Ul trasen®Pietvieve pMmendy
t owarecartihye Det ecti on o
Cancer

A dissertation submitted by
Shazia Baig
In partial fulfillment of the requirements for the degree of
Doctor of Philosopy

In

Chemistry

Tufts University

May 2017

Advisor: Professor David R. Wal



Abstract

Breast cancer is one of the most commonly diagnosed cancers in women
today, with an estimated 250,000 new cases in the United States this year. The
advent of new therapeutic strategies has vastly improved diBeaservival rates,
but screening mammography can miss up to 20% of cancer cases. This lack of
clinical sensitivity prevents eartietectionand in turn, timely treatment. Moreover,
current diagnostic processes used to determine treatment plans are inmdsive a
subjective. A quantitativecancer biologsfocusedblood test for breast cancer
would provide a minimally invasive method for screening elmaracterizinghe
disease. This blood test could also serve the purpose dimeamonitoring of

therapeutic #icacy and disease recurrence.

This thesis focuses on the development of ultrasensitive protein assays
toward a blood test for the detection of breast cancer. The technology behind the
single molecule array (Simoa) assays used to achieve ultralow difdetection,
as well as the advantages of using such a sensitive method are desd@ibagter
2. Chapter 3 details the development and preliminary testing of singleplex cancer
biomarker assays in serum. Chapter 4 describes the incorporation of thlkss ma
andothers into several multiplex assays for the simultaneous detection of proteins
in small volumes of serum. The multiplexed serum data was then used with a
multivariate classification method to evaluate the utility of an eigbtein

fingerprintfor the detection of breast cancer.
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Chapter 1

Introduction



Introduction

Breast cancer is the second most common cancer in women, constituting
29% of newly dignosed cancer caseb 2016, there will be an estimated 247,000
newly diagmsed cases of breast cancer, with a predicted 40,000 deaths due to the
diseasé: 2 A woman who lives in the United States has a 12.3% (or one in eight)
chance of developing the disease in her lifetinf@ven the prevalence of breast
cancer in women, there are efforts to improve the screening process to detect cancer
in its early stages in a robust, minimalhwasive manner, and in turn improve the
outcome of the disease€Current screening methods rely on imaging techniques in
which detetion sensitivity and specificity ara@fectedby variables such as tissue
density and the size of the tumor. Physical exams are also limited by similar factors,
where small tumors and a lack of symptoms allow the disease to escape detection.
Furthermorefalse positives lead to inaccurate diagnoses and often require invasive
procedures such as biopsies to confirm the initial findings. These screening
procedures can miss small tumors or a rapidly progressing disease, which can lead
to poor prognosis due telayed diagnosis and more aggressive treatment. Thus,
an alternative method for breast cancer detection would have to bypass the typical
limitations of the current techniquasd provide biological information about the
disease.

In this chapter, breast weer characteristics and biomarkers are described,
as well as clinically acceptestreening and diagnostpractices. These practices
are evaluated, and the need for a more sensitive, specific and minimally invasive

screening method is established. Singielecule arrays (Simoa) assays are



introduced as a novel method to address the problems with current breast cancer

screening practices.

Breast Cancer
Symptoms and Risk Factors

Breast cancer does not typically display any physically noticeable
symptoms in arly stages, which is often when it is most treatable. Aside from a
palpable tumor, there may be breast soreness or redness, as well as nipple discharge,
but there may not be any early warning signs of the disd@dselack of early
indication of disease is the reason forurrent screening guidelines for sarl
detectiont

There @ae a number of known risk factors, including genetic predisposition,
lifestyle, age, and prexisting carcinomas that inform the screening prodess.
of the larger risk factors is having one or more family members, primary or
otherwise, with a history direast cancer. Among the most widely known genetic
factors in breast cancer risk are the BRCAL1 and BRCA2 genes. Breast cancer due
to hereditary factors accounts for onh8% of cases, but having either of these
sets of mutations confers a-80% lifetime risk of getting breast cancer. Hereditary
factors combined with age (70 years of age or older) increases the likelihood of
breast cancer development to-&M%. Despite the wide variation in risk based on
age, family, and ethnicity, a personal historyfamily history of breast cancer is
still one of the strongest known predictors of the diséa&ther risk factors of

equal importance include previous breast disease or noninvasive carcinomas in situ,



either in the duct or the lobule (DCIS and LCIS). These in situ carcinomas are often
considered precursors to invasive breast cahncer.

Other potential factors have also been identified, including but not limited
to age at menarche, parity, BMI, oralnt@ceptives, and the use of hormonal
therapy for menopause. These conditions or lifestyle choices do not have a clear
link to the risk of breast cancer, as multiple studies have reported different tesults.
Furthermore, the same risk factor may decrease the risk of one subtype of breast
cancer, but increase the risk of anoth&enerally, healthy lifestyle clices have a
stronger link to a better prognosis for breast cancer sunfvors.

Disease Classification

Though breast cancer describes a tumor of the breast, it is actually a diverse
set of diseases that must be Hiert stratified and characterized before it can be
appropriately treated. Breast tumors can vary in a number of ways, including size,
malignance, aggressiveness, and therapeutic response, which can greatly influence
a p atprognodiséasd treatment plarSurrent techniques that identify and

characterize such features will be described and evalfiatbdr.

Staging and Grading

One of the most weknown ways that breast cancer is stratified is by
staging. The American Joint Committee on Cancer (AJC@}etea standardized
method for assigning a stage to cancer at the time of diagnosis. This system, known
as the TNM staging system, is based on T (tumor size and spread within local area),
N (lymph node involvement), and M (distant metastases), shombigl.1. Each

part of the system has a degree of severity associated with it, denoted by a number



(Oto4 for T, 0to 3 for N, and 0 or 1 for M), and the stage is determined by the
combination of severity of eachd@r. A more detailed description of the TNM

system is included in Appendix Table Al.

Stage | Tumor | Node | Metastasis

Stage O Tis NO MO
StagelA Tl . NO_ MO
TO N1mi MO
Stage 1B ) i MO
..... TO N1 MO
StagellA 1 | N1 MO |
,,,,,,,,,,,,,,,,, T2 N0 MO
T2 N1 MO
Stage IIB 3 NO MO
..... T0 N2 MO |
..... TNz MO
StagelllA T2 | N2 MO |
..... T N1 MO |
,,,,,,,,,,,,,,,,, T3 N2 MO
..... T4 . NO MO |
Stagellls T4 | N1 ... MO ]
................. T4 N2 MO
Stage llIC Any T N3 MO
Stage V. Any T Any N M1

Table 1.1. American Joint Committee on Cancer staging guidelies for breast cancer(used
with permission from Reference7.)

Early stages (Stages | and Il) generally include3TINO-2, and MO, which
describe a relatively small primary tumor with little to no lymph node involvement.
The assigned stage increaasghe mass spreads beyond the immediate area of the
breast Stages-lll have no distant metastases, but any degree of T or N (including
zero) combined with M1 automatically classifies the disease as Stage IV. Examples
of distant metastases include angthfar from the primary tumor, like the lungs or
bones. The earlier the stage of the disease at diagnosis, the higher yeafive

relative survival rateKigurel1.1).
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Figure 1.1. Five year relative survival rate by stage at diagnosis based on National Cancer
Institute SEER database (adapted from Reference3and 8)

The Nottingham grading system also helps charactereasbcancer by
semiquantitatively describing the aggressiveness of the disease. Stained tumor
tissue is analyzed by a pathologist and the morphology of the cells is scored based
on three criteria: (1) differentiation, the similarity of tumor cells towmalrglands,

(2) cellular pleomorphism, the variability in size and shape of the nucleus in tumor
cells, and (3) mitotic activity, based on the presence of dividing cells. Each category
is assigned a value of 1 to 3, and is then combined into an ovenal sctower

value indicates a less aggressive disease. This information can provide insight for
treatment, as more aggressive disease would require more aggressive treatment
options?

Subtype

Breast cancer is a lebgeneous disease; each subtype exhibits unique
characteristics that can aid in formulating an appropriate therapeutic strategy. It is
important to identify the subtype of the disease in order to avoid ineffective
treatments to which the tumor would nespond, or overtreatment, which can be

unnecessarildifficult for the patientdue to side effectsThere are four major



molecular subtypes of breast cancer, liste@laisie 1.2. The main criteria for each

subtypeclassification are based on the expression of hormone receptors and growth

factors, including estrogen receptor (ER), progesterone receptor (PR), and human

epidermal growth factor (HER2).

Molecular

Triple negative
subtypes el

ER-, PR—, HER2—
% of breast 15-20%
cancers
Receptor
expression
Histologic :
grade High (grade I11)
Level of cell differentiation
Prognosis Poor
Correlates to histologic grade

Chemotherapy

Response to
medical therapy

Triple negative tumours respond best to

chemotherapy, similar to other aggressive cancers.

HER2 +

10-15%

HER2

Luminal B Luminal A

20% 40%

Trastuzumab

Endocrine

Luminal A tumours respond best to endocrine
therapy, e.g. antiestrogen or aromatase inhibitor.

