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Abstract

Breast cancer becomes the most common cancengamvomen. In order to improve
women's chances of survival and life quality, todiegnosed at an early stage and to receive
correct treatment are the most promising ways.hla tontext, we aim at developing an
antigen microarray for screening serological bidmes to diagnose breast cancer patients as
early as possible. Among numerous potential bioeratkrecent researches showed that
antibodies against heat shock proteins (HSPs)sm@cated with tumor genesis and would be
good diagnostic and prognostic biomarkers for lireascer. Therefore, we used customized
antigen microarray to screen anti-HSP antibodieSOibreast cancer patients and 26 healthy
controls. Our results indicated clearly that conmmgnmultiplex detection of anti-HSPs
antibodies could discriminate breast cancer paid&m@m healthy controls with sensitivity
86% and specificity 100%. Then, we elaborated atibatly microarray to detect the
concentration of urokinase type plasminogen aaivatPA) in 16 cytosolic extracts of breast
tummor tissue. UPA is good prognostic and predectivwmarker for breast cancer, low levels
of UPA &3 ng/mg of protein) is associated with low riskreturrence and no benefit of
chemotherapy for breast cancer patients, and vecgav Our results showed that the results
obtained from our antibody microarray were surfdependent compared with the results
obtained from ELISA. Furthermore, the use of ourkerdy microarray requires 25 times less
sample volume compared with ELISA kit, thus solvitige main limitations of ELISA.
Finally, we determined and optimized the parametdngh affected the performances of
protein microarray, e.g. microarray surface chemistexperimental duration, the
concentration of solutions, etc. Furthermore, weadistd the storage conditions for both
chemically functionalized microarray surface aslvesl printed protein microarray. Results
showed that our protein microarrays retain effitigiological activity for at least 3 month of
storage.

Key words: protein microarray, autoantibodies, breast candegnosis, predictive
biomarkers, storage
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AAbs Autoantibodies
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HSPs Heat shock proteins
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General introduction

Breast cancer remains a major public healttblpro in the world. According to World
Health Organization, in 2012 there were 1.7 millwomen who were diagnosed with breast
cancer and the incidence has increased by more20#nsince 2008. Early diagnosis and
monitoring disease development represent promisipgroaches to reduce the growing
cancer burden. Conventional diagnostic methodsudeclmammography, clinical breast
examination, breast self-examination and magnesomance imaging, etc. However, the use
of these procedures has limitations including fadssitive, high cost, unnecessary biopsy,

over diagnosis and undue anxiety etc.

Recent researches showed that screening tumoratkers could aid the diagnosis of
breast cancer, monitoring tumor progression angorese to certain therapy. Protein
microarrays have already demonstrated their gre&npal as screening tool. However,
efficient protein microarray still remains a chalie due to protein variability. Various factors
influence the performance of protein microarrayiuding surface chemistry, spotting buffer,
spotting concentrations, etc. So our purpose isleeelop efficient protein microarray to
screen biomarkers in breast cancer patients, thosiding diagnostic, prognostic and

predictive value for each patient.

In chapter |, we introduced the worldwide sitoia of breast cancer. The most efficient
way to reduce the heavy burden is to diagnosedlierg at an early stage and provide correct
therapy to each cancer patient. Several serumissuktbiomarkers have been already used in
clinic for these two purposes. However, currenugebiomarkers used lack sensitivity and
specificity for diagnosis and new biomarkers aredsel to be developed. Recent reviews
described more 1200 proteins as potential new hioens, so the current challenge is not to
find one more biomarker candidate but to evaluaig \zalidate their clinical relevance in
order to perform an efficient test. So, Chapterealsl with an overview of state of the art
about serum and tissue biomarkers in view to sedety those that are of high interest.
Recent studies showed that autoantibodies couldgded diagnostic and prognostic
biomarkers because they are stable and relatiady ® be detected in seruon one hand.
On the other hand,tissue biomarkers including urokinase type plasigemoactivator (UPA)
and its main inhibitor plasminogen activator inkobil (PAI-1) are advantageously used in
clinic. In the two cases, tests are limited by dle¢ection method-ELISA. In contrast, protein

microarray is an efficient tool for screening bgttrum and tissue biomarkers by consuming
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small sample volume. The challenges of protein oaigay will be also introduced in this

chapter.

The purpose of the chapter Il is using custechiprotein microarray to profil anti-heat
shock proteins (HSPs) antibodies in breast carer@ins As protein microarray is influenced
by various factors, so we firstly optimized key graeters including surface chemistry,
spotting concentration; then we detected the atitmaties against hsps in breast cancer
serum under the optimal conditions. In total, 58dst cancer patients and 26 healthy controls
were tested. Our results showed that combiningipteit detection of anti-HSPs antibodies
could discriminate breast cancer patients fromthgatontrols with sensitivity of 86% and
specificity of 100%.

Chapter 1l reports the fabrication and the wéeantibody microarray to quantify the
concentration of urokinase type plasminogen adivaiuPA) and its main inhibitor
plasminogen activator inhibitor 1 (PAI-1) in bredsmor tissue. We firstly optimized the
various conditions for the immobilization of antthes. Then the best conditions were chosen
to detect the concentration of uPA in 16 cytoselxtracts of breast tumor tissue. Results
showed that the results obtained from our antibadgroarray were surface dependent
compared with the results obtained from ELISA.

Chapter IV aims to optimize the parameters thitence the performance of protein
microarray. These factors concern experimental tourathe concentration of solutions,
storage conditions, etc. For instance, the studyrotein microarray storage conditions

showed that printed proteins could retain theitdgacal activity for at least 3 months.

12



Chapter 1

State of the Art

13



14



1.1 Breast cancer: Key data and detection technigse
1.2 Tumor biomarkers
1.2.1 Indicators of biomarker value and dataysis
1.2.2 Serum biomarkers used in clinic
1.2.2.1 MUC-1 and CEA
1.2.2.2 Recommendations by ASCO and EGTM
1.2.2.3 Conclusions
1.2.3 Tissue biomarkers used in clinic
1.2.3.1 Estrogen receptor (ER) and progestenereptor (PR)
1.2.3.2 HER-2
1.2.3.3 uPA and PAI-1
1.3 Autoantibodies (AAbs) - Diagnostic and prognost values
1.3.1 Heat shock proteins (HSPs) and AAbs ag&lB$ts
1.3.1.1 Evaluation of single anti-HSP AAbs
1.3.1.2 Evaluation of AAbs panels includingiat®Ps antibody
1.3.1.3 Emerging trends of anti-HSPs AAbs de&iadn breast cancer
1.3.2 Autoantibodies against other TAAs than HSPs
1.3.2.1 TAAs and related AADbs in breast cancer
1.3.2.2 The use of anti-TAA AAbