifi-
cant role in the outcome of an experiment. Over
the last two decades, there have been rapid
advancements in mass spectrometry with sig-
nificant improvements in various components
such as ionization source, mass analyzers, and
detectors along with bioinformatics and pre-
fractionation methodologies employed, thereby
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collectively making the MS-based proteomics
techniques more robust.

4.1.1 lonization Source
Mass spectrometry is applicable only to ionized
molecules and due to this reason, an ionization
source becomes almost indispensable for a mass
spectrometer. In the early years of mass spec-
trometry, only hard ionization methods
were available to create ions, and hence, the tech-
nique had limited or no use for studying biomol-
ecules like proteins or peptides. However, in the
early 1990s, the discovery of two soft ionization
methods, i.e., matrix-assisted laser desorption
and ionization (MALDI) and electrospray ioniza-
tion (ESI), entirely changed the world of mass
spectrometry (Hillenkamp and Karas 1990; Fenn
et al. 1989). MALDI employs the use of laser to
ionize the molecules, though the principle behind
it is not very well understood. Laser bombard-
ment leads to excitation of the matrix molecules
(aromatic acids) causing a transfer of energy to
the neighboring acidic analyte molecules (TFA
or formic acid is used to maintain the acidic pH)
resulting in ionization. The rapid bombardment
of laser generates heat which desorbs the matrix
and [analyte + H*] in the gaseous phase. The gen-
erated ions travel from source plate to the detec-
tor in vacuum due to the difference in electrical
potential at two ends. The ions generated in
MALDI are mostly singly charged and primarily
used for protein identification and molecular
weight determination (Laiko et al. 2000).
Electrospray ionization (ESI) method is used
for ionization of samples in solution and is mostly
hyphenated to liquid chromatography (HPLC or
nano-LC). The beauty of this technique is that it
generates multiple-charged species effective in
extending the mass range of analyzer. The pro-
cess of ESI involves three steps, namely: (1)
Dispersion of droplets: The liquid sample com-
ing from Taylor cone maintained at high voltage
(2-6 kV) and surrounded by nebulizing gas (dry
nitrogen gas) results in formation of smaller-
sized charged droplets. (2) Solvent evaporation:
The nebulizing gas (dry nitrogen gas) and the
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Table 4.1 Application of mass spectrometry in biomarker discovery

Disease (reference)
Cancer

Endometrial cancer
(DeSouza et al. 2005)

Ovarian cancer (Boylan
et al. 2010)

Pancreatic cancer
(Tonack et al. 2013)

Prostate cancer
(Rehman et al. 2012)

Lung cancer
(Keshamouni et al.
2006)

Breast cancer (Leong
et al. 20006)

Gastric cancer Mu et al.
(2014)

Cervical cancer
(Raemdonck et al.
2014)

Oral cancer (Hu et al.
2008)

MS platform

Nano-LC system with API
QSTAR Pulsar QqTOF
(Applied Biosystems)

LC system with a QSTAR
Pulsar MS TOF-MS
(Applied Biosystems)

Nano-LC-ESI-MS/MS, on
a QSTAR Pulsar

i Hybrid Mass
Spectrometer (AB Sciex)
ESI-qQTOF-MS/MS
(Applied Biosystems)
MALDI-TOF/TOF
(Applied Biosystems)

ESI-QTOF-MS/MS
(Applied Biosystems); LC
interface with QqTOF
Nano-LC coupled to
QStarXL mass
spectrometer (Applied
Biosystems)

HPLC-MALDI-TOF/TOF

Nano-LC system with
QqTOF mass spectrometer
(Applied Biosystems)

Sample source

Endometrial tissue

Serum, OC n=060,
H*=60

Serum n=59 and
pancreatic juice n=25

Serum n =20, tissue
n=56 and cell lines n=4

EMT of epithelial cells

Cell lines, mitochondria,
and ER

Cell lines (n=2)

Cervicovaginal fluid
(n=29), precancerous =
6, H*=6

Saliva (OC OSCC = 64
and H*=64)
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Proteins identified

Chaperonin 10, pyruvate
kinase M1 or M2 isozyme,
calgizzarin, heterogeneous
nuclear ribonucleoprotein DO,
macrophage migratory
inhibitory factor, and
polymeric immunoglobulin
receptor precursor; those that
were under expressed are
alpha-1-antitrypsin precursor,
creatine kinase B, and
immunoglobulin receptor
transgelin

Extracellular matrix
protein-1, leucine-rich
alpha-2 glycoprotein-1,
lipopolysaccharide binding
protein-1, and proteoglycan-4
Complement C5, inter-o-
trypsin inhibitor heavy chain
H3, al-p glycoprotein, and
polymeric immunoglobulin
receptor

Elongation factor 1 alpha 1
(eEF1A1)

Tropomyosins filamin A, B,
and C, integrin-4 1, heat
shock protein 27,
transglutaminase?2, cofilin,
14-3-3 zeta,
ezrin-radixin-moesin

PPIB, AHNAK, and SLC1A5

Sorcin isoform b, multidrug
resistance protein 1, heat
shock protein beta-1, 14-3-3
protein gamma, major vault
protein, DNA replication
licensing factor, and
macrophage migration
inhibitory factor
Alpha-actinin-4 and pyruvate
kinase isozyme

M2BP, MRP14, CD59,
catalase, and profilin

(continued)


http://www.ncbi.nlm.nih.gov/pubmed/?term=Keshamouni VG[Author]&cauthor=true&cauthor_uid=16674103

44

Table 4.1 (continued)

Disease (reference)

Head-and-neck cancer
(Ralhan et al. 2008)

Diabetes mellitus

Diabetic retinopathy
(Torok et al. 2013)

Type 2 diabetes (Hwang
et al. 2010)

Diabetes mellitus
(Busto et al. 2008)

(Type 2 diabetes
mellitus Kaur et al.
2012)

(Type 2 diabetes
mellitus Rao et al. 2009)

Cardiovascular disease

Cardiovascular disease
(Magiera et al. 2013)

Cardiovascular disease
(Keshishian et al. 2009)

Cardiovascular disease
(Yan et al. 2014)

Cardiovascular disease
(Grant et al. 2009)

Cardiovascular disease
(Zheng et al. 2014)

MS platform

QSTAR Pulsar i mass
spectrometer (Applied
Biosystems)

Nano-HPLC-coupled
ESI-MS/MS mass
spectrometry
ESI-QTOF (Applied
Biosystems) HPLC —
ESI-MS/MS
ESI-QTOF (Applied
Biosystems)
ESI-QTOF (ABSCIEX)
coupled with nanoacquity —
UPLC system

LTQ ion trap mass
spectrometer (Thermo)

Q Trap triple quadrupole
(Applied Biosystems)

Q Trap hybrid triple
quadrupole/linear ion mass
spectrometer (Applied
Biosystems)

Q Exactive quadrupole
orbitrap mass spectrometer
(Thermo Fisher Scientific)

MALDI-TOF-TOF
(Applied Biosystems)

LC-MS connected to
LTQ-Orbitrap XL mass
spectrometer (Thermo)

Sample source
Tissue CS =9, H*=5

DR tear n=119, H tear =
65 55; 165 eyes

Skeletal muscle n=8

Blood sample n=11

Serum n D-2 = 106,n
T2D = 106, H*=76

DM saliva n=10 and
H*=10; DM =10, IGT =
10, IGT + IFG = 10, and
H*=10

Urine, n cardiac failure =
10, H*=10

Blood n=6

Serum (CHD
n=2009;130, H*=130)

Serum and tissue (CHD
n=6, H*=6) aged = 6,
young = 6

Saliva
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Proteins identified

Stratifin, YWHAZ, three
calcium-binding proteins of
the S100 family, S100-A2,
S100-A7, and S100-A11,
prothymosin, L-lactate
dehydrogenase A chain,
glutathione S-transferase Pi,
APC-binding protein EB1,
and fascin. Peroxiredoxin2,
carbonic anhydrase I, flavin
reductase, histone H3, and
polybromo-1D

Desmin and alpha-actinin-2

Glycated hemoglobin

Apolipoprotein-Al, vitamin
D-binding protein,
fibronectin, afamin,
transthyretin, and
[-galactosidase
Alpha-1-antitrypsin, cystatin
C, alpha-2-macroglobulin,
and transthyretin

Ketoglutaric acid (-KG),
I-carnitine (I-CAR), and
acetyl-l-carnitine
(acetyl-1-CAR)

CRP, MRP14, MPO, cTnT,
c¢Tnl, and NTproBNP

SAA (upregulated), apoC-I
(downregulated), and HDL
group protein

Calnexin, prohibitin, and
VDACI1

Alpha-2-HS-glycoprotein
precursor, isoform I of
fibrinogen alpha chain
precursor, and tubulin
alpha-4A chain

(continued)
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Table 4.1 (continued)

Disease (reference)
Infectious diseases
Chikungunya
(Puttamallesh et al.
2013)

Dengue (Fragnoud et al.
2012)

Falciparum malaria
(Huang et al. 2012)

Malaria (Mu et al. 2014)

Tuberculosis (Liu et al.
2013b)

MS platform

LTQ-Orbitrap (Thermo
Scientific)

Ion trap esquire HCT ultra
(Bruker Daltonics GmbH)

QTOF 6520 (Agilent
Technologies)

LTQ XL™ mass
spectrometer
MALDI-TOF MS) (Kratos
Analytical Co, UK)

Sample source

Serum- CHIKYV infected
=5and H*=4

Plasma (DF =5
DHF=5) SD=5, DF=5

Saliva (FM = 17 and
H*=1T7)

Serum (KM =9, VM =6,
and FM =10)

Serum (YB=211 and H*
=180) TB =180, control
=211 (H*=91, LC=40,
pneumonia = 40, COPD
=40)
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Proteins identified

Clusterin, apolipoproteins,
and S100A

Leucine-rich glycoprotein 1,
vitamin D-binding-protein,
and ferritin

PFL0480w, PFO8_0054, and
PFIO875w

Adhesion molecule-4 and
C-reactive protein
Fibrinogen, alpha polypeptide
isoform alpha-E
preproprotein

*Healthy control

temperature applied in the source causes evapo-
ration of the solvent leading to a decrease in the
size of droplets and increase in the charge density
on the droplet. (3) Ionization: At critical point,
the droplet becomes kinetically and energetically
unstable causing the charged species to be ejected
into gaseous phase and the potential difference
makes ions enter into analyzer (Felitsyn et al.
2002; Iribarne and Thomson 1976).

4.1.2 Mass Analyzer

Mass analyzer forms the most important compo-
nent of a mass spectrometer and is the part where
the ions get resolved in vacuum. The commonly
used mass analyzers include time of flight (TOF),
quadrupole (Q), ion trap, orbitrap, and ion cyclo-
tron resonance (ICR). Each mass analyzer is
unique in terms of its principle, mass resolution,
properties, sensitivity, dynamic range, etc. (Han
et al. 2008). In the initial years of mass spectrom-
etry, a typical mass spectrometer consisted of a
single mass analyzer and would find use only for
protein identification based on peptide mass fin-
gerprinting (PMF). However, with advancements
in technology commercial mass spectrometers
with two or more mass analyzers in a series sepa-
rated by collision cell commonly termed “tan-
dem,” mass spectrometers became increasingly

available. Tandem mass spectrometry improves
the selectivity and structural elucidation by pro-
viding amino acid sequence information. Q-TOF,
triple quadruple (QgQ), TOF/TOF, LTQ-
Orbitrap, Q-iontrap, and LTQ-FTICR are the
commonly used mass analyzers finding use for
different proteomics applications such as shotgun
proteomics (protein coverage), quantification
(label-free/iTRAQ/TMT/SILAC), and targeted
proteomics (SRM/PRM/MRM) (Domon and
Aebersold 2006) (Fig. 4.1). In the shotgun pro-
teomic approach, the first mass analyzer operates
in “radio frequency” mode where it allows elu-
tion of selected peptide from liquid chromatogra-
phy column. In collision cell, the selected peptide
also called as “precursor” is fragmented into
product ions called as “daughter ions.” Here, the
cationic peptides in gas phase collide with inert
gas (argon/helium/nitrogen) atoms leading to
fragmentation by the process of collision-induced
dissociation (CID) of precursor. The lowest
energy peptide bond of the precursor is targeted
to generate y and b ions (sometimes breaking of
C—C and C-N bonds generates a, z, ¢, and x ions
in addition to the “satellite” fragment ions such
as y-NH;, b-H,0). In addition to CID described
above, electron transfer dissociation (ETD) or
electron capture dissociation (ECD) methods are
also used widely for special applications like
characterization of phosphorylation, glycosyl-
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LTQ-Orbitrap

Triple Quadrupole

Quadrupole-TOF

TOF-TOF

Fig. 4.1 Tandem mass spectrometry platforms. In tan-
dem mass spectrometry, two mass analyzers in a series
separated by collision cell. LTQ-Orbitrap, Triple quadru-

ation, and top-down sequencing which predomi-
nantly generates ¢ and z ions. The third mass
analyzer operates in “full-scan” mode where it
allows all the fragmented ions and generates MS/
MS spectrum for the selected peptide (Pitt 2009).

In targeted proteomic approach (SRM/MRM),
the action of collision cell remains similar to that
in shotgun proteomics with the difference being
that the first and third mass analyzers operate in
“radio frequency.” The first mass analyzer selects
the precursor ion, while the third mass analyzer
measures the selected fragmented ion. This
approach is best suited for quantification due to
its high specificity, sensitivity, and dynamic range
(MacLean et al. 2010). Though tandem mass
spectrometry is an advanced and effective mass
spectrometry technique, the complexity of the

pole, quadrupole-TOF, and TOF/TOF are the widely used
tandem mass spectrometry platforms for both shotgun and
targeted proteomics

proteome has long posed a big challenge, thereby
limiting the coverage. However, the emergence
of better pre-fractionation methods over the last
decade have helped in improving the coverage,
though there still remains a lot of scope for devel-
opment. The various pre-fractionation methods
commonly employed have been described in the
sections to follow.

4.1.3 Detector

The role of the detector in a mass spectrometer is
to record the current produced or the charge
induced when the ion beam from the mass ana-
lyzer hits the surface of detector. The selection of
a detector depends on detection sensitivity, speed,
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stability, cost, collection efficiency, dynamic
range, uniform response, and compactness.
Different types of detectors currently in practice
include the electron multiplier tube which mea-
sures the emission of secondary electrons
generated by the ions, Faraday cup which gener-
ates current in vacuum when the charged particle
strikes the suppressor electrode, and microchan-
nel plate detector which records a weak AC
image generated by oscillation of ions as they
pass between the electrode plates (Neetu et al.
2012).

4.1.4 Bioinformatics Tools

Large amount of data generated from various
proteomics platforms posed a great challenge in
managing, analyzing, and interpreting subse-
quently, leading to the development of sophisti-
cated bioinformatics tools for data management
and analysis. The development of web-based
open-source softwares owing to the generation of
large amount of data has resulted in the emer-
gence of a new era in proteomics-based research.
Softwares such as Mascot, SEQUEST, and
X!Tandem played a key role in the early years of
this era paving way for the development of label-
free and label-based quantitative proteome analy-
sis (Kumar and Mann 2009; Deutsch et al. 2008).

4.1.5 Pre-fractionation Methods

Despite rapid advancements in the field of mass
spectrometry, the complexity of clinical samples
due to biological and technical limitations proves
to be a major challenge to overcome, thereby
compromising with the total proteome coverage.
The biological limitation is a result of the mask-
ing of the less abundant proteins by highly abun-
dant proteins in the samples, while the technical
limitations are mainly due to limited reproduc-
ibility, sensitivity and resolution of the instru-
ment, and chromatography platforms available.
Ultracentrifugation, the oldest and classical
way for fractionating different organelles in tis-
sue samples, cannot be applied to body fluids,

thereby necessitating the need to explore other
methods to decrease sample complexity. SDS-
PAGE, which separates molecules based on their
molecular weight, and 2-DE, which separates the
molecules based on their isoelectric pH as well as
molecular weight, have for long been used to
decrease the complexity of samples. In addition,
capillary electrophoresis which separates mole-
cules based on charge and OFFGEL fractionation
which separates proteins based on isoelectric pH
in solution find widespread use in laboratories
around the world (Li et al. 2005; Barnea et al.
2005). Many chromatographic methods have also
emerged to reduce the complexity of the pro-
teome both at protein or peptide levels. The sepa-
ration principle of protein/peptide depends on the
chromatographic technique being employed,
with each technique exploiting a different prop-
erty of the molecules to be separated. For exam-
ple, affinity chromatography (GMAC, TiO,,
lectin) works based on affinity between the ligand
and protein/peptide, ion exchange chromatogra-
phy separates on the basis of charge on protein/
peptide, size exclusion chromatography (sepha-
rose, sephadex) separates on the size and shape of
the protein, and reversed phase (RP)/hydropho-
bic chromatography exploits the hydrophobicity
of protein/peptide. Despite the availability of a
number of chromatographic methods, strong cat-
ionic exchange (SCX) chromatography is the
method of choice in most laboratories. A combi-
nation of RP with SCX called as MudPIT (multi-
dimensional protein identification technology) is
another frequently used method yielding the best
results among all other fractionation techniques
available (Barnea et al. 2005; Pernemalm et al.
2009).

4,1.6 Mass Spectrometry-Based
Proteomic Workflow

Protein extraction plays a crucial role in any pro-
teomics experiment and the choice of protein
extraction protocol employed is of great impor-
tance. Different protocols are usually applied
depending on the sample under study. For exam-
ple, in case of body fluids like blood, serum,
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urine, saliva and CSF the sample can directly be
subjected to tryptic digestion (add 1% SDS,
reducing agents, and ammonium bicarbonate
(ABC) to adjust pH to 8.0), or protein can be pre-
cipitated using TCA-acetone or acetone followed
by dissolution of the protein pellet in ABC buffer
followed by in-solution digestion. In case of pro-
tein extraction from tissues, microbes, or cell
lines, the first and foremost step is efficient cell
lysis using one of the techniques like sonication,
enzymatic digestion, and liquid nitrogen grinding
depending on the tissue or cell type. The cell
lysate so obtained can be digested directly using
trypsin or the protein may be precipitated with
TCA-acetone or acetone and redissolved in dis-
solution buffer (ABC buffer) and subjected to
tryptic digestion. High-resolution mass spec-
trometers are very sensitive to interfering agents
like DNA, lipids, salts, etc., and may clog the col-
umn resulting in skewed results. So, clean-up
(Zip-tipping using C18 columns) of samples is
mandatory prior to injecting the samples for mass
spectrometry analysis (Reddy et al. 2015a,b)
(Fig. 4.1).

The workflow for shotgun proteomics using
MS involves pre-fractionation followed by
LC-MS/MS analysis, while the targeted pro-
teomics workflow involves direct injection of the
sample into LC-MS/MS. In case of SDS-
PAGE & 2-DE pre-fractionation methods, the gel
is cut into slices and in-gel digestion (using tryp-
sin) is performed for subsequent LC-MS/MS
analysis. In case of gel-free pre-fractionation, the
proteins are digested in solution using trypsin
(in-solution digestion) followed by fractionation
using SCX, OFFGEL fractionation, RP chroma-
tography, or iMAC. The fractionated peptides are
subjected to liquid chromatography (having ana-
lytical and enrichment columns) connected
online to tandem MS for identification and quan-
tification. In case of targeted proteomics, the pep-
tide mixture is directly subjected to online
LC-separation having analytical and enrichment
columns connected to tandem MS (Bantscheff
etal. 2012).
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4.1.7 Quantitative Proteomics
Platforms

Conventional gel-based proteomic approaches
(2-DE and DIGE) had been used in the past for
quantitative proteomics but failed due to poor
reproducibility, low sensitivity, and being limited
to soluble proteins. Since the last decade, mass
spectrometry-based quantitation has attained a
lot of interests due to advancement in technology
(Megger et al. 2013). Label-free quantification
using mass spectrometry can be done either by
spectral counting or by measuring the peptide
peak intensity. In spectral counting, the number
of peptides and its corresponding fragment ion
(MS/MS) spectra are considered for relative
quantification and identification. The number of
peptides generated during MS and selection of
the peptide for fragmentation is directly propor-
tional to the protein abundance (low-abundant
proteins often generate less peptides and frag-
mentation spectra). In peptide peak intensity, the
relative quantification of the protein/peptide can
be performed by measuring the peptide peak
intensity at MS level and integrated with corre-
sponding chromatography peak intensity. Label-
free quantification is fast, simple, and
cost-effective and has high dynamic range but
does not allow multiplexing and is less reproduc-
ible (Wasinger et al. 2013). Label-based quantifi-
cation methods such as iTRAQ, TMT, iCAT,
SILAC, etc., overcome the limitations of label-
free methods. It is to be noted that iTRAQ and
TMT labels can be used for in vitro labeling of
clinical samples, whereas SILAC labeling can be
exclusively applied to cell cultures since it uses
labeled amino acids for labeling (Fig. 4.2). 8-plex
iTRAQ quantitative proteome analysis performed
by labeling the proteins from different stages of
developing human embryonic stem cells yielded
156 differentially expressed proteins involved in
cell proliferation, apoptosis, and protein synthe-
sis (Jadaliha et al. 2012). Similarly, biomarker
discovery in periodontal disease was performed
using TMT labeling leading to the conclusion
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that matrix metalloproteinase-9 and neutrophil
gelatinase-associated lipocalin can serve as
potential markers for disease progression
(Tsuchida et al. 2013).

4.2 Biomarker

A Biomarker may be a biomolecule from—com-
plex biological fluids or tissues which can differ-
entiate two closely related states of the biological
system. A biomarker can be a protein, nucleic
acid, lipid, a receptor, antibody, peptide, and gly-
can or can also be a change in expression of
metabolites, proteins, or genes produced as a
result of a diseased or unhealthy state. Over the
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and analyzed with LC-MS/MS analysis in case of iCAT,
iTRAQ, and TMT. In case of label-free quantification,
direct sample injection is preferable

last two decades, a number of articles have been
published about the role of thousands of bio-
markers in different diseases. However, not many
of these published biomarkers have been put to
use in the medical field since most studies either
select the wrong candidates in the discovery
phase or lack precise validation/characterization
or may only be detected using very sensitive
techniques which are otherwise not easily avail-
able or affordable in clinical settings (Henry and
Hayes 2012).