Table 1.2 Four major subtypes of breast cancer, description, and prevalence of ca&es

Estrogen

r e ¢ ealsd referreddol ap Bikaa h@rrioRe feceptor

involved in normal development and function of the mammary gland, but is found

t o

ERU

be

is a |igand

OV er e xpporse stsievde 00 ri nit ZR) %

responsi ve

of *HBvasive

transcri on

pti

levels in normal cells, though basal levels vary by age. It has potential value as a

risk factor, as it is found in normal tissue of breast cancergatand populations

with higher breast cancer incidenéel* The major role of ERin formulating a

therapeutic strategy is important, but 50% of ER+ tumors are resistant to certain

kinds of therapy, and prewvisly susceptible tumors can develop resistance due to

ER mutationt? The adaptability of the disease necksss the use of other

biomarkers to create a signature for a more detailed molecular profile of the disease.
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Progesterone receptor (PR), like ER, is also necessary for the normal
development and function of the mammary gland. Expression of PR does not
fluctuate widely like ER, but generally has low expression levels in normal cells,
and drops further after menopause. PR positive status is found-70%Q0of
invasive breast cancer, and when the disease is both ER+ and PR+, there is a better
chance of esponsiveness to endocrine ther&fR negative status is associated
with more aggressive, metastatic dise'®

Human epidermal growth factor 2 (HER2) is a transmembrane glycoprotein
that interacts with a number of growth factor ligands. HERZ is the only HER family
receptor without a known natural ligand; instead, it dimerizes with itself and other
HER receptors to activate a number of signal transduction patHfMaike. ER and
PR, it is essential for normal tast growth and developmelitin breast cancer,
HER2 does not properly regulate cell proliferation, survival, differentiation,
angiogenesis, invasion, and nesist® It is overexpressed in 280% of breast
tumors, and the presence of such overexpression is associated with a more
aggressive disease, higher recurrence rate, and increased mortality. In addition to
being a diagnostic and prognostic markers a therapeutic target for clinically
approved drugs, such as Trastuzumab (Herceptin), abERP antibody?!®

The four subtypes of breast cancer are based on histological characterization
of ER, PR, and HER2 expression. Luminal A, luminal B, HER2 positive, and triple
negative/basdike (TNBC) disease exhibit unique characteristics and as such,

thesesubtypes have different therapeutic options and prognostic outcomes.



Luminal A is the most commonly diagnosed subtype of breast cancer,
accounting for 5860% of all breast cancer. It is characterized as ER positive, with
lower expression levels of prtdration genes. Due to the low histological grade,
low mitotic activity, and relatively low relapse rate, it is considered a highly
treatable disase with good prognosis. Luminal B is less prevalent, constituting 15
20% of breast cancer cases. This subiypestologically defined as ER and HER2
positived 30% of HER2+ tumors belong to the Luminal B classification. HER2
negative tumor tissue can also be classified as Luminal B disease if paired with
high Ki67 expression, which is a cellular marker for pesbtion. The ER/HER2+
classification is not always consistent; up to 6% of Luminal B cancers are classified
as ER/HER2 by immunohistochemistry. Unlike Luminal A, Luminal B is less
responsive to hormone therapy, but more responsive to neoadjuvant therapy.
Overall, it is considered a more aggressive disease, with a higher histological grade
and a worse prognosis. Luminal B also has a higher recurrence rate and lower
survival rate than Luminal A2 These two subtypesedifficult to separate initially,
as their hormone receptor expression levels can be similar. The way they behave
and their responsiveness to treatment however, are very different, so it important to
distinguish the two subtypes. This differentiation is where Ki67 expression can be
informatived a combination of microarray analysis and IHC data has shown that a
14% Ki67 index in is enough to distinguish the two subt§hes Luminal B is
highly proliferative and Luminal A is not.

The third subtype is HER2 positive, which is characterized byHHR

/HER2+ expression. Nearly half ofl diER2 positive tumors display some ER



expression, but it is generally low. HER2+ tumors are aggressive, with an increased
propensity for metastasis to visceral organs and low responsiveness to hormone
therapy. HER2 positive tumors have increased sergittei cytotoxic therapy
however, and HERZpecific treatment is available for clinical ude.

The last subtype of breast cancer is bdsalk e or ntriple neg
accounting for 87% of all breast cancers and ~75% of BRCA1 gene related
cancerg®. The basalike subgroup is characterized by the expression of basal
myoepithelial markers, and a lack of ER, PR, and HER2 expression. The term
Abalsiakedo is not a clinical classification,
and it is determing by gene expression microarray. Triple negative status is
determined by immunohistochemistry, which is similar to the way the other
subtypes are classified. This type of cancer is very aggressive, highly proliferative,
associated with invasive ductal turapand has a high rate of metastasis to the lungs

and brain, with poor outcome.

Current Methods: Breast Cancer Detection and Characterization
Image-Based Techniquedor Breast Cancer Detection

The current methods used for breast cancer detection age-based
techniques, including mammography, ultrasonography, and MRI. These methods
have traditionally been useful to screen patients and guide biopsies and other
surgical procedures for breast cancer therapediescurrenstandard method for
breast cacer screening is mammography, which is a radiographic examination of

the breast. In this process, the breast is compressed between a plastic paddle and an

10



X-ray detecting plate while an image of the breast is generated. Mammographic
screening was more wetly adopted in the 1990s, with fdleld digital
mammography largely replacing traditional fisoreen mammography after FDA
approval in 2000. Current recommendations by the U.S. Preventive Services Task
Force suggest biennial screening mammograms fon@atsynatic lowrisk women

over the age of 5¢.

Additional methods include ultrasonography, which uses high frequency
sourd waves to generate an image, and is used as a method to image dense breast
tissue?? Ultrasound has been useful in detecting occult breast cancer and early stage
breast cancer that may not be detectable by mammogtapil is an another
method that can be used to image breast cancer, using a combination of radio waves
and a magnetic field to image tissue. Additional features can be enhanogd usin
contrast agents. MRI evaluation of patients can be utilized for newly diagnosed
patients to assess the extaftdisease at the time of diagnosis, or to clarify
inconclusive results from another imaging method. MRI is also used to guide
biopsy or evalua therapeutic efficacy by monitoring tumor shrinkage after
treatment. Generally, MRI is not used as a screening tool unless a patient has a
higher (> 20%) risk of developing breast canef ?®More recently,breast
tomosynthesis has been introduced in the clinic as an improvement upon current
methods.Breast tomosynthesitakes multiple images and reconstructs a three
dimensional image; this method is less prone to obstruction by dense éissse
the case wh traditional mammographyrhis method has been shown to decrease

recall rates and false positive rates compared to mammographyZ&féne.

11



The reported clinical sensitivity and specificity of mammography % 79
and 90%, respectively, but these values are lower in women with dense breast
tissue?? The efficacy of mammography is highly dependent on a number of factors,
including tissue density, tumor size, and tumor location. The size at which a tumor
is detectable by mammograpbgn be as smadls :3mm in diameter with < 5%
efficiency, wrereas detecting tumors between 4mm and 11mm can range from
15%75% efficiency, with a median of 7.5mm tumor size for a limit of deteéfion.
MRI has its own limitations, as it may not detect ducttcinoma in situ (DCIS)
as effectively as mammography. Additionally, recall rates for-higl patients
after MRI have ranged from 10% to 24%As is the case with any imaging

technique, discerning between healthy aradignant masseis a challenge.

Imagebased techniques are used to detect masses, calcifications, and other
abnormalities in the tissue that would indicate cancer growth. Though these
methods provide information for TNM staging, they have their limitatitmaging
techniques provide very little molecular information about the biology of the
disease (i.e. grading and subtype). Additionally, an actual mass or evidence of one
must be detectable by the imaging modality in order to further investigate the
disease. All of these imaging techniques require one or more specialists in order to
obtain and interpret test results, so the skill of the technician acquiring the image,
as well as the expertise of the specialist interpreting the results can lead to

subjectvity in thedetectionprocess.

12



Molecular Characterization of Breast Cancer

Molecular characterization of breast cancer requires a tumor tissue sample,
which is obtained by biopsy. There are multiple biopsy methods with varying
degrees of invasivenesscluding fine needle biopsy, core needle biopsy, and open
or surgical biopsy. These procedures may use some of the previously mentioned
imaging techniques to pinpoint the location of the tuPA@nce the tissue has been
extracted, it is usually prepared by formalin fixation and embedded in paraffin. The
sample is then sliced and mounted on glass sides for the pathologist to analyze by
microscopy?? The pathologist can use a number of histological stains to highlight
the appropriate cellular features. For example, the standard H&E protocol uses
hematoxylin tdoind DNA, which stains the nuclei purpédeosin binds to protein
and DNA, staining other cellular structures p#ARhis stain allows the pathologist

to grade the tumor tissue by observing cellular morphology.

Immunohistochemistry (IHC) is a more advanced staining technique that
utilizes tagged antibodies to bind to protein biomagkara tissue sampethis
technique is particularly useful when assigning hormone receptor status (ER, PR,
HER?2). The percentage of positively stained cells (nuclei for ER and PR, cellular
membranes for HER2) determines the status in a-gaanititative ranner’ IHC
methodology varies from lab to lab, as antibodies, fixatives, and gjam#thods
are not standardized. Because of this variation, there are different interpretations of
the same image, as was shown in a study that compared 240 observations from
three pathologists. They unanimously agreed on 75% of cases, but agreement

scoredmuch lower for DCIS and atypia caséd.hough there is a large degree of
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agreement between individual pathologists, an objective quantification of these
markers could mitigate some of the ambiguity associated wligease

characterization and allow for a more objective, quantitative view of the disease.
Genomic Characterization of Breast Cancer

