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a b s t r a c t

Protein biomarkers are used for various purposes in drug development and clinical diagnosis and prog-
nosis. In this review, a fit-for-purpose method validation approach is discussed that fulfills the needs
of exploratory and advanced applications in both the pharmaceutical and diagnostic arenas. Method
validation for protein biomarkers is typically applied to ligand binding assays (LBA) although hyphen-
ated mass spectrometric methods can be used as adjunct methodologies to confirm LBA specificity or
provide valuable information during early discovery or demonstrative phases of a novel biomarker. Pre-
analytic variables of protein biomarkers, such as the purpose of the intended application, analyte(s),
biological matrix, availability of reference standard, calibrator matrix, assay platform, and sample collec-
tion/handling, must be considered in any method development and validation plan. Method validation
for exploratory applications involves basic experiments for assay range finding, accuracy and precision,
selectivity, specificity, and minimal stability. For advanced method validation, more rigorous tests with a
wider scope are performed. These tests include additional patient population ranges, more runs on accu-
racy and precision from multiple analysts/reagent lots/instruments, selectivity and specificity tests using
patient samples, and stability tests subjected to conceivable conditions over long-term use. Differences
in biomarker method validation for drug development vs. clinical diagnosis and issues of using devel-
opmental commercial kits are discussed. The co-development of biomarkers for drug development and
diagnostics presents collaborative opportunities between the pharmaceutical and diagnostic sectors.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Biomarkers have routinely been used by physicians in dis-
ase diagnosis. Typically, panels of biomarkers (e.g. for cardiac,
ipids, diabetes and tumor markers) in serum or urine samples
rom patients are measured by autoanalyzers using FDA approved
ommercial kits. Recently, biomarkers have been recognized and
ccepted as useful tools for drug development [1,2]. The appropriate
pplication of biomarkers to preclinical and clinical drug develop-
ent reduces time to market, hastens the attrition of undesirable

andidate compounds prior to expensive phase III clinical trials, and
uides dose selection with early indications of efficacy or toxicity
s depicted in Fig. 1 [3–7]. There has been a paradigm shift from
trial and error” to mechanistic based, target-driven drug develop-
ent using biomarkers to track the biological exposure–drug effect

elationship.
A long list of novel putative biomarkers that are not included in

outine clinical lab tests has been generated from intense genomic
nd proteomic research. These biomarkers have been utilized in
linical trials of drug candidates for exploratory, demonstrative or
haracterization applications as part of the process of develop-
ng mechanism-specific biomarkers toward the ultimate goal of
urrogacy [8–11]. Development of novel biomarkers has notably
ncreased in the areas of diabetes, cancer, rheumatoid arthritis and
ardiovascular disease. For example, depending on the mechanism
f action, novel biomarkers could be included in diabetes trials
n addition to the commonly employed measurements of blood
lucose, glycosylated hemoglobin (Hba1c) and circulating insulin.
pecifically, for peroxisome proliferator-activated receptor gamma
PPAR�) agonists in type-2 diabetes, free fatty acid was linked
o insulin resistance as mechanism-specific, and adiponectin was
dentified as a proximal biomarker correlated with insulin sen-
itivity [12,13] while Hba1c was qualified as a surrogate marker
14]. Other mechanisms and the relevant biomarkers (in paren-
heses) such as lipid and bone metabolism (free fatty acids,
eptin, osteocalcin), incretins (glucagon, GLP-1) and inflamma-
ion (cytokines, hsCRP, PAI-1, fibrinogen, adhesion molecules) are
lso involved in the complex disease of diabetes [15–19]. In the
rea of cancer, measuring circulating PSA, CEA and other tumor
arker levels, monitoring mRNA of specific genes, and imag-

ng are used in clinical trials to evaluate drug responses during
reatment [20–24].

The use of novel biomarkers has become a prominent com-
onent of decision-making processes in drug development. They
re used in in vitro and preclinical models and early clinical phase
or quick hit and early attrition decisions [8,25–27]. The processes

f biomarker discovery, characterization, and clinical qualifica-
ion/validation have been discussed (Fig. 2, right side bar) [11,28].
n exploratory and demonstrative studies, pharmacodynamic (PD)
orrelations are typically unknown, data are used mainly for inter-
al decision-making, and the output is generally not subject to
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egulatory review. The extent of method validation can thus be
imited to a few basic components to expedite the process and
reserve resources without unduly impacting commercialization,
epicted as Exploratory Method Validation in Fig. 2 [29]. In contrast,
he purposes of the characterization phase are to provide pivotal
ata to establish linkage to clinical outcome and to monitor patient
rogress upon treatment. Characterization of a novel biomarker in
he translational phase requires data collection to show preclini-
al sensitivity and specificity and linkage to clinical outcomes in
ultiple clinical studies in humans. The purposes at this phase are

ifferent from those of the Exploratory or Demonstrative phase. The
ata are often used for critical decisions (such as supporting dose
election and patient stratification, demonstration of drug safety or
fficacy, and differentiation of drug candidates), for submissions to
e reviewed by regulatory agencies, or for post-marketing patient
onitoring [30,31]. In addition, the same method used for charac-

erization would likely be used in the qualification phase toward
urrogacy confirmed over multiple drugs of similar mechanism
nd during surveillance studies. Therefore, biomarker character-
zation studies would require more intense rigor and cover a

ider scope in Advanced Method Validation (Fig. 2), with greater
raceability and more detailed documentation than that of the pre-
ious phases to meet the study objectives in a defined context of
ts use.

The knowledge of drug/protein target interactions in dis-
ase pathways also contributes to the concept of “personalized
edicine” or “target therapy.” Clinical biomarker assays are no

onger simple results from an autoanalyzer with cutoff values
hat lead to the diagnosis of a certain disease. More signifi-
antly, gene-, protein-, or metabolite-based biomarker profiling
f a patient can be used to identify and stage disease (diag-
osis), decide treatment, and monitor progress and predict the
utcome with certain confidence (prognosis). Mass spectrometric-
ased proteomic research has generated peptide maps of healthy
s. patients with various disease types at different stages. Proposals
ave been made to use these patterns and the identified proteins

rom these peptides for early diagnosis and to monitor progress
f treatment [32,33]. Additionally, novel protein biomarkers linked
o diseases or drug safety have been unveiled from this proteomic
esearch [34–38].

With wider applications of biomarkers, especially novel
iomarkers, in clinical diagnosis and prognosis and at vari-
us phases in drug development, questions arise about how
he analytical laboratories (e.g. clinical or bioanalytical laborato-
ies) should validate a method to be suitable for the intended
pplications. Methods for novel biomarkers are generally gener-
ted from the innovator laboratories in university or company

ettings, often using commercial kits developed “for research
se only” (RUO) and therefore may not be fully validated
Exploratory Method Validation in Fig. 2). On the other hand,

ethods that are FDA approved or cleared would be subjected
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linical study, biomarkers of exploratory and advanced validation may be included

o rigorous validation tests similar to the Advance Method Vali-
ation. A fit-for-purpose method validation approach at various
hases of biomarker application has been described by Lee et

l. [29]. Here the discussion will focus on method validation
f protein biomarker bioanalysis to meet the diverse purposes
uring drug development clinical trials and clinical diagnosis/
rognosis.