There are different types of biomarkers such
as diagnostic biomarkers, prognostic biomarkers,
predictive biomarkers, and pharmacodynamic
biomarkers. Molecular markers useful in identifi-
cation of a specific disease are called diagnostic
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biomarkers. For example, elevated levels of
prostate-specific antigen (PSA) in serum are used
as a diagnostic marker in detecting/diagnosing
prostate cancer (Coley et al. 1997). Prognostic
biomarkers are used for monitoring disease pro-
gression and assessing the final outcome of the
disease (good/poor prognosis). Serum VEGF
level is used as a prognostic marker in renal cell
carcinoma (Oldenhuis et al. 2008). Predictive
biomarkers give an idea about the patients who
are benefited by a specific drug treatment. In case
of breast cancer, the patients with overexpression
of ERBB2 gene respond to the treatment with
trastuzumab (Herceptin), whereas the patients
with high expression levels of estrogen receptors
by the tumor cells respond well to the treatment
with  tamoxifen (Sawyers CL  2008).
Pharmacodynamic biomarkers are helpful in
determining the drug dosage to treat the patients
more effectively. BCR-ABL kinases act as phar-
macodynamic biomarkers, whose activity deter-
mines dosage of the drug (Dasatinib) that needs
to be administered to chronic myeloid leukemia
(CML) patients (Shah et al. 2006). Discovery of
multiple biomarkers helps in proper diagnosis of
the disease and helps the clinicians to select the
kind of therapy which benefits the patients the
most.

4.3 Application of Mass
Spectrometry in Cancer

Biomarker Discovery

The number of cancer incidences has been
increasing every year around the world because
of the sedentary lifestyle, smoking, unhealthy
food habits, and genetic factors. Early diagnosis
and proper treatment can reduce the mortality
rate significantly. New and efficient cancer bio-
markers are hence of utmost importance and the
quest for the cancer biomarkers started with the
discovery of tumor-produced antibody light
chains in the urine of multiple myeloma patient
by Henry Bence-Jones in 1847 (Bence-Jones
1847). Since then, only 23 proteins have been
approved by FDA as cancer biomarkers and are
currently being used in clinics (Fiizéry et al.
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2013). Most of the FDA-approved proteins how-
ever are either not so sensitive or specific to a par-
ticular cancer (Polanski and Anderson 2007). So
we need a panel of protein markers, viz., bio-
signatures which could accurately discriminate
cancer from the healthy state.

4.3.1 Prostate Cancer

Among men, prostate cancer is the second most
common cancer and sixth leading cause of cancer
deaths (Jain et al. 2014). Quite a few biomarkers
for prostate cancer are currently in use. Papsidero
et al. reported elevated levels of serum prostate-
specific antigen (PSA) in prostatic cancer
patients, thereby concluding it to be a potential
biomarker for prostate cancer (Papsidero et al.
1980). However, serum levels of PSA were found
to increase in other clinical conditions like pros-
tate irritation, prostatic infection, and benign
prostatic hyperplasia (BPH) (Arneth 2009). In
many cases, serum PSA levels in prostate cancer
patients were observed to be in the normal range.
Such cases often create enough ambiguity about
the patient’s status in a clinician’s mind. Hence,
the need for a more specific biomarker/s is imper-
ative for diagnosis and prognosis of prostate can-
cer. An interesting study by Michiko et al. came
up with a novel biomarker for prostate cancer,
thus giving a better picture of a patient’s state
with elevated levels of PSA and improving the
treatment possibilities to a greater extent.
2DICAL (2-Dimensional Image Converted
Analysis of Liquid chromatography and mass
spectrometry), a quantitative label-free shotgun
proteomics platform, was used in a study which
revealed elevated levels of carbonic anhydrase I
as a novel plasma biomarker for prostate cancer.
The findings were further validated by immuno-
logical assays (Takakura et al. 2012). Grover
et al. observed the presence of 22 kDa protein in
prostate cancer patients when compared with
normal subjects and benign prostatic hyperplasia
patients. The protein was also found to be
excreted in the urine of prostate cancer patients
(Grover and Resnick 1995). Another study
reported by Hwang et al. described about a novel
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biomarker for identifying prostate cancer using
prostate tissue samples. The study used DTP
(direct tissue proteomics) coupled with
LC-MS/MS wherein the prostate tissue samples
were fixed using formalin and embedded in par-
affin, followed by identification of proteins by
mass spectrometry. The findings of the study
introduced another novel biomarker, Wnt-3 that is
upregulated in prostate cancer cells. The com-
bined use of PSA and Wnt3 as biomarkers for
identification of prostate cancer will be more suc-
cessful for prognosis and diagnosis cases of pros-
tate cancer (Hwang et al. 2007).

4.3.2 Ovarian Cancer

Among all the cancers in women, ovarian cancer
is the seventh most common across the world
(Zhang et al. 2000). Most of the ovarian cancer
patients are diagnosed at their late clinical stage,
and due to this, 35 % of patients have a survival
period of 5 years, whereas 90 % of the ovarian
cancer patients diagnosed at the earlier stages
have a survival period of 5 years (Menon and
Jacobs 2000; Cannistra 2004). Serum CA125 is
commonly used as a biomarker for ovarian can-
cers. Elevated levels of serum CA125 have been
observed in 80% of the ovarian cancer in
advanced stages and 50-60 % elevation in the
early stages. Zhang et al. analyzed the serum pro-
teome from healthy and early stage ovarian can-
cer patients using SDS-PAGE followed by mass
spectrometry. Three acute phase proteins (apoli-
poprotein A1, truncated form of transthyretin and
inter-a-trypsin inhibitor heavy chain H4) identi-
fied by Zhang et al. were found to be useful in the
detection of early stage ovarian cancer (Zhang
et al. 2004). In another study, Mary et al. dis-
cussed ways to identify biomarkers to enable
detection of ovarian cancer at an early stage of
the disease onset to prevent high rate of mortality.
The method employed to study this was to enrich
serum proteins by carrier protein-bound affinity
column, followed by MALDI orthogonal TOF
mass spectrometry analysis. A series of bio-
marker panels were identified successfully,
namely, Keratin 2a, complement component 3

precursor, complement component 4A preprot-
ein, casein kinase II, alpha 1 subunit isoform a,
inter-alpha (globulin) inhibitor H4, fibrinogen,
and few more (Lopez et al. 2007). Using ELISA-
and mass spectrometry-based approaches (Both
SELDI-MS and LC-MS/MS), it was observed
that the serum levels of alpha chain of haptoglo-
bin increased in ovarian cancer patients. Alpha
chain of haptoglobin alone had 64 % sensitivity
and 90% specificity for detecting the ovarian
cancers, whereas haptoglobin alpha chain along
with CA125 had 91 % sensitivity and 95 % speci-
ficity (Ye et al. 2003).

4.3.3 Lung Cancer

Lung cancer is the leading cause of cancer deaths
around the world. In most cases, lung cancers are
diagnosed in the advanced stages, due to which
only 15 % of these patients have a 5-year survival
time (Reddy et al. 2011). Increased serum levels
of haptoglobin were observed in the lung cancer
patients using SDS-PAGE coupled with
LC-MS/MS analysis (Kang et al. 2011). Howard
et al. identified significant increase in the serum
levels of serum amyloid A (SAA) protein in lung
cancer patients when compared to healthy sub-
jects using MALDI-TOF mass spectrometry. The
increased levels of SAA were validated using
ELISA (Howard et al. 2003). Heo et al. used
multi-lectin affinity columns for the enrichment
of the glycoproteins from serum of both lung
cancer patients and healthy controls and sepa-
rated on SDS-PAGE. The LC-MS/MS analysis of
each band from the gel showed an increase in
serum levels of plasma kallikrein (KLKB1) and
inter-a-trypsin inhibitor heavy chain 3 (ITI-H3)
in lung cancer patients (Heo et al. 2007). In
another study performed by Zeng et al. employ-
ing label-free quantification using LC-MS/MS
analysis, 22 serum glycoproteins were reported
to be altered in NSCLC (Zeng et al. 2010).
Proteins associated with inflammatory response,
cell-cell signaling, and various interaction net-
works were dysregulated in the non-small-cell
lung cancers (NSCLC), which could be useful in
the diagnosis of early stage lung cancers (Zeng
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et al. 2011). Campa et al. showed increased
expression of macrophage migration inhibitory
factor and cyclophilin A in lung cancer tissues as
apotential diagnostic marker (Campa et al. 2003).
Chris et al. selected four histological different
lung cancer cell lines, viz., adenocarcinoma,
squamous cell carcinoma, and small-cell and
non-small-cell lung cancer cell lines, and
analyzed using bottom-up proteomics approach.
The potential markers obtained from cell lines
were validated in both healthy and lung cancer
patient samples, and the study revealed five novel
biomarkers for lung cancer, namely, ADAM-17,
osteoprotegerin, pentraxin 3, follistatin, and
tumor necrosis factor receptor super family mem-
ber 1A (Planque et al. 2009).

4.3.4 Breast Cancer

Breast cancer is the second leading cause of can-
cer deaths in women all over the world
(Abdulkareem 2013). Mammography, ultra-
sound, and histopathology have since long been
used as diagnostic tools for the breast cancer
(Chung et al. 2014). However, there is a need for
discovery of biomarkers for quick and early diag-
nosis of breast cancer. Overexpression of HER-2/
neuoncoprotein is used as a biomarker for the
detection of breast cancers, but there still exists a
need for a more specific biomarker (Tétu and
Brisson 1994). Geiger et al. identified high levels
of IDH2 and CRABP2 and low levels of
SEC14L2 in the ER-negative breast cancer
tumors using mass spectrometry-based approach.
The expression of IDH2, CRABP2, and SEC14L.2
were found to be associated with the overall sur-
vival rate of the patients. IDH2 and CRABP2
offered poor prognosis, while SEC14L2 offered
good prognosis (Geiger et al. 2012). Profumo
et al., using MALDI-MS-based approach, stud-
ied the serum proteome of the gross cystic dis-
ease (GCDB), a benign disease that later develops
into breast cancer, and identified complement
C3f levels as a marker protein for predicting the
risk of breast cancer in GCDB patients (Profumo
et al. 2013). Using LC-MS-based approach,
Villanueva et al. identified 14 potential serum
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biomarker peptides for breast cancers, of which
11 peptide markers were unique to breast cancer
only and could discriminate breast cancers from
healthy subjects and other cancers (Villanueva
et al. 2006). Van den Broek et al. quantified the
concentrations of six serum peptides such as bra-
dykinin, Hyp3-bradykinin, des-Arg9-bradykinin,
fragments of fibrinogen o-chain (Fib-a[605—
629]), inter-a-trypsin inhibitor heavy chain 4
(ITI-H4), and complement component 4a (C4a)
in breast cancer patients using targeted MRM-
based mass spectrometric approach (van den
Broek et al. 2010). Vathany et al. performed bot-
tom-up proteomics approach using 2D
LC-MS/MS on MCF-10A, BT474, and
MDA-MB-468 cell lines. Of the many differen-
tially expressed proteins, elafin, a protease inhib-
itor, and three kallikreins, viz., KLK5, KLK6,
and KLK 10, were reported as potential biomark-
ers for breast cancer following their validation
using immunoassays in serum and tissue samples
(Kulasingam & Diamandis2007).

In addition to the above mentioned cancers,
work is in progress for the discovery of biomark-
ers for other cancers. Protein levels of serum para-
oxonase, transthyretin, annexin VI, serum amyloid
A, ceruloplasmin, etc., were found to be altered in
hepatocellular carcinoma (Yang et al. 2007). A
panel of three proteins, apolipoprotein A-II, trans-
thyretin, and apolipoprotein A-I, were identified
using MALDI-TOF MS method in the serum
samples of pancreatic cancer patients (Ehmann
et al. 2007). Using LC-MS-based approach, Hsu
et al. identified five urinary nucleosides to be ele-
vated in colorectal cancer that could discriminate
colorectal cancer patients from the healthy sub-
jects (Hsu et al. 2009). Proteomic analysis of
childhood acute lymphoblastic leukemia cell pro-
teome with the normal peripheral lymphocytic
cells revealed upregulation of glutathione
S-transferase P and prohibitin in acute lympho-
blastic leukemia patients substantiating their
potential as diagnostic markers (Wang et al.
2012). Another study by Findeisen et al. revealed
that increased serum levels of serum amyloid A
along with the C-reactive proteins could be used
as prognostic marker for early stage melanoma
patients (Findeisen et al. 2009). Using MALDI-
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TOF MS approach, Yang et al. identified RNA-
binding protein 6, tubulin beta chain, and zinc
finger protein 3 in renal cell carcinoma and hold
potential for use as diagnostic markers for renal
cell carcinoma (Yang et al. 2014).

4.4 Applications of MS
in Biomarker Discovery
in Other Diseases
4.4.1 Infectious Diseases Biomarker

Infectious diseases are the world’s second lead-
ing health concern and a recent report has high-
lighted that more than 1,400 microbial human
pathogens have been detected so far with the
number increasing progressively (Hay et al.
2013). Initially, next-generation sequencing
helped to diagnose the infectious diseases but
failed to continue due to technical and practical
problems with culturing of the microbes (Lecuit
and Eloit 2014). Over the last decade, mass
spectrometry-based proteomics has been exten-
sively used to explore biomarkers in infectious
diseases for early diagnosis and prognosis by
analyzing the host proteome. Body fluids (serum,
plasma, saliva, CSF) are the better biological
samples for examining infectious diseases. In
some cases, tissue-specific proteomics provide
fruitful information to understand disease patho-
genesis. Recently, Wang et al. (2014) reported
rapid laboratory diagnosis method for respiratory
infection pathogen by using MALDI-TOF-MS as
a fast, reliable, and inexpensive method (Wang
and Fu 2014). Tuberculosis (TB) is a dreadful
infectious disease with high mortalityand limited
diagnosis. iTRAQ-based 2D LC-MS/MS analy-
sis of serum from pulmonary TB, lung disease,
and healthy samples resulted in a panel of three
proteins, namely, S100A9, SOD3, and MMP9,
having an ability to clearly differentiate TB from
other lung diseases with good specificity and sen-
sitivity (Zhou 2015). A study employing SELDI-
TOF MS in combination with weak cation
exchange magnetic beads for TB serum bio-
marker detection showed that a fragment of
fibrinogen and alpha polypeptide isoform alpha-

E preproprotein could be a potential marker for
TB diagnosis (Liu et al. 2013a). Kruh-Garcia
et al. used MRM-based mass spectrometry analy-
sis to detect Mtb (Mycobacterium tuberculosis)
proteins in the exosomes from infected human
serum. The study reported 20 bacterial proteins
in the exosomes with need for further validation
in order to consider them as biomarkers for diag-
nosis in the future (Kruh-Garcia et al. 2014).
Malaria is the leading infectious disease in the
tropical and subtropical region with a million
deaths reported worldwide every year.
Comparative LC-MS/MS-based analysis of
serum from malaria patients and healthy individ-
uals revealed differential expression of apolipo-
protein E (ApoE), serum amyloid A (SAA),
gelsolin, complement factor H, fibrinogen, and
lipid-binding protein. It was also observed that
these proteins had ability to bind to hemozoin, a
protein with a role in malarial disease progres-
sion (Kassa et al. 2011). The saliva proteome
analysis from malaria patients identified P. falci-
parum proteins such as PFL0480w, PFO8_0054,
and PFIO875w in addition to upregulation of
erythrocyte and inflammatory proteins (Huang
et al. 2012). An independent study on serum from
malaria using iTRAQ-based quantitative pro-
teome analysis reported increased levels of cell
adhesion molecule-4 and C-reactive protein and
decreased levels of haptoglobin (Mu et al. 2014).

4.4.2 Diabetes Mellitus Biomarker

Diabetes mellitus (DM) is a chronic metabolic
disorder affecting nearly 5 % of the world popu-
lation with its incidence increasing every year.
The characteristic feature of this disease is the
persistent hyperglycemic condition in the
patients, leading to major complications such as
retinopathy, nephropathy, and neuropathy. The
measurement of glycated hemoglobin is a classi-
cal way to detect and monitor DM. Proteome and
metabolome-based biomarkers have gained
attention in many diseases owing to the need to
detect, depict, and prevent the progression of the
disease. The salivary proteome analysis of type-II
DM and healthy individuals using 2D-LC-
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MS/MS analysis revealed majority of the altered
proteins to be involved in metabolic process and
immune response (Rao et al. 2009). Similarly,
serum proteome analysis using iTRAQ-based
quantitative proteomic analysis (LC-MS/MS) by
Kaur et al. revealed alteration of quite a few pro-
teins involved in metabolism and other cellular
processes. MRM-based validation of apolipopro-
tein-A1, afamin, transthyretin, vitamin D-binding
protein, and fibronectin showed their involve-
ment in DM (Kaur et al. 2012). Mass
spectrometry-based metabolomics is one of the
finest ways to study whole metabolites in biologi-
cal samples. Metabolome analysis of blood sam-
ples from diabetes and non-diabetes using tandem
mass spectrometry and nuclear magnetic reso-
nance (NMR) spectroscopy revealed a number of
altered metabolites (known and novel metabo-
lites) with the ability to differentiate DM from
healthy individuals. Differentially expressed
metabolites include sugar, ketone body, and
branched-chain amino acids (Suhre et al. 2010).
An independent study showed acetone, a ketone
body synthesized in DM as a potential noninva-
sive biomarker. The group measured the concen-
tration of acetone in breath from both DM and
healthy individuals wusing low-temperature
cofired ceramics (LTCC) technology coupled
with mass spectrometry operated in multiple ion
detection mode by selecting the m/z as 43 and 58
(for acetone) (Rydosz 2014).

4.4.3 Cardiovascular Diseases
Biomarker

Cardiovascular disease (CVD) is the leading
cause of death worldwide. The subclinical com-
plications and risk factors of CVD are very severe
and life-threatening. CVDs are quite common in
developed countries and the incidents are increas-
ing every year. The classical diagnostic methods
such as electrocardiogram, stress testing, echo-
cardiography, chest X-ray, blood test, and natri-
uretic peptides are effective but are limited by
their inability to diagnose the disease in the early
stages. Omics-based (proteomic and metabolo-
mic) diagnostic markers are hence indispensable
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for early diagnosis and for monitoring disease
progression. LC-MS/MS-based quantitative pro-
teome and metabolome of serum/urine or the
heart tissue could provide useful information to
monitor CVD. Magiera et al. quantified the con-
centration of o-ketoglutaric acid (a-KG),
L-carnitine, and acetyl-L-carnitine in urine sam-
ples collected from CVD using calibration stan-
dards prepared with purified small molecules in
LC-MS/MS analysis and reported their potential
as biomarkers for diagnosis of CVD (Magiera
et al. 2013). COmbined FRActional DIagonal
Chromatography (COFRADIC) in combination
with LC-MS/MS proteomic platform was used
for studying the plasma proteome of acute
decompensated heart failure (ADHF), and qui-
escin Q6 was reported as a potential marker for
ADHF from the study (Mebazaa et al. 2012).
Another study on coronary heart disease (CHD)
using 1TRAQ-based LC-MS/MS analysis
revealed differential expression of 12 proteins
(five upregulated and seven downregulated). The
upregulated proteins were found to be involved in
inflammation and downregulated proteins in lipid
metabolism. Serum amyloid A (SAA) and apoC-
I were further validated using ELISA and proved
to beuseful in monitoring the disease (Yan et al.
2014). Similarly, the salivary proteome analysis
of CVD was performed using weak cation
exchange magnetic bead kit followed by identifi-
cation with UltraFlex IIIl MALDI-TOF/TOF. The
analysis revealed differential expression of 11
peptides (five upregulation and six downregula-
tion), and alpha-2-HS-glycoprotein was validated
in saliva as a potential marker for disease diagno-
sis (Zheng et al. 2014).

Oncometabolomic
Biomarker

4.5

Cancer is largely a genetic disorder with dysregu-
lation of physiological metabolism being one of
the reasons. Metabolites are small molecular
weight key intermediates or end products of
metabolism and regulate the phenotype of the
system under genetic or environmental condi-
tions. Monitoring metabolites in biofluids (serum,
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saliva, or urine) using biochemical reactions is a
common practice in many pathophysiological
conditions to diagnose or predict diseases (Gupta
and Chawla 2013). For many years, radio pulse
labeling was used to monitor the metabolites, but
advancements in techniques such as NMR spec-
troscopy, GC-MS, and LC-MS have led to
increased use of these high-throughput technolo-
gies in monitoring metabolites. The emergence
of metabolomics as a new platform for high-
throughput study of metabolites has greatly
helped in increasing our understanding of physi-
ology. NMR- and mass spectrometry-based (cou-
pled with GC and LC) analysis is widely used for
metabolome analysis with the help of advanced
software and statistical tools (Zhang et al. 2013;
He et al. 2014; Chan et al. 2009). The recent
advances in technologies have enabled a better
understanding of cancer metabolism and tumor
proliferation with a lot of emphasis on discover-
ing diagnostic biomarkers for cancers.
Biological fluids (serum, blood, plasma,
saliva, urine, and cerebrospinal fluid), biological
tissue, or cells can be used for metabolome anal-
ysis. The sample preparation is quite simple for
biological fluids, whereas for tissue or cells, it is
tedious due to contamination of biofluids or
surrounding tissue. Metabolomic profiling of
urine from women cancer patients (breast,
ovarian, and cervical cancer) using mass spec-
trometry (GC-MS and LC-MS) revealed
the metabolites involved in oxidative DNA
damage and methylation process. The authors
reported 5-hydroxymethyl-2-deoxyuridine
and 8-hydroxy-2-deoxyguanosine, 1-methyl-
adenosine, 3-methyluridine, and 4-androstene-
3,17-dione as novel potential biomarkers in both
breast and ovarian cancers (Woo et al. 2009).
Qualitative metabolomic profiling of hepatocel-
lular carcinoma (HCC) in Egyptian cohort was
performed using UPLC-QTOF-MS, followed by
targeted analysis of seven metabolites such as
Phe-Phe, 3f,6p-dihydroxy-5 p-cholan-24-oic
acid, GCA, GDCA, TCDCA, oleoylcarnitine,
and linoelaidylcarnitine in 89 samples using
UPLC-triple quadrupole linear ion trap. Among
the seven potential biomarkers discovered, three
biomarkers were already reported in HCC and

four were unique to this study (Xiao et al. 2012).
Another independent study involving metabolo-
mic analysis of HCC (183 serum samples — 77
sera as discovery set and 106 sera as validation
set) using capillary electrophoresis-mass spec-
trometry, PCA, and discrimination analysis
revealed four out of six metabolites (tryptophan
(Trp), pipecolic acid, glutamine (Gln),
3/4-methyl-2-oxovaleric acid, arginine (Arg),
and 2-hydroxybutyric acid) to be able to discrim-
inate small HCC (Zeng et al. 2014).

4.6 PTM Analysis Using Mass

Spectrometry

Prior to gaining a clear insight into protein chem-
istry, it was believed that proteins formed after
translation directly control physiological path-
ways. However, a better understanding of the
dynamic nature of proteins brought to light the
importance and role of various post-translational
modifications in control of biological functions.
Nearly 300 PTMs are possible on proteins in bio-
logical system with most of the biomarkers
reported in various diseases being phospho- or
glycoproteins (Olsen and Mann 2013). Though
many PTMs exist, phosphorylation (one-third of
eukaryotic proteins) and glycosylation (nearly
50 % of human proteins) are predominant PTMs
in eukaryotes including human. Mass spectrom-
etry has emerged as a central tool for evaluating
site mapping and quantification of protein modi-
fications (PTMs). Advancements in mass spec-
trometry (ETD or ECD fragmentation) have
helped study the large-scale PTMs in complex
samples (Fig. 4.3). In addition to this, sophisti-
cated bioinformatic tools to analyze the data and
establishment of PTM databases have greatly
helped in our understanding of PTMs. The emer-
gence of new fragmentation technologies and
advanced tools has helped in PTM detection at
both MS and MS/MS level. For example, at MS
level, phosphorylation leads to increase in mass
of amino acid by +80 Da (addition of HPO; on
phosphorylated amino acid), whereas at MS/MS
level, phosphorylation either leads to increase in
mass on amino acid by +80 Da (addition of HPO,
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Fig. 4.3 Posttranslational modification (PTM) analysis.
Mass spectrometry is the one of the best methods for
PTMs such as phosphorylation, methylation, acetylation,

on phosphorylated amino acid) or a decrease in
mass by —18 Da on amino acid (removal of
H,;PO, from phosphorylated amino acid leads
to dehydrated amino acid) (Witze et al. 2007).
In addition to this, enrichment technologies
such as iIMAC (immobilized metal affinity
chromatography), titanium dioxide (TiO,) and
zirconium dioxide (ZrO,) for phosphopeptides
and lectin columns, and hydrazide chemistry for
glycopeptides are increasingly being used to
enrich the low-abundant PTM peptides (Zhang
et al. 2014). The advantages of MS-based PTM
analysis include differential expression analysis,
high-throughput identification, modified site
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nitrosylation, and so on. Here the spectra represent the
PTMs on protein/peptide

evaluation, quantification (absolute/relative),
high sensitivity, and specificity, but the major
limitation is the lack of sufficient and reliable
databases for most PTMs. Choi et al. have used
sequential enrichment columns with Fe;0,, fol-
lowed by TiO, particles for phosphopeptide
enrichment from digested a-casein, and the same
method has been used for mono- and multi-phos-
phopeptide analysis from complex L6 muscle
cell lysate using LC-MS/MS as a proof of con-
cept (Choi et al. 2010). The protein extracted
from leukocytes was used for phospho-analysis
after fractionation with SCX, followed by
LC-MS/MS analysis using phosphochip. The
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instrument was calibrated with three test phos-
phopeptide samples (BSA, a-casein, and
B-casein) prior to the leukocyte sample analysis.
More than 250 phosphopeptides were detected
with good reproducibility among triplicates
(Raijmakers et al. 2010). In another study, sera
from lung cancer (depleted) were passed through
hydrazide resin, and in situ trypsin digestion was
performed to remove the non-glycosylated pep-
tides. A total of 38 glycopeptides (representing
22 proteins) were detected using tandem MS/MS
analysis after eluting with peptide-N-glycosidase
F. Three glycoproteins, a-1-antichymotrypsin,
insulin-like growth factor-binding protein 3, and
lipocalin-type prostaglandin D synthase, were
validated using ELISA and considered as poten-
tial biomarker for lung cancer (Zeng et al. 2010).
SWATH, the data independent analysis of tissue
from prostate cancer (PC), revealed differential
expression of 220 glycoproteins involved in
aggression and metastasis of PC. Further, valida-
tion of PC using tissue microarray highlighted
two glycoproteins, namely, N-acylethanolamine
acid amidase and protein tyrosine kinase 7 as
potential markers to monitor the aggression of
PC (Liu et al. 2014).

4,7 Targeted Proteomics Assays

Using Mass Spectrometry

“Shotgun proteomics” or “discovery proteomics”
using high-resolution mass spectrometry coupled
with liquid chromatography has revealed many
potential biomarkers in various diseases.
Validation of these biomarkers is a tedious pro-
cess due to expensive antibody-based immune
assays, limitation of antibody availability, and
time-consuming protocols (Schiess et al. 2009).
Absolute quantification of protein is of prime
importance in clinical biochemistry for diagno-
sis. MS-based targeted proteomics, i.e., multiple
reaction monitoring (MRM) or selected reaction
monitoring (SRM), are the alternatives and the
data is reproducible, and of high sensitivity, spec-
ificity, and dynamic range (McIntosh and
Fitzgibbon 2009). The principle of SRM/MRM
involves the selection of both precursor (Q1) and

fragmented ion (Q2), and measuring the peak
intensity of Q1/Q3 transition gives the quantifica-
tion of the peptide/protein. Triple quadrupole
(QqQ) instruments yield best results for SRM/
MRM, where both Q1 and Q3 operate in radio
frequency mode to select the specific precursor
and fragmented ions and collision cell (q2) in
between the Q1 and Q3 (Colangelo et al. 2013)
(Fig. 4.4). In MRM/SRM analysis, the selected
peptide should be unique to the protein, should
not be modified, should have high intensity,
should give good fragmentation, and should have
synthesized heavy peptide, and instrumental
parameters should be optimized. Skyline is one
of the universal tools used to persuade all the
above criteria for SRM/MRM analysis across the
globe (MacLean et al. 2010). Percy et al. tested
27 potential marker proteins in breast cancer
using MRM-based assay. For each protein, one to
four transitions have been studied and 82 heavy
peptides were synthesized (internal standards) to
quantify the protein in the plasma samples. In
undepleted serum sample, the lowest detection
range was 127 ng/mL for insulin-like growth fac-
tor (Percy et al. 2013). Similarly, anterior gradi-
ent 2 (AGR2) protein involved in epithelial
cancer was measured in serum and urine after
fractionation with PRISM, followed by LC-SRM
analysis. The limit of quantification was ~130
pg/mL in serum and ~10 pg/100 pg in urine, and
data reproducibility was high and also showed
good correlation with ELISA results (Shi et al.
2014).

4.8 Mass Spectrometry Imaging
for Cancer Biomarker

Discovery

An image undoubtedly conveys deeper informa-
tion to understand biology at system level. The
conventional imaging techniques such as angiog-
raphy, CT scanning, EEG, and MRI have been
used more frequently in the bio-medical sector.
However,they have one or few other limitations
which lead to narrow spectrum usage, tremen-
dous data loss, and inefficiency in acquiring cer-
tain sets of data. Imaging mass spectrometry
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Fig. 4.4 Targeted proteomics workflow. Triple quadru-
pole (QqQ) is the preferred mass spectrometry for SRM/
MRM analysis. Both Q1 and Q3 operate in radio fre-

(IMS) is a technique to visualize the spatial dis-
tribution of peptides, proteins, lipids, metabo-
lites, etc., through a tissue to understand anatomy.
Matrix-assisted  laser  desorption/ionization
(MALDI) MS is the best platform for imaging,
and the principle involves sectioning of the tis-
sues into small slices (5—-10 pm) and coating with
matrix (Cornett et al. 2007). A grid can be made
according to the tissue slice and data can be
acquired with predefined laser shots in regular
patterns on each grid coordinate (Schwamborn
2012). The final data contains a range of spectra
in which each spectrum represents an indepen-
dent molecular profile of the different area within
the sample and integration of the entire data pro-
vides the anatomical view (Fig. 4.5). The advan-
tages of IMS include lack of labels or tags,
providing direct correlation with anatomy and
high-throughput data. The lack of direct valida-
tion method is the sole limitation in taking IMS
to the clinical level. One of the major applica-
tions of IMS is in cancer biomarker discovery.

quency mode to quantify the selected precursor (peptide)
and fragmented ion and the quantification of the protein/
peptide obtained from Q1/Q3 ratio

IMS has been used to study the molecular struc-
ture of brain tumor in mice model. Tumor tissues
generate different imaging patterns depending on
locations and stage of diseases indicating the het-
erogeneity of the tumor (Ait-Belkacem et al.
2014). IMS imaging analysis of prostate cancer
tissue has revealed higher content of lipid com-
ponents such as 14 phosphatidylinositols (PIs), 3
phosphatidyl ethanolamines (PEs), and 3 phos-
phatidic acids (PAs). The high expression of PI
profiles could serve as good molecular markers
for diagnosis of prostate cancer (Goto et al.
2014).

49 Conclusions

In the present chapter, we focused on the basics
of mass spectrometry and its advancements in
last decade. We also discussed the application
of mass spectrometry in biomarker discovery
in major diseases in the world such as cancer,
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Fig.4.5 MALDI imaging workflow. MALDI-TOF is the
ideal instrument for tissue imaging. The tissues were sec-
tioned into thin slices and sprayed with matrix. The data

diabetes, cardiovascular, and infectious dis-
eases. In addition to biomarker discovery, mass
spectrometry has wide range of applications in
proteomics and is one of the best methods for
PTM analysis at present. The mass spectrome-
try field is growing tremendously and is also
playing crucial role in metabolomics and tissue
imaging. The high-resolution mass spectrome-
try has also contributed significantly to the first
human proteome draft and continuously
evolving.
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Abstract

Despite the continuing threats of the global noncommunicable diseases
(NCDs) epidemic, the funding agenda for disruptive innovation remains
pale, particularly for cancer research and development. Chief among the
NCDs, cancer stands in dire straits. Over the last decade, the global cancer
burden has shifted from the developed world to the less developed countries.
In developing countries, 56 % of cancer cases and 64 % of cancer deaths
occurred. Worrisomely, cancer survival rates are much lower in developing
countries due to the difficulties in early diagnosis, first clinical presentation
as advanced disease, and, importantly, lack of disruptive innovation for new
diagnostics and therapeutics. Several promising cancer research endeavors
are merely shelved due to the paucity of adequate long-term or rapid
response financial aid to developing world cancer researchers. Alternative
sources of research funding, too, are limited in less developed countries,
causing a “double jeopardy” in cancer research funding. Despite their vast
population sizes in the order of billions, contribution of the philanthropic
sector for cancer research is very infrequent in India and the mainland China.
Disruptive innovation in cancer research will not come to fruition unless we
are willing to innovate “upstream” first, at the level of research funding.
Angel philanthropy tends to fund research with higher risks for failure but
with greater odds for disruptive innovation. We propose that the local angel
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philanthropy networks may provide the necessary boost to create disruptive
innovation ecosystems for cancer research in the developing world.
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Cancer Research
in Developing World: Not Old
Wine in New Bottle

5.1

Despite the continuing threats of global noncom-
municable diseases (NCDs) epidemic, the fund-
ing agenda for action remains uncertain (Lancet
Oncol 2011). Chief among the NCDs, cancer
research stands in dire straits. In majority of the
developing countries, there is a considerable
divergence between the cancer research funding
and cancer-related mortality rate. Over the last
decade, major source of cancer mortality has
shifted gradually toward the less developed and
developing world from the more developed coun-
tries (Are et al. 2013). According to the 2008
GLOBOCAN estimation, 56 % of the cancer
cases and 64 % of the cancer deaths occurred in
low- and middle-income countries, where sur-
vival rates are also much lower, primarily due to
the difficulties in early diagnosis leading to pre-
sentation with advanced disease or lack of timely,
effective, and safe therapeutics (Jemal et al.
2011). Consequently, there is an urgent need for
adequate funding for cancer research in the
developing countries to improve cancer surveil-
lance, early diagnosis, treatment, and prevention,
not to forget for the development of the next-
generation biorepositories for multidisciplinary
translational cancer research (Ray et al. 2013).
From a discovery point of view, cancer research
in developing countries is extremely crucial
as the discoveries made in developed world
do not invariably “translate” to the developing
world setting owing to differences in socio-
epidemiological background, population diver-
sity in lifestyle, diet, exposure to various
environmental risk factors, and infectious agents
(Rastogi et al. 2004). Moreover, certain types of

human cancers, like cervix, uterus, stomach,
liver, and oral cavity cancers, occur more fre-
quently in developing countries than the devel-
oped western world (Kanavos 2006). Global
variations in cancer epidemiology and pathogen-
esis support the idea for regional or local cancer
research and funding for science that is context
sensitive and context responsive (Lingwood et al.
2008; Ozdemir et al. 2013).

In recent years, with recognition of the large
tumor heterogeneity and presence of multiple
subclasses within a specific type or even grade of
a tumor (Bedard et al. 2013), researchers are
interested to address the diversities within
specific types of cancers through comprehensive
multi-omics characterizations of different
subtypes/malignancy grades (Network 2013).
Tumors with diverse genetic and other molecular
alteration indicate the vital necessity of individ-
ual patient-tailored therapies (Roychowdhury
etal. 2011; Chen et al. 2012). Even though highly
promising and informative, such multidisci-
plinary cancer research requires advanced
infrastructures and substantial amount of endur-
ing financial support. In this chapter, we explain
that disruptive innovation in cancer research will
not come to fruition unless we are willing to
innovate “upstream” first, at the level of research
funding.

5.2  Philanthropy for Cancer
Research in Developing
World: One Size Does Not

Fit All

Cancer research is a highly dynamic enterprise
demanding real-time funding in response to
breakthrough discoveries. Yet many scientists
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find that traditional government funding streams
cannot cope with a rapidly changing cancer
research discovery landscape. Crowdsourcing
and crowdfunding have become alternative mea-
sures for scientists who are turning to the public
and citizens to fund and govern their own highly
innovative research. For example, a breakthrough
finding by Swedish scientists against a neuroen-
docrine cancer, the type of tumor that killed
Apple’s cofounder Steve Jobs, could only be
rescued from the laboratory trenches with fresh
funding from 3,846 donors in the amount of £2
million (Masters 2013; http://www.telegraph.
co.uk/news/health/10120853/Is-it-time-for-the--
public-to-start-funding-cancer-research.html.).

This telling example underscores the need for
rapid fire funding mechanisms that can create
and sustain breakthrough research in the field of
cancer. It also speaks to the growing patient-led
research and advocacy that are shaping both
cancer research funding and agenda. Yet, this
begs a further question: if governmental support
for cancer research is insufficient even in well-
developed countries in the west, what to do in
developing world?

Philanthropic initiatives such as the Gabrielle’s
Angel Foundation for Cancer Research (USA
and UK) and the National Cancer Coalition
(NCC, USA) are providing considerable finan-
cial support for cancer research in developed
world. Unfortunately, in developing countries,
several promising cancer research endeavors are
merely shelved due to the paucity of adequate
funding, suffering from a “double jeopardy” situ-
ation, both from the governments and the philan-
thropy funding streams (Fernandez et al. 2012;
Marko 2013).

Insofar government or traditional state
research funding, developing world is not
endowed with sources such as the NCI (National
Cancer Institute), the AICR (Association for
International Cancer Research), the AACR
(American Association for Cancer Research),
the ICRP (International Cancer Research
Partnership), the GLOBOCAN, and the UICC
(Global Cancer Control). International initiatives
such as the Global Task Force on Expanded
Access to Cancer Care and Control in Developing

Countries (GTF.CCC), established with an inten-
tion to accelerate the expansion of cancer care
and control in countries of low and middle
income (Farmer et al. 2010), are certainly impor-
tant, but remain insufficient to meet the demand
for cancer research.

In the case of philanthropy, there has been
curiously a vast paucity of support in developing
countries. Lack of angel investor funding is par-
ticularly noteworthy as this particular form of
philanthropy funding is more risk tolerant
embracing higher risk research in return for
breakthrough or disruptive innovation. Moreover,
many of the angel philanthropists are former
entrepreneurs who have survived the venture
capital world and have interest in investing not
only in personal returns but also for broader
social causes that impact many citizens such as
cancer research. This last point is important as
not all philanthropies are identical, markedly dif-
fering in the human value systems that ultimately
shape the types of research they fund and the
degree of risk they are willing to tolerate.

Global funding for cancer research differs
considerably between the developing and devel-
oped world (Eckhouse et al. 2008). While in the
developed world a significant part of the overall
cancer research funding is additionally contrib-
uted by the private sector, NGOs, angel investors,
venture capital, patient advocacy groups, and
charities, developing world by and large depends
on the public sector (state government, central
government, and government-based industries)
alone. For instance, funding for cancer research
in Europe is divided nearly 50:50 between phil-
anthropic and governmental sources (Eckhouse
et al. 2008); in contrast, angel investors or charity
sources for supporting cancer research in main-
land China or India is very rare (Cheng 2007).
Contribution of the nonprofit philanthropic sector
for cancer research is increasing effectively in
Europe and the USA (Eckhouse and Sullivan
20006), estimated at over €500 million in Europe
and €230 million in the USA in 2007. In the
USA, the research funds generated through the
philanthropic and angel investors are lesser com-
pared to that of Europe, but there is very strong
and sustained financial support from the National
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Cancer Institute (NCI) in the USA, which is not
the case for most of the developing nations
(Eckhouse et al. 2008).

Moreover, there are compelling yet underap-
preciated reasons why attempting to fund disrup-
tive innovation in a linear frame — seeking proof
of concept before investments are made — will not
work, particularly in developing world. Disruptive
innovation breaks rank with established ways of
discovery and product development. By defini-
tion, there is often very little data in the way of
supporting an early proof of concept study while
a disruptive innovation is unfolding. This is the
grand challenge for both academics and industri-
alists: how do we cultivate disruptive innovation
when there is little proof of concept?

Disruptive innovation funding is even harder in
the developing world. A host of interwoven factors
such as poverty, street and domestic violence, and
labile physical and political milieu create a devel-
oping world innovation climate that is highly
dynamic but often fragile. Linear models cannot
stay well ahead of such rapidly fluctuating social
dynamics in developing world to create a break
from the status quo to enable disruptive innova-
tion. In developing countries, one has to act in the
face of unknown unknowns and rely on tacit
instincts painstakingly cultivated from real-life
field experiences in a given innovation domain.

In much the same way as riding a bicycle that
cannot be easily codified in a linear manner, dis-
ruptive innovation demands a blend of nonlinear
tacit knowledge on intended application contexts,
some “street smarts,” and embracing risks. But
neither the traditional government funding
streams nor the venture capital (VC) funders
resonate warmly with such risk taking without
linear proof of concept or are willing to rely on
tacit knowledge that can foster the emergence of
disruptive innovations.

5.3  Innovating Research

Funding: Angel Philanthropy

The “trickle-down theory” refers to the idea that
economic gains and funding to upper income lev-
els (or richer countries) will benefit poorer mem-
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bers of society, by improving the economy (or
the cancer research funding for our discussion in
this paper), as a whole. On the other hand, given
the double jeopardy of limited or scarce govern-
ment and philanthropy funding, not to mention
near absence of visible angel investors groups,
developing world scientists are facing a growing
gulf with their developed world counterparts.
Yet, the future is not bleak for poor nations. There
remains much untapped “citizen power” and
enthusiasm, as well as angel investors who
remain unorganized or not immediately visible to
researchers with worthy breakthrough research
findings. We suggest that rather than relying on
the usual trickle-down economics and the diffu-
sion of research funding from richer to poorer
nations, developing world can move to garner
more self-governing funding mechanisms by
creating novel and timely philanthropy, angel
investor networks in particular.

Rapid turnaround in funding decisions and
acting when no one else will are crucial ingredi-
ents that cultivate disruptive innovation. Angel
philanthropists fund innovative high-risk ideas at
an early stage of development, and frequently
without hard data on proof of concept. It is not
uncommon that angel investors are themselves
former entrepreneurs who had a successful finan-
cial exit in biotechnology startup ventures. Thus,
they tend to act on their gut feeling and time-
tested tacit hands-on field experiences to gauge
the merit of a new idea rather than lengthy due
diligence on paper. A personal introduction or
reference by a trusted confidant might be at
times all that is needed for an angel investor to
move forward in funding an innovative idea.
Importantly, and distinct from governments or
VC funders, what motivates the angels is often
noble causes and not merely a high return on
their investments.

Unlike VC organizations, angel investors
provide seed funding for entrepreneurs’ ideas
from their own personal funds, usually in amounts
close to or less than US$100,000. Others, so-
called super angel investors, might fund up to
US$1IM. Typically, an angel investor would,
however, provide much less funding than a VC
funder but at a greatly faster speed and at a very
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early stage of a promising new innovation.
Because angel investors tend to fund high-risk
ideas, their failure rates are higher. But they are
more likely to seize the opportunity for truly dis-
ruptive innovation.

Looking forward, the generation of crowd-
funded research funding by angel investors and
the economies of scale brought about by the large
populations in developing world could be a
promising strategy to accelerate scientific
research at a grassroot level in the current age of
big data where harnessing the potential of vast
datasets cannot be achieved by small expert com-
munities alone (Ozdemir et al. 2013). In this
vein, it is noteworthy that the editorial depart-
ment of Science Postprint (http://www.spp-j.
com/), an open access journal in Asia, has
recently initiated a crowdfunding system for pro-
moting medical and scientific research. Even
though such financial support mechanisms may
not be sufficient for establishing sophisticated
state-of-the-art facilities or supporting long-term
multidisciplinary cancer research, they are cer-
tainly an invitation to rethink cancer research
funding in the developing world beyond a pas-
sive vision to adopt citizen agency and initiative.

These efforts for philanthropy, angle investors
in particular, and crowdfunding are not merely
relevant for securing the funds to do cancer
research. They are also a formidable means to
correct for lacunas in cancer research where the
end-user communities’ needs and perspectives
can be brought to the scientific “design table”
through extended peer review enabled in the pro-
cess of crowdfunding. Traditional academic
research confined within the walls of academic
hallways rarely pose the opportunity to engage
with citizens and patients (apart from their
recruitment as research subjects) where a more
active role is provided for codesign and co-
funding of cancer research by classical technical
experts and citizens. Indeed, there is a growing
recognition that the open user innovation and
citizen science, in particular, can markedly
accelerate design and implementation of disrup-
tive innovation (Vayena and Prainsack 2013). To
this end, citizens’ “experience-based expertise”
remains imperative and important more than ever

for citizen science (Vayena and Prainsack 2013),
and its potential applications in cancer research
specifically, and NCDs more broadly, in the
developing world. Time is ripe now to act on the
potentials of citizen science and crowdfunding.
Focusing on the nuances of different types of
philanthropy and building of angel philanthropy
networks together with citizens offers additional
“out of the box” funding that can cultivate dis-
ruptive innovation in cancer research, both in
developed and developing world.

The proposed new funding conceptual frame-
work, named as crowdfunding 2.0 (CF 2.0 in
short), is anticipated to scale up and accelerate
classic angel philanthropy by combining angel
investors’ funding capacity with citizens’ smaller
amounts of contributions that rapidly accrue with
the economies of scale provided by large popula-
tions such as in India (Fig. 5.1). But equally
important, CF 2.0 offers a vast potential for phi-
lanthropists and citizens to work together, start-
ing from an upstream funding and design stage of
knowledge-based innovations. This would also
ensure that the potential professional blind spots
are also remedied in the course of funding and
implementation of science for citizens to know
the needs of the populations, and thus, they could
usefully steer angel philanthropists to projects
that can address the real-life needs of the
innovation user communities such as the citizens.
Such coming together of the research funders,
scientists, and knowledge user communities to
fund, design, and implement projects around
societally significant projects is termed here as
“social and responsible innovation.” The salient
characteristics of the CF 2.0 are summarized in
Table 5.1.

5.4 Concluding Remarks

Unprecedented global health challenges such as
NCDs demand unprecedented research funding
solutions that bridge the local and global reali-
ties. It is not expected that philanthropic angel
investment will suddenly dominate and acceler-
ate the overall cancer research funding in devel-
oping world, but this mechanism warrants further
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Fig.5.1 A science of “hows” for next-generation crowd-
funding 2.0 whereby collaboration and deliberation on
research design, funding, implementation, and translation

Table 5.1 Crowdfunding 2.0 (CF 2.0): citizens and angel
philanthropists

Characteristics

A wide range of funding amount is possible. For
example, CF 2.0 offers the potential to raise microgrants
for artisan creative projects or larger funds equal or
more than government, industry, or angel philanthropy
alone. CF 2.0 is more likely to fund high-risk ideas that
government, traditional industry funding streams, or
venture capital may not traditionally support

User and “social innovation” orientation

Embracing disruptive blue skies innovation

Rapid funding

Seeking “extended peer review” (beyond classic
technical experts) of innovation through multiple
scientific conceptual frames; intent to correct for
scientists’ and innovators’ blind spots

Opportunity to fund junior investigators, citizen
scientists with no publication record, “pathmaker”
infrastructure projects, and persons with nontraditional
curriculum vitae

Collective leadership that recognizes individual scholarship

are co-created and co-managed by scientists, citizens, and
angel philanthropists

consideration and analysis in the context of the
developing counties.
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of Bioeconomy in the Developing
World: Link It with Social
Innovation and Education
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Abstract

In developing countries where numerous factors such as rapid population
growth and entrenched social problems hinder equitable economic growth
and education, research and development (R&D) are often neglected as
well. But the importance of R&D extends beyond science. The capacity to
generate and advance their scientific scholarship is important for all coun-
tries — for such independent scientific thinking skills might also empower
the citizens’ capacity and will to think democratically in a global interde-
pendent world. Social innovation is explained here as a form of responsi-
ble innovation that brings together funders, scientists, and knowledge user
communities to address long-standing and/or entrenched societal prob-
lems. Moreover, in social innovation, the user communities such as citi-
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zens can also contribute to the scientific design and funding beyond a
passive role to merely adopt innovations developed by scientific experts.
The overall success of developing nations thus rests on building successful
linkages of the education ecosystem with social innovation and bioecon-
omy. To this end, E-learning endeavors and the virtual biotechnology labs
are novel initiatives that are rapidly transforming society in the developing
world. Distance education and E-learning and open learning endeavors are
certainly advantageous for the resource-limited developing countries,
where the numbers of potential learners are much higher than the number
of well-experienced teachers and educational institutes capable of provid-
ing the required infrastructures for basic and advanced scientific educa-
tion. India, in particular, has had strikingly innovative and forward-looking
investments in biotechnology distributed learning practices that can illu-
minate the global society of scientists and citizens. In this chapter we will
highlight the fundamental need and present scenario of virtual laboratories
in advanced sophisticated life science education in the developing world.

Keywords
Awareness ® Bioeconomy ¢ Developing world ¢ E-learning ¢ Virtual labs

6.1 Leapfrogging Developing
World: Rise of Virtual
Biotechnology Labs
and E-Learning Platforms

Many universities, governments, and suprana-
tional bodies in developed world have been
actively investing in the biotechnology educa-
tion, with an eye to cultivate knowledge society
and bioeconomy (Fig. 6.1). In the European
Union, the Europe 2020 economic reform and
growth agenda is firmly focused on knowledge-
based innovation (European Commission, Europe
2011). In the US National Science Foundation,
the Office of Cyberinfrastructure has recently
highlighted the emerging role of distributed
learning and Campus 2.0 initiatives (National
Science Foundation, Advisory Committee for
Cyberinfrastructure (ACCI) Task Force Reports
2014; Waldrop 2013). In 2010 in the USA, the
then Secretary of State Hillary Rodham Clinton
has endorsed the vision “civilian power” for dis-
tributed and broad citizen engagement for global
development and diplomacy for peace and pros-
perity (Clinton 2010).

The importance of research and development
(R&D) extends beyond science. The capacity to
generate and advance their scientific scholarship
is important for all countries — for such indepen-
dent scientific thinking skills might also empower
the citizens’ capacity and will to think democrati-
cally in a global interdependent world. For the
developing world and resource-limited countries,
the biotechnology and life sciences education is
deemed a centerpiece in the hopes for a better life
(Reddy et al. 2011). Yet the road ahead in life
sciences education is not straightforward for
many educators and development strategists in
resource-limited countries.

Consider, for example, a country like India
with a population of 1.3 billion, representing
nearly 20 % of the world population. Such popula-
tion size is both a veritable opportunity for the life
sciences-enabled bioeconomy and a predicament
to bring the life sciences education to scale in a
country of immense population and geographical
distribution. Learning from the lessons in devel-
oped and rich countries, the developing world can
however seize the opportunity to leapfrog ahead
on the global innovation and prosperity curve.
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Output

Knowledge
ecosystem

R&D engine

Fig. 6.1 Linkages among E-learning and open learning,
biotechnology virtual labs, and traditional teaching with
bioeconomy and social innovation. E-learning and open
learning and virtual labs serve 1* = enabling function for
research through life sciences graduate research educa-

Additionally, there are opportunities to be
seized that can serve the efforts to create a more
equitable world through science-based initia-
tives. In this vein, we note the new concept of
social innovation as a form of responsible
innovation that brings together funders, scien-
tists, and knowledge user communities to address
long-standing and/or entrenched societal prob-
lems. Moreover, in social innovation, the user
communities such as citizens can also contribute
to the scientific design and funding beyond a pas-
sive role to merely adopt innovations developed
by scientific experts.

tion, 2* = linkage function for connection of R&D to
knowledge ecosystem, and 3* = diffusion function extend-
ing the reach of new knowledge to the realm of bioecon-
omy and social innovation, e.g., by new market creation
and value-added knowledge products

We believe the developing world is well
poised for social innovation and Campus 2.0
through responding to the attendant distributed
biotechnology learner communities (Fig. 6.2).
The key idea for leapfrogging the developing
world is that they (resource-limited countries)
need not be a victim but instead rapidly build on
the experiences (errors and successes) of devel-
oped countries. The key to success is dependent
on the ability to create a level of connectivity, a
collective intelligence ecosystem where technol-
ogy and human resources are interconnected in a
synergistic manner, thereby fostering distance
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Fig.6.2 The analysis of classroom teaching versus E-learning and open learning and virtual labs in developing world

education and open learning over spatial and
temporal boundaries.

In the developing countries, the numbers of
potential learners are much higher than the num-
ber of well-experienced teachers and educational
institutes capable of providing quality classroom
teaching. The massive open online courses
(MOOCs) have risen in popularity in developed
countries (Waldrop 2013), but still remain as a
relatively unknown entity in the developing
world as an effective platform alternative to con-
ventional classroom teaching. Comprehensive
web-based distance learning in life sciences is
highly demanding due to complicated and multi-
dimensional nature of the subject (Nilsson 2003).
The success of online educational resources
(OERs) depends on various essential components
such as convergence for the common metadata,
striking a balance between experts and commu-
nity expectations for quality, community input,
and interoperability (Porcello and Hsi 2013).

The “mega-universities” are newer concepts
that are in the works in various locales around the
world. They are built on an ethos to benefit many
students particularly in developing countries and
to disseminate online science education to rural
communities. On the other hand, the proper teach-
ing of laboratory-oriented scientific contents and
technical training through traditional web-based
online interphases have proven extremely difficult
(Normile 2001). In order to circumvent these
obstacles, virtual biotechnology labs, where simu-
lators are used to create interactive tutorials that
provide students a visual demonstration of tech-
niques, are coming to the fore (Waldrop 2013).
Virtual labs serve as a simulated model of a real
laboratory and provide a risk-free learning envi-
ronment, where students learn from repeated prac-
tices round-the-clock, at their own pace, without
requiring any active involvement of teaching per-
sonnel, expensive resources, or high-mainte-
nance equipments (Fig. 6.2). Consequently, static
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and remotely triggered virtual labs are among the
most promising candidates in the E-learning tool-
box and add a new dimension to the regular open
learning courses by making them more dynamic
and interactive (Huang 2004). Inclusion of virtual
labs in the course curriculums of open universities
in developing worlds like Universitas Terbuka
(UT) of Indonesia, Open University of Sri Lanka
(OUSL), and Indira Gandhi National Open
University (IGNOU) of India, among others, is
already reaching out to large student populations
and has ambitions to inclusively embrace rural
populations as a part of the efforts to create a
knowledge ecosystem cultivating bioeconomy and
twenty-first-century knowledge society (Ozdemir
2013).

Lessons Learned
from Biotechnology
E-Learning Practices in India

6.2

India is playing an increasingly significant role in
development of high-quality educational curri-
cula organized as scientific courses for global
distribution (Box 6.1). The Union Minister for
Human Resource Development (MHRD) and the
Government of India have launched the “Sakshat
Virtual Labs Project,” a collection of 91 virtual
laboratories containing hundreds of experiments
in nine disciplines of science and engineering, as
part of the MHRD’s National Mission on
Education through Information and
Communication Technology (NMEICT) for pro-
vision of readily accessible high-quality educa-
tion across the globe (Ray et al. 2012a).
Additionally, a sizable selection of E-learning
programs, including the National Programme on
Technology Enhanced Learning (NPTEL), Open
Source Courseware Animations Repository
(OSCAR), Aakash E-Learning Programs, and
National Knowledge Network (NKN) (Box 6.1),
is at different stages of development to accelerate
distance learning endeavors in educational insti-
tutes and interested learner communities. While
several research institutes and universities across
the country are involved actively in the present
E-learning venture, the Indian Institutes of

Technology (IITs) spread throughout the country
and the Amrita University in south India are
among the leading institutions associated with
the development of web-based educational
courses in different disciplines of life sciences.
To understand user perceptions, 12 hands-on
workshops for 600 university students and 250

Box 6.1 Notable Biotechnology Virtual Lab
and E-Learning Initiatives from India:

e “Sakshat” Virtual Biotechnology
Engineering Labs: http://www.vlab.co.in/

e Technology Enhanced Learning
(NPTEL): http://nptel.iitm.ac.in/

* Open Source Courseware Animations
Repository (OSCAR): http://oscar.iitb.
ac.in/oscarHome.do

e Aakash E-learning Programs: http://
www.aakash.ac.in/
aakash-e-learning-courses

e National Knowledge Network (NKN):
http://www.nkn.in/

e Amrita Virtual Interactive E-Learning
World (A-VIEW): http://aview.in/

teachers were conducted at various institutions
in India. A set of TAM and IEEE OER based
feedback questions were provided to the virtual
lab students and their individual responses were
tabulated for further references. Seventy percent
of students indicated virtual labs complemented
classroom biotechnology courses and were
appropriate as complementary teaching tool.
For an evaluation, 67 % rated virtual labs served
as online reference material to improve concep-
tual knowledge indicating usability and repeat-
ability of such tools (Fig. 6.3). The high
correlations to such acceptance were also sup-
ported by 96 % of students who indicated that
their laboratory syllabus was comprehensively
addressed by virtual labs. Our diffusion studies
also included 10% feedback inputs by users
who reported operational and usage difficulties
with virtual labs and highlighted network con-
nectivity issues and insufficient computer train-
ing (Figs. 6.2 and 6.3).
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6.3 A Holistic Approach
to Biotechnology Teaching
in Developing World

6.3.1 Science, Society,and Human

Values

A look at the past twentieth century is instructive
on the ways in which science has been framed
around a rather narrow and deterministic techni-
cal discourse (Reddy et al. 2011; Yearley 2009).
On the other hand, developing countries already
do have strikingly innovative and forward-
looking examples of a broader “socio-technical”
teaching curricula that embed technology and
scientific practices in social values, thus making
science and technology teaching socially robust
and sustainable. Occasionally, it is not uncom-
mon for some life sciences teaching curricula to
be embedded in spiritual practices prevalent
within the large segments of the Indian society.
An illustrative example of coexistence of such
progressive socio-technical curricula, in a con-
text of a rural community university specialized
in E-learning initiatives, is the Amrita University
in Kerala, India. The Amrita campus is com-
pletely interactive, multidisciplinary, and
multimedia-enabled virtual campus, closely
attuned to social values, including those of the
rural society and its priorities. These include, for
example, the Amrita Virtual Interactive
E-Learning World (A-VIEW), Amrita-ISRO-
Cognizant Technology Solutions Satellite
Network for Education and Research, and the
Sakshat Amrita Virtual Labs (Diwakar et al.
2011). A-VIEW is currently being used by over
350 universities and over 1,000 colleges from
different parts of the countrys; it is also dedicated
to provide free open education through collab-
orative synchronized sharing of 2D and 3D
animations and videos with rural and remote
geographically dispersed communities. At the
Indian Institute of Technology Bombay (IITB),
we developed the Virtual Proteomics Lab and the
attendant E-learning resources for proteomics
with a view to disseminate high-quality educa-
tional contents globally (Ray et al. 2012a;
Srivastava et al. 2013). This effort had scaled up

internationally and is now being used as a tutorial
under the International Proteomics Tutorial
Programme conducted by the Human Proteome
Organization (HUPO) and the European
Proteomics Association (EuPA) (Ray et al.
2012b). These novel E-learning resources estab-
lished and presently flourishing in India serve
as valuable platforms for both students and
researchers in a transdisciplinary capacity across
the globe.

6.3.2 Will Tools Define How Rural or
Geographically Challenged
Areas Improve?

There have been extensive evidences of usage of
web-based learning platforms in classrooms over
the last few decades (Allen and Seaman 2010;
Flowers 2011). With our case studies and tests,
we looked at the challenges of remote areas in
India and the ability of students repeating the
experiments (Swan 2003). Recent studies have
shown that virtual labs have remarkable role
in changing student’s learning experience
(Radhamani et al. 2014a). Laboratory experi-
ments are also significant while evaluating roles
of active learning in education (Nair et al. 2012;
Diwakar et al. 2012). Severe limitations have
been noted for improving education in develop-
ing countries (Nair et al. 2012). In a preliminary
study (Diwakar et al. 2011), we found students
perceived such platforms positively as a compo-
nent to traditional learning process. Survey data
also supported that teachers demonstrated inter-
est to include virtual labs as a teaching tool with
their classroom lectures to reduce teaching work-
load significantly (Diwakar et al. 2011; Nair et al.
2012). Remote areas had assessment issues and
such platforms enhanced student assessment
(Radhamani et al. 2014b). Studies also report
adaptive learning improved learner’s perfor-
mance level (Diwakar et al. 2014a). Significant
roles limit studies within blended classroom
environments (Radhamani et al. 2014a).

Most students reported increase in perceived
usefulness and a relative ease of usage (Diwakar
et al. 2014b). Our initial studies with rural stu-
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dents also indicated enhanced outcomes in indi-
vidual learning scenarios and supported the view
that multidisciplinary demonstrations have a
positive influence, although the current applica-
tion suits blended learning that combines both
face-to-face and computer-mediated instructions
(Diwakar et al. 2014b). We noticed that explicit
interactions connecting a user to the learning
environment played a critical role toward enhanc-
ing education (Radhamani et al. 2014b). With the
role of economy, problems faced by several insti-
tutions, and a variety of urban and rural users in
geographically and economically challenged
countries, effective supporting tools help validate
teaching and enhance self-organized learning
process (Diwakar et al. 2014a).

6.4 Concluding Remarks

E-learning and biotechnology virtual labs and
social innovation are novel initiatives and con-
ceptual frames that are rapidly changing the cul-
ture of life sciences education in India but also in
many other resource-limited settings around the
globe. They are a testament that new biotechnol-
ogy and scientific findings can be taught in a
globally distributed manner in the spirit of the
Campus 2.0. Moreover, the local practices in
India are telling in that science is seen, at least in
some locales like the Amrita University in India’s
South and the IITB in Mumbai, as a social as well
as a technical practice, thereby calling into long-
held narrow assumptions on science as a deter-
ministic activity. To the extent that the dynamic
local science and technology are aimed to
linkages with global life sciences innovation and
a knowledge-driven bioeconomy, the lessons
learned in India in E-learning and the virtual
biotechnology labs are instructive for other
developing nations to leapfrog from poverty to
prosperity that is well embedded in social values
and sustainable practices.

In all, the E-learning, virtual labs, and social
innovation endeavors in India support the idea
that biotechnology, society, and human values
such as solidarity can be usefully integrated so as
to create an inclusive and efficient twenty-first-

S.Ray etal.

century knowledge ecosystem, which is both
technically modern and progressively humane.

The long-standing aspiration of E-learning in
the developing world should not only concen-
trate on distribution of advanced scientific
knowledge/higher education among the students
of colleges and universities but also equally on
the dissemination of life sciences education at a
grassroots level among the rural communities.
We anticipate that such biotechnology E-learning
initiatives empowered further by the new con-
cept of social innovation will fundamentally
transform agriculture, bioindustries, and medical
applications and bring together scientific experts
and citizen scientists in closer proximity, thus
enabling twenty-first-century knowledge society
and strengthening the bioeconomy and social
innovation in part driven through novel biotech-
nologies. Perhaps what is important is the fact
that E-learning and social innovation will open
up traditional academic scientific institutions to
broader considerations and broader societal
inputs and thus cultivate vital responsible sci-
ence and innovation in a world sorely in need of
solidarity and sustainable responses to the chal-
lenges of twenty-first-century science and
society.
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Role of Proteomics
in Characterization of Biosimilar
Products

Anurag S. Rathore, Sumit K. Singh, Neh Nupur,
and Gunjan Narula

Abstract

Biomarker discovery has been one of the central foci of proteomic research
globally. However, in developing countries, the road map to achieving this is
not very straightforward. Biomarker post regulatory checks are often known
to be sold at exorbitant prices in the markets. The ever-increasing cost of
healthcare together with our improving understanding of biotech therapeutic
drugs has fueled the rise of biosimilars. Biosimilars are defined as biotechno-
logical products that have been proved to be comparable to an already approved
reference product in quality, nonclinical, and clinical evaluation. Discussion
and resolution of the various scientific and regulatory factors that play a role
in approval of biosimilars are arguably one of the most significant events over
the last decade for biotechnology. Key scientific factors include the complex-
ity of biotech products and processes, use of complex raw materials that are
not always well characterized, and our relatively limited understanding of how
the numerous quality attributes that define a biotherapeutic impact the prod-
uct’s safety and/or efficacy in the clinic. A key step toward achieving success-
ful development of a biosimilar is to establish analytical comparability with
the innovator drug. This is necessary for the biosimilar manufacturer to avail
of the significant reduction in clinical data required for achieving regulatory
approval. Proteomic-based analytical tools have played an important role and
have gradually emerged as a major resource for characterization of analytical
information to characterize these biosimilars, thereby playing a major role in
the biosimilar revolution. This chapter addresses major developments that
have taken place in the use of proteomics toward development of biosimilars
with a focus on progress made in the last 5 years.
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7.1 Introduction

Biotherapeutics, also referred to as biotech drugs
or biologics, are an emerging class of treatment
modalities that are produced by harnessing the
protein synthetic machinery of living cells.
Hormones, cytokines, monoclonal antibodies,
and fusion proteins are few examples of various
classes of biologics that have been instrumental
in providing effective solutions to complex dis-
eases which the conventional pharmaceutical
remedies have struggled to provide (Walsh 2014).
Further, with the US and European markets for
biologics presently accounting for approximately
$60 billion in annual sales, biopharmaceutical
companies have a significant financial motivation
to pursue development of biosimilars (www.
alliedmarketresearch. com biosimilars market).
However, the process to go from the idea to get-
ting marketing approval for biotech drugs is long,
expensive, and arduous. It is therefore not sur-
prising to come up with reports attributing spend-
ing on biotherapeutic-based treatments between
$37,000/year (for Herceptin) and staggering
$200,000/year (for Cerezyme) (Kdlman-Szekeres
etal. 2012).

Present interest in biosimilars has also been
fueled by the fact that patents supporting the
majority of the present biotech therapeutic block-
busters have either expired recently or will be
expiring in the next 5 years (Hirsch and Lyman
2014). This somewhat unique situation has
offered a significant opportunity to the manufac-
turers to develop and commercialize biosimilars
to the existing therapies in the market. However,
biosimilars like other biotherapeutics are com-
plex molecules, and proving that they are struc-
turally and functionally similar to the reference
product is nontrivial (Rathore 2009a). The vari-
ous structural/functional heterogeneities can

arise during the long, complex process of manu-
facturing the therapeutic or during the storage
and/or transport of the biotherapeutic (Rathore
et al. 2016). Common alterations that have been
reported in literature that are believed to affect
safety and efficacy of the product include, but are
not limited to, aggregate formation, C- and
N-terminal modifications, fragmentation, oxida-
tion, deamidation, glycosylation, conformational
changes, and disulfide bond shuffling (Rathore
2009b). Apart from these attributes, the presence
of host cell proteins, residual DNA, raw material-
derived impurities, and other contaminants
including endotoxins in the biosimilar product
can also significantly affect safety and efficacy of
a biotherapeutic (Eon-Duval et al. 2012; Chirino
and Mire-Sluis 2004). These affects may be man-
ifested in the form of pharmacological or immu-
nogenic response in the patient. These attributes
are referred to as critical quality attributes (CQA)
(Hirsch and Lyman 2014; Rathore 2009a).