Genomic characterization of tissue samples can also be performed to gain
insight into the disease. Multiple gene signesuare available for clinical use as
prognostic indicators; additionally, they are useful for making treatment decisions
and assessing the risk of recurrence. Three such genomic tests are Mammaprint,
Oncotype Dx, and the PAMS0ased Prosigna assay. TheriMaaprint assay is a
70-gene fingerprint used to predict tumor recurrence. This microarray test was
approved by the FDA in 2007 for use in freshly frozen tissue, and is most useful
for Stage | or Il disease in cases with no spread to the lymph nodenegatee).
Though it does hold value in risk assessment, it also requires a 3mm diameter tissue
sample obtained by surgical biopsy, and it is not currently recommended in the
American Society of Clinical Oncology (ASCO) guidelines to use this array to
guideadjuvant systemic therap$.3>Oncotype Dx is a 2fjene assay that utilizes
gRT-PCR and microarray to predict recurrence of invasive breast ciritéas
become a stalard test for early stage, nedegative, ER+ breast cancer. The
ASCO recommended guidelines found clinical utility in this assay to help clinicians
decide whether a patient could avoid adjuvant systemic therapy. The Prosigna assay
uses a 5@ene signate to classify tumor tissue into a subtype, and uses other
proliferative markers to calculate the risk of recurrence. The FDA approved this
assay for clinical use in 2013, and it is most useful for characterizing untreated and
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tamoxifentreated cases. Likkie other gene assays, RNA is extracted from tissue,
and the nCounter instrument (Nanostring) is used to directly quantify specific gene
expression. When combined with other pathological factors such as tumor stage
and node status, this robust assay naggm to be useful in breast cancer prognosis

to guide adjuvant therapy.®

Circulating Biomarkers

While the prevalent screening methods are imaging techniques useful for
finding a potential mass, they do notopide any biological or molecular
information about the diseadRiopsy and tissue staining help clinicians classify
the disease, which subsequently allows for a treatment plan to be fdrat#uk
sampling process is invasive. Circulating biomarkershréaige the gap between
noninvasive sampling and obtaining biological information about the disease.
Blood tests are a common and straightforward process; additional tests could easily
be incorporated into routine healthcare appointments instead of |sggekia
procedures like mammography and biopsy. Furthermore, circulating biomarkers
could potentially be used for initial diagnosis, but could also prove useful for
monitoring disease progressitintest for therapeutic efficacy and recurrence. The
few clinically approved blood biomarkers for breast cancer are C3, CA 27.29,
and CEA®

CA 153 and CA 27.29 are both fragments of the mucin protein MUC1, a
transmembrane glycoproteinsAvith other mucins, MUC1 is associated with cell
hydration and lubrication, inhibiting cetkll interactions, and playing a protective

role against microorganisms. MUCL1 also has a cytoplasmic tail known to regulate
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signal transduction pathways in thelé8MUC1 is often overexpressed in breast
cancer and aberrantly located fully in the cell membrane. In #isis, parts of the
protein are proteolytically cleaved and shed into the bloodstteam.

The CA 153 portion of MUC1 is extracellularly located and is known to be
cleaved and released into the bloodstrearnthmulevel of this shed ectodomain is
associated with the progression of breast cancer in patients. Typically, expression
levels of >35 U/mL are considered to be indicative of breast cancer progression or
recurrencé® Elevated levels of CA 13 have been found in 60% of preoperative
breast cancer patients and 80% of advanced metastatic patients. Despite the
prevalence of overexpression in breast cancer patients, it is not considered a strong
indicator of edy stage breast cancer due to its low clinical sensitivity for stages |
and Il. It is better used as a recurrence indicator, and in conjunction with other
biomarkerg'® 22CA 27.29 is another portion of MUCL1 thaiay be more specific
for cancerous conditions than CA-35but not as sensitive. It is more stably
expressed in healthy patients, but is not seen as any more valuable that3@#8 15

a diagnostic or prognostic marker.

Carcinoembryonic digen (CEA) is a glycoprotein thought to be associated
with adhesion, and is also used as a marker for colorectal ¢ddesugh CEA
expression can be indicative of tumor size and nodal involvement in breast cancer,
it is not as valuable of a predictive biomarkdrem compared to CA 134143 44
Overall, there are clinically accepted circulating biomarkers are indicative of

multiple cancers including breast cancer. Their individual sensitivity and

16



specificity however, & not sufficient for early detectiaan their own A protein

signature is necessary to fully utilize the value of several biomarkers.

Early Detection

Early stage breast cancer is defined as a cancer that has not spread beyond
the breast and the axillaryrhph nodes according to the National Cancer Institute,
and there is a higher chance of survival if the disease is diagnosed at an early stage.
Stage is directly related to the presence of node involvement and metastasis, so size
is not the only factor toansider with prognosi®. The other conditions of staging
are indications of how aggressive and advanced the disease has becommés whic
used with molecular information about the disease to make treatment decisions and
formulate a prognosis. The impact of early detection on breast cancer survival has
been a point of contention in the field of breast cancer research, as the benefit of
early detection iddebated due toverdiagnosis and subsequent overtreatment for
breast cancer that was not terminal or aggressive in the first place. Improved
survival rates have further been explained by the advent of newer, more effective
treatments upo detectiorf>*® Early detection of breast cancer and timely
biological information about the disease can help inform and better utilize available
treatment options. If these aspects of detection could be apgpliadelatively
noninvasive sampling method, such as a blood test, the disease could be detected,
characterized, and appropriately treated without unnecessary invasive nathods

unnecessarily aggressive treatments

Ultrasensitive Protein Detection

17



Biomarkers are defined as measurable indicators of a biological process
such as a disease state. These indicators can include biomolecules such as DNA,
RNA, proteins, carbohydrates, éfdJsing proteins as biomarkers is advantageous
for several reasonssproteins are the biomolecules that act as cellular effectors
that closely rdéct the biology of the disease. Differential DNA or RNA expression
levels may be indicative of a risk, but may not correlate with actual protein
expression or account for pesanslation modifications relevant to a disease state.
Proteins are also moré&ely to remain stable while freely circulating in serum,
which allows for easier sampling and handling with little risk of degradation.

As previously mentioned, circulating biomarkers are valudble tothe
ease of sampling and the ability to incorporasts into existing protocols. The
advantage of using serum over other biofluids such as urine and saliva for
biomarker discovery and detection is the availability of many more proteins at a
predicted range of concentrations spanning nine orders of mdgrfitSerum and
plasma are more likely to contain proteins and other biomarkers that have been shed
from a tumor, whether it was a result of tissue damage, aberrant secretion, or
signaling>! Urine and saliva are generally less complex biofluids, but may contain
only a fraction of the analytes present in blood.

Clinical screening and diagnostic processes previously discussed are
dependent upon the presence of a mass and the extraction of that tissue for
characterizatiod all of which are invasive and specialized processes. Tumors are
known to secrete markers, atite smaller the mass, the fewer molecules it will

secrete? When diluted into the entire volume of blood in the body, aberrant protein
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expression or changes in expression would be extremely low and undetectable by
standard methods. Current blood testingdioculating biomarkers approved for
clinical use have very little clinical sensitivity and diagnostic value in early stage
breast cancer. The detection of novel low abundance biomarker proteins requires a
method that can overcome the analytical sengithatrrier encountered by current
methods if it is to be useful for the early detection of breast cancer.

The single molecule array (Simoa) based assay is an ultrasensitive-ELISA
based method for the detection and quantification of proteins, with limits of
detection 161000X lower than standard ELISA. This enhanced sensitivity has
provided an advantage in detecting disease state and recurrence in multiple cases,
including monitoring TNFU an@l lldvel s in pati ématds with Cr
predicting the recurrence of prostate cancer based on ultrasensitive measurement of
prostate specific antigen in patients who had undergone radical prostatéttomy.
Simoa was also demonstrated to be a method for early detettiancer irmice
a cohort of mice was inoculated with a low number of LNCaP cells and PSA was
measured in the serum to monitor the progression of tumor growth. The levels of
PSA increased as the disease progressed, but were detectable before a palpable
tumor was formed, and at much | ower concent
PSA assay® This proofof-concept study demonstrated that with the appropriate
biomarkers, a tumor could be detected at earlier stages than by standard methods.
The Simoa platform also has thetential to detect and track biomarkers to

establish healthy baselines and monitor changes.
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Scope of Thesis

The aims of this project are based on the hypothesis that breast cancer
tumors secrete biomarkers that can be measured by Simoa and usedt tandietec
track the disease as it progresses from an early stage. This body of work describes
efforts at creating a noveiomarkerfingerprint for the presence of breast cancer
based on protein concentrations in serum. The current methods for breast cancer
detection and characterization are largely subjective, with very little absolute
guantification. Furthermore, clinical diagnostics require multiple specialists and
invasive tests, hence the appeal of a simple blood test with highly sensitive
detection limits Chapter 2 describes the theory and methodology of the single
molecule array (Simoa) assay, the platform upon which ultrasensitive protein
measurements have been performed in the described work. Chapter 3 outlines the
biomarker selection process, as vaalpreliminary measurements in commercially
available patient serum. Baseline protein concentrations are established, and
possible correlation of each marker 6s
cancer is examined. Chapter 4 takes this workep &urther by describing the
development of multiplex assays and the measurement of eight different
biomarkers in clinical serum samples. The analysis in this chapter evaluates the
impact of combining all eight markers as a signature for detecting lwaastr,
and further attempts to classify samples in a sspgeific or subtypepecific
manner. The appendix contains carstging guidelines for breast cancer,
relevant information regarding patient information and additional data for Chapters

3 and 4as well as results of cressactivity and recovery experiments.

20

expr



References

=

© ®

10.

11.

12.

13.

14.

15.

16.

17.

18.

American Cancer Society (American Cancer Society, Inc., Atlanta; 2015).

Siegel, R.L., Miller, K.D. & Jemal, A. Cancer statistics, 2008: A

Cancer Journal for Clinician$6, 7-30 (2016).

Howlader, N. et al. based on November 2014 SEER data submission
(National Cancer Institute, 2015).

Fackenthal, J.D. & Olopade, O.l. Breast cancer risk associated with
BRCAL and BRCAZ in diverse populaihs. Nat Rev Cancer, 937948
(2007).

Barnard, M.E., Boeke, C.E. & Tamimi, R.M. Established breast cancer
risk factors and risk of intrinsic tumor subtypBgochimica et Biophysica
Acta (BBA) Reviews on Cancdi856 73-85 (2015).

Irwin, M.L. etal. Influence of preand postdiagnosis physical activity on
mortality in breast cancer survivors: the health, eating, activity, and
lifestyle study.Journal of clinical oncology : official journal of the
American Society of Clinical Oncolo@, 39583964(2008).

Edge, S.B. & American Joint Committee on Cancer. AJCC cancer staging
manual, Edn. 7th. (Springer, New York; 2010).

, Vol. 2016 (American Cancer Society, 2016).

Rakha, E.A. et al. Breast cancer prognostic classification in the molecular
era: the role of histological gradBreast Cancer Rek2, 207 (2010).