2

p

ig. 2. Iterative processes of biomarkers method validation related to stages of discovery
rocess of biomarker development from discovery to surrogacy. Attrition of novel biomark
undred to a smaller potential panel and finally to a final few for a target mechanism. The
essons learned form exploratory applications contribute to the pre-analytical planning, m
s of application are shown in the boxes underneath the various phases. Within a
ferent purposes such as patient stratification or PD profiling.

. Technologies for protein biomarker measurement in
ranslational medicine and new diagnostic tests
.1. Transition from proteomics technologies

Advances have been made in the development of quantitative
roteomics methodologies [39–44]. The performance of several of

, characterization and qualification. The flow diagram on the right side depicts the
ers is analogous to but not concurrent with drug candidate development, from a few
rigor and scope of method validation are dependent on the intended applications.
ethod refinement and validation for advanced applications.
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hese methodologies has been recently assessed by a study orga-
ized by the Association of Bimolecular Resource Facilities (ABRF)
45]. The analytical methods surveyed by this study fell into two
road categories: (1) gel-based methods and (2) MS-based methods
including both stable isotope-labeling and label-free techniques)
46]. The major conclusions from this study were that the meth-
ds are complex and require high levels of expertise for success.
ence, there was large lab-to-lab variability when the same tech-
ologies were used. As a result of this complexity and reliance on
xpertise, these methods are not commonly adopted for preclin-
cal/clinical applications to study dose-response relationships in
rug development.

By virtue of the highly specific chemical information that
s generated, MS-based techniques do play a major role in
iomarker discovery, but validation and routine monitoring of pro-
ein biomarkers are most readily achieved by the use of ligand
inding assays (LBA) [47,48]. There may be instances, however,
here LBA is not a viable option such as the case where no or

nadequate affinity reagents are available. In these cases, MS-based
pproach may be a feasible alternative.

.2. Mass spectrometry

LC–MS/MS techniques such as selective and multiple reaction
onitoring (SRM or MRM) can be used for biomarker quantifi-

ation. Specific peptides from putative protein biomarkers that
ave been previously identified from proteomics information or
ther existing biological knowledge are quantified. Although the
esponse curve (signal vs. concentration) of the mass spectrometer
aries from peptide to peptide, absolute quantification is possi-
le by using synthetic isotopically-labeled versions of the peptides
48–51]. Typically, the protein sample of interest is digested with
specific proteolytic enzyme, and the isotope labeled control pep-

ides are added to the mixture. The digest is then separated online
y HPLC and analyzed by ESI-MS/MS. In SRM or MRM modes, sen-
itivity is greatly increased and attomole detection limits have
een reported but are not typically obtained [48]. For preclini-
al studies involving disease models of several animal species, the
omolog sequences in different species can also be synthesized
nd tested. Overall, the MRM–LC–MS/MS approach can be gener-
lized for multiple species and multi-analyte assays. For example,
ne study tracked the expressional levels of 47 different proteins
n human plasma with quantitative CVs between 2 and 22% [52].
n general, however, such MS-based examples for biomarker val-
dation and monitoring are few and the approach is still in its
nfancy.

.3. Ligand binding assays

In contrast to MS-based methods, LBA is the “gold standard”
y which protein biomarkers are validated and monitored in
iagnostic and pharmaceutical laboratories. Therefore, the over-
ll discussion of method validation in this article is specifically
elevant to LBA.

LBA methods are low-cost, sensitive and simple with high
ynamic ranges and throughput. The most prevalent LBA format,
nzyme linked immunosorbent assay (ELISA), requires the avail-
bility of antibodies against the candidate biomarker. Selectivity
f ELISA has to be optimized, and MS can be used as an adjunct

ethodology to confirm specificity during ELISA method vali-

ation. Furthermore, hybrid immunoaffinity/MS approaches have
hown promise as quantitative methods that confer the high res-
lution and chemical specificity of MS with immunoaffinity-based
re-concentration [53–58].

(
e
t
t
p

ediated mechanism. The shaded boxes are bound and free forms related to
iomarker measurements prior to and after drug administration. F: free; b: bound;
d: binding constant; D: drug; R: Receptor; and P: Proximal binding protein.

.4. What should be measured?

.4.1. Multiplex of biomarker panels
In the clinical diagnostics arena, a panel of tests is often

equested by a physician to determine the disease status
f a patient. The use of multiple biomarkers increases the
ertainty for diagnosis and predictive power for progno-
is. Similarly, during the early phase of drug development
phase 0), a panel of potential biomarkers is tested with dif-
erent therapeutic candidates at various doses to pick the
est candidate based on dose–effect relationship information.
ultiplex assays for multiple analyte profiling (MAP) using

ead-based (e.g. Luminex) or planar (e.g. MesoScale Discovery)
ormats can save time and require less sample. Multiplex assay

are best used in the early phase for initial biomarker screen-
ng due to disproportionately variable biological ranges of the
nalytes and non linearity of the assays [59]. After the selec-
ion of the few relevant biomarkers, the decision can be made
o use either several single-analyte methods or a multiplex of a
ew compatible analytes to support drug development in later
hases.

.4.2. Single-analyte measurement
Many drug actions are through target mediation of receptors.

ighly specific drugs, such as most protein therapeutics, will bind
o both tissue membrane-bound and soluble circulatory receptors.
he cleaved ectodomain of the membrane receptor may exist in
everal forms in circulation as soluble receptors with variable bind-
ng affinities to the drug. In addition, the target receptor (target
iomarker) may bind to proximal protein biomarkers as depicted

n the diagram in Fig. 3. Depending on the binding affinities and
olecular sizes of the interacting species, LBA quantification may

e affected due to competitive binding to the assay reagent(s) or
ecreased binding due to steric hindrance.

In the scenario that the LBA reagent shares a common
iomarker-binding epitope with that of the drug, the unbound
“free”) form of the biomarker is being measured. In the pres-

nce of the drug, which is often dosed at a very high molar ratio
o the biomarker, the free concentration will usually be too low
o be measurable at most time points except at the late recovery
hase.
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Another scenario is that the LBA reagent recognizes a differ-
nt epitope or the reagent has a much higher binding avidity
han that of the drug to the biomarker. “Total” concentration
drug-bound + free) of the biomarker is therefore measured in the
resence of the drug. Since the drug–receptor complex is the driver
f the PD effect, the knowledge of which forms are being measured
ids with data interpretation and pharmacokinetic (PK)/PD mod-
ling. In addition, determination of the total concentration of the
arget biomarker may provide information on possible compen-
atory rise due to induction or membrane shedding [60,61].