While the above mentioned concern over
assessment of quality, safety, and efficacy of a bio-
similar product is valid given the limited clinical
data that normally these products have prior to their
approval, the growing knowledge about these
products over the past decade has resulted in our
confidence on basing this assessment more on
establishing the analytical comparability between
the biosimilar and the innovator product. The latter
involves the use of a large number of orthogonal,
high-resolution, analytical methods that are capa-
ble of characterizing and detecting an entire gamut
of changes/modifications in the product (Berkowitz
et al. 2012). Successfully demonstrating highly
similar analytical profile lowers the risk of finding
lack of comparability with the reference product in
the clinic, and this is the basis for reduced clinical
data requirement from biosimilar products and the
resulting significantly lower cost of development
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and commercialization of biosimilar products
(Hirsch and Lyman 2014; Singh et al. 2016).
However, the lack of harmonized global approval
pathways and absence of product-specific guide-
lines from regulatory agencies hinder biosimilar
development (Wang and Chow 2012).

Traditional means of characterization of pro-
tein structure via tools, such as circular dichroism
(CD) spectroscopy, suffer from a major limita-
tion that they generally provide information that
is derived from a sum of signals arising from
analysis of the many different parts of the protein
that is being analyzed. Hence, while such assess-
ments continue to be an important part of product
characterization package, the fact is that they are
providing an overall average over the entire struc-
ture of the biotherapeutic. As a result, it becomes
an extremely difficult task to discriminate
between two large signals that only differ by a
small amount, as is the case when establishing
analytical comparability for a biosimilar product
(Berkowitz et al. 2012).

Fig.7.1 Listing contemporary MS/
MS platform with common figures of
merit that enable comprehensive
protein characterization. Q
quadrupole mass filter, ¢ quadrupole
collision cell, TOF time of flight, ICR
ion cyclotron resonance, LIT linear
quadrupole ion trap, FT Fourier
transform

Contemporary
MS/MS Platforms
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In the above context, the improvements in
proteomic instrumentation over the past 6-7
years in concomitance with the improvements in
chromatographic, electrophoretic separations,
mass spectrometer (MS) sensitivities, and resolu-
tions have led to the more precise characteriza-
tion of physicochemical features as well as
impurities in the biosimilar preparations. In par-
ticular, mass spectrometry-based structural pro-
teomic tools are capable of performing rapid,
parallel, and large-scale characterization of pro-
teins and thereby defining identity, quantity,
structure, and function of a biotherapeutic (Chen
et al. 2013). Important tools that fall under this
category include mass spectrometry (Fig. 7.1)
coupled with the various separation methods
(chromatography, electrophoretic) for protein
identification and protein complex deconvolution
(Beck et al. 2015), label-free techniques for pro-
tein quantitation and analysis of interaction kinet-
ics (Myszka and Rich 2000), and gel-based
methods for impurity profiling (Levy et al. 2014).

Figures of Merit
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This chapter addresses major developments
that have taken place in the use of proteomics
toward development of biosimilars with a focus
on progress made in the last 5 years.

Structural Characterization
of Biologics

7.2

Mass spectrometry gained prominence in protein
characterization with the development of soft
ionization techniques such as electrospray ion-
ization (ESI) (Wilm 2011) and matrix-assisted
laser desorption/ionization (MALDI)
(Hillenkamp et al. 1991). These tools made mass
spectrometry amenable to analysis of larger bio-
molecules which was hitherto limited to smaller
compounds due to difficulty in transferring the
former into charged gaseous phase. Though
MALDI is suited for protein characterization, the
associated constraints with regard to the analysis
of complexes, protein flexibility, and charge
states produced by the MALDI make ESI a more

Mass Spectrometry 1

Chromatographic
Electrophoretic
Separation

Enzymatic
Treatment
(Papain/trypsin/
Chymotrypsin/ide!

Biotherapeutic
Recombinant protein/mAb

Fig.7.2 Tllustration of mass spectrometric workflow for
protein identification and characterization. The character-
ization begins by proteolytic digestion of the therapeutic
protein followed by a step of chromatographic/electro-
phoretic separation of the components. MS 1 analysis
gives an overall picture of any possible variations/modifi-
cations in the protein structure. MS2 spectra is acquired

advantageous tool for characterization of biother-
apeutics. This is quite evident from the number of
publications in the scientific literature employing
the latter (Srgel et al. 2010; Xie et al. 2010;
Haselbergetal. 2011; Beck etal. 2012). However,
significant developments have taken place in
mass spectrometric analysis of proteins and pep-
tides over time, and these have made it possible
for us to characterize proteins with a single amino
acid residue resolution (Singleton 2014). It will
therefore not be an exaggeration to claim that
mass spectrometry-based characterization has
become the most highly utilized analytical tech-
nique for characterization of biotherapeutic prod-
ucts due to its versatility, sensitivity, and ability
to decipher both small and large alterations in
biologics such as sequence variants, diversity in
glycosylation  profiles, and other post-
translational modifications (PTMs) including
disulfide shuffling (Beck et al. 2012). Figure 7.2
illustrates the basic MS workflow for protein
characterization. Steps having scope for further
improvement are highlighted.

Fragmentation (CID/ETD)/lon
Mobility/HDX MS

i )

i Mass Spectrometry
...... 2

Scope for
further
improvement

Peak Picking/
Database search
MASCOT /SwissProt)

LMVDECETUX  §
-
- Biotherapeutic fingerprint

after subjecting the peptides to fragmentation using novel
functionalities attached to mass spectrometer such as elec-
tron capture dissociation/collision-induced dissociation
(ECD/CID). Database search of the acquired spectrum
facilitates in deriving the protein fingerprint. Inputs for the
figure are obtained from the reference (Cottrell 2011)
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7.2.1 Primary Sequence Assessment
One of the foremost regulatory requirements for
biosimilars is to have identical amino acid
sequence as the reference product even if the for-
mer differs from the latter in terms of other
microheterogeneities, such as differential PTM,
provided the difference does not have any clini-
cal implications (Beck et al. 2013). In view of
this, the biotech industry and other academic
researchers have strived over the last two decades
to create methodologies and platforms that can
deliver comprehensive analytical data that can
enable characterization of various facets of pri-
mary structure to establish equivalence with the
innovator (Nupur et al. 2016). An ideal case is to
use this structural information to quickly elimi-
nate unsatisfying candidates at an early stage of
biosimilar development.

Assessment of the primary structure begins
by intact mass measurements (top-down analy-
sis) in which accurate mass, purity, and glyco-
sylation profile are assessed. Any increase/
decrease in the mass between innovator and bio-
similar indicates the presence of sequence vari-
ants or of posttranslational modifications. This
analysis is typically carried out using electro-
spray ionization time-of-flight mass spectrome-
try (ESI-TOF-MS) coupled to a separation
device (chromatography or -electrophoresis).
However, the analysis at this level can only be

used to indicate the possibility of the presence of
the variation without allowing us to precisely
locate the type and/or nature of the variants. To
achieve the latter, strategies like middle-up/mid-
dle-down/bottom-up analysis by using advanced
mass spectrometry instrumentation having the
capability of making measurements even in fem-
tomole levels are supplemented with the intact
mass analysis (Ayoub et al. 2013). Table 7.1
summarizes different MS-based proteomic tech-
niques used for structural characterization of
biotherapeutics. These approaches aim to detect
details of even the minute variation with com-
plete sequence coverage (Pan and Borchers
2014). Recently, an enzyme derived from
Streptococcus  pyogenes  referred to as
immunoglobulin-degrading enzyme of
Streptococcus pyogenes (IdeS) has been used to
cleave monoclonal antibody (mAb) therapeutics
at the hinge region, thereby producing fragments
that have simplified data analysis as well as the
time of analysis (Beck etal. 2013, 2015; Lynaugh
et al. 2013). Apart from this, advancements in
the architecture of the analyzers and electronics
of mass spectrometers have facilitated identifica-
tion of even isotopic distribution of mAb bio-
similars with a high degree of precision
(Singleton 2014). With these improvements,
fragmentation of intact proteins takes place
directly using electron-based dissociation or by
collision with neutral molecules (with electron

Table 7.1 Summary of different MS-based proteomic techniques used for structural characterization of

biotherapeutics

Detailed structure

Information ﬂ

Less structure
Information

Bottom Up Proteomics
(BUP)
Extended Bottom up
proteomics
(eBUP)

Middle down
proteomics (MDP)

Top down proteomics
(TDP)

Analysis methodology | Peptide Size
analyzed
(In kDa)

0.6-3 ~99% sequence confirmation, almost complete
protein fingerprint

3-7 Near complete sequence confirmation, Nature

and location of most modifications, disulphide

linkages, glycosylation profiles

7-15 More complete sequence confirmation, Nature
and location of more modifications
>15 Confirmation of elemental compositionand

nature of modifications
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transfer dissociation/collision-induced dissocia-
tion function in mass spectrometer). These tech-
niques are proving to be an important alternative
to enzyme based proteolytic analysis and are
currently used extensively for biosimilar charac-
terization. Examples of the emerging MS formats
for structural proteomics include but are not lim-
ited to native MS, ion mobility MS, and hydro-
gen/deuterium exchange MS (Beck et al. 2015).

7.2.2 Peptide Mapping

Peptide mapping is by far the most commonly
used technique for comprehensively cataloging
of any differences that may be present at the pri-
mary structure level in a biotech therapeutic. The
technique is used for preliminary screening of
batch-to-batch  variation during bioprocess
development. The constant evolution of pro-
teomic instrumentation has advanced the tech-
nique of peptide mapping considerably. As an
example, a data-independent acquisition reverse-
phase peptide mapping approach has been pro-
posed with alternate low and elevated collision
energy scanning (LC/MSEF) to investigate differ-
ences in protein sequence between a biosimilar
candidate and the corresponding innovator prod-
uct (trastuzumab) (Xie et al. 2010). The approach
allowed for identification of mutation in the
heavy chain of the biosimilar. The observed dif-
ference, according to the authors, could perhaps
be attributed to inconsistent integrity of expres-
sion clones which if corrected at an early stage
of biosimilar development could significantly
reduce the chances of product failure at later
stages of product development. The uniqueness
of the method adopted in this study was that the
fragmentation of the precursor ions was per-
formed independent of the prior precursor ion
scan, a characteristic feature of data-dependent
analysis or shotgun proteomic approach. The
limitation with the latter is that the detectable
dynamic range is restricted to the peptides that
ionize the best. However, the proposed method
allowed accurate quantification over a wide
dynamic range.

A.S. Rathore et al.

7.2.3 Native Mass Spectrometry-
Based Structural
Characterization

Native MS is increasingly being used in probing
structural biology of therapeutic drugs including
complex monoclonal antibody conjugates target-
ing multiple molecular targets or mechanisms of
action (Rosati et al. 2014). Low sample require-
ment with the ability to monitor dynamics and
subpopulations in the same sample being probed
is a characteristic feature of native MS that over-
comes the limitations of traditional tools like
X-ray and nuclear magnetic resonance (NMR),
which require flexible parts of the protein to be
removed for analysis (Lorenzen and van Duijn
2010). Since a key objective of biosimilar charac-
terization is to determine any structural changes
that impact the clinical performance of the drug,
it is of prime importance that the analytical tech-
nique used allows for retention of dynamism of
the molecule (functional native conformation
without damaging their covalent/non-covalent
interactions) while making these measurements.
While ESI-TOF-MS continues to be used for
intact mass measurements, use of newer versions
like Orbitrap MS and others have allowed bio-
similar characterization workflows with multi-
fold enhanced resolution that have enabled
identification of multiple co-occurring PTMs and
other modifications. A recent publication pro-
vides a detailed and comprehensive protocol for
intact mass analysis of different mAb modalities
with recommendations about applications that
can be accomplished using a TOF analyzer vs.
others that may require higher-resolution ver-
sions of the MS (Rosati et al. 2014).

7.2.4 lon Mobility Mass
Spectrometry (IMS)-Based

Structural Characterization

While it is a prerequisite to obtain optimal ioniza-
tion for efficient mass analysis, the biggest con-
cern when performing protein analysis in any MS
format is to retain solution-phase structure in gas
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phase. Several researchers have reported
occurrence of changes in protein structure upon
transition from solution to ionized gas phase
(Vahidi et al. 2013; Warnke et al. 2013;
Konermann et al. 2014). Addition of ion mobility
spectroscopy to mass spectrometry offers an
attractive solution to this problem by allowing
separation of ions (isomers, isobars, and con-
formers) that have an identical elemental compo-
sition but differ only in their structural
arrangement based on differential mobility. Large
molecules have higher collision cross section
than small molecules thereby traversing in differ-
ent times in a chamber filled with inert gas under
the influence of electric field. Three common
variants of ion mobility spectrometry are com-
monly used in protein characterization. These
include drift tube (DT)-type, differential mobility
analyzer (DMA)-type, and traveling wave
(T-wave)-type instruments (Zhong et al. 2012).
What makes ion mobility even more attractive is
the possibility to couple IMS to multiple MS ver-
sions such as TOF, linear quadrupoles, trapping
devices, Fourier transform ion cyclotron reso-
nance (FTIR), and magnetic sector spectrome-
ters, thereby harnessing the advantages of each
and adapting the analysis according to the needs/
questions to be answered (Harvey et al. 2011).
Over the past 2 years, important applications of
IMS-MS reported in literature include head-to-
head comparability study of trastuzumab and
cetuximab with the corresponding biosimilar and
biobetter candidates (Beck et al. 2015), assess-
ment of differences in the structure of protein ref-
erence materials and their interactions with
antibodies using human growth hormone as
model protein (Pritchard et al. 2013), and online
monitoring of a Fab (fragment antigen binding)
arm exchange and bispecific antibody formation
between two humanized immunoglobulins using
a T-wave-type IM-MS (Debaene et al. 2013).

7.2.5 Glycosylation Analysis
Glycosylation is well accepted as a critical qual-

ity attribute (CQA) due to its influence on the
biological activity, efficacy, stability, immunoge-

nicity, bioavailability, antibody-dependent cellu-
lar cytotoxicity (ADCCO), and
complement-dependent cytotoxicity (CDC) of a
commercial therapeutic glycoprotein (Goochee
et al. 1991; Burton and Dwek 2006). From the
perspective of biosimilar development, it is not
even possible to have an identical glycosylation
profile as the innovator. However, the profiles
need to be similar, and regulatory approval
requires that the differences be justified with
regard to their clinical impact. These consider-
ations underscore the necessity of monitoring
glycosylation pattern for biotherapeutics during
all stages of manufacturing so as to ensure that
desirable product quality, batch-to-batch consis-
tency, and product stability have been achieved.
However, this is nontrivial for the case of glyco-
sylated proteins (Kaltashov et al. 2013), where
high structural diversity and heterogeneity are
often present depending on the cell line charac-
teristics, process variables, and culture media
components (Butler 2005; Velez-Suberbie et al.
2013; Kunkel et al. 2000). Complete structural
elucidation of glycans requires the determination
of the sugar composition, sugar sequence, mono-
saccharide branching, interglycosidic linkages,
and anomeric configuration (Morelle and
Michalski  2007). Mass spectrometry-based
approaches allow for this detailed characteriza-
tion of both the N-linked (glycan attached to Asn
of consensus sequon Asn-x-Ser/Thr) and
O-linked (glycan attached to Ser/Thr residue of
the polypeptide chain) glycosylation profiles of
therapeutic proteins with the required sensitiv-
ity (Narula et al. 2016).

Leveraging on the improvements in fragmen-
tation techniques, researchers have combined
collision-induced dissociation (CID), electron
transfer dissociation (ETD), and CID of charge-
reduced species (CRCID) derived from ETD to
gain information about the sites of glycosylation
modifications as well as the sequence of the pep-
tide fragments (Wu et al. 2007). The different
mechanisms attributed to CID and ETD for frag-
ment generation provide complementary struc-
tural information and thereby enhance the
confidlence in assignment of structural
heterogeneity.
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In a similar attempt to distinguish lot-to-lot
heterogeneity in N-glycosylation profile of a
therapeutic (trastuzumab), researchers have used
electrospray quadrupole time-of-flight mass
spectrometry (ESI-qTOF-MS) to analyze global
glycosylation profile at intact, peptide, and
released glycan levels (Damen et al. 2009). The
unique architecture of the instrument that allowed
for time aligned parallel fragmentation of the
mAb digest using the dual-collision cell design
along with an additional dimension of ion mobil-
ity separation function helped in deciphering the
glycosylation site and glycan structure in a rapid
manner. Further improvements in protein charac-
terization by mass spectrometry have been pro-
posed with three different mass
spectrometric-based approaches being used for
characterization as well as quantitation of the N-
and O-glycosylation profiles of glycoproteins
(Morelle and Michalski 2007). The proposed
approaches differ from one another in terms of
the number of steps that need to be performed
and the type of MS format that should be used for
final analysis. The suggested metric to be fol-
lowed in choosing the method is that of amount
of a sample available at hand for analysis. Even
more recently, researchers have aimed to identify
regions of the biosimilar therapeutic that could
potentially affect safety and efficacy (Chen et al.
2013). They employed a three-step LC/MS-based
global proteomic approach for performing com-
prehensive comparability studies. The strategy
included analytical characterization by peptide
mapping and mass sequencing followed by tar-
geted comparison of the different modification
forms and the non-targeted comparison of the
tryptic digest map.

7.2.6 Assessment of Higher-Order
Structures (HOS)

Determination of protein conformation is an
important component of comparability studies
for biosimilars, particularly in instances where
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conformational changes occur without any
change in primary structure/sequence. Often,
these changes are triggered by initiation of deg-
radation pathways that render the protein
immunogenic by aggregate formation (Wei
et al. 2014). As discussed in the previous sec-
tions of this chapter, changes/modifications/
alterations at the primary level of the proteins
can be detected/characterized with tandem LC/
MS approaches. However, for assessing
changes that result due to degradation of
proteins requires probing of higher-order
structures.

Pairing of hydrogen/deuterium exchange
(HDX) is being adopted in the industry with high
degree of success as it has been instrumental in
providing detailed insights of post-translational
modifications (Houde et al. 2010), conforma-
tional changes (Lodowski et al. 2010), and more
importantly in comparability studies of biosimi-
lars and innovators (Houde et al. 2011; Visser
et al. 2013). The technique is based on the dif-
ferential uptake of deuterium (heavier) in
exchange of protons/hydrogen (lighter) by differ-
ent conformations of a biomolecule (Konermann
et al. 2011). The differential exchange rate cor-
responding to the different conformation is cap-
tured by mass spectrometry as deuterium has a
higher mass than protons/hydrogen which gets
reflected on the acquired mass spectrum. Apart
from this, HDX-MS is also used for epitope map-
ping of protein therapeutics (Wei et al. 2014).
Notable applications of HDX-MS particularly for
biosimilar development include examining the
effects of the different types of glycosylation on
mAb conformation and protein receptor binding
(Houde et al. 2010), conformational characteriza-
tion of the charge variants of a human IgGl1
monoclonal antibody (Tang et al. 2013), and
developing correlation between stress-induced
chemical modification and the conformation of
protein therapeutics (Zhang et al. 2011). The
application of HDX-MS is continuing to be
adopted in more areas of biotherapeutic
analysis.
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Assessment of Host Cell
Proteins

7.3

Host cell proteins (HCPs) and host cell DNA
(HCD) are produced by the microbial or mam-
malian cells that are being used for expressing
the product of interest. Most of these impurities
are removed in the early stages of separation
and their presence in the final product occurs at
very low levels (<100 ppm for HCP and <10 ng
per dose for HCD). While HCD is quiet easy to
detect and remove due to the vastly different
physicochemical properties that they have in
comparison to a protein product, adequate
removal of HCP is nontrivial as they represent
not just a single specie but rather a population of
species, some of which are bound to have very
similar physicochemical properties than the bio-
therapeutic itself. Till recently, enzyme-linked
immunosorbent assay (ELISA)-based methods
were predominantly used by industry for HCP
quantitation in the various process intermedi-
ates and the final product (Champion et al.
2005). However, a key limitation of ELISA is its
inability to detect weakly immunoreactive pro-
teins and to define identity of the HCP. This has
fueled a lot of efforts toward finding better ana-
lytical approaches for HCP profiling (Hogwood
et al. 2014).

Two techniques that have emerged as the most
promising for qualitative as well as quantitative
analysis of HCP are two-dimensional difference
gel electrophoresis (2D-DIGE) and liquid chroma-
tography mass spectrometry (LC/MS) with the lat-
ter involving characterization and quantification of
peptides obtained from the proteolytic digestion of
protein (Rathore and Bhambure 2014). 2D-DIGE
has enabled improvement in quantification of HCP
using 2D-PAGE (Jin et al. 2010). Also, to over-
come the detection of less abundant protein spots
on a 1D/2D gel, different staining agents such
as SYPRO ruby protein stain against the con-
ventional silver/coomassie stain commonly
used in mass spectrometry workflows that
improve the sensitivity of detection have been
evaluated (Lopez et al. 2000; Hogwood et al.
2014). Among the non-gel-based methods, mass

spectrometry is ubiquitously being employed for
evaluating HCP. MS was used for the first time for
detailed HCP characterization of a biotech drug
substance/product in a recent publication.
(Schenauer et al. 2012). In another publication,
researchers employed mass spectrometry for
quantifying residual HCP level in biotherapeutic
product. The interesting aspect of this study was to
derive a correlation between effects of process
change on residual HCP level and basing this
knowledge toward implementation of QbD and
demonstrating comparability of HCP levels in bio-
similars  following manufacturing changes
(Schenauer et al. 2013). Prior to this study, with a
view to gain an understanding of how different
bioprocessing steps influence HCP profiles, super-
natants of mAb-producing CHO cells were ana-
lyzed using 2D-PAGE and LC/MS/MS technique
(Tait et al. 2012). This study highlighted a positive
correlation between HCP profile and cell viability.
Previously, researchers had employed 2D liquid
chromatography coupled with high-resolution
mass spectrometry (2D-LC/MS) followed by
high-throughput HCP quantification by liquid
chromatography using 1D-LC multiple reaction
monitoring (MRM) (Doneanu et al. 2012). The
sensitivity, specificity, multiplexing capability, and
precision of MRM coupling with MS allowed
identification and quantification of HCP with suf-
ficiently high throughput. Capillary electrophore-
sis-mass spectrometry has also received great
interest among researchers for HCP analysis in
biotech products (Zhu et al. 2016). Figure 7.3 pro-
vides an overview of the analytical techniques
employed for HCP profiling.