Wong, E. & Rebelo, J. (McMaster Pathophysiology Review; 2012).
Sommer, S. & Fuqua, S.A.W. Estrogen receptor and breast cancer.
Seminars in Cancer Biologyl, 339352 (2001).

Murphy, L.C. & Watson, P. Steroid receptors in human breast
tumorigenesis and breast cancer progres8immedicine &
Pharmacotherap6, 6577 (2002).

Khan, S.A., Rogers, M.A.M., Obando, J.A. & Tamsen, A. Estrogen
receptor expression of benign breggithelium and its association with
breast canceCancer research4, 993997 (1994).

Lawson, J.S. et al. Low oestrogen
tissue underlies low breast cancer incidence in JapgenlLanceB54,
17871788 (1999).

Mote, P.A., Balleine, R.L., McGowan, E.M. & Clarke, C.L. Heterogeneity
of progesteronesceptors A and B expression in human endometrial
glands and strom&uman reproductiod5 Suppl 3 4856 (2000).

Tai, W., Mahato, R. & Cheng, K. The role of HERZ2 in cancer therapy and
targeted drug deliverylournal of Controlled Releaskl6, 264275

(2010).

Yarden, Y. Biology of HER2 and Its Importance in Breast Cancer.
Oncology61(suppl 2) 1-13 (2001).

Yersal, O. & Barutca, S. Biological subtypes of breast cancer: Prognostic
and therapeutic implicationg/orld Journal of Clinical Oncology, 412

424 (2014).

21

recep



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

Mitri, Z., Constantine, T. & O'Regan, R. The HER2 Receptor in Breast
Cancer: Pathophysiology, Clinical Use, and New Advances in Therapy.
Chemotherapy Research and Prac€42 743193 (2012).

Cheang, M.C.U. et al. Ki67 Index, HE2RStatus, and Prognosis of Patients
With Luminal B Breast CancedNCI Journal of the National Cancer
Institute101, 736750 (2009).

Siu, A.L. Screening for Breast Cancer: U.S. Preventive Services Task
Force Recommendation StatementScreening for BGaaster Annals of
internal medicinel64, 273296 (2016).

Smetherman, D.H. Screening, imaging, and irnggded biopsy
techniques for breast canc8urg Clin North An®3, 309327 (2013).

Brem, R.F., Lenihan, M.J., Lieberman, J. & Torrente, J.e3ing Breast
Ultrasound: Past, Present, and Futémerican Journal of Roentgenology
204, 234240 (2015).

Drukteinis, J.S., Mooney, B.P., Flowers, C.I. & Gatenby, R.A. Beyond
mammography: new frontiers in breast cancer screeAimg] MedL26,
472-479(2013).

Menezes, G.L., Knuttel, F.M., Stehouwer, B.L., Pijnappel, R.M. & van
den Bosch, M.A. Magnetic resonance imaging in breast cancer: A
literature review and future perspectivégorld J Clin Oncob, 61-70

(2014).

Friedewald, S.M., Raffertyg.A., Rose, S.L. & et al. Breast cancer
screening using tomosynthesis in combination with digital mammography.
JAMA311, 24992507 (2014).

Svahn, T.M. et al. Breast tomosynthesis and digital mammography: a
comparison of diagnostic accuradye BritishJournal of Radiology5,
€1074e1082 (2012).

Sechopoulos, I. A review of breast tomosynthesis. Part I. The image
acquisition procesdedical Physic€l0, 014301n/a (2013).

Michaelson, J. et al. Estimates of the sizes at which breast cancersbecom

detectable on mammographic and clinical grounds. (2003).

Gundry, K.R. The application of breast MRI in staging and screening for
breast cancefncology (Williston Parkl9, 153169; discussion 170,
173154, 177 (2005).

, Vol. 2016 (American Carer Society, 2014).

Veta, M., Pluim, J.P., van Diest, P.J. & Viergever, M.A. Breast cancer
histopathology image analysis: a revidlREE Trans Biomed En@Ll,
14001411 (2014).

Elmore, J.G. et al. Diagnostic concordance among pathologists
interpretng breast biopsy specimed&MA313 11221132 (2015).

Zoon, C.K. et al. Current molecular diagnostics of breast cancer and the
potential incorporation of microRNAxpert Rev Mol Diag®, 455467
(2009).

Harris, L.N. et al. Use of Biomarkers taifde Decisions on Adjuvant
Systemic Therapy for Women With Eaitage Invasive Breast Cancer:
American Society of Clinical Oncology Clinical Practice Guideline.

22



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Journal of clinical oncology : official journal of the American Society of
Clinical Oncology(2016).

Sparano, J.A. et al. Prospective Validation of &G&he Expression Assay
in Breast CancelN Engl J Med373 20052014 (2015).

Nielsen, T.O. et al. A Comparison of PAMS50 Intrinsic Subtyping with
Immunohistochemistry and Clinical Prognosti@ctors in Tamoxifen
Treated Estrogen Recepit®wositive Breast CanceClinical Cancer
Researchi6, 52225232 (2010).

Nielsen, T. et al. Analytical validation of the PAMba@sed Prosigna
Breast Cancer Prognostic Gene Signature Assay and nCounterignalys
System using formalifixed paraffirembedded breast tumor specimens.
BMC cancerl4, 177 (2014).

Brayman, M., Thathiah, A. & Carson, D.D. MUC1: A multifunctional cell
surface component of reproductive tissue epithBlenroductive biology
and endodnology : RB&E?2, 4-4 (2004).

Chourb, S., Mackness, B. , Farris, L. and McDonald, M. Improved
detection Of the MUC1 cancer antigen CA35y ALYGNSA
fluorimmunoassayHealth 3, 524528 (2011).

Sunwoo, H.H. & Suresh, M.R. in The Immunoassay Haokl{&ourth
Edition). (ed. D. Wild) 833856 (Elsevier, Oxford; 2013).

Duffy, M.J., Evoy, D. & McDermott, E.W. CA 18: Uses and limitation
as a biomarker for breast candglinica Chimica Acta411, 18691874
(2010).

Banin Hirata, B.K. et al. Moledar Markers for Breast Cancer: Prediction
on Tumor BehavioDisease Marker2014 12 (2014).

Ebeling, F.G. et al. Serum CEA and CA-3%s prognostic factors in
primary breast canceBritish Journal of Cance86, 12171222 (2002).
Saadatmand, SBretveld, R., Siesling, S. & Tilandsnthorst, M.M.A.
Influence of tumour stage at breast cancer detection on survival in modern
times: population based study in 173 797 patieBité) 351 (2015).

Miller, A.B. et al. Twenty five year followup for breast cancer incidence
and mortality of the Canadian National Breast Screening Study:
randomised screening tri@d@MJ 348(2014).

Jargensen, K.J. & Ggtzsche, P.C. Overdiagnosis in publicly organised
mammography screening programmes: systematic reviaveidence
trends.BMJ 339 (2009).

Welch, H.G. & Black, W.C. Overdiagnosis in Canckyurnal of the
National Cancer Instituté2010).

Strimbu, K. & Tavel, J.A. What are BiomarkerG@rrent opinion in HIV
and AIDS5, 463466 (2010).

Pieper, R. tal. The human serum proteome: Display of nearly 3700
chromatographically separated protein spots ondineensional
electrophoresis gels and identification of 325 distinct proteins.
PROTEOMICS3, 13451364 (2003).

23



51.

52.

53.

54.

55.

Anderson, N.L. & Anderson, N.G. Théuman Plasma Proteome: History,
Character, and Diagnostic ProspeMslecular & Cellular Proteomicg,
845867 (2002).

Zhang, S., Garci®'Angeli, A., Brennan, J.P. & Huo, Q. Predicting
detection limits of enzymbénked immunosorbent assay (ELISA) and
bioanalytical techniques in gener@halyst139, 439445 (2014).

Song, L. et al. Single molecule measurements of tumor necrosis factor
alpha and interleukus in the plasma of patients with Crohn's disease.
Journal of immunological metho@32, 177186 (2011).

Lepor, H. et al. Clinical evaluation of a novel method for the measurement
of prostatespecific antigen, AcCUPSATM, as a predictor efear
biochemical recurreneiee survival after radical prostatectomy: results of
a pilot studyBJU intenational 109, 17701775 (2012).

Schubert, S.M. et al. Ultreensitive protein detection via Single Molecule
Arrays towards early stage cancer monitorfagentific report$, 11034
(2015).

24



Chapter 2

Methodology



Introduction

The need and timnale for highly sensitive assays in cancer screening and
diagnostics were previouslgiescribedn Chapter 1. Simoa overcomes the current
limitations in assay sensitivity and improves upon conventional protein detection
methods, and this chapter expkithe methodology used tachieve higher
sensitivity. The standard method for protein detection, enzyme linked
immunosorbent assay (ELISA) is explainadd this chapter describes how Simoa
uses the principles of ELISA to achieve digital detection of pretdhe governing
principles, experimental details, and materials of Simoa singleplex and multiplex
assays are outlined. A description of the instrument used to run the automated

Simoa assays is also provided

Enzyme-Linked Immunosorbent Assays

ELISA is the current gold standard method for protein detection. The

met hod was first introduced in the 19606s

commonlyused methods for protein detection and quantificatidELISA has

been a powerful diagnostic tool, used to evaluate a variety of conditions including
HIV, pregnancy, allergies, and infectious diseak#4SA has a number of direct

and indirect configurations that can be used to detect both antigens and antibodies,
making it a versatile methGtELISA is often combined with noninvasive sampling
methods, as it has been used to analyze a variety of bodily fluids, including saliva,

blood, and urint
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ELISA utilizes antibodyantigen interactions to capture and detect analytes
of interest in a sample. Though there are various configurations available for
ELISA, such as direct, indirect, and competitive forniates focus will be on the
direct sandwich ELISA, pictured iRigure2.1. In a sandwich ELISA, a capture
surface is prepared by adsorbing antibodieswell surfaces in a standard
polystyrene microtiter plate. This passive adsorption process allows noncovalent
interactions between the antibody molecules and the surface to bind the antibodies
to the wells. Unbound antibodies are then washed away, blwtlang buffer is
added to occupy any vacant surface sites on the well surface, thus preverting non
specific binding of molecules in the sample to the well.