Sometimes the information regarding reagent specific binding
pitopes or binding constants is not available. Other methods to
easure the total concentration can be used. One such method

nvolves alkaline or acidic pretreatment of the sample to dissociate
rotein binding, with pH neutralization before LBA reagent addition
62,63].

In the case of small molecule biomarkers including peptides,
n extraction method using organic solvents or solid phase separa-
ion can dissociate protein interactions prior to LC–MS/MS analysis.
uch a method provides total quantification. A biomarker may inter-
ct with cognate proteins and is similar to a high protein binding
rug such as warfarin where quantification of the total concentra-
ion of the drug is dependent upon dissociative pretreatment. The
nderstanding of protein binding is required for drug development;
owever, issues of protein binding for biomarkers have rarely been
iscussed due to the lack of thorough understanding and adequate
nalytical tools.

.5. Yardstick of measurement – standard reference affecting
ssay type

Unlike drug assays, where samples are quantified against cali-
rators prepared from highly purified and well-defined reference
tandards, protein biomarkers are often heterogeneous, existing in
ultiple forms in the body. Biomarker standards can be produced in

ure form by synthetic or recombinant technology, which may not
e the same as the endogenous species. Standards can be made by
urification from biological matrix as a mixture, which may not be
ell defined. Depending on the situation, various assay types exist.
Definitive Quantitative Assay uses a well-characterized reference

tandard that is fully representative of the endogenous biomarker.
bsolute quantitative values for unknown samples are calculated

rom a regression function. Only a small fraction of biomarkers such
s small molecule bioanalytes and peptides (e.g. steroids, insulin)
elong to this type. The majority of biomarker assays are Relative
uantitative Assays where the reference standard is not well charac-

erized, not available in a purified form, or not fully representative
f the endogenous form (e.g. cytokine immunoassays). The stan-
ards are used as calibrators in continuous numeric units for data
egression where the endogenous analyte holds a similar dilutional
esponse relationship (parallelism). With the lack of a reference
tandard or failed parallelism, a Quasi-Quantitative Assay may exist
f the analytical response is continuous (numeric), with the analyt-
cal results expressed in terms of a characteristic of the test sample.
xamples are anti-drug antibody assays (where the readout is a
iter or percent bound), enzymatic assays (where activity might be
xpressed per unit volume) and flow cytometric assays [64].

Qualitative Assays of biomarkers are those that generate discrete,
iscontinuous data in either ordinal (e.g. low, medium and high,
cores 1–5) or nominal (yes/no, positive/negative) formats. Quali-

ative methods are of limited use for PK/PD studies, but can provide
aluable diagnostic/prognostic information and patient stratifica-
ion (staging) such as differentiating marked effects from on/off
ene expression, and activation or inhibition in relatively homoge-
ous cell populations in immunohistochemical assay scores.
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. Method validation or qualification to support drug
evelopment and diagnostic use

The processes of biomarker method validation share some
imilarity to those in support of PK studies of well-defined pro-
ein therapeutics, where consensus has been reached through
hite paper publications and AAPS and FDA-sponsored meetings

65–68]. The processes for developing tests for FDA approval are
efined [69,70], and the best practices in method validation of
iagnostic tests in clinical laboratories are described in multiple
ublications from National Committee for Clinical Laboratory Stan-
ards (CLSI) [71–80]. In addition to the approved kits, new in vitro
iagnostic tests (IVD) of protein biomarkers are also used in the
esearch environment in both the diagnostic and pharmaceutical
ectors. This includes for research use only or “for investigational
se” (IUO) kits. For an RUO kit, almost all of the assay performance
arameters have to be established by the user since the method
ften has not been validated or tested with rigor by the kit manu-
acturer. Thus, the user must be cognizant of the inherent risks and
erform due diligence to adequately validate the method for the

ntended application.
Biomarker method validation and application in drug devel-

pment are relatively recent, and the operational logistics in
onducting the experiments are still evolving. Biomarker validation
rocedures can be quite different from one company to another
r within a company itself at different sites/functions. Therefore,
onfusion is possible with laboratories trying to decide the best
ractices to use [27]. In addition, the heterogeneity issues of protein
iomarkers require special considerations for method validation
hat are different from those of drug analyses [29]. The differ-
nces in the intended uses of biomarkers in diagnostics vs. those
or drug development also require unique logistics and guidelines.
able 1 lists the different applications of biomarkers for drug phar-
acokinetic analysis and clinical diagnosis. Clearly, the practices

f biomarker method validation and application for drug devel-
pment do not entirely follow those of diagnostics or PK assays
ut have their own features to fit specific phases of the application
29]. A different set of assay performance parameters may need to
e established by the bioanalytical laboratory by conducting more
alidation experiments than those of diagnostic or prognostic uses.
he variable purposes at various phases of drug development or IVD
ommercialization require a “fit-for-purpose” approach in method
alidation and application.

Biomarker method validation strategies can be categorized
ased on support of exploratory or advanced studies as depicted

n Fig. 2. In drug development, exploratory studies include those
n in vitro cell systems, animal models or in human with stringent
ontrols. Advanced applications include those for the characteriza-
ion and qualification of a novel biomarker, and/or as a primary PD
r safety marker used to support regulatory filing of a drug candi-
ate. A biomarker substudy is usually considered exploratory and is
enerally used for internal decision-making. The biomarker results
ay prove useful for multiple drug development programs in mul-

iple therapeutic areas. In some cases, the outcome is negative
r uninterpretable, and the hypothesized biomarker becomes no
onger viable. Prospectively, biomarker substudies are not intended
or inclusion in regulatory submissions; however, the results may
alidate the biomarker as a useful endpoint for future registration
tudies. The rigor of method validation increases from exploratory
o advanced use.
For example, advanced application in drug development often
equires extensive selectivity tests against matrices from various
atient populations and specificity tests against the drug com-
ound(s). Furthermore, if a commercial diagnostic kit is used
irectly for PD assessment of a drug that decreases the biomarker
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Table 1
Application of method validation of biomarkers from drug development vs. clinical diagnosis and drug analysis.