Taking together the outcome of all these
extensive HCP profiling studies, it can be safely
concluded that apart from the impact that HCPs
have on safety and efficacy, well-characterized
HCP profiles can aid in devising efficient product
development and subsequent purification strate-
gies that in turn could boost the overall biopro-
cess productivity. While major advancements
have been made in our ability to measure and
characterize HCP, we feel that there are more
needs to be done to minimize the possible risk of
HCP contamination in a biotherapeutic.
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Fig. 7.3 Analytical techniques used for HCP profiling in
biotherapeutics. The complexity of the processes that are
used to manufacture protein therapeutics along with the
raw materials that they use results in co-purification of
some HCPs that bear close resemblance to the protein of
interest. Broadly, three platforms are used for monitoring
HCP. ELISA-based methods help in quantifying the

7.4  Functional Characterization

While it is a necessity that a biosimilar is highly
similar to the innovator product in terms of its struc-
tural makeup, equivalent bioactivity is also a neces-
sary prerequisite and needs to be verified with
appropriate functional assays. Label-free detection
technologies like surface plasma resonance spec-
troscopy (Hulse and Cox 2013a) and biolayer
interferometry-based (Abdiche et al. 2008) ligand-
binding assays are becoming popular tools for bio-
similar development for detection, monitoring, and
characterization of bimolecular interactions. Apart
from this, these assays also allow estimation of
potency of biosimilar preparations. Unlike the tradi-
tional methods like ELISA and flow cytometry that
involve labeling of the molecule of interest with
fluorescent dyes, radioisotopes, and/or epitope tags,
the label-free technologies are based on measure-
ment of a molecule’s intrinsic property, thereby
allowing direct, real-time measurement of biomol-
ecules in a high-throughput manner (Ray et al.
2010; Hulse and Cox 2013b). This helps in over-
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amount of HCP present but do not provide details about
the identity of unwanted proteins. Gel-based assays have
higher coverage than ELISA but lower dynamic range.
Mass spectrometry-based proteomic platforms enable
detailed characterization of biologics, both qualitatively
and quantitatively, with a dynamic range much higher
than the other two platforms

coming of the issue of alteration of surface charac-
teristics and confirmation of the molecule exhibiting
interference with the binding site with the tradi-
tional binding characterization assays. Further,
BLI-/SPR-based ligand-binding assays are suitable
for testing of the drug before administration to pre-
clinical or clinical recipients, as well as for testing
of an active drug in preclinical or clinical recipient’s
sera. The assays would involve assessment of the
activity of the drug (in terms of its disposition in the
body via pharmacokinetic and pharmacodynamic
measurements) in the sera as well as activity of
potentially induced host cell neutralizing antidrug
antibodies (immunogenicity assessment) (Challener
2015). This is of very high significance as there are
only few cell-based bioassays that show good
agreement to the results obtained from ELISA/
SPR/BLI based analysis for sera that is derived
from preclinical or clinical recipients (Kuwabara
et al. 1996).

However, there is a unanimous opinion that
wherever cell-based assays exists for making such
assessments (e.g., erythropoietin, Granulocyte
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Fig. 7.4 Biosimilar development chain highlighting
functional characterization. Functional characterization is
routinely undertaken from early drug discovery for mea-
surement of consistency between batches of drug pro-
duced and to establish equivalence between the biosimilar
and the corresponding innovator product. While cell-
based assays are the most common used platform for

colony stimulating factor), it should be resorted as
the first choice of biosimilarity testing as the for-
mer is more biomimetic to the ligand’s mecha-
nism of action as compared to ligand-binding
assays and tends to be more sensitive to small dif-
ferences or changes (Challener 2015). Figure 7.4
provides an overview of the biosimilar develop-
ment chain and stages therein where functional
characterization studies are to be carried out.
Finally, Table 7.2 presents a summary of
recent experimental findings of biotherapeutic
characterization using proteomics.

7.5  Future Perspective

The expansion of biosimilar market worldwide
will primarily depend on addition of more sophis-
ticated platforms to our analytical armory that can
be exploited for characterization of biologics.
Proteomics is an indispensable tool in the charac-
terization of these biosimilars which would regu-
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Biological
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Pre-clinical studies

Clinical studies

w

potency assessment, in vitro binding assays using label-
free techniques like surface plasma resonance and bio-
layer interferometry are gaining popularity as they allow
detection, monitoring, and characterization of bimolecu-
lar interactions. The ability to couple SPR with mass spec-
trometry gives possibility of proteomic-based functional
characterization studies for biotherapeutics

late the efficacy of these therapeutic products.
Based on the developments outlined in this chap-
ter, we can say that mass spectrometry-based pro-
teomic approaches are and will continue to be a
significant enabler in this regard. While existing
tools have been successful in qualitative and
quantitative measurement of protein structure and
function, we are far off from obtaining a complete
fingerprint of a biotherapeutic. The latter is likely
to revolutionize our ability in assessing the impact
of the various quality attributes of a biotherapeu-
tic on its clinical safety and efficacy. Equally
importantly, this will continue to reduce our reli-
ance on clinical studies for making this assess-
ment and thereby lower the cost of healthcare.
This is necessary if we wish to make these bio-
therapeutics accessible to the various developing
and underdeveloped economies of the world,
especially to provide them with more affordable
options for therapy. We think that academia, gov-
ernment agencies, and the biotech industry need
to continue to work together to achieve this vision.
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Table 7.2 Summary of literature on characterization of biotherapeutics using proteomic tools

Category

Aim

Tools used

Comments

Reference

Intact level

Primary sequence and
molecular identity
assessment of
adalimumab biosimilar

LC/MS/MS

MALDI-TOF-MS

Biosimilarity
established with array
of analytical tools

Bandyopadhyay
etal. (2015)

Intact level

Structural
characterization

RP-LC-FTMS

With ETD function

Proteolysis achieved in
30 min, ~70 %
sequence coverage,
identification of
oxidation sites

Fornelli et al. (2014)

Intact level Structural analysis of Extended bottom-up | ~100 % and 99 % Laskay et al. (2014)
mAbs proteomics (using sequence coverage for
secreted aspartic light chain and heavy
protease 9/sap9) chain, respectively, in
single LC run, low
artifacts, antibody
cocktail analysis
Higher order Determination of MALDI-TOF Automated profiling Wiesner et al. (2015)
disulfide shuffling in and identification of
biopharmaceuticals disulfide bond
shuffling in time-
effective manner
Higher order Determination of PTMs | CE-ESI-MS Comprehensive Lew et al. (2015)
and degradation hot assessment of PTMs
spots during biosimilar and degradation hot
mAb manufacture spots
Higher order Characterization of HDX-MS with Protein Pan et al. (2014)
higher-order structure subzero temperature | characterization under
and structural dynamics | chromatography physiological
of therapeutic proteins conditions with
single-residue
resolution; no disulfide
bond shuffling during
analysis
Glycosylation | N- and O-linked LC-qTOF with ETD | N- and O-linked Houel et al. (2014)
glycosylation analysis function glycan profiling in
of a fusion therapeutic terms of sequence and
protein (etanercept) linkage information
Glycosylation | Characterization of LC-TOF-MS with Superior performance | Williams et al.
posttranslational ETD function of ETD than CID in (2013)
modifications terms of sequence
coverage
HCP profiling | HCP profiling in drug 1-D LC/MS HCP enrichment by Thompson et al.
product/substance product depletion (2014)
followed by
multidimensional LC/
MS enhanced the
detection and
identification of HCPs
2-D LC/MS Potential for basing

the method for
targeted
immunological assay
development




7 Role of Proteomics in Characterization of Biosimilar Products 95

References

Abdiche Y, Malashock D, Pinkerton A, Pons J (2008)
Determining kinetics and affinities of protein interac-
tions using a parallel real-time label-free biosensor,
the Octet. Anal Biochem 377:209-217

Ayoub D, Jabs W, Resemann A, Evers W, Evans C, Main
L et al (2013) Correct primary structure assessment
and extensive glyco-profiling of cetuximab by a com-
bination of intact, middle-up, middle-down and bot-
tom-up ESI and MALDI mass spectrometry
techniques. MAbs 5:699-710

Bandyopadhyay S, Mahajan M, Mehta T, Singh AK,
Parikh A, Gupta AK et al (2015) Physicochemical and
functional characterization of a biosimilar adalim-
umab ZRC-3197. Biosimilars 5:1-18

Beck A, Sanglier-Cianférani S, Van Dorsselaer A (2012)
Biosimilar, biobetter, and next generation antibody
characterization by mass spectrometry. Anal Chem
84:4637-4646

Beck A, Diemer H, Ayoub D, Debaene F, Wagner-Rousset
E, Carapito C et al (2013) Analytical characterization
of biosimilar antibodies and Fc-fusion proteins.
TrAC — Trends Anal Chem 48:81-95

Beck A, Debaene F, Diemer H, Wagner-Rousset E, Colas
O, Van Dorsselaer A et al (2015) Cutting-edge mass
spectrometry characterization of originator, biosimilar
and biobetter antibodies. J Mass Spectrom
50:285-297

Berkowitz SA, Engen JR, Mazzeo JR, Jones GB (2012)
Analytical tools for characterizing biopharmaceuticals
and the implications for biosimilars. Nat Rev Drug
Discov 11:527-540

Burton DR, Dwek RA (2006) Immunology. Sugar deter-
mines antibody activity. Science 313:627-628

Butler M (2005) Animal cell cultures: recent achieve-
ments and perspectives in the production of biophar-
maceuticals. Appl Microbiol Biotechnol 68:283-291

Challener CA (2015) Ligand-binding assays and the
determination of biosimilarity. Biopharm Int
28(1):36-39

Champion K, Madden H, Dougherty J, Shacter E (2005)
Defining your product profile and maintaining control
over it, part 2. Bioprocess Int 3:52-57

Chen SL, Wu SL, Huang LJ, Huang JB, Chen SH (2013)
A global comparability approach for biosimilar mono-
clonal antibodies using LC-tandem MS based pro-
teomics. J Pharm Biomed Anal 80:126-135

Chirino AJ, Mire-Sluis A (2004) Characterizing biological
products and assessing comparability following manu-
facturing changes. Nat Biotechnol 22:1383-1391

Cottrell JS (2011) Protein identification using MS/MS
data. J Proteomics 74:1842-1851

Damen CWN, Chen W, Chakraborty AB, van Oosterhout
M, Mazzeo JR, Gebler JC et al (2009) Electrospray
ionization quadrupole ion-mobility time-of-flight
mass spectrometry as a tool to distinguish the lot-to-
lot heterogeneity in N-glycosylation profile of the

therapeutic monoclonal antibody trastuzumab. J Am
Soc Mass Spectrom 20:2021-2033

Debaene F, Wagner-Rousset E, Colas O, Ayoub D,
Corvaia N, Van Dorsselaer A et al (2013) Time
resolved native ion-mobility mass spectrometry to
monitor dynamics of igg4 fab arm exchange and
‘bispecific’ monoclonal antibody formation. Anal
Chem 85:9785-9792

Doneanu CE, Xenopoulos A, Fadgen K, Murphy J,
Skilton SJ, Prentice H et al (2012) Analysis of host-cell
proteins in biotherapeutic proteins by comprehensive
online two-dimensional liquid chromatography/mass
spectrometry. MAbs 4:24—44

Eon-Duval A, Broly H, Gleixner R (2012) Quality attri-
butes of recombinant therapeutic proteins: an assess-
ment of impact on safety and efficacy as part of a
quality by design development approach. Biotechnol
Prog 28:608-622

Fornelli L, Ayoub D, Aizikov K, Beck A, Tsybin YO
(2014) Middle-down analysis of monoclonal antibod-
ies with electron transfer dissociation orbitrap fourier
transform  mass  spectrometry.  Anal  Chem
86:3005-3012

Goochee CF, Gramer MJ, Andersen DC, Bahr JB,
Rasmussen JR (1991) The oligosaccharides of glyco-
proteins: bioprocess factors affecting oligosaccharide
structure and their effect on glycoprotein properties.
Biotechnology (N Y) 9:1347-1355

Harvey SR, MacPhee CE, Barran PE (2011) Ion mobility
mass spectrometry for peptide analysis. Methods
54:454-461

Haselberg R, Brinks V, Hawe A, De Jong GJ, Somsen GW
(2011) Capillary electrophoresis-mass spectrometry
using noncovalently coated capillaries for the analysis
of biopharmaceuticals. Anal Bioanal Chem
400:295-303

Hillenkamp F, Beavis RC, Brian T (1991) Matrix-assisted
laser desorption/ionization mass spectrometry of bio-
polymers. Anal Chem 63:1193A—-1203A

Hirsch BR, Lyman GH (2014) Biosimilars: a cure to the
U.S. health care cost conundrum? Blood Rev
28:263-268

Hogwood CE, Bracewell DG, Smales CM (2014)
Measurement and control of host cell proteins (HCPs)
in CHO cell bioprocesses. Curr Opin Biotechnol
30C:153-160

Houde D, Peng Y, Berkowitz SA, Engen JR (2010) Post-
translational modifications differentially affect IgG1
conformation and receptor binding. Mol Cell
Proteomics 9:1716-1728

Houde D, Berkowitz SA, Engen JR (2011) The utility of
hydrogen/deuterium exchange mass spectrometry in
biopharmaceutical comparability studies. J Pharm Sci
100:2071-2086

Houel S, Hilliard M, Yu YQ, McLoughlin N, Martin SM,
Rudd PM et al (2014) N-and O-glycosylation analysis
of etanercept using liquid chromatography and quad-
rupole time-of-flight mass spectrometry equipped



96

A.S. Rathore et al.

with electron-transfer dissociation functionality. Anal
Chem 86:576-584

Hulse J, Cox C (2013a) In vitro functional testing meth-
ods for monoclonal antibody biosimilars. Bioprocess
Int 11:24-28

Hulse J, Cox C (2013b) SPR & flow cytometry for bio-
similars. Available at http://www.contractpharma.
com/issues/2013-05/view_features/spr-flow-
cytometry-for-biosimilars. Accessed on 30 May 2016

Jin M, Szapiel N, Zhang J, Hickey J, Ghose S (2010)
Profiling of host cell proteins by two-dimensional dif-
ference gel electrophoresis (2D-DIGE): implications
for downstream process development. Biotechnol
Bioeng 105:306-316

Kadlman-Szekeres Z, Olajos M, Ganzler K (2012)
Analytical aspects of biosimilarity issues of protein
drugs. J Pharm Biomed Anal 69:185-195

Kaltashov TA, Bobst CE, Abzalimov RR (2013) Mass
spectrometry-based methods to study protein architec-
ture and dynamics. Protein Sci 22:530-544

Konermann L, Pan J, Liu Y-H (2011) Hydrogen exchange
mass spectrometry for studying protein structure and
dynamics. Chem Soc Rev 40:1224-1234

Konermann L, Vahidi S, Sowole MA (2014) Mass spec-
trometry methods for studying structure and dynamics
of biological macromolecules. Anal Chem 86:213-232

Kunkel JP, Jan DCH, Butler M, Jamieson JC (2000)
Comparisons of the glycosylation of a monoclonal
antibody produced under nominally identical cell cul-
ture conditions in two different bioreactors. Biotechnol
Prog 16:462-470

Laskay UA, Srzenti¢ K, Monod M, Tsybin YO (2014)
Extended bottom-up proteomics with secreted aspartic
protease Sap9. J Proteomics 10:20-31

Levy NE, Valente KN, Choe LH, Lee KH, Lenhoff AM
(2014) Identification and characterization of host cell pro-
tein product-associated impurities in monoclonal anti-
body bioprocessing. Biotechnol Bioeng 111:904-912

Lew C, Gallegos-Perez J-L, Fonslow B, Lies M, Guttman
A (2015) Rapid level-3 characterization of therapeutic
antibodies by capillary electrophoresis electrospray
ionization mass spectrometry. J Chromatogr Sci
53:443-449

Lodowski DT, Palczewski K, Miyagi M (2010)
Conformational changes in the G protein-coupled
receptor rhodopsin revealed by histidine hydrogen-
deuterium exchange. Biochemistry 49:9425-9427

Lopez MF, Berggren K, Chernokalskaya E, Lazarev A,
Robinson M, Patton WF (2000) A comparison of sil-
ver stain and SYPRO ruby protein gel stain with
respect to protein detection in two-dimensional gels
and identification by peptide mass profiling.
Electrophoresis 21:3673-3683

Lorenzen K, van Duijn E (2010) Native mass spectrome-
try as a tool in structural biology. Curr Protoc Protein
Sci 1-17

Lynaugh H, Li H, Gong B (2013) Rapid Fc glycosylation
analysis of Fc fusions with IdeS and liquid chromatog-
raphy mass spectrometry. MAbs 5:641-645

Morelle W, Michalski J-C (2007) Analysis of protein gly-
cosylation by mass spectrometry. Nat Protoc
2:1585-1602

Myszka DG, Rich RL (2000) Implementing surface plas-
mon resonance biosensors in drug discovery. Pharm
Sci Technol Today 3:310-317

Pan J, Borchers CH (2014) Top-down mass spectrometry
and hydrogen/deuterium exchange for comprehensive
structural characterization of interferons: implications
for biosimilars. Proteomics 14:1249-1258

Pan J, Zhang S, Parker CE, Borchers CH (2014) Subzero
temperature chromatography and top-down mass
spectrometry for protein higher-order structure char-
acterization: method validation and application to
therapeutic  antibodies. J Am Chem  Soc
136:13065-13071

Pritchard C, O’Connor G, Ashcroft AE (2013) The role of
ion mobility spectrometry-mass spectrometry in the
analysis of protein reference standards. Anal Chem
85:7205-7212

Rathore AS (2009a) Follow-on protein products: scien-
tific issues, developments and challenges. Trends
Biotechnol 27:698-705

Rathore AS (2009b) Roadmap for implementation of
quality by design (QbD) for biotechnology products.
Trends Biotechnol 27:546-553

Rathore AS, Bhambure R (2014) Establishing analytical
comparability for ‘biosimilars’: filgrastim as a case
study. Anal Bioanal Chem 406:6569-6576

Ray S, Mehta G, Srivastava S (2010) Label-free detection
techniques for protein microarrays: prospects, merits
and challenges. Proteomics 10:731-748

Rosati S, Yang Y, Barendregt A, Heck AJR (2014)
Detailed mass analysis of structural heterogeneity in
monoclonal antibodies using native mass spectrome-
try. Nat Protoc 9:967-976

Schenauer MR, Flynn GC, Goetze AM (2012)
Identification and quantification of host cell protein
impurities in biotherapeutics using mass spectrometry.
Anal Biochem 428:150-157

Schenauer MR, Flynn GC, Goetze AM (2013) Profiling
the effects of process changes on residual host cell
proteins in biotherapeutics by mass spectrometry.
Biotechnol Prog 29:951-957

Singleton CA (2014) MS in the analysis of biosimilars.
Bioanalysis 6:1627-1637

Srgel F, Lerch H, Lauber T (2010) Physicochemical and
biologic comparability of a biosimilar granulocyte
colony-stimulating factor with its reference product.
BioDrugs 24:347-357

Tait AS, Hogwood CEM, Smales CM, Bracewell DG
(2012) Host cell protein dynamics in the supernatant
of a mAb producing CHO cell line. Biotechnol Bioeng
109:971-982

Tang L, Sundaram S, Zhang J, Carlson P, Matathia A,
Parekh B et al (2013) Conformational characterization
of the charge variants of a human IgG1 monoclonal
antibody using H/D exchange mass spectrometry.
MAbs 5:114-125


http://www.contractpharma.com/issues/2013-05/view_features/spr-flow-cytometry-for-biosimilars
http://www.contractpharma.com/issues/2013-05/view_features/spr-flow-cytometry-for-biosimilars
http://www.contractpharma.com/issues/2013-05/view_features/spr-flow-cytometry-for-biosimilars

7 Role of Proteomics in Characterization of Biosimilar Products 97

Thompson JH, Chung WK, Zhu M, Tie L, Lu Y, Aboulaich
N et al (2014) Improved detection of host cell proteins
(HCPs) in a mammalian cell-derived antibody drug
using liquid chromatography/mass spectrometry in
conjunction with an HCP-enrichment strategy. Rapid
Commun Mass Spectrom 28:855-860

Vahidi S, Stocks BB, Konermann L (2013) Structure in
the gas phase. Anal Chem 85:10471-10478

Velez-Suberbie ML, Tarrant RDR, Tait AS, Spencer DIR,
Bracewell DG (2013) Impact of aeration strategy on
CHO cell performance during antibody production.
Biotechnol Prog 29:116-126

Visser J, Feuerstein I, Stangler T, Schmiederer T, Fritsch
C, Schiestl M (2013) Physicochemical and functional
comparability between the proposed biosimilar ritux-
imab GP2013 and originator rituximab. BioDrugs
27:495-507

Walsh G (2014) Biopharmaceutical benchmarks 2014.
Nat Biotechnol 32:992—-1000

Wang J, Chow SC (2012) On the regulatory approval path-
way of biosimilar products. Pharmaceuticals 5:353-368

Warnke S, Von Helden G, Pagel K (2013) Protein struc-
ture in the gas phase: the influence of side-chain
microsolvation. ] Am Chem Soc 135:1177-1180

Wei H, Mo J, Tao L, Russell RJ, Tymiak AA, Chen G et al
(2014) Hydrogen/deuterium exchange mass spectrom-
etry for probing higher order structure of protein thera-
peutics: methodology and applications. Drug Discov
Today 19:95-102

Wiesner J, Resemann A, Evans C, Suckau D, Jabs W
(2015) Advanced mass spectrometry workflows for
analyzing disulfide bonds in biologics. Expert Rev
Proteomics 12:115-123

Williams JP, Pringle S, Richardson K, Gethings L, Vissers
JPC, De Cecco M et al (2013) Characterisation of gly-
coproteins using a quadrupole time-of-flight mass
spectrometer configured for electron transfer dissocia-
tion. Rapid Commun Mass Spectrom 27:2383-2390

Wilm M (2011) Principles of electrospray ionization. Mol
Cell Proteomics 10:M111-M009407

Wu SL, Hilhmera FR, Hao Z, Karger BL (2007) On-line
LC-MS approach combining collision-induced disso-
ciation (CID), electron-transfer dissociation (ETD),
and CID of an isolated charge-reduced species for the
trace-level characterization of proteins with post-
translational ~ modifications. J Proteome Res
6:4230-4244

www.alliedmarketresearch.com/biosimilars-market

Xie H, Chakraborty A, Ahn J, Yu YQ, Dakshinamoorthy
DP, Gilar M et al (2010) Rapid comparison of a candi-
date biosimilar to an innovator monoclonal antibody
with advanced liquid chromatography and mass spec-
trometry technologies. MAbs 2:379-394

Zhang A, Qi W, Singh SK, Fernandez EJ (2011) A new
approach to explore the impact of freeze-thaw cycling
on protein structure: hydrogen/deuterium exchange
mass  spectrometry  (HX-MS). Pharm  Res
28:1179-1193

Zhong Y, Hyung S-J, Ruotolo BT (2012) Ion mobility—
mass spectrometry for structural proteomics. Expert
Rev Proteomics 9:47-58

Zhu G, Sun L, Thompson JH, Kuntumalla S, Lin HY, Larkin
CJ, McGivney IV JB, Dovichi NJ (2016) Capillary zone
electrophoresis tandem mass spectrometry detects low
concentration host cell impurities in monoclonal anti-
bodies. Electrophoresis 37:616-622


http://www.alliedmarketresearch.com/biosimilars-market

Regulatory Norms and Intellectual
Property Rights for Biomarker
Research

Tumpa Raj Das, Apoorva Venkatesh, Apurva Atak,
Shabarni Gupta, and Prasad B. Phapale

Abstract

The healthcare industry has hugely benefited from the advent of biomark-
ers in diagnostics. The process of translation of a biomarker from “bench
to bedside,” however, involves various key steps which are monitored by
autonomous bodies to ensure that the biomarker/biosimilars under consid-
eration are safe and meet the regulatory guidelines established by them.
This chapter aims to provide an overview of global regulatory bodies and
discusses the various norms required for commercialization of biomark-
ers, with special focus on the role of proteomic-based tools to help study
the efficacy of these biomarkers. Another facet, concurrent with the post
discovery-based endeavors from regulatory bodies, is the protection of
intellectual property rights of a researcher’s discovery-based work. Patent
claims have repeatedly been under the scrutiny of legislative bodies due to
controversies on subjects like patent eligibility resulting in the impedi-
ment of scientific progress and research. This has consequently resulted in
restricting the disputed product’s use in diagnoses and other applications.
Additionally, this chapter overviews the nuances of patent filing to protect
the intellectual property rights of researchers involved in the discovery of
biomarkers prior to their commercialization.
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8.1 Regulatory Bodies

in Pharmaceutical Sector

The beginning of the twenty-first century has
been marked by the surge of research and devel-
opment in the area of biopharmaceuticals (Witcher
Odum 2012). While food, shelter, and clothing
were considered to be the basic needs for human
survival, in today’s time, this definition of “basic
needs” has been broadly extended to sustainable
healthcare and therapeutics. Considering the pres-
ence and impact of these biopharmaceuticals in
the life of common man, strict regulation of these
healthcare products from the research phase to the
commercial phase is an imperative. This need for
safety in drug administration has given rise to
regulatory bodies. The role of these bodies was to
empower commercial drug manufacturers with a
set of guidelines which could be followed for
ensuring the safety and efficacy of the drug being
commercialized.