Once the capture surface has been prepared, the sample is incubated in the
antibodycoated well®f the plate, shown in Figure 2.1a. The wells are then washed
with buffer multiple times, removing unbound molecules and leaving only the
antigen of interest capture by the antibodies. A bilalioeled secondary detector
antibody is then incubated withetftapture antibody and antigen molecules in the
plate; this second antibody binds to a different epitope on the antigen, forming a
sandwich immunocomplex.

After another wash step, unbound detector antibody is washed away, and a
streptavidinlabeled enzym such as horseradish peroxidase or-patactosidase
is incubated with the immunocomplex. The streptavidin on the enzyme molecule
strongly binds to the biotin on the secondary antibody, labeling the
immunocomplex with an enzyme molecule. Following anosiagies of washes to

remove the unbound enzyme mol ecul es,
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plate. Signal amplification occurs as enzyme molecules turn over molecules of
substrate to generate a measureable signal over time such as a chemiluminescense
fluorescence, or a color change measured by absorbance, shown in Figdre 2.1b.
The resulting change in signal intensity can then be quantified and correlated to a
concentration using a standard cutviEhe analytical sensitivity and specificity of

the sandwich ELISA has been well characterized, and reported limits of detection

are typically in picomolar concentrations of prot&in.

A @
@ @ O:O @  Incubate sample with
o oo antibody coated
‘ O O surface. Wash away o ‘ . O Incubate with
QPN PN IAN »p nonspecifictargets  QQ £00N P FAN 7 labeled detection
EE— antibody
’J(& /&'JL‘/)\’
(}k /)& /JL /}’ Wash, then incubate ¢% Q/)§ /)s\l)} Ahen incubate
Wlth substrate with labeled enzyme
B
1 9 v & OOy
\
Ah o BERS__BeE.S ;’i{ﬂx
Lower protein Higher protein

concentration concentration

Figure 2.1. Traditional sandwich ELISA scheme: (a) depicts the capture, labeling, and
detection steps of a typical ELISA with an enzymatic readout, (b) shows the color/fluorescence
change as the corentration of target protein increases

Though ELISA has proven to be useful for protein detection in the past,
there are two major disadvantages to this current gold standard. One disadvantage
is limited sensitivity, as a 1 pM detection limit in 100 pLsaimple is still 60 million
molecules of analyte required in order to be measurable, and proteins present at
lower concentrations would not be detectable by ELISA. Secondly, traditional

ELISA cannot multiplex, or measure multiple different proteins simatiasly in
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the same sample; measuring several proteins would require more sample volume to
be assayed in separate wells. In both scenarios, information about the sample is lost

due to either a barrier in sensitivity or a lack of multiplexing capability.

Thereadout in ELISA limits the sensitivity of the method because a large
amount of fluorescent product must be generated in order to be detectable. The
fluorescent molecules generated by a reporter enzyme at low concentrations are
quickly diluted into a tymal bulk reaction volume of 100 pL, and the resulting
signal becomes indistinguishable from the background of the assay. Thus, millions
of enzyme molecules are needed to generate enough fluorescence to overcome this
dilution barrier. ELISA can also be litmg if sample volume is scarce and multiple
proteins need to be assayed, since separate measurements may not be possible. An
improved method would be able to measure multiple proteins at low abundance,
maximizing the utility of a single sample, and allagiaccess to biological

information that may not have been available due to limitations in sensitivity.

The Luminex platform has improved upon traditional ELISA in terms of
multiplexing capabilities. This technology uses antibodgited beads as a capture
surface instead of antibodyated microtiter plate wells, which allows for more
efficient capture. Additionally, the beads are encoded with dyes as unique
identifiers, and each uniquely encoded bead is used to capture a different analyte,
which facilitates multiplexed protein detection. The assay process is very similar to
traditional ELISA: the capture beads are incubated with sample, labeled with a
biotinylated secondary antibody that is also specific to the antigen, then tagged with

streptavidinconjugded phycoerythrin (SAPE). The beads are then processed
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through a flow cytometry setup where two lasers measure the fluorescence of each
identifying dye in the beads, and the third measures the fluorescence intensity of
the phycoerythrin fluorophores boutmlthe bead. The first set of measurements
corresponds to the unique bead identifier, and the second measurement corresponds
to the amount of analyte bound to the bead. This system of multiplexed protein
detection has proven to be a valuable alternatv&LilISA, asit can be more
sensitive within an order of magnitudend is less samplgepleting than standard
methods. However, this technology does not address the issue of analytical

sensitivity, and this is a concern that Simoa assays can address férthe

Single Molecule Array Assays

Single Molecule Arrays (Simoa)

The basis of the Simoa technologythe microarrays used for protein

detection.The microarrag in Simoa assays are composed of ~216,000 wells

contained in a 3mm x 4mm ar ea. Each well [
deep, with 8 em spacing from center to cen
vol ume, which is | arge eno(hgdaptiressufdcée t a si ng

in the assaypnd a small volume of substrate. There are 24 arrays positioned
radially in a 120 mm disc format (Sony DADEY.he disc is comprised of two
layers: one contains the arrays, while the other contains the fluidic channels. Both
parts utilize injection molding bad on DVD manufacturirtythe array is
composed of cyclic olefin polymer (COP) and the fluidic channels are made of the
same material doped with 3% carbon black, giving the disc a black appearance,

shown in Figure 2.2. The two parts are then laser bondee#e a single disc.
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The fluidic portion of the disc contains the inlet port, channel, and outlet, which
allows the pipet to load and flow the beads, substrate, and fluorocarbon oil into the
disc. The clear portion of the disc contains the arrays grabsisoned closer to the
imaging module below, such that the disc is loaded from the top and imaged from

the bottom.

216,000-wedl
anray

flukdiz inlat
peort

500 prmi-deap
channel

Wing port

Figure 2.2 Simoa HD-1 Discs: (a) Sony DADC disc with 24 microwell arrays radially arraged,
(b) a photographic closeup with the different liquid channel features labeled, and (c) is a
scanning electron microscopy (SEM) image of a single microwell array on a disc, with a single
well pictured on the inset. (Reprinted with permission from Reérence9)

Simoa Assays

Single Molecule Array (Simoa) assays are similar to the traditional
sandwich ELISA in that antibodies are used to capture and label proteins for

subsequent detection via formation of an immunocomplex and production of a
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measurableignal. In Simoa assays, capture antibodies are covalently coupled to
paramagnetic 2.7 em beads and incubated wi
several advantages to the bdmsed platform: (1) the antibodies are covalently

bound to the capture gace instead of physically adsorbed, so the antibody coating

is stable during the assay, (2) the beads are stable for several months, so a single

batch can be conjugated to antibody and stored for later usage, and (3) the bead
suspension in solution alleMor a more accessible capture surface for antigens,

whereas a traditional plate ELISA is limited by the kinetics of the antigen traveling

to a fixed planar surface. A biotinylated secondary detection antibody, which

recognizes a different epitope on theget analyte than that of the capture antibody,

is added to the solution and binds to the target analyte. After several washes, the

beads are incubated with streptavidonjugated betg al act osi dase (SbG).
streptavidin on the enzyme binds to thetiniconjugated to the detection antibody

during this incubation, and the beads are washed several times before they are re

suspended in fluorogenic substrate, resorbild-galactopyranoside. (RGP).

These assay steps are illustrated in Figure 2.3.

The Sinoa assay procedure diverges from standard methods when the bead
and substrate suspension is taken from the reaction cuvette and loaded into the disc
microarray via fluidics. Once the array is loaded, oil is used to remove excess beads
that did notsettle nto wells and it seals the array. Wells containing a bead with an
enzymelabeled immunocomplex build a high local concentration of the fluorescent
product over time as the enzymatic reaction progresses. A series of images are then

taken of the array, anthe wells that contain a beadth an enzymdabeled
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immunccomplex will display fluorescence, while empty wells beaded wells
without an enzyme molecule will appear to be dark. The product generated from a
single enzyme is easily detectable becabseluorescence product =ntained
within a50 fL volume, which is 2 billion times smaller than the working volume

of a standard ELISA.

Incubate 500,000 Wash, then incubate Wash, then incubate Wash, then
antibody-coated with biotinylated with streptavidin 8- resuspend beads in
microbeads in solution detection antibody galactosidase fluorogenic substrate

containing target

Load beads and

= 4
O‘ﬂ ”‘f‘ 4 substrate into

1 ! o microarray and seal
4 g with fluorinated oil

“‘a ) ) 2 Only wells with a bead and a labeled >
) ¢ D immunocomplex fluoresce, while
J other wells remain dark P .
r
e
L e
pad
\\T4 » (
0 | ) >
o o
Capture antibody ~ Target protein  Biotinylated Streptavidin B- Fluorogenic
coated microbead detection antibody ~ galactosidase substrate

Figure 2.3. Simoa Scheme: 500,000 capture antibody coated beads areuipated with the
sample, washed, and then incubated with biotinylated detection antibody. The beads are
washed, then i ncub adaladbsidasetwashedandesuspended id RGP. b
This solution is loaded into the microarray, sealed with oiland imaged. The wells that contain

a bead with labeled immunocomplexes fluoresce, while other wells remain dark.

Multiplex Assays

Multiplex assays work similarly to standard Simoa assays, be¢xgeded
beads are utilized to detect multiple proteins #iameously. Each bead type or
Apl exo has one of four fluorescent dyes colL
each bead type fluoresces under certain wavelengths becomes a unique identifier.
Eachencodedead type is coated with capture antibodiedifferent proteins, and
combined to perform a standard Simoa assay with pooled detection antibodies. The
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multiplex Simoa assay is then performed the same way as a standard singleplex
assay, with the same fluorescence readout in the results. The béedariray are

then decoded in the image analygsocessbased on the wavelength and
fluorescence intensity of each bead subpopulation or plex, while the enzymatic

readout provides the signal values for each individual protein assay.