Biomarker for drug
development study

Biomarker for diagnosis Therapeutic drug analysis

Intended application Safety. Efficacy (Proof of
biology, PD).
Exposure–effect
relationship

Diagnosis (distinguish diseased
from healthy). Prognosis
(predict clinical outcome)

Pharmacokinetics. PK
parameters

Method typesa All four types,
predominantly relative
quantification

All four types Definitive quantification

Reference standard calibrators Many are not well
characterized or pure. RUO
kit standards vary within
and between vendors

Vendor consistent and well
established. Under GMP

Well defined. Under GMP

Analytes Endogenous biomarkers, less well defined Exogenous drug, well defined
Method and reagent source Developed in-house or

from RUO kits
Well established, FDA
approved kits from vendor

Developed in-house

Assay selectivity and specificity May not be specific, prone to matrix effect Specific for drug compound
Calibrator matrix Substituted matrix (buffer or depleted biological matrix) In-study matrix
Validation sample and QC preparation QCs made by spiked ref

standard into buffer or
matrix. Sample Controls by
pooling clinical samples

Controls from vendor. May not
use the exact biological matrix.
Common QC pools among labs

Four to five VS levels and three
QC levels made in-study matrix

Accuracy Mostly relative accuracy.
QC in every run for
acceptance

QC assessment may not be
performed in every run for
acceptance

Absolute accuracy. QC in every
run for acceptance

Assay acceptance criteria Confidence interval or a
variant of 4–6–Xb rule for
each run

Westgard rule. CAP test for lab
accreditation

Confidence interval or a variant
of 4–6–Xb rule for each run

a Method types are: (1) Definitive quantitative assay – with well-characterized calibrators fully representative of the endogenous biomarker. (2) Relative quantitative
assays – calibrators not well characterized, not available in a purified form, or not fully representative of the endogenous form. (3) Quasi-quantitative assay – with continuous
analytical responses not defined by calibrators and analytical results expressed in terms of a characteristic of the test sample. (4) Qualitative assays – with ordinal or nominal
discrete data.
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b Out of six QCs, at least four must be within X% of the nominal or target value for
oncentration and at least one should be acceptable.

evel, the method may not be sensitive enough to describe
he PD profile and would need to be modified for increased
ensitivity.

.1. Pre-analytical considerations

.1.1. Choice of biological fluid or tissue
Biological fluids from humans and animals span a wide range

f matrices, including whole blood, plasma, serum, urine, cere-
rospinal fluid and synovial fluid. It is desirable to analyze a
iological fluid with biomarker levels that mirror those of the target
issues. Often the knowledge of the direct correlation between bio-
ogical fluid and tissues is not available, and an assumption is made
hat the circulatory levels of biomarkers are proportionally related
o those of the target tissues. Such an assumption needs to be con-
rmed later in preclinical and clinical systems. The most common
iological fluids are urine and serum (or plasma) as a result of acces-
ibility and ease of collection. Of these, although collection of urine
s the most non-invasive type of collection, urine would not be a
ood choice for monitoring the intact protein biomarker except
or patients with dysfunctional glomerulate filtration. However,
eptides that are shed from biomarker proteolysis are success-
ully monitored in urine samples and linked to diseases [54,81–83].
dditionally, biomarker analysis in urine tends to suffer more from
atrix interference than serum/plasma and requires normaliza-

ion with creatinine. Thus, although somewhat more difficult to

ollect, plasma/serum is generally the most widely collected bio-
ogical fluid for protein biomarker analysis. It is important to note
hat with the assumption of equilibrium of the circulation with the
arget tissue, a large dilution of protein biomarker concentration
xists in plasma/serum relative to the target tissue concentration.

t
s

p
p

nalytical run to be acceptable. The six QCs consist of two each at low, mid and high

.1.2. Target ranges
Basal levels of putative biomarkers are often disparate between

ealthy/disease populations and within an individual depending
n his/her temporal health status. Therefore, method validation
equires finding the target modulation ranges. The initial concen-
ration range of a biomarker in healthy and disease populations
s usually available from the literature or a vendor brochure if a
ommercial kit is available. Data may already exist that define the
nter- and intra-donor variability in these populations [84]. If there
re statistical differences in the ranges of healthy and disease pop-
lations, the method assay range must cover all the expected levels,
s well as any additional changes to the levels that result from the
resumed modulation of the drug. If the differences are due to tem-
oral intra-donor factors instead of between populations, sample
ollections for determining suitable baseline levels of each patient
re important to monitor changes with time. Given the higher vari-
bility of some assays, it may be useful to collect extra sample
olumes of pre-dose time points, stored in multiple aliquots, to be
ssayed with various post dosed samples in the same run to avoid
nter-assay variability.

.1.3. Sample collection
Pre-analytic variables have hindered data utility in proteomic

iomarker discovery and validation [85,86]. Inappropriate collec-
ion time and other adverse conditions often lead to confounding
r uninterpretable biomarker data. To monitor drug effect, the lag

ime after dosing should be considered for determining optimal
ampling times.

Sample integrity must be maintained from collection to the
oint of sample analysis. Intervening events may include pre-
rocessing, transportation, and short/long-term storage. After
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nitial analysis, continued sample integrity is required if there is fur-
her storage and re-analysis. The measurement of a biomarker after
ollection, transport, and storage should yield a result as close as
ossible to that of the uncompromised biomarker in vivo. For drug
evelopment clinical trials, most of the processes will be followed
ia the involvements of a central lab that integrates collections from
ultiple sites, bar-codes, and transports samples to the analytical

ab. For routine diagnostic testing being performed in the physi-
ian’s or hospital laboratory, transporting and long-term storage of
amples may be avoided with on-site analysis. However, even under
he latter conditions, errors from the pre-analytic phase resulting
rom variable specimen collection can be higher than those arising
rom ensuing sample analysis itself [87].

It is important to standardize the techniques for all sample col-
ection and handling early in method development and later in

ethod validation and to remain consistent throughout the dura-
ion of the use of the assay [77,80]. The type of venipuncture
eedle, duration of the blood draw, type of collection tube con-
ainer, and the type and concentration of anticoagulant may affect
he biomarker stability. For example, collection of blood through

small bore needle or high speed centrifugation to pellet cells
ay cause a shearing effect that can activate endothelial cells

eading to the generation of artifacts. The g-force and rpm con-
ersion must be well defined for each laboratory’s centrifuge to
void mistakes. For other biological fluids of relatively low protein
ontent (e.g. urine, cerebral spinal fluid), collection tubes, trans-
er pipettes, and storage containers must be evaluated to ensure
hat no significant adsorption of the biomarker to the contact sur-
aces occurs. Although serum is preferred over plasma for most
linical tests, some biomarkers can only be quantified accurately
n plasma. Examples are those that are susceptible to proteolysis
r are involved in the coagulation pathway or platelet activation.
nhibitors of relevant activation reactions or proteolysis may need
o be included in the venipuncture syringe or added to the sample
romptly after the blood draw.

.1.4. Method validation plan
A final analytical procedure must be written, and the valida-

ion (or qualification) experiments carried out according to the
rocedure. Usually a validation plan should be written prior to
onducting the experiments. It includes the intended purpose and
he type of validation (such as method qualification for exploratory
se or full method validation for advanced application). Then the
cope of the experiment is delineated. The basic experiments for
xploratory use are: assay range finding, accuracy and precision,
electivity, specificity, stability (at least one freeze/thaw cycle and
ench top). Compared to exploratory use, the advanced method val-

dation should be more rigorous in order to provide more detailed
erformance characteristics, with additional tests on patient pop-
lation ranges, more runs on accuracy and precision from multiple
nalysts/reagent lots/instruments, selectivity and specificity tests
sing patient samples, and stability tests subjected to conceivable
onditions over long-term use.