The case of the Thalidomide tragedy in the
1960s is a popular example emphasizing the
prevalence of drug safety and regulation mishaps
occurring in that era which eventually led to the
emergence of ICH and other regulatory bodies
during the 1950s and 1960s. Thalidomide was
prescribed to pregnant females as a treatment
toward curing morning sickness. However, in the
1960s, a major side effect of the drug resulted in
a rare disorder called Phocomelia. Thalidomide-
induced Phocomelia caused infants to be born
with congenital disorders which manifested as
aural, facial, and limb abnormalities. Dr. Frances
Oldham Kelsey, an employee of the Food and
Drug Administration (FDA), exposed the drug’s
side effects only after extensive safety studies
which were performed by the manufacturing
company for its clearance in the US markets.
This drug was removed from the market in 1962;
however, around 10,000 children had fallen prey
to the side effects of this drug, and about 40 % of
the affected kids died within the first year of their
birth (Thalidomide crisis and drug regulation,
Emory library [Online]).

Proper regulatory clearance before marketing
any drug had, thus, been initiated following sev-
eral such incidences. In case of biopharmaceuti-
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cal drug delivery (with or without biomarkers),
the significance of regulatory clearance is even
more, in consideration of the unprecedented
liability and accountability that drug manufactur-
ers would have in terms of public health and
safety. Thus, the role of guidelines laid down by
regulatory bodies is important to ensure safety of
biomarkers and biologics to the end consumer.

Overview of Various
Regulatory Bodies Worldwide

8.1.1

In the process of drug research and development,
and its journey from discovery to market, quality,
safety, and efficacy remain the prime focus of all
drug manufacturers and regulatory bodies. Drug
manufacturers follow certain specifications to
bring up a final product in order to come up with
a stand-alone or a combination drug which is
based on quality and therapeutic efficiency and
safe for patients of various age groups, race, sex,
etc. depending upon the prescribed dosage type
and regimen.

These specifications, which guide the manu-
facturing companies through all the stages of
formulation of drugs and drug products, are
collectively referred to as guidelines, and the
governing bodies which regulate these guidelines
are known as regulatory bodies. Thus, abiding by
the stringent guidelines laid by the regulatory
bodies is more than a mere obligation to drug
manufacturers.

In today’s time, in order to launch a drug in
any given country, it is mandatory to get the
regulatory clearance from the concerned regu-
latory body depending upon the market of the
drug. Many national and international regulatory
bodies have come into existence in the last few
decades. However, the most widely noted and
followed regulatory bodies worldwide are ICH
and WHO (international), US-FDA (United
States), EMA (European), DCGI (CDSCO India),
PMDA (Japan), and SFDA (China) (Pharmaweb,
government, and regulatory bodies) depending
on the nature of the product being manufactured.

The International Conference on
Harmonization of Technical Requirements for
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Registration of Pharmaceuticals for Human Use
(ICH) originated in 1990 and is an international
body of regulatory authorities which has evolved
gradually. The ICH guidelines have played an
important role in drug research and development.
They have been followed worldwide in pharma-
ceutical and biopharmaceutical sectors right
from the stages of developing a drug to its
commercialization.

The ICH guidelines are categorized broadly
into three classes, dealing with efficacy, safety,
and quality. The nature and number of ICH
guidelines are giveninTable 8.1. Multidisciplinary
category contains guidelines for those products
which do not fall in quality, safety, and efficacy
bars. The drug manufacturers follow the ICH
guidelines for all the steps beginning with prod-
uct initiation, preformulation, formulation, ana-
lytical studies, stability, pilot scale, validation,
etc. Apart from the general guidelines of ICH,
most countries, in fact all markets, have their
own specifications which are expected to be fol-
lowed by the drug manufacturers for marketing
their products in a particular country (ICH guide-
lines [Online]).

US Food and Drug Administration (US-FDA)
is the regulatory body for food, drug, and public
health in the United States. The US-FDA also
supports various programs for the innovation of
new drugs which are effective, safer, and more
economical. The FDA undertakes many such
responsibilities to ensure improvement of overall
public health. The FDA frames various guidances
for drug safety, and it also has a list of FDA-
approved drugs mentioned both in the “drugs@
FDA” and “the Orange Book™ data for reference
by various generic manufacturers. It also displays
information about a drug’s status on its approval
as a reference listed drug (RLD), which is highly
beneficial to companies dealing with drug devel-
opment especially for generic formulations
(US-FDA [Online]).

European Medicines Agency (EMA or EMEA)
is the regulatory body responsible for health wel-
fare in the European Union and is headquartered
in London. It regulates drug safety and efficacy
of all drugs that are to be marketed in the
European Union. In compliance with the ICH

guidelines, the EMA guidelines play significant
role as a large number of drug manufacturers tar-
get the European countries to export of their
drugs. The EMA guidelines cover various aspects
of formulation and development, viz., quality of
active pharmaceutical ingredient (API), specifi-
cations for impurities in API, or product during
development, stability, packaging, post approval
drug changes, etc. (Pharmaceutical development,
EMA [Online]).

Drug Controller General of India (DCGI) is
under the control of CDSCO of India (The
Central Drugs Standard Control Organization),
which is the Central Drug Authority for carrying
out functions assigned to the Central Government
under the Drugs and Cosmetics Act. The DCGI is
responsible to sanction or reject the marketing of
various drugs, with respect to clinical studies of
new drugs, bioavailability and bioequivalence
studies, quality and safety, etc. As regards to bio-
logics, many guidelines for biosimilars, vaccine
manufacturing, stem cell and stem cell-based
products, etc. have been generated by the CDSCO
(Biologicals, CDSCO [Online]).

Pharmaceuticals and Medical Devices Agency
(PMDA), Japan, is a Japanese regulatory agency,
which closely works with their Ministry of
Health, Labor, and Welfare. The PMDA, like
other regulatory bodies, controls complete public
health in Japan ensuring quality, safety, and effi-
cacy. The drug approval in Japan is generally
based on the clinical studies done in Japan. The
timeline for drug approval, i.e., clinical trial’s
approval in Japan, is much longer than in other
countries, and therefore many laws are reformed
to avoid competitive market drawbacks due to
such delays (Satoru Nagasaki et al. 2008; PMDA
[Online]).

8.1.2 ICH Guidelines for Biomarkers

The FDA pharmacogenomic guidance defines a
valid biomarker as “a biomarker that is measured
in an analytical test system with well established
performance characteristics and for which there
is an established scientific framework or body
of evidence that elucidates the physiologic,
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Table 8.1 An overview of ICH guidelines

Category

Guideline number

Topics covered

Quality

Q1-Q12

Stability, analytical validation, impurities, pharmacopeias,
quality of biotechnological products, specifications, good
manufacturing practice, pharmaceutical development,
quality risk management, pharmaceutical quality system,
development and manufacture of drug substances, and life
cycle management, respectively

Safety

S1-S11

Carcinogenicity studies, genotoxicity studies, toxicokinetics
and pharmacokinetics, toxicity testing, reproductive
toxicology, biotechnological products, pharmacology
studies, immunotoxicology studies, nonclinical evaluation
for anticancer pharmaceuticals, photosafety evaluation, and
nonclinical safety testing, respectively

Efficacy

E1-E18

Clinical safety for drugs used in long-term treatment,
pharmacovigilance, clinical study reports, dose-response
studies, ethnic factors, good clinical practice, clinical trials
in geriatric population, general considerations for clinical
trials, statistical principles for clinical trials, choice of
control group in clinical trials, clinical trials in pediatric
population, clinical evaluation by therapeutic category,
clinical evaluation, definitions in pharmacogenetics/
pharmacogenomics, qualification of genomic, multiregional
clinical trials, and genomic methodologies, respectively

Multidisciplinary

M1-M8

MedDRA terminology, electronic standards, nonclinical
safety studies, common technical document, data elements

and standards for drug dictionaries, gene therapy and
genotoxic impurities, Electronic Common Technical
Document (eCTD)

ICH guidelines for quality, safety, efficacy, and multidisciplinary http://www.ich.org/products/guidelines.html

toxicologic, pharmacologic, or clinical signifi-
cance of the test results.” The biomarkers as
already described in the introductory chapters of
this book are highly beneficial in early diagnosis
of diseases and also provide better treatment and
ease monitoring disease progression (Steven
Kozlowski; FDA perspectives on Biomarkers).
The E15 and E16 are the ICH guidelines des-
ignated for regulatory requirement for biomark-
ers. As the name says, the E15 guideline describes
the various aspects of genomic biomarkers, and
E16 guideline deals with context, structure, and
other aspects of biomarkers for its development
as a drug or its presence in a biotechnological
product. The E16 guideline was initially assigned
to genomic biomarkers, but it also mentions that
the principles remain the same for other biomark-
ers, viz., proteomics, imaging, and other non-
genomic biomarkers. The scope of the guidance
is preparation of data for submission of R&D

evaluation and various clinical and post clinical
assessments.

The data for biomarker qualification submission
needs to be in compliance with the common techni-
cal document (CTD) format and is accordingly
required for the submission and review. New drug
application (NDA), biologics license application
(BLA), and a marketing authorization application
(MAA) are significant documents required for bio-
marker regulatory approval processes based on the
type of submission and also depending upon the
request by regulatory authorities. Biomarkers are
qualified for a specific context of use. The context
of qualification depends on various criteria like
stand-alone use of biomarkers or in combination
with a biotechnological product or in process. For a
biomarker qualification submission, specific sec-
tions should be included in the structure for subse-
quent approval as mentioned in Table 8.2 (FDA
E15 2008 and E16 2011 guidelines [Online]).
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Table 8.2 Brief description of sections required to be
included for submission of a biomarker qualification

Section | Contents Brief description

Section | Regional
1 administrative
information

Specific to region
mainly contains
application forms and
cover letters for the
biomarker submission

Section | Summaries Overall biomarker

2 qualification,
i.e..biomarker
description, use,
diseases, experimental
setting, experimental
design, and context of
use based on
pharmacology,
toxicology, safety,
and disease

Section | Quality reports Quality and

3 manufacturing data of
the biomarker drug or
the biotechnology
product not expected
independent from
NDA, BLA, or MAA
Analytical assay
development and
validation reports and
nonclinical in vitro
and in vivo reports

Section | Non-clinical
4 reports

Section | Clinical reports Analytical assay

5 development and
validation reports and
clinical
pharmacology,
efficacy, and/or safety
reports

E16 guidelines of biomarkers related to drug or biotech-
nology product development: content, structure, and for-
mat of qualification submissions Guidance for Industry
(2011) ICH, FDA, Hampshire

8.2  Regulatory Perspective
on Translating Biomarkers

from Bench to Bedside

Remarkable research efforts have been made over
the years to discover new biomarkers for disease
diagnosis and therapeutic monitoring. However, the
failure rate of such efforts has resulted in a downfall
of these efforts where the number of biomarkers
eventually reaching clinical practice is very low.
Fiizéry et al. summarized those few FDA-approved
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tumor protein markers, which are presently used in
clinical practice (Fiizéry et al. 2013).

Among several challenges, the most potential
cause of this failure has been highlighted by Vidal
et al. as the lack of knowledge about regulatory
requirements among the scientists working in
biomarker research (Vidal et al. 2012). We have
traced the importance of awareness about reg-
ulatory norms among scientists working in bio-
markers and multi-omics research areas which
have been described below. This will further
facilitate the direction of research in translating
biomarkers from bench to bedside. We will
discuss regulatory framework and norms particu-
larly for proteomic biomarker discovery and its
scope in other omics research areas.

8.2.1 Translating Proteomic
Biomarkers to Clinical

Diagnostics

The translation of proteomic biomarkers from dis-
covery to clinical diagnostics has several chal-
lenges and issues. Such challenges are well
addressed by academic scientists, government
authorities and regulatory bodies, as well as com-
panies involved in manufacturing diagnostic tools,
assay kits, and instruments. Recently the mass
spectrometry (MS)-based platforms are becoming
one of the most promising tools for biomarker
analysis. Figure 8.1 describes the overview of bio-
marker development cycle from discovery
research to regulatory approval through validation
stages. The patenting and intellectual property
protection can be (not necessarily) part of the pro-
cess depending on the type of assay product or
process. Biomarker patenting will be discussed
more in the next section of this chapter.

For proteomics, specific regulatory norms
have to be considered due to their experimental
complexities, uniqueness in analyte measure-
ments, and instrumentation. Hence the FDA reg-
ulatory framework for in vitro diagnostic tests to
regulate proteomics and other “omics” tests
needs some special considerations in the light of
new developments (Lee et al. 2011; Li et al.
2011; Lopez et al. 2012; Shreeve et al. 2012;
Haleem and Timothy 2013).
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Fig.8.1 Overview of

biomarker development Biomarker As§ay_

cycle from discovery to research and vall-datlo.n Preclinical Clinical
regulatory approval prototype (eg;ln Ui, studies validation
product launch design Analytical)

Patenting/IPR protection
(product/process specific)

8.2.2 Stepsin FDA Review Process

The FDA review for a premarket approval applica-
tion (PMA) is a four-step review process, which
includes (based on Draft Guidance for Industry and
FDA Staff Medical Devices and Lee et al. 2011:

1. Filing review for fullness of submitted appli-
cation in terms of administrative and limited
scientific perspective. Table 8.2 summarizes
some general sections required to be included
for submission of a biomarker qualification.

2. Quality system review is meticulous and sci-
entific which needs regulatory evaluation by
relevant FDA experts.

3. Panel review requires recommendation by the
designated advisory committee.

4. Final decision by FDA based on documenta-
tion and notification to applicants.

8.2.3 Classification for Proteomic
Biomarker Assays

Since FDA considers protein-based biomarker
assays as medical devices that are used for
diagnosis, prognosis, screening, therapeutic
monitoring, and medical treatment, proteomic
biomarkers follow the same regulatory frame-
work and process.

The office of In Vitro Diagnostics and
Radiological Health (OIR) regulates such assays,
which are part of laboratory diagnostic tests and

Regulatory
approval and
Product
launch

in vitro diagnostic devices (IVDs). Center for
Biologics Evaluation and Research (CBER) is a
department within FDA for human biological
products which regulates some diagnostic medi-
cal devices dealing with HIV, human leukocyte
antigen, and blood analysis.

FDA divides medical devices in three classes
depending on safety, risk of errors on patient’s
health, and their intended use (Lee et al. 2011; Li
et al. 2011; Lopez et al. 2012; Haleem and
Timothy 2013):

Class I devices are mostly considered as low risk
and generally such devices are exempted from
premarket review process.

Class II devices are supposed to carry moderate
risk and usually require a premarket notifica-
tion to demonstrate their equivalence in terms
of safety and effectiveness with legally mar-
keted devices (21CFR 807.92(a)(3)) which
are exempted from premarket approval
(PMA).

Class III devices are high risk, which need con-
siderable in-depth review of the safety and
effectiveness with experimental and well-
documented evidences. The test errors in such
devices or assays may cause major health
risks to the patients.

8.2.3.1 Investigational Device

Exemption (IDE)
The Federal Food, Drug, and Cosmetic Act
(FD&C Act) Section 520 (g) forms a framework
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for FDA to exempt devices for investigational
use. IDE must be submitted and approved by
FDA for all clinical evaluations of investigational
devices before initiation of the study as described
in 21 CFR 812. The clinical and analytical stud-
ies for IVDs, which comply with the terms of
812.2(c), are mainly exempted from the IDE
requirement. The IDE application requires sub-
mission of the following information:

1. An investigational institutional review board
(IRB)-approved plan which also needs FDA
approval if the study involves a significant
risk device

2. Informed consent from all patients

. Labeling device as investigational use only

4. Monitoring of the study with required docu-
mentation for records and reports

W

Humanitarian Device Exemption (HDE) is
another type of FDA submission, which should
be made in exceptional cases for humanitarian
use device (HUD). The HUD is a device, which
is proposed to benefit patients with condition that
affects less than 4000 individuals in the United
States per year. This can be considered as incen-
tive to the device manufacturer’s costs which
may exceed its market returns for such small
patient populations (US-FDA [online]).

8.2.4 Analytical, Clinical, and Other
Regulatory Requirements
for Biomarker Evaluation

There is increasing demand from regulatory bod-
ies for validation of any novel biomarker before
their translation in clinical practice, to ensure
patient’s welfare. The research scientists and lab
professionals should be acquainted with these
regulatory requirements. This will allow the bet-
ter use of discovered biomarkers as valid medical
tests (or device). Several analytical and clinical
requirements including cost-effectiveness and
larger impact of biomarker assay tests are
expected before moving these devices from
bench to bedside. The intended use of a device is
of vital importance, which directs all clinical,
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analytical, and other requirements for biomarker
performance. Thus, these requirements can vary
substantially depending on intended use of
device. As described earlier the classification of
devices in classes I, II, and III is of primary con-
sideration before deriving framework for evalua-
tion tests (Anderson and Anderson 2002; Ong
and Mann 2005; Horvath et al. 2014).

8.2.4.1 Intended Use (Purpose
of the Test)

It is of paramount importance to understand the
intended use of the device or biomarker assay,
as it will determine its overall clinical perfor-
mance, safety, and other evaluation criteria. This
describes the intended clinical application and
substantial improvement in medical practice of
the test. The intended use may include diagnosis,
risk assessment, screening, therapeutic monitoring,
or treatment. It is equally important to recognize
that the test is a part of medical treatment, and it
should be well integrated into clinical manage-
ment system to improvise the overall diagnostic
or treatment with reduced cost. Defining the
test purpose can be the most critical part of the
application process. A separate guideline issued
by FDA on “Determination of Intended Use for
510(k) Devices” can be referred in this context.

8.2.4.2 Device Description

The device for in vitro diagnostic tests consists of
all the items of a test system such as reagents,
instruments including software, and data analysis
tools. The regulatory application should define
all the components of assay system with their
principle and protocols.

The quality system evaluation as per 21CFR
820.50 requires establishing and controlling
procedures to ensure quality of all test items as
per set specifications. In case of relatively new
mass spectrometry-based proteomic assays, qual-
ity should be established against existing meth-
ods such as ELISA and immunoassays. For
MS-based proteomic assays, test system may
include one or more sample preprocessing, liquid
chromatography and mass spectrometry compo-
nents, raw data acquisition and storage, data anal-
ysis software, etc. The FDA requires establishing
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validity and reliability of any technology used for
assay development (Lee et al. 2011; Li et al.
2011; Lopez et al. 2012; Haleem and Timothy
2013).

8.2.4.3 Analytical Performance

Discovery of promising biomarker candidate
should lead to the development of a diagnostic
assay with reliable analytical performance,
thereby validating its accuracy, precision, and
quantification. The discovery proteomic tools
such as MS-based qualitative methods are nor-
mally not well validated and therefore are not
suitable for clinical applications. Hence, alterna-
tive or modified methodologies such as targeted
proteomics can be considered for validation as
per following parameters (Anderson and
Anderson 2002; Ong and Mann 2005; Wood
et al. 2013; Horvath et al. 2014).

Precision

It indicates the degree of agreement between a
series of measurements for the particular test
sample under defined experimental conditions.
Precision evaluates standard deviations or errors
for intraday, inter-day, and interlaboratory mea-
surements. These are in general considered as
repeatability (intra- and inter-day) and reproduc-
ibility (interlaboratory) of the method, which are
primary requirements of good analytical perfor-
mance. Precision is quantitatively reported in
terms of the standard deviation (SD), relative
standard deviation (RSD), or coefficient of varia-
tion (CV) for repeated measurements. Precision
often varies with analyte concentrations mea-
sured, and hence the precision tests should be
performed in a series of concentrations from
lower to higher levels.