.

Enzymatic readout Decoded image

AYD @ B
o

l

Figure2.4. Multiplex Simoa assay scheme: (a) Beads with different antibodies are combined into
a single reaction vessel to undergo a Simoa assay. Each bead represents a diffanehpobtein
antibodyconjugated to the surda, or a differeniiplexo. (b) The illustration of the enzymatic

readout shows no difference between the plexes until it is deddeetfying which wells

contained each plex.

Simoa HD-1 Automation

The Simoa assay process has been automated using theaSHD1
Analyzer (Quanterix), pictured irgure2.5. The instrument contains separate bays
for loading assay reagents andwéll plates with samples. Once the reagents and
samples are programmed and loaded,dutomated pipettors in the instrument are
used to distribute usgmrogrammed volumes of reagents and samples from their
respective bays into individual cuvettes, where the binding steps of the assay take
place. The incubation and wash steps are perforimddo rings inside the
instrument. The rotating incubation ring shakes the cuvettes to keep the beads

suspended in solution, allowing the capture and detection reagents to interact with
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the sample. The rotating wash ring contains four wash stations agretaahat
pellet the beads to the side of the cuvette, aspirates the solution;disdenses
the beads by pipetting wash buffer directly toward the bead pellet. The wash buffer
steps are all prprogrammed, and the instrument transfers sample cubett®sen
the two rings based on the process needed. Following the incubation steps, the
pipettor loads the beads into the disc artayisnaged
A major advantage provided by the automation is the-thgbughput
capability, with a steadgtate usage capac of 66 samples per hodf.
Additionally, the instrument schedules sequential sample processing in 45 second
Afcadenceso such that each sample is treat ec
measurements ard d en bel ow 15% CV as a result of

pipetting and consistent timing.

A

LSI module

Washer ring (optical system undemeath)

Wash stations Incubation rings
User control interface

(multi-touch monitor)

System wash
buffer
(undemeath) r

Input bays Reagent bay

Cuvette carousel

Sample bay Chemistry

module

Pipettor 1
& overhead gantry

Tips and disc bay

Pipettor 2
& overhead gantry

i \Dﬁsposable
\ / Cuvette input Sl\JbSlrale\\

Systembay g resource
supply and waste

\/

Sample input racks Disc and
input racks t_ilsposable
tip drawers

Reagents Reagent input

racks Samples

(96-well plate
input depicted)

Figure 2.5 (a) is the outside of the Simoa HEL Analyzer and (b) shows where the assay
reagents and consumables &rlocated inside the instrument. The wash and incubation rings,
as well as the imaging module are shown. (Reprinted with permission from Reference 7)

Poisson Statistics

The ability to achieve single molecule detection is explained by Poisson

statistics. Bisson statistics describe the probability of a discrete number of events
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occurring within a given time frame, based on a known or expected average,
described in the equation below:
bieo m" I:—A Ea. 1

In the case of Simoa assagss the expected average, or the ratio of bound
immunocomplexes to beads in the assay, whi&les in excess at 500,000 beads
per assay. T h-eegative mtegerkd.ge0, B 2) tha re@resents the
number of bound i mmunocompl exes ofr Nfevent
Therefore, the P(0) represents the subpopulation of beadsetitmg bound, or

Aof fo beads. When 3=1, 2, 3, et®Q), the pop

Another way to expressp foh¥ fraction of fdof

In the case of a 1 fM protein solution in 100 uL, there are 60,000 molecules.
Assuming 500,000 beads in tMe=Roaxde sol uti ol
=0.88. ThéQ = (1.00.88)= 0.12Using the same equation to account for only one
immunocomplex bound to the bead, (1) = 0.106. The remaining 1.4% of the
beads would have two or more enzyme molecules bound, theoretistligw
concentrations of protejs is low, and P(0) ofQ is high, so most of the beads in
the assay would have nothing bound. Any beads if{thpopulation would have
only one immunocomplex bound, while the probability of having two or more
enzymes bound to a bead is unlikely. In this scenanceo can assume each
bead represents a single protein molecule
beads in a population equates to counting single protein moleculesQTkealue
is then related to the measure of signal output in Simodi they er age enzyme pEe

beado ¥r AEB.
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Average Enzyme per Bead

The AERiigital IS calculated by using the fraction of active bea@s)(n the

array according to the following equation:

=T * KT L l . Ea. 2

This is based on Poisson counting of molecules in the array, which is used to

evaluate arrays with a8Q below 0.7. This approach is not reliable at higher f
values, where Poisson statistics predict multiple enzyme molecules per bead;
assumiig a single molecule per bead is no longer an accurate representation of the
bead occupancy. The ARRiogvalue is used to analyze the data when the assay is

not in the digital range. AEBaiogis calculated using Eq. 3 below:

=H4.+.D.'T-j'f_tﬁ'_ Eq. 3

The™Q value is related back to AEB using the average fluorescence intensity of

t he act ipsdein theamag m coqjupon with the average fluorescence
intensity value gener at e ghg bycalcalatesthen gl e enz
average number o0 figeis cacwarae fom preys whei@ad . O

0.2, shown below!!

S El T | Eq. 4
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These AEB calculations can be combined into one plot, thus extending the
dynamic range of an assay from digital to the analog range, spanning five logs of

proteinconcentrationt?

Simoa Assay Efficiency

Since the Simoa platform is relatively new, there are several steps to
consider when evaluating the efficiency af assay. Among these steps is the
efficiency of the capture, labeling, and detection steps. The capture step is highly
efficient because there 500,000 beads in solution coated in capture antibodies. With
an estimated 274,000 antibodies per bead, the reaphtibody concentration in
solution is 2.3 nM2 This exces amount of capture antibody and its distribution
throughout the sample solution provide favorable conditions for target proteins to
bind to a capture surface. Unlike ELISA, where there is a planar surface to which
the protein has to travel to bind, theabddbased approach is not diffusiimited.
If a protein were to break away from the capture surface, it could easily rebind to
the same surface, or collide with a number of other microbeads in solution, based

on the estimated-20 collisions per 31 secog

The detection antibody is also added to the reactia@xcess, with a final
concentration of at | east 0.1 eg/mL or 1 nl
of the number of captured proteins, but is highly dependent upon the affinity of the
antibody towards the protein. Lower affinity antibodies mayuimega higher
working concentration to achieve a high labeling efficiency, but this can also
contribute to a higher background due to nonspecific binding. Detection antibody

labeling is a less stable interaction because dissociation can occur anddng
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event is less likely, since there is not an excess of antigen molecules available for a
re-binding event. If a detection antibody dissociates, it will most likely be removed

from the solution in the following wash step.

Though this step is relativeliess efficient than the capture step, the
automated Simoa HID Analyzer process requires every sample to go through the
exact timing and treatment process. The impact of the dissociation of the detection
antibody would then be similar across all samplass temoving another factor in
sampleto-sample variability. Enzyme labeling of the immunocomplex is
considered to be very reliable based on the strong affinity between the streptavidin
enzyme | abel and the detecti obounédthe i bodyos
enzyme is unlikely to be washed away, given the 4 % M) K4 of the biotin
streptavidin interactiokt The same balance between efficient labeling and
mi ni mizing background must be achieved in

source of nonspecific binding.

Though Simoa has proven to hehighly sensitive method, there are still
some limitations. One of these limitations is the loading efficiency of the beads
onto the array. 500,000 beads are incubated in solution initially, and resuspended
i n 25 ¢eL ofo 1R @G Pfthés bdadisspenaidnare flowed into the array
(~300,000 beads assuming no loss), and 20280000 beads are loaded and
imaged. The sensitivity of the assay could be fully realized if more beads are
interrogated. This increased bead sampling could be accomplistheldwer dead

volumes and improved fluidics for improved bead loadihg.
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Overall, Simoa overcomes the sensitivity limitation of traditional ELISA.
The beads used in the assay contribute to favorable binding kinetics, while the
microarrays allow for beads to be interrogated individually for single molecule
sensitiviy. Bead encoding enables the detection of multiple proteins in a single
sample, and the combination of Poisson statistics with traditional analog

measurements make data analysis possible over a large dynamic range.

Materials and Methods

Bead Coupling

Approximately10e g of capture antibody is buffe
MES, pH 6.2 using a 50 kDa, 0.5 mL Amicon Ultra centrifugal filter unit
(Millipore), per the manufacturerds instru
is then measured using a Nanodrop-NIDO Spettophotometer (Nanodrop) and
the volume is adjusted to 200 €L by adding
capture antibody in this volume typically varies between 0.3 mg/mL and 0.5
mg/mL. Beads are prepared by transferring 2.8 &pHdamagnetic carboxated
beads (Quanterix) into a conical 1.7 mL microcentrifuge tube. In the case of
multiplex beads, the encoded beads are purchased with various dyes already
conjugated to the surface (dyes listed belowaile2.1). The beads are washed
by placing the tube on a magnetic separator, waiting for the beads to pellet, taking
the supernatant out, resuspending the beads in buffer, vortexing the tube for five
seconds, and centrifuging briefly. The beads are washed threesti wi t h 200 ¢ L
1X PBS/1% Tween 20, then twice with cold MES. The final volume of the beads

i n MES i s 190 e¢L. For mul tipl ex beads, t

40



carboxylated beads are activated with EDC, or-ethyl3-(3-
dimethylaminopropyl)carbodiimideyldrochloride (Pierce Biotechnology). After

di ssolving 10 mg EDC in one mL of MES (10
(5 €L for multiplex beads) of the EDC solwu
solution. The bead solution is immediately placed amaoplate shaker (IKA) at

1000 rpm for 30 minutes in order to activate the bead surface for conjugation.