Each experiment should include standard calibrators and multi-
le replicates of quality controls (QC), pooled sample controls (SC)
f authentic samples, and various test samples.

.1.5. Standard calibrators

.1.5.1. Reference standard material. The recombinant form of a pro-
ein biomarker is often provided as the reference material. It does

ot fully represent the endogenous analyte, which usually exists

n various forms in the biological matrix. A well-defined refer-
nce standard serves as a scalar for the relative measurement of
he endogenous species. The reference material can usually be
roduced in sufficient amount and characterized with respect to
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ell-defined molecular weight and purity, thereby enabling con-
entration and molar equivalence calculations. PK data are often
eported in mass/volume units; however, unit expression in molar
quivalence is more desirable to quantify the biological effect of the
iomarker. It would be useful to be consistent in using the same unit
or a specific biomarker among studies/laboratories and include
he molar and mass/volume conversion factor in the method and
or publications. Sometimes the reference standard is a partially
urified material from biological sources. In this case, the charac-
erization, chemical components and consistencies of production
atches may be less adequate than those of purified recombinant
tandards.

In addition to the production of sufficient quantities, consis-
ency of productions of the reference standard must be high. The
otency of the reference material may vary from one lot to another.

n general, the practice in the pharmaceutical industry is to make
djustment in the substock solution so that the standard calibra-
ors behave consistently within a method that is applied to various
tudies. On the other hand, a kit manufacturer usually has a primary
old standard that the new lot of reference material is calibrated
gainst. Thus, the calibrator concentrations may differ slightly from
ne lot to another. To support various clinical programs, it is impor-
ant to procure a consistent source of reference standard material
o prepare the standard calibrators and control samples before con-
ucting the experiment. In such cases, the adoption of commercial
its may only use the assay plates and ligand reagents and not the
ncluded reference standards [88].

When there is a batch change, it is important for the vendor to
ollaborate with end users to ensure that the assay performance
n the laboratories is not adversely affected. Often times, multiple
atches of materials (reference standards and critical reagents) are
referably tested during method validation [23].

Proper documentation of each batch of reference material is
ecessary. Minimally, documentation of the characterization and
tability of a standard, such as a certificate of analysis (CoA) and/or
certificate of stability (CoS) is typically available from suppliers.
ith respect to drug development, documentation of the stability

f the respective lots over the entire time span of the development
rogram should be obtained.

.1.5.2. Blank matrix for standard preparation. Ideally, standards
hould be prepared in the same matrix as the intended sam-
le [89,90]. However, it is difficult to find “blank” control matrix
or preparation of standard calibrators since most biomarkers are
ndogenous. An option is to perform an initial screen on a mul-
itude of matrix lots against standard calibrators prepared in a
rotein-buffer solution to identify a few “blank” matrix lots. These
re then pooled for standard preparation. When that is not pos-
ible, an alternative “blank” matrix can be prepared by depleting
he endogenous analyte using methods such as charcoal stripping,
igh temperature incubation, acid or alkaline hydrolysis, or affin-

ty chromatography. Alternatively, a protein-containing buffer (e.g.
SA in phosphate buffer) or the matrix from another species with a
on-cross-reactive homolog of the biomarker is used. For example,
quine serum is often used by diagnostic kit manufacturers. The
se of these types of “blank” matrices requires studies of matrix
ffects and parallelism during method development and validation
o understand the impact that differences from patient samples
ave on assay results [29].
.1.5.3. Linearity and regression model. The assay linearity is
efined by a mathematical function that is fit to the standard
alibrators [90]. The assay range is defined by the lower limit of
uantification (LLOQ) and upper limit of quantification (ULOQ) that
eet a priori criteria set before the method validation. No extrap-
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lation beyond the limits of the assay range is allowed for sample
nalysis [89]. The response concentration relationship of a binding
ssay is curvilinear. Therefore, unlike a linear function with con-
tant variance over the entire range, regression models for LBA
re typically described by a 4- or 5-parameter logistic function
ith non-constant variance. More standard points (6–8) plus addi-

ional anchor points are required to adequately define the 4- or
-parameter function, and weighting factors are used to achieve
he best curve fit with the least variance [65].

It is worthy to note that “linearity” has a different meaning in
ethod validation for drug development support vs. diagnosis. In

he diagnostic sector, most clinicians prefer to generate a straight
ine for the calibrators. Linearity is a measure of the degree to

hich a calibration curve approximates a straight line. Therefore,
inearization is often applied for a high order standard curve using
og transformation, or only the linear part of a spline fit is used.
ince the application for diagnostic kits is to compare the patient
ample result against a certain cut off point, curve fitting over the
ntire standard range may not be as important as that for a drug
evelopment application. Therefore, a diagnostic kit may not be
irectly usable in drug development as it often does not provide suf-
cient number of standards, rarely anchor points, and no weighting
ecommendation for curve fitting.

If a commercial kit is to be adopted for a drug development
pplication, more standard points may need to be added, and the
ppropriate curve fitting is determined from data obtained during
ethod validation. Proper curve fitting is crucial for optimal assay

ensitivity and reliable calculation [29,91]. The best curve fitting
odel offers the best fit for all the standards in the precision profile.

n some cases, a less than optimal curve fit over the entire work-
ng range with a more focused fit (i.e. minimized %CV) in the low
oncentration region provides greater assay sensitivity. For exam-
le, this strategy would be applied to the measurement of very low
bundance biomarkers and for the assay of “free” target biomark-
rs in the presence of high concentrations of binding therapeutic
gents.

.1.6. Critical reagents
For ELISA methods, antibody pairs are typically used as cap-

ure and detection reagents. In general, the more selective antibody
s chosen as the capturing agent, especially if it is more readily
vailable than the other member of the pair. Signal generation
nd detection can be achieved by using a tertiary antibody that is
onjugated to a reporter enzyme, such as horseradish peroxidase.
lternatively, a biotinylated detector antibody can be used together
ith a biotin-binding protein (e.g. anti-biotin antibody or an avidin-

ype protein) conjugated to a reporter enzyme. The sensitivity of an
ssay can be increased by varying the number of reporter enzyme
olecules on the detection reagents, using multivalent strategies

o increase the effective signal from each analyte captured, or utiliz-
ng enzyme substrates that exhibit enhanced signal intensity (e.g.
hemiluminescence vs. colorimetric).