Several guidelines define acceptable limits of
precision in terms of maximum value of CV or
SD at given analyte concentrations. However, the
intended use of method in clinical practice is the
major determining factor in defining the preci-
sion acceptance criteria.

Accuracy
The closeness of agreement between the mea-
sured value and a true or reference value is accu-
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racy. It evaluates systematic error in measurement
and is quantitatively expressed in terms of devia-
tion from reference or known value. The degree
of error in accuracy is critical and often the fore-
most criteria for reliability of test procedures and
hence such bias should be eliminated during the
biomarker discovery and translational stages.

Limit of Detection (LOD) and Limit

of Quantitation (LOQ)

It is the lowest concentration of an analyte that
can be detected (LOD) or precisely and accu-
rately determined (LOQ) using the defined ana-
lytical method or test procedure. This defines the
sensitivity of biomarker measurement and is an
important factor in deciding suitability of analyti-
cal method for intended clinical use.

Specificity

The analytical interference arising from biologi-
cal constituents of sample other than analyte
(matrix) is a common phenomenon for complex
biological samples such as blood plasma, tissues,
etc. The presence of complex matrix can sup-
press (matrix effect) or give false-positive
measurements.

The analytical method must provide accept-
able specificity for targeted biomarker with
required sensitivity by eliminating matrix effect.
Itis advisable to establish the method specification
and selectivity at biomarker discovery and trans-
lational stage.

8.2.4.4 Clinical Performance

Reliable and robust analytical performance is
indispensable for qualification of clinical bio-
marker assay development. But the biomarker
will fail the evaluation if it is not providing
intended clinical performance. The intended use,
clinical utility, clinical sensitivity, and specificity
need to be considered while assessing the clinical
performance of the biomarker assay.

8.2.4.5 Other Additional

Considerations
In addition to the above aspects, there are several
practical issues, which need to be considered as
performance of assay method. The speed of anal-
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ysis and efficiency (high throughput) of analyti-
cal methods can be important criteria for modern
commercial laboratories. Also high-throughput
results are often necessary during medical proce-
dures where turnaround time is critical in deci-
sion making for physicians and clinicians. The
cost-effectiveness and affordability of assay are
vital consideration in terms of taking the health-
care service to larger communities in the devel-
oping world (Lee et al. 2011).

Figure 8.1 briefly describes the biomarker
development cycle from discovery to regulatory
approval and product launch.

8.2.5 ProteomicTechnologies
for Biomarker Research

Here we briefly describe the mass spectrometry-
based methodologies available for proteomic
biomarker research. More details on different
technologies for biomarkers discovery have been
described in Chaps. 3 and 4 of this book.

8.2.5.1 Mass Spectrometry-Based
Proteomics

Mass spectrometry has now become a primary
tool for profiling and quantification of proteins.
Many discovery and targeted quantitative pro-
teomic approaches have proven their potential
for the discovery of novel biomarkers for disease
diagnosis and therapeutic drug monitoring (Li
etal. 2011).

8.2.5.2 Targeted Proteomics
The biomarker discovery process or methodol-
ogy may not be a concern for regulatory bodies.
However, the most critical part is translating such
proteomic biomarkers from discovery phase to
medical test, for clinical practice.

The discovery-based approach is often not
suitable for routine laboratory testings due to
lack of a comprehensive validation workflow.
The quantitative ability of such mass
spectrometry-based methods needs to be vali-
dated for accuracy, precision, linearity, limit of
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detection (LOD), Limit of Quantitation (LOQ),
matrix effect, stability, and robustness. A targeted
mass spectrometry method utilizes liquid chro-
matography and triple quadruple mass spectrom-
etry (LC-MS/MS) settings in multiple reaction
monitoring (MRM) mode as effective alternative
to immunoassays for quantitative measurements.

Targeted LC-MS/MS approach relies on mea-
suring ion intensities of specific fragment (MS/
MS, product) ions for selected precursor (parent)
ion of targeted analyte (here peptide). The tar-
geted peptides can be quantified by comparing
relative peak areas with other sets of experiment
conditions or appropriate labeled internal stan-
dard (IS). For absolute quantification calibration
curves were plotted using standards of known
concentration across linear range of target con-
centration while considering dynamic range of
mass spectrometer. Due to their ability to select
and fragment specific target ions, the triple qua-
druple mass spectrometers gain advantage in
terms of sensitivity, specificity, and dynamic
range of detection. As mentioned earlier, the ana-
lytical performance criteria are of great impor-
tance in translating targeted proteomic methods
in clinical practice.

8.2.5.3 Discovery Proteomics

Unlike targeted proteomics, discovery pro-
teomics deals with profiling of mass spectrometry-
based signatures of two different experimental
sets, with or without knowing the identity of pro-
teins or peptides.

This analysis utilizes high-resolution mass
spectrometry-based techniques such as matrix-
assisted laser desorption/ionization (MALDI) or
electrospray ionization (ESI) with time-of-flight
(TOF) or orbitrap mass analyzers. This type of
analysis is generally a research based and aims at
identifying differential expressed set of proteins
using mass spectrometry signals. The early stage
of analysis is much exploratory in nature to dis-
cover marker proteins and not necessarily well
validated. Such methods may not be suitable for
translating into clinical practice unless validated
using targeted proteomic approach and usually
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are not of concern to regulatory bodies. However,
it is important to establish the accuracy and spec-
ificity of biomarkers at this stage to facilitate its
smooth translation into diagnostic settings.

8.2.6 Overview of Patents
for Biomarkers

The journey of a biomarker from the discovery
phase is bifurcated during its path to translation
where one path ensures that a biomarker meets
the global regulatory guidelines, while the other
focuses on protecting the intellectual property
rights of the researcher who has invested his
resources into developing a product which could
be potentially used for public welfare. It is there-
fore of paramount importance to successfully
commercialize biomarkers in order to ensure
sufficient financial support for biomarker
research. Protection of the commercial biomark-
ers can be achieved through patents; but most
often leads to complex intellectual property (IP)
issues owing to the fact that ownership of such
biomarkers usually involves multiple collabora-
tors. Nevertheless, over the last few years, several
patented biomarkers are being developed and
validated in large-scale clinical trials.

A patent is an exclusive right granted to an
inventor for a defined period of time for an
invention, which is novel and nonobvious. In
return, the patent holder is expected to disclose
to the world and complete details of his inven-
tion. The patent thus granted provides the inven-
tor the right to make and sell his invention,
simultaneously forbidding the use of the work
by others, unless permitted through licensing.
The US patent law states that “any new and useful
process, machine, manufacture, composition of
matter or improvement thereof” is patent eligi-
ble, provided it is novel (i.e., not previously
known or used in the United States or described
anywhere) (Offit et al. 2013, U.S Patent law
[Online]). Inventions that preempt the laws of
nature or hypothetical ideas and physical
phenomena, termed as judicial exceptions, are
considered patent ineligible since they do not
meet these patentability requirements (Andrews
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et al. 2000). In such situations, protection can be
obtained as a trade secret that does not require
any information to be disclosed and is valid for
an indefinite period of time. However, it should
be noted that it does not give the inventor an
exclusive right over his invention and cannot
prevent third parties from commercializing the
work upon discovering the confidential infor-
mation. The situation becomes slightly more
complicated and challenging while issuing pat-
ents for biomarker-related inventions.

8.2.7 Biomarker Patent Claims

The power of patent protection depends on the
type of biomarker discovery. Biomarkers that
provide information on a patient’s response to a
particular therapy are more likely to involve a
known marker or a group of known markers. In
such cases the novelty of the claim is the mere
association of these biomarkers with a particular
drug. Such correlation claims involve patent eli-
gibility issues as the association itself is likely to
be considered a “natural principle.”

Biomarker patent claims can be subsumed
into two broad categories:

Composition of matter: Patent claims of this
nature provide the strongest type of protection
for novel biomarkers such as metabolites,
proteins, genes, and gene expression products
which are significantly different from natu-
rally occurring substances. Protection of such
biomarkers that, in most cases, serve as key
players in disease diagnosis prohibits their use
by other parties for commercial purposes.
What is of paramount importance here is the
level of uncertainty these claims carry with
them with respect to “patentability.” This is
due to the extremely thin line that distin-
guishes these biomarkers from products of
nature. Most of them often qualify as “unpat-
entable subject matter” owing to the fact that
the inventors fail to provide sufficient evi-
dence to prove the novelty of the nonnatural
composition of the “inventive step” that the
claim recites.



A few examples of “composition of matter”
claims include patents issued to natural
metabolites isolated from E. turbinate such as
ecteinascidins, exhibiting antibacterial activi-
ties as well as antitumor activities (Rinehart
and Holt 1992). These metabolites along with
the products of their metabolism were patent
protected with the intention of utilizing them
as medicinal agents to inhibit the growth of
cancer cell (Rinehart et al. 2001). In the year
1995, a patent was granted for the production
of recombinant erythropoietin (Lin 1995).
Erythropoietin, a hormone that controls the
production of red blood cells, finds tremen-
dous application in diagnosis and treatment of
blood diseases. Several methods for purifying
and stabilizing human erythropoietin have
also generated enormous number of patents
(Schlueter and White 1962; Chiba et al. 1975;
Egrie 1985). Therapeutic powders containing
human proteins such as insulin along with
enhancers for increased absorption into the
system when administered to patients with
diabetes (Jensen and Hansen 2000) have also
been patented. Recently in 2010, Intrinsic
Bioprobes Inc. (IBI) was granted a patent by
USPTO on novel blood biomarkers and novel
assays used for detection of a panel of these
specific human protein variants with clinical
applications in the diagnosis and monitoring
of cardiovascular diseases (Caulfield et al.
2000; Merz and Cho 2005; Kiernan et al.
2010). While on one hand, these patents offer
protection of the highest order, an overriding
concern accompanying them is the level of
hindrance they cause to basic scientific
research. Let us understand this through a case
study on the patenting of human genes.

The Myriad Genetics case: The patent eligibility

of human genes has raised enormous concern
across the globe for several decades, espe-
cially among the molecular diagnostic compa-
nies, laboratories, patients, and pharmaceutical
industries (Caulfield et al. 2000; Merz and
Cho 2005). For instance, let us consider that
Company X files a patent for a particular gene.
The fundamental discovery in this case is the
association of certain mutations in this gene
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with a disease Y. The patent thus granted pro-
vides the patent holder with an exclusive right
to use this gene for diagnostic purposes and
includes any assay developed to test for this
genetic difference. This creates a monopoly
since the patent precludes the use of the gene
by other companies, permitting Company X to
completely capture the diagnostic testing mar-
ket. This type of patent implies a single testing
method even if it is not the most suitable one
for diagnosis of disease Y.

The debate on the patentability of genes made
headlines when the US court on June 13,2013,
invalidated gene patents that Myriad Genetics
Inc. held for more than a decade on the basis
that the patent encompassed products of
nature. This unanimous decision upended the
long-standing precedent that isolated genes
were indeed patentable subject matter. In 1994,
the molecular diagnostic company cloned the
gene BRCAL followed by BRCA2 associated
with breast cancer (Nat Med Editorial, 2013
[Online]). The patent granted by the US court
in 1999 gave the American company an exclu-
sive right over the sequence of the BRCALI
gene and the right to test for polymorphisms in
the genes responsible for most of the breast
cancers. In 2009, a lawsuit was filed by the
American Civil Liberties Union and Public
Patent Foundation after the EPO issued patents
to Myriad Genetics for the genes in Europe
(Benowitz 2003). This patent was followed by
a third one for the exclusive use of the gene
and the protein for therapeutic purposes. The
situation demanded that all samples across the
world be sent to the company for testing and
forbade other laboratories from performing the
test or developing alternative diagnostic tests.
The exorbitant costs involved as well as the
lack of options available to the patients for
accurate diagnosis of breast cancer encouraged
plaintiffs to challenge the validity of the
Myriad’s patent claims. The court’s decision to
reject the patent claims was based on the fact
that that neither the genetic information nor
gene structure had been altered by Myriad and
hence was not any different from the naturally
existing DNA molecule. However, the court
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also declared that cDNA is patent eligible
because it differs from DNA in that it does not
contain introns, widening the huge gap of
uncertainty between what can and cannot be
patented. In this light, 8,000 patents involving
genes and of these around 3,500 involving
human genes may be invalidated (Graff et al.
2013). Then the number of US patent applica-
tions involving human genes has also declined
ever since.
In spite of these hurdles, the fact remains that a
DNA molecule can still be easily engineered in
a manner that makes it markedly different from
an already existing one in order to be a patent-
able subject matter. However what is worrisome
is a situation in the post-genomic era where
genetic material may not be the key biomarkers
for diagnosis and therapeutics. For instance, can
an inventor claim a patent for the discovery of
certain antibiotics and naturally occurring drugs
for their use in treating a particular disease or
will it also be considered as a prior art by the
court? (Harrison 2013). Another concern is
whether such laws would indelibly harm the
biotechnology sector by lowering the impetus
for development of new diagnostic tests.
Method claims: Patent claims of this nature
include requests to patent novel methods for
assaying diagnostic, prognostic, and pharma-
cogenomic biomarkers. Genome-wide mark-
ers that yield information regarding the
response of a patient to therapy are called
pharmacogenomic  markers. These are
extremely important markers to determine
whether a particular individual would benefit
upon administering a therapeutic agent or not,
since the effects of drugs vary greatly among
patients (Luo 2012). Based on their genome
profiles, personalized therapies most benefi-
cial to the individuals can be designed (Chen
et al. 2013). The jurisprudence of countries
across the world differs significantly with
respect to issuing patents in such cases. For
instance, the United States Patent and Trade
Office (USPTO) may consider a biomarker
assay patent eligible, as against the European
Patent Office (EPO), granting a patent solely
to the novel device used for the application
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and not the method itself (Hu and Wong 2014;
Andrews 2014 [Online]). Some examples
include patents that have been previously
issued for the protection of the methods/assays
developed for the detection of salivary pro-
teins that serve as biomarkers for distinguish-
ing oral cancer from periodontal disease and
for the early diagnosis and prognosis of the
former (Hu and Wong 2014). Similarly meth-
ods for the detection of single nucleotide poly-
morphisms associated with the progression of
glaucoma and for estimating a high progres-
sive risk of glaucoma (Kinoshita et al. 2013)
have also been patented. In some cases
biomarker patents are also granted to com-
pounds such as antibodies used for detection
of biomarkers (Fisher 2012). In 2013, a patent
was granted to methods developed for the
measurement of the expression levels of
TGFBR1 patients in order to assess their
genetic susceptibility of patients to colorectal
cancer. The patent claim also included appro-
priate treatment to the patients upon detection
of cancer through colonoscopy (Pasche 2013).
Figure 8.2 depicts the significance of patents
in biomarker research.

8.2.8 Types of Biomarker Patents

The completion of the human genome project
and the rapid advancements in biomarker
research have generated the prospect of
personalized medicine. The adaptation of these
advancements has led several researchers and
companies to claim patents on their discovery of
biomarkers for both infectious and noninfectious
diseases, which can be broadly categorized,
based on their clinical applications. Tables 8.3
and 8.4 summarize a few patents granted to bio-
markers associated with infectious and noninfec-
tious diseases.

8.2.8.1 Diagnostic Biomarker Patents

The ST2-based diagnosis for dengue fever virus
is one such example for application of a bio-
marker for rapid detection of an infectious dis-
ease. Infections caused by the dengue fever
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Fig.8.2 Significance
of patent protection in
biomarker research
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virus have been linked to illnesses stretching
from dengue fever, to dengue hemorrhagic
fever, to dengue septic shock. Herein, the solu-
ble ST2 protein is understood to act as a bio-
marker for infections triggered by the dengue
fever virus and may be applicable as a diagnos-
tic kit (Bosch and Becerra 2009). In the year
2011, a patent was filed proposing the applica-
tion of the chemokine receptor 6 (CCR6) as a
potential biomarker for Alzheimer’s disease.
The increment in the expression of CCR6
beyond the threshold in a sample signifies the
patient has or is highly prone to the develop-
mentof Alzheimer’s disease (Offner-Vandenbark
et al. 2013). In 2011, CIP2A was suggested as a
biomarker detected in the cervix of a patient
burdened by cervical cancer. Given the strong
correlation between aberrant CIP2A expression
and cervical cancer, it was proposed as a marker
for early detection of cervical cancer in an indi-
vidual with high sensitivity as well as specificity
(Huang and Trama 2012).

8.2.8.2 Prognostic Biomarker Patents

Prognostic biomarkers are the indicative
means of measurement of the long-term out-
come of patients. They also provide an esti-
mate of the severity and the likely outcome of
the disease. Upon diagnosis of a disease,
determination of the correct prognosis is
essential in order to provide effective disease
management insights for a patient. The appli-

cation of prognostic biomarkers for predicting
the severity of an infectious disease like
malaria is of grave importance. A patent filed
in 2012 highlights the application of CXCL4,
CXCL10, VEGF, PGDF, IL-1Ra, IL-8,
MIP-18, sFas, Fas-L, sTNF-R2, and sTNF-R1
as outlining the severity of malaria and pre-
dicting mortality due to cerebral malaria
(Stiles et al. 2013).

In 2013, a patent was filed to provide gene
expression profiles indicative of whether a patient
plagued with progesterone receptor compelled
malignancies is expected to respond to treatment
with an antiprogestin therapeutic compound.
Identification of such responsiveness makes it eas-
ier for a treatment provider to determine in advance
the patients who may benefit from such treatment
as well as identify an alternative therapeutic route
for the nonresponders (Lange et al. 2013).

8.3  Conclusion

This chapter summarizes various regulatory
guidelines obligatory for biomarker research and
its translation to commercialize in diagnosis and
prognosis of various diseases. Also a brief com-
pilation of the most important regulatory bodies
worldwide has been included to provide the read-
ers an insight to industrial regulatory affairs
involved in drug development. This chapter gives
overview of regulatory perspectives particularly
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Table 8.3 List of diagnostic and prognostic biomarkers for infectious diseases

Infectious | International

S. No | disease publication number | Biomarker | Nature of the biomarker Effect

1. Anthrax US 8,591,899 BA 3660 Serine protease Diagnosis of anthrax
B2(Shafferman BA1952 Endopeptidase infection
etal. 2013) BA0796 | Hypothetical protei

ypothetical protein

2. Dengue WO 2009/145810 | ST2 Cytokine receptor family Diagnosis of dengue fever
A2 (Bosch and member virus infection
Becerra 2009)

WO 2013/130029 | Vitronectin | Glycoprotein Diagnosis, methods for

Al (Hunsperger determining severity of

etal. 2013) infection and differentiation
of dengue fever and dengue
hemorrhagic fever/dengue
shock syndrome

3. HIV US 8,273,538 B2 CD163 Protein that marks cells of | Monitoring the course of
(Rappaport and monocyte/macrophage HIV-1 infection and/or HIV
Fischer-Smith lineage that is a scavenger | encephalopathy and predicting
2012) receptor for the hemoglobin- | viral load and changes in viral

haptoglobin complex load. May also play a role in

diagnosis or risk assessment
relative to CNS and other
neurological manifestations of
HIV infection

4. Lyme WO 2012/040264 | Autoantigen | Platelet-derived endothelial | Diagnosis of Lyme disease-

disease A2 (Costello et al. | ECGF cell growth factor mediated arthritis
2012)

5. Malaria US 2013/0108647 | CXCL4 Also known as platelet factor | Diagnosis, prognosis, and
Al (Stiles 4, is a small cytokine that detecting severity of malaria
et al. 2013). belongs to the chemokine

family

CXCL10 Also known as IP-10, is a
small cytokine that belongs
to the chemokine family

VEGF Signal proteins produced by
the cells that stimulate
vasculogenesis and
angiogenesis

PGDF

IL-1Ra Cytokine receptor that binds
to interleukin-1

1L-8 Chemokine of the immune
system

MIP-18 Also known as CCL4, is a
chemokine with specificity
for CCRS receptor

sFas Receptor for Fas-L, involved
in apoptosis

Fas-L Transmembrane protein that
belongs to TNF family
involved in apoptosis

sTNF-R2 A member of the TNF
receptor-associated factor
protein family that mediates
signal transduction

sTNF-R1 Same as STNF-R2

(continued)
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Table 8.3 (continued)

Infectious | International
S. No | disease publication number | Biomarker | Nature of the biomarker Effect
7. Pneumonia | US 2013/0296240 | GHRsp Ghrelin signal peptide Diagnosis, prognosis, risk
A1l (Pemberton fragment stratification, assessing,
etal. 2013) biomarkers staging, monitoring,
categorizing, and
determination of further
diagnoses and treatment
regimens in subjects with
pneumonia
8. Urinary WO 2012/107450 | HBP Serine protease that is Diagnosis and treatment of
tract Al (Akesson et al. | (heparin- present within the secretory | urinary tract infection
infection 2012) binding vesicles of human
protein) neutrophils

Table 8.4 List of diagnostic and prognostic biomarkers for other diseases

International publication

Nature of the

S. No | Diseases number (Ref) Biomarker biomarker Effect
1 Alzheimer’s WO0/2013/176885 sTNF-R2 Tumor necrosis Early diagnosis,
disease (AD) Al (Todd and Thuc factor receptor 2 determination of
2013) Abeta-42 Amyloid beta severity and
protein treatment of AD
PTau-181 Phosphorylated
forms of Tau
IL-2 Interleukins
Abeta oligomers | Oligomers
US 2013/0316338 A1 CCR6 Chemokine receptor | Diagnosis
(Offner-Vandenbark
etal. 2013)
2 Breast cancer | US 2013/0316992 A1 Antiprogestin Genes Prognosis based
(Lange et al. 2013) responder gene on gene
signatures expression
profiles of a
patient
3 Cervical cancer | US 2012/0070837 A1 CIP2A mRNA Detection of
(Huang and Trama Ki67 Nuclear protein cervical cancer
2012) associated with cell
proliferation
TOP2A Cell cycle
regulation genes
MCM2 Mini chromosome
maintenance protein
MCM5 Mini chromosome
maintenance protein
pl4, pl6 Cell cycle
regulation genes
4 Colorectal WO/2013/066641 CNA Circulating nucleic | Diagnosis
cancer Al1(Schutz et al. 2013) acids
5 Cardiovascular | US 2013/0316378 A1 BNP-SP Signal peptide Prediction,
disorders (Pemberton et al. 2013) diagnosis, and

monitoring of
acute cardiac
disorders
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for scientist in biomarker discovery research
community. Patents of many infectious as well as
noninfectious diseases have been discussed in the
chapter to provide extended information on the
intellectual property rights of the existing bio-
markers of those that have been successfully dis-
covered and used.
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