~Plex Dby

488 Alexa Fluor 488 (AF488)

1647  Cyanine 5 Mono Hydrazide (Cy5)
Cyanine 5.5 (Cy5.5)

HiLyte Fluor 750 Hydrazide

Table 2.1. Dyes coupled to each bead plex in Simoa multiplex assays

After the 30 minute incubation, the beac
buffer and 200 e¢eL of antibody solution, an
for 10 seconds. The bead solution is then placed back on the microplate shaker at
1000 rpm for two hors. After incubation, the supernatant is aspirated and placed
into a separate microcentrifuge tube. The beads are washed twice with 1X PBS/ 1%

Tween 20. The first of these washes is also saved in a separate microcentrifuge
tube. 200 ¢ L XBBSbleskBEA) ig added fo the bead§, Yortexed
for five seconds, and placed on the microplate shaker for 30 minutes at 1000 rpm.
After the blocking incubation, the beads are washed three times with 1X PBS/ 1%
Tween 20, and twice with Bead Diluent BuffeO(BaM Tris buffer with Proclin,
Quanterix). The beads are then transferred to a clean microcentrifuge tube and
stored at 4°C in bead diluent.

Bead Characterization
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The antibody coupling efficiency is evaluated by measuring the antibody
concentration in thesaved supernatant and wash performed after the two hour
coupling step. The Nanodrop NEDOO (Nanodrop) was used to measure
absorbance at 280 nm and calculate the amount of antibody in each solution. The
total amount of antibody coupled to the beads isutated by subtracting the
amount of antibody in the washes from the original amount of antibody recovered
from the buffer exchange.

The concentration and aggregation of the beads are characterized by using
a Coulter Counter Z2 tleBagddbeadstocksolutioner ). 10
is pipetted into 10 mL of Zpak electrolyte buffer (Beckman Coulter) in a 15 mL
Falcon tube. The tube is vortexed for 10 seconds and the solution is placed in a 20
mL cuvette (Accuvette) and placed into the instrument. Reteasare set to count
particles between two and six um. Results include particle concentration and size
distribution of the particle population. The beads must be at least 80% monomeric

to be of adequate quality for use in SIMOA assays.

Detector Antibdy Biotinylation

Approximately 100 €©€g of antibody is buf
0.5 mL Amicon Ultra centrifugal filter unit (Millipore). The concentration of
antibody is measured using a Nanodrop-NIDO instrument (Nanodrop). A single,
two mg vial of EZLink NHS-PEG4-Biotin, no-weigh format (Thermo Scientific)
is reconstituted in water. A working dilution was made in water and added to the

tube of antibody at a 20X molar excess, 2.5% by volume. The antibody and biotin
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mixture is pipet mixed and allowed to incubateoom temperature for 30 minutes.
After this incubation another 0.5 mL Amicon Ultra centrifugal filter unit
(Millipore) is used to remove the excess unreacted biotin and buffer exchange the
remaining antibody into fresh 1X PBS. The final concentratioth@fantibody is
measured using a Nanodrop NIDOO instrument (Nanodrop). The final product is

stored at 4°C for short term storage, a2@°C for long term storage.

Reagent Preparation for HD-1 Assays

Capture antibody conjugated beads is diluted in BbPddent Buffer
(Quanterix) to a concentration of 5 x®Ifads/mL in a 15 mL bottle (Quanterix).
For multiplex assays (with at least three plexes), the total number of beads is
increased to 6 x PObut is split evenly between the number of plexes (exgl®@

beads/mL divided by four plexes is 1.5 ¥ b@ads/mL). The appropriate volume

was determined by multiplying the number

mL to account for dead volume in the bottle.

Biotinylated detection antibody is diluted towarking concentration in
Detector & Sample Diluent (Quanterix). Tvetep assays typically require a
working concentration of 1 ¢-gtépradsayisThe
determined by multiplying the number
dead volume. Streptavidinrgalactosidase enzyme (SBG, Quanterix) is diluted to
a concentration of 16200 pM in SBG Diluent (Quanterix), depending on the
individual assay. The appropriate volume is calculated in the same manner as the
capture beadsThe beads are placed in a Hulamixer rotator (Thermo Scientific) at
35 rpm for 1015 minutes to prevent the beads from settling, and all reagents bottles
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are loaded into the reagent bay of the SimoalH&nalyzer (Quanterix). The RGP
substrate (Quanterix} isupplied by the manufacturer amged at a concentration

of 100 ¢ M.

Calibration and Sample Preparation
Calibrators are prepared by diluting protein stock into a standard diluent (1
XPBS/ 1% BSA or 25% newborn calf serum in PBS, 5mM EDTA, 0.01% Tween
20, and ProClin 300, depending on #ssay) to appropriate concentrations. Serum
samples are prepared by pipetting into aM@ll roundbottom plate (VWR). If the

HD-1 Analyzer has been programmed to dilute the samples by a factor of four, the

serum would be pipetted neat, with a volume o266 per repl i cate plus
volume (75 €L previously, 30 €L after the
of fline, 100 eL of serum would be diluted

in the plate. The plate wells have a maximum volume capacityoD ¢ L .

HD-1 Procedure

Foratwest ep assay, Sbéads/mt headsdlutid isXipeted into a

cuvette. The cuvette is held against a magnet to pellet the beads while the bead

diluent is aspirated fr om tdhmtethecuvetet t e . 10C
as wel l as 20 eL of detection antibody. T
mi nut es, foll owed by three washes with Sys

enzyme solution is then added to the cuvette and allowed to incubate for five
minutes, followed by five washes with System Wash Buffer 1 and one wash with

System Wash Buffer 2. After this | ast wash
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added to the beads to resuspend them and 1

Simoa HD1 disc aray and sealed with oil (Krytox ®, Dupont).

Image Acquisition

The HD-1 Analyzer (Quanterix) is equipped with a CCD camera that takes
images of the arrays over a-4&cond time period. The images are taken in different
excitation/emission fluorescenceacimels in the following order: (1) 622/615 nm
Adark field i mageo, (2) 574/615 nm (resoru
(5) 622/667 nm, (6) 574/615 nm, and (7) 490/530 nm. (1) establishes the position
of the array to cr eartineages (2fianck M)limagedhe k 0 f or
fluorescence intensity of the product of the enzymatic reactiorfs)2Jecode the
identity of any dyeencoded beads, and (7) is used to decode the level of
fluorescence in AF488ncoded beads and locate the position obedlds in the

array.®

Data Analysis

The array images are analyzed and decoded based on activity and bead type.
A bead is considered fiondo or fAactiveo if f
above a known thresho{d0 counts of fluorescenc)the 30 sconds between the
first and second resorufin channel imagj@se bead type or plex is determined by
the presence and fluorescence intensity of the bead in a particular channel, which
confirms bead identity.
The calibration AEB values extracted from the imaglata are fit to a four
parameter logistic curve with a ¥Aweighting. The protein concentration of each

sample is calculated using the fit equation of the generated curve. The LOD of the
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assay is determined by adding three standard deviations to treg@vagnal
generated by the blank, and using this signal value in the curve fit equation to

calculate the concentration limit.

46



References

10.

11.

12.

13.

14.

Lequin, R.M. Enzyme Immunoassay (EIA)/Enzyiriaked
Immunosorbent Assy (ELISA). Clinical chemistry51, 24152418 (2005).
Zhang, S., Garci®'Angeli, A., Brennan, J.P. & Huo, Q. Predicting
detection limits of enzymbénked immunosorbent assay (ELISA) and
bioanalytical techniques in gener@halyst139, 439445 (2014).
Crowther, J. in The Elisa Guidebook, Vol. 1494 (Humana Press,
2000).

Tighe, P.J., Ryder, R.R., Todd, I. & Fairclough, L.C. ELISA in the
multiplex era: Potentials and pitfalBROTEOMICS Clinical
Applications9, 406422 (2015).

Crowther, J.m ELISA, Vol. 42. (ed. J. Crowther) 3&L (Humana Press,
1995).

Davies, C. in The Immunoassay Handbook (Fourth Edition). (ed. D. Wild)
29-59 (Elsevier, Oxford; 2013).

duPont, N.C., Wang, K., Wadhwa, P.D., Culhane, J.F. & Nelson, E.L.
Validation and omparison of luminex multiplex cytokine analysis kits
with ELISA: Determinations of a panel of nine cytokines in clinical
sample culture supernatanisurnal of Reproductive Immunologg,
175191 (2005).

Elshal, M.F. & McCoy, J.P. Multiplex bead arragsays: Performance
evaluation and comparison of sensitivity to ELISAethods38, 317323
(2006).

Kan, C.W. et al. Isolation and detection of single molecules on
paramagnetic beads using sequential fluid flows in microfabricated
polymer array assembb.Lab on a chidl2, 977985 (2012).

Wilson, D.H. et al. The Simoa HD Analyzer: A Novel Fully Automated
Digital Immunoassay Analyzer with SingMolecule Sensitivity and
Multiplexing. J Lab Auton(2015).

Rissin, D.M. et al. Simultaneous Detectiof Single Molecules and
Singulated Ensembles of Molecules Enables Immunoassays with Broad
Dynamic RangeAnalytical Chemistrng3, 22792285 (2011).

Rissin, D.M. et al. Singlenolecule enzymdéinked immunosorbent assay
detects serum proteins at subfemolar concentrationdlat Biotechnol
28, 595599 (2010).

Chang, L. et al. Single molecule enzyimked immunosorbent assays:
theoretical considerationdournal of immunological metho@38 102
115 (2012).

Green, N.M. Avidin and streptavidiMethods in enzymolody84, 51-67
(1990).

a7



Chapter 3

Simoa Assay Development and
Preliminary Serum Tests



Introduction

The shortcomings of current breast cancer detection and characterization
methods and the need for a more sensitivelesglinvasive diagnostic procedure
were introduced in Chapter 1. Using the methodology described in Chapter 2, this
work focuses on the preliminary efforts to develop ultrasensitive protein assays
towards establishing a breast cancer biomarker signatesbidmarker selection
process, the candidate biomarkers, and the assay development process are described
below. Commercially sourced serum samples were purchased and tested in order
to (1) confirm the presence of the markers in blood serum, (2) esthbbsfine
concentrations for these markers and assess the feasibility of measuring clinical
samples, and (3) evaluate any observed differences between healthy and breast

cancer patients.