Some assays use biologically-relevant target receptors or their
ragments as binding partners, most often in concert with a specific
econdary antibody. This arrangement may improve selectivity for
pecific ligands (e.g. a cytokine activated from a latent precursor, or
particular subtype of ligand with distinct binding characteristics

rom its homologs). Since use of a receptor moiety may mimic actual
n vivo target mediation, the binding selectivity of such reagents can
ffer added biological relevance to quantification.
Commercial reagents for many protein biomarkers are avail-
ble. There are established assay kits (FDA approved or cleared
or diagnostic use) and also kits for RUO or IUO [69]. The RUOs
re often adopted for drug development and must be validated for
hat intended application. If commercial reagents are not available,
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ntibodies against a specific biomarker can be prepared in-house if
he facilities for doing so exist, or antibody production can be out-
ourced to any of the numerous custom antibody manufacturers.
ntibody preparations require astute characterization of parame-

ers such as purity, affinity constant, and cross-reactivity in order
o achieve the most robust assay results.

Similar to reference standard material, the critical reagents are
equired to be of sufficient quantities and consistency. During
ethod validation, it is favorable to assess the quality of multiple

reparations of the capture and the detector reagents. If the mate-
ials are from commercial sources, negotiation with the vendor to
ssure a consistent and sufficient supply of the same batch material
s desirable if possible. Over the time span of a clinical program,
t is vital to keep documentation of the reagents (source, iden-
ity, potency or concentration, lot number, and stability). If reagent
torage stability is not available, it should be tested by the user. If
ossible, it is preferable that the same lot of capturing ligand be
sed throughout a study. If a reagent change is required, qualifica-
ion experiments need to be performed on the new reagents.

.2. Method validation experiments

.2.1. Accuracy and precision

.2.1.1. Validation samples and quality controls. Validation samples
VS) are used to provide assay performance characteristics such
s accuracy and precision while quality controls are used for run
cceptance (see Section 4). VS containing a biomarker at concen-
rations in the expected assay working range are used to estimate
ntra- and inter-run accuracy and precision. Usually they are pre-
ared by spiking the reference material into blank matrix at five

evels: LLOQ, about three times the LLOQ (low QC), mid QC, high
C and ULOQ.

Ideally, VS and QC are prepared in the intended matrix. Thus,
S/QC can be prepared by spiking reference standard into a matrix
ool containing a low concentration of the biomarker. Alternatively,
hey can be prepared in the standard protein-buffer to conduct the
ccuracy and precision experiments. The conduct of accuracy and
recision experiments for biomarkers is similar to that for PK with
runs to determine inter-assay variability and 2–5 replicates of VS

n each run for determination of intra-assay variability [65,67]. The
umber of VS and assay runs may be less for exploratory method
alidation, as justified by the intended use of the method and fol-
owing the validation plan.

Accuracy (expressed as %bias) is the agreement between the
easured result and its theoretical true value. Precision is a

uantitative measure (usually expressed as SD and %CV) of the ran-
om variation between a series of measurements from the same
omogenous sample. Total error (TE) is an approximation of the
um of all systematic bias and precision. TE reflects the closeness
f the test results obtained by the analytical method to the true
alue of the analyte for assay acceptance.

The practice of method validation in developing a diagnostic kit
or FDA approval follows the guidelines of CSLI [74–76]. The com-

on practice among laboratories is to use the FDA approved kit
ith minimal validation at the lab, such as only qualifying the ana-

yst and instruments with a few runs. QC for FDA approved kits are
rovided with defined ranges (reference intervals) for acceptance
hat is determined by the mean and SD from results of multiple lab-
ratories. Extensively historical QC data such as those in the form
f Levey Jenning plots are used to track assay performance within

nd among participating laboratories for various kits and platforms.
uch information is valuable for the user to determine if the assay
s under control.

For drug development practices under GLP, the spiked QC pre-
ared by the bioanalytical laboratory is used for assay acceptance.
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he criteria are set based on TE of the method determined from the
ccuracy and precision experiments [65].

Most novel protein biomarker use RUO kits that may or may
ot include QC. Even if they do, the QCs often do not represent the
uthentic samples or the values and acceptable ranges may not be
ell defined. It is the user’s responsibility to set up proper control

amples to monitor assay performance.

.2.1.2. Sample controls. If the VS/QC are prepared in an alternative
atrix, or if the reference standard material does not fully represent

he biomarker forms in the authentic samples, the accuracy and
recision performance characterized by the VS data need to be com-
lemented with data from sample controls. From the results of an

nitial screen of a multitude of matrix lots for blank matrix (Section
.1.5.2), lots that exhibit high and low biomarker concentrations can
e found for pooling. SC pools at high and low levels are aliquoted,
nd their levels determined in method validation experiments and
ilot studies from approximately 30 runs. An acceptance criterion
f mean ± 2SD can be used. In addition, since these samples reflect
he biomarker forms in the authentic samples, it is preferable that
ests of stability and reagent lot variability are performed with SC,
nstead of the spiked VS.

The common thread to compare precision and relative accuracy
mong multiple studies by different analytical laboratories is the
C data. Method validation is a continuous process that includes
he SC in-study performance. In addition, SC can be used as part
f the conformance samples to compare method/reagent changes.

or example, Fig. 4 shows SC in an exploratory biomarker applica-
ion using an RUO kit. The box plot shows lot-to-lot variability with
he last two lots showing significantly different results than those
rom the other lots for both SC pools. The side bar table in Fig. 4
hows higher CV at the low pool, indicating that the assay variabil-

i

3

b

ig. 4. Sample controls in an exploratory biomarker application using a “for research use
ange for each of 11 kit lots (A–K). Pool 1 had higher bias from the overall mean than Poo
hat the low pool (Pool 1) has higher %CV (32.6%) than the higher pool.
B 877 (2009) 1259–1271 1267

ty increases at the low concentration region, which would impact
ata assessment of low concentration samples.

.2.2. Sensitivity
To provide data for PK/PD studies, assay sensitivity is defined by

he LLOQ, which is the lowest concentration that is measurable with
cceptable levels of bias and precision and total error. Low concen-
ration clinical samples may fall below the LLOQ. In this case, the

ethod is not sensitive enough and should be optimized further.
ensitivity enhancement may not be possible, however, and extrap-
lation to values below the LLOQ and above the limit of detection
LOD) may be necessary. If the LOD, instead of LLOQ, is used as the
ower limit for data inclusion, the investigator should justify this
hoice, be aware of the risk of higher variability in the LOD to LLOQ
ange, and interpret the data with caution.

LOD is often used as the analytical “sensitivity” of the assay in a
iagnostic kit. A common practice to determine the LOD is to use the
xtrapolated concentration from a response signal of +3SD (or−3SD
or a competitive immunoassay) of the mean background signal
rom 30 or more blank samples. An alternative statistical approach
o determine the LOD has been recommended by CLSI [78]. It eval-
ates the Limit of Blank using sufficient blank samples and the LOD
rom low concentration samples with normally distributed ana-
yte concentrations. The LOD determined by this approach would
void analytical false negative (type II error) and false positive (type
error) values. Due to variable assay conditions, each bioanalyti-
al laboratory should determine the LOD using the CLSI approach,

nstead of using the LOD stated in a kit brochure.

.2.3. Selectivity and specificity
Specificity reflects the ability of a method to distinguish

etween the analyte of interest and other structurally similar com-

only” kit. The graphs of 2 SC pools show box plots of mean, standard deviation and
l 2, with a bias shift from previous kit lots starting from lot G. The side table shows
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Fig. 5. Parallelism experiment using authentic samples. Clinical samples of rel-
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onents of the sample. Results from a non-specific assay can appear
s false positives and/or an overestimation of the analyte concen-
ration. Selectivity is the ability of the method to discriminate the
nalyte unequivocally from components that may be expected to
e present in the sample and that alter assay results. Specificity
nd selectivity for LBA are method (platform)-dependent. The CLSI
orking Group defines “interference” from a known source and

matrix effect” from an unidentified source [71,79]. There is no
pecific guideline or consensus in the pharmaceutical sector on
ow specificity and selectivity experiments should be conducted in
ethod validation. The following selectivity and specificity tests for

BA are from our experience and interactions from the Ligand Bind-
ng Assay Bioanalytical Focus Group of the Association of American
harmaceutical Scientists [29,92].

.2.3.1. Selectivity tests. Matrix components may inhibit or
nhance binding of protein biomarkers to assay reagents. Signal
uppression from plasma binding proteins often occurs, resulting
n a negative bias. Since health status and collection conditions

ay lead to variability of binding protein types and levels, selec-
ivity tests should be conducted on several individual lots from
he target population against the calibrators that are prepared in a
rotein-buffer or a single matrix pool [27,93,94].

Initially, matrix effect is detectable from a spike recovery test
y adding the reference material to individual matrix lots from
he target populations (e.g. 10–40 lots). The amount that is added

ust be high enough to differentiate the spiked material from the
ndogenous component. For example, the spike concentration can-
ot be substantially lower than the baseline concentration, and
he spiked volume should not exceed 5% of that of the individ-
al matrix lot. Spike recovery is calculated after subtraction of the
aseline unspiked value and compared to the nominal spike con-
entration or the mean of the test lots (in case of a spiking bias). In
eneral, at least 80% of the test lots are required to recover within
he acceptance criteria determined from the accuracy and precision
uns.

The next test of matrix effect is parallelism to evaluate if the
iomarkers in the biological matrix lots have similar immunoreac-
ivity as the reference material in the standards. Authentic samples
f high biomarker concentrations from at least three individuals
re diluted with the standard matrix (standard zero) with at least
hree different dilution factors. Fig. 5 shows examples of the par-
llelism test for two different biomarkers, each tested with serum
amples from four individual lots. There was no effect of dilution
n the calculated concentrations in biomarker A (upper panel) and
arallelism was demonstrated. For biomarker B (lower panel), the
bserved concentrations increased with higher dilution, indicat-
ng the existence of matrix interference which was alleviated with
ilution at approximately 2.5-fold (0.4 1/dilution factor).

When parallelism cannot be performed due to the lack of
uthentic samples with sufficiently high concentration of the ana-
yte, a dilutional linearity test can be performed using at least
hree individual lots spiked with a high concentration of refer-
nce standard near the ULOQ. Parallelism and dilutional linearity
xperiments are in general not included in method validation for
iagnostic kits. Therefore, these experiments should be included

n method validation adopting a commercial kit in support of drug
evelopment.

The presence of matrix effect does not necessarily halt method
alidation. Further investigation on representative unacceptable

ots should be performed (such as testing other dilution factors that

ay alleviate the effect). When the expected biomarker levels are
ery low, high sensitivity is required, which precludes dilution or
ther sample pretreatment to minimize matrix effect. In this case,
compromise is to validate a quasi-quantitative method.

q
f
m
w
p

ere tested for biomarker A (Upper panel) and biomarker B (lower panel). Each sym-
ol represents each lot. The observed concentration on the Y-axis was the regressed
oncentration times the dilution factor.

.2.3.2. Specificity tests. As opposed to drug assays, the goal of
pecificity tests for biomarkers is not always to demonstrate abso-
ute assay specificity. Instead, it is to provide information about

hat is being measured in order to fulfill the purpose of the
ntended application.

Depending on the binding reagents in the method, LBA may
easure free, partially bound, bound or total analyte (Fig. 3). If

n LBA reagent shares a common biomarker-binding epitope with
drug, the unbound, “free” form is measured. Interference is

herefore expected in the presence of the drug compound [92].
pecificity for the biomarker in the presence of the drug should
e tested using SC, without and with the addition of the drug
ompound at various concentrations spanning the expected ther-
peutic range. In addition to dosed drug, biomarker homologs
r endogenous molecules of the same family may contribute to
pecificity problems. If reference material of the potential inter-
ering agent is available, specificity can be tested using various
mounts of the test material spiked into various levels of VS or
C [92].

The LBA method may be designed to measure “total” con-
entration (drug-bound + unbound) of the biomarker by using a
eagent recognizing a different epitope or by adding a dissocia-
ion pretreatment step prior to analysis [62,63]. In that case, the
ack of interference from various drug concentrations must be
onfirmed.

For a well-characterized biomarker measured by a definitive
uantitative assay, any in vivo truncated forms need to be tested

or specificity. This applies to various regulatory peptides [95]. MS

ethods can be used to confirm specificity for an LBA method as
ell as detect differences in isoforms of a biomarker in diseased
opulations [50,96,97].
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.2.4. Stability
Reagent stability should be evaluated during the pre-study

ethod validation and extended with in-study validation data.
ample stability is evaluated with respect to the type of biological
uid, collection/processing procedures, storage temperature and
ime, freeze/thaw cycles and bench top conditions. For advanced
pplications, extensive stability testing is most preferably per-
ormed with SC that experience the conceivable conditions to
hich the study samples may be subjected. The in-study SC chart

an be used for trend analysis of long-term storage stability and to
ssess lot-to-lot variability of key assay reagents [88].

. Assay acceptance criteria

For PK and PD applications, the 4–6–X rules are common prac-
ices used for the acceptance criteria [67,68,98]. In a typical assay
atch of 96 samples, two QCs in each of three levels (low, mid, and
igh concentrations) are included. Out of six QCs, at least four must
e within X% of the nominal or target value for the analytical run
o be acceptable. For each level, at least one should be acceptable.
or methods to support PK studies, the value of X is usually 15%
or LC–MS methods, and 20% for LBA [67,89,98,99]. Instead of a
xed “X”, it has been recommended to determine “X” based on the
erformance data from method validation [65].