Biomarker Selection

Initial steps to develop a diagnostic test famison finding potential
biomarkers indicative of breast cancer. Protein biomarkers were selected using
several criteria, including differential expression of the marker in-statye breast
cancer, specificity to the disease, presence and stability imsesnd the
availability of biomarkesspecificantibodies. Markers that were not detectable in
serum by standard methods such as ELISA were of special interest, given that
Simoa assays are highly sensitive. In additiosdarching the literature, several
collaborators and breast cancer researchers were consulted to deVistopf a

potential biomarkers. Of the developed assays for the protein biomarkers described
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bel ow, Dr . Mar sha Moses (Harvard Medi cal S

suggested LCN2ral CYR61, while CA 1® and HIF1U were f
|l iterature to be indicative of breast

to breast cancer is described below.
LCN2

LCN2 is part of the lipocalin protein family, which is a group of
extracelluar proteins secreted in order to bind small lipophilic ligands and transport
them into the cell. LCN2 was found to form a complex with matrix
metalloproteinas® (MMP-9) in a protective capacity. It has also been linked to
roles in bacteriostatic functioirpn trafficking, apoptosis, and survivaln breast
cancer, LCN2 was found to upregulate VEGF in breast cancer cells, and was
correlated with increased angiogenic activity. Urinary levels of LCN2 were also
found to correlate with patients who had a poagnosis, aggressive disease, and
metastasis. This secreted marker may be useful for assessing the stage and grade of

diseasé: 3
CYR61

CYRG61 is a cysteine rich member of the CCN family of proteins, known to
regulate a number of cellular functions, liting cell adhesion, maotility, cell
division, and apoptosfs® This secreted extracellular matrix associated protein is a
ligand for integrin proteins, and a known angiogenic inducer. CYR61 has also been
implicated in tumorigenesis and growth faetlsiven proliferation. In breast

cancer, elevated levels of CYR61 protein expression are indicative of advanced
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disease. Moreover, CYR61 is thought to be associated with survival, playing a
protective role in chemotherafyduced apoptosis. In breast canc@so/of breast
cancer patient tissue samples presenting with Stage Il invasive ductal carcinoma
expressed CYRG61 protein levels 3.®B¥higher than healthy mammary contrbls.

® Overall, the secretion of CYR61 and its known association with more aggressive
and advanced stages of disease make this protein a potentially valuable circulating
biomarker for both staging and grading of breast cancer. Although CYR61 has been
detected in urine and serum, the current indications for invasive breast cancer

makes thisnarker potentially valuable in a diagnostic signature.
CA 199

CA 199 is a carbohydrate antigen related to the Lewis A blood grdaop;
cancer, it is expressed as aflitked glycoprotein on the surface of cells, and is
thought to be associated with @sion and metastafisCA 199 is already a
prognostic biomarker for pancreatic and gastrointestinal cancers, with a normal
expression level in the blood of < 37 U/MiIncreased expression of CA-B%has
also been observed in cases of colorectal cancerenlimph node invasion and
metastasis have occurred. Though it is not a traditional breast cancer marker, one
case study describes a patient who presented with a potential relapse witbic ten
increase of circulating CA19, but had normal levels of C£6-3 and CEA, which
are clinically accepted biomarkers for breast catt&he presence of CA 19in
several other invasive cancers described above make it a potential candidate for

evaluating the aggressiveness of the disease.
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HI F1U

Hypoxia Inducible Factorl al pha ( HI F1U) i s a subunit
transcription factor that regulates gene expression in multiple pathways, including

glucose transport, growth factors, iron transport, and heme metadbksi.F 1 U

levels in cells are normally in flugs it goes through constant degradation via the

ubiquitination pathway, but this process is oxygependent. In hypoxic
conditions, ubiquitination does not occur
environments are often hypoxic due to increased usagexygien by rapidly

dividing cancer cells and limited oxygen availability from the formation of

abnormal blood vesseléjtcanleadt@an i ncreased presence of H
develops. Additionally, hypoxic tumors have been associated with incredsefl ris

met astasis and mortality, thus HIF1U prote
with early relapse, more aggressive disease, and metd3takis. protein could

serve as a valuable marker for aggressive, invasive disease if measured in serum.
Assay Development

The first step in assay development is to screen antibody pairs in a bulk
beadbased assay format, using a fluorescence plate reader (Tecan) to quantify
fluorescence. The bedmhsed platform has a twold purpose: (1) assess the
compatibilty between the antibodies and the bioconjugation chemistry, and (2)
transfer beads directly to the Simoa platform if an antibody pair performs well.
Once it is established that an antibody pair yields a responsive signal dependent

upon target protein coeatration, the assay conditions are optimized to lower the
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limit of detection and maximize the sigrtaltnoise ratio This optimization can
usually be achieved by changing the duration or combining the protein capture and
detection steps, changing the s#mpnd/or calibration diluent, and adjusting
detector antibody or enzyme concentrations. Figure 3.1 shows representative

cdibration curves for the LCN2, CYR61,CA®, and HI F1U assays.

A LCN2 B CYR61
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Figure 3.1. Representative calibration curves for (a) LCN2, LOD = 0.958 pg/mL (b) CYR61,
LOD= 0.0191 pg/mL (c) CA 199, LOD =0.0126 UmL,ad (d) HI F1U, LOD = 0.015
Error bars represent standard deviations of triplicate measurements.

The Simoa assays were-400 times more sensitive than their ELISA
counterparts, shown in Table 3.1. The ELISA LOD values for LCN2 and CYR61
were providedy the manufacturer (R&D Systems). A CA-QELISA LOD was
not provided by the manufacturer (Fitzgerald), since the antibody pair did not have
an optimized assay procedure associated with it. The results of an assay using this
pair would depend entirelynathe conditions optimized by the product consumer.

A kit from Thermo Fisher Scientific listed a different CA-QELISA antibody
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pairés LOD as 5 U/ mL, which was wused for

did not list an LOD by the manufacturer (R&D Sarsis), but a study that utilized

the same manufacturerdos ELISA kit Ilisted
Protein ELISALOD SimoalOD Fold
Target  (pg/mL) (pg/mL) Difference
LCN2 40 0.96 42X
CYR61 3.8 0.019 200X
CA199 5U/mL 0.013 U/mL 400X
HIF1a 3 0.015 200X

Table 3.1. Developed assays with ELISA LODs, Simoa LODs, and the fold difference.

Protein Concentration in Serum

After the assays were developed, they were tested in commercially available
serum purchased from BioreclamationlVT. Ther@sa total of 62 breast cancer
samples and 38 healthy samples tested, although not every sample was tested by
every assay due to limited sample volume. Serum sample information, including
gender, age, cancer stage, and hormone receptor status, are listed in Appendix Table

Al.
Serum Samples

Serum samples were diluted by a factor of four in 1X PBS/ 1% BSA to
mitigate serum matrix effects, described below in the methods. All of the serum
samples tested with the LCN2 assay were at concentrations aboaaedgkeofthe
calibration curve or at high concentrations tisaturated the detector in the
instrumentHl F1 U assays termdvhetelthe signg necoveried frem

serum was equivalent to that of background seen in the calibration curve. Typically,
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this lack of signal would indicate protein concentrations below the limit of
detection, but this findig does not agree with values found in the literature, where
normal, healthy patients dispt¥®Fhea detect :
sample buffer (1X PBS/ 1% BSA) used in this assdly have to beadjustedin

order to mitigate matrix effects. Agustments to these diluents would include
changing the protein content, adding animal serum, adding surfactants, and
changing the salt concentration. Serum sample volumes were limited, so the same
samples could not be -tested under optimized conditionalternatively, the
antibodies and protein standard used in this assay may not accurately represent the
endogenous protein present in the serum (i.e. the protein could be truncated or
folded in such a way that the antibodies cannot bind their epitopds)s lnase,

the assay reagents would have to be changed completely. The serum data for the

Hl1 F1 U rashewmin Agpendix Table A2.
Protein Expression by Breast Cancer Stage

CYR61, CA 199, and CA 183 were all measured in healthy and breast
cancer seim at detectable levels. CA-B5 previously described in Chapter 1, was
developed and assayed by Dr. Stephanie Walter. Figure 3.2 shows box plots of the
serum data obtained for CYR61, CA29and CA 183. Assays were performed in
4X diluted serum as preawusly described; the data in the figure accounts for this
dilution. Early stage samples (Stages | and II) were grouped, while Stage Il and IV
samples were considered fAl ate stageo patie
whether the tumor was still latized to the breast and surrounding area; Stage Il
and beyond implies the tumor has spread beyond the breast. Sample size for each
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stage and disease state, as well as the number of samples that measured below the

detection limit are also denoted belowe thlots.

MannWhitney statistical analysis was used to assess the difference
between the two patient groups based on the expression of a single Yharker.
Results showednly CA 153 wasdifferentially expressed between healthy and
breast cancer patientsalthy and late stage, and early stage and late stage groups;
the p values calculated were 0.0201, 0.0008, and 0.0412 respectively, where p

<0.05 denotes a significant difference between groups (Figure 3.2.d).

Healthy vs. Cancer 0.239 0.0574 0.0201

Healthy vs. Late Stage 0.905 0.0591 0.0008

Figure 3.2. Box plots of serum data for (a) CYR61, (b) CA 19, and (c) CA 153 by stage and
disease status. Sample size nis listed below each cohort label, and the numbers of samples that
were not detectable by the assay are listed below the samplee. Serum measurements were
made using 4X dilutions; the concentrations listed account for this dilution factor. The table

in (d) lists the Mann-Whitney statistical tests performed for each marker, comparing different
stages and disease states. A p vallelow 0.05 indicates a significant difference between the
two populations at a 95% confidence level (highlighted in red).
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