No guidance or consensus has been given for acceptance
f biomarker assays. The fit-for-purpose approach of biomarker
ethod validation requires consideration beyond the method per-

ormance. Other factors to be considered are the intended use of
he data and the biological modulation of the biomarker in the
tudy populations such as normal vs. disease. The process of setting
cceptance criteria for a protein biomarker measurement follows
n evolving path. During the exploratory phase, the acceptance
riteria are usually set according to the QC total error from the
nitial method validation. After application in pilot studies, the
iological data from subject samples can then be used to refine
he initial acceptance criteria. For example, an assay with 50%
otal error may still be acceptable if a 2-fold treatment effect is
bserved.

The same acceptance criteria being used for a given method
ased on its performance may be convenient for an analytical lab-
ratory. However, the intended purpose of the application and the
ossible outcomes in the specific application should be consid-
red. For example, the effect of one population/indication may be
ifferent from another (e.g. change from a 2-fold treatment effect

nto only 30%), which may require a more stringent method and/or
nroll more subjects to increase the predictive power in the appli-
ation for the other population/indication.

For diagnostic applications, instead of pre-study method valida-
ion, the in-study method performance data are used to set assay
cceptance criteria. Cumulative data such as the QC charts are used
o determine if the assay is under control. Statistical trends such
s the Westgard rules are commonly used to detect performance
eyond 2SD of the performance mean [100,101].

. Co-development of biomarkers for drug development
nd diagnostics

Co-development of biomarker assay kits for both sectors
as gained support by the FDA [102]. There have been only a
ew examples of co-development. For example, HercepTest® was
o-developed with Herceptin for patient entry criteria (DAKO
ercepTestTM). In addition, an immunoassay kit for the extracellu-

ar domain (p97–115 KD) of the HER2/neu receptor in human serum
as developed for clinical patient monitoring [103].

m
d
b
p
a
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It is important for the diagnostic sector to recognize the market
f biomarkers and invest in kit assay development and commer-
ialization to support the use in both post-approval data collection
nd diagnosis/prognosis. Commercial genotyping assays and gene
rrays have been developed, bringing valuable information in
harmacogenomics [102]. Commercial development of protein
iomarker panels is more challenging, where many of these will
emain as research kits. For a single drug class, the diagnostic kit for
pivotal single biomarker may be an easier target. Guidelines have
een issued on clinical evaluations of immunoassays to support

VD products or evaluation of clinical performance and new ther-
peutic agents [76]. The application of an assay system to monitor
ost-approval patients would require 510(K) clearance from Office
f in Vitro Diagnostics Device Evaluation and Safety of the FDA for
linical use. There are several considerations for protein biomarker
it commercialization:

Standardization of reference material: Substantial differences
among manufacturers or even among lots from one manufacturer
are observed for protein biomarkers due to the variable sources
and process of purification, e.g. recombinant, synthetic or native
[23]. It is difficult to define which form or combination of forms of
the biomarker should be used as the standard reference material.
There have been continuing efforts to establish ‘gold’ standards
for tumor markers that have been deemed as predictive to provide
diagnostic and prognostic assessment for patients [104–107]. For
novel biomarkers, similar collaborative efforts from the diagnos-
tic and pharmaceutical industries would be needed to render gold
standards as reference materials.
Standardization of SC: For biomarker characterization and eval-
uation, the bioanalytical laboratories often use SC prepared
in-house to assess the assay performance. However, if the assay
is going to be used in a diagnostic laboratory, standardized SC
with the defined target values must be available from a repos-
itory or commercial sources for clinical laboratory certification
and tracking as well as providing the ability to pool the statistics
within and among laboratories [101].
Standardization of clinical and assay protocol: The clinical pro-
tocol needs to include patient conditions, specimen collection
and processing. Assay protocol must include the reagent sources
and maintenance for performance continuity. Conformance test
protocols should also be in place with SC and clinical incurred
samples for laboratory comparison or reagent/instrument quali-
fications.
Information depository and sharing: The following information
should be accessible to facilitate utilization by participating labo-
ratories: (1) the expected biomarker ranges in normal individuals
and targeted populations, (2) the expected temporal modula-
tion after therapeutic treatment, (3) stability information of the
analyte in biological matrices, and (4) the conditions for sample
collection and storage to preserve analyte integrity.

. Perspectives

The application purpose of a biomarker and its method vali-
ation cannot be isolated without connection to various aspects

n drug development. The decision process is inter-related with
nowledge gained from disease pathways and patient data from
xploratory and advanced studies. There is a need for the develop-

ent of software to handle multiple biomarkers monitored during

rug development. Optimal software would integrate multiple
iomarkers’ PD profiles with PK data to allow models describing
hysiological compartments of exposure and effects on the disease
nd host biology. Preferably, knowledge of protein biomarkers is
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ntegrated with those of genomics, glycomics and metabolomics.
iokinetics of the target, proximal, and distal biomarkers should
e tracked in various patient populations. Thus, clinical validation
f a biomarker goes through learning phases from continuously
pdated knowledge. The foundation of such knowledge rests upon
eliable quantitative methods appropriately validated at each phase
f application.

LBA has been the major method in protein biomarker appli-
ation. Other method types must be included for biomarker
nvestigation to supply a complete picture of biology and chem-
stry for the biomarker’s interaction with the drug candidate and
roximal proteins. Western blot, 2-D gel electrophoresis, MudPIT
C–MS/MS and imaging have been used for biomarker research.
uantitative applications are being developed [46,48,52]. Tech-
ology integration of laser-microdissected cryostat sectioning,
roteinChip, gene microarray, immunohistochemistry, multiplex
inding assays, and hyphenated MS methods (e.g. FACS-MS, MALDI-
S and affinity-MS) will continue to impact biomarker discovery

nd the application to translational medicine. Since these technolo-
ies have evolved in a research environment, translation for the
pplication to preclinical and clinical samples requires the coop-
ration of the scientists from both discovery and clinical realms.
ioassays coupled with LC–MS to quantify reaction products can
rovide direct relevant chemical and biological information [108].
ffinity techniques can be coupled to MALDI and LC–MS/MS. Spe-
ific receptor proteins or antibodies can be covalently attached to
solid phase as a capture device for selective enrichment of low

oncentration biomarkers, and the eluant from the solid phase
an subsequently be interrogated by MS for chemical informa-
ion and quantification [53,54]. Advances in molecular imaging
ill continue to contribute to diagnostic and drug development in

umor specific biomarkers [109,110]. Flow cytometers can be used
o select and enrich blood cell populations. The isolated cells can be

anipulated and subsequently interrogated by LBA or MS methods
111,112].

Multiple technological tools including cell-based, immunoaffin-
ty and biophysical methods will contribute to the integral
nowledge of protein biomarker actions in target cells and bio-
ogical fluids and the concomitant impact of drug intervention.
herefore, in addition to the need for integrating software, there
s also a need for integrating methodologies. The development and
alidation of integrating software and technologies would enhance
he overall knowledge of protein biomarkers and add greater sup-
ort to understanding diseases and improving patients’ lives.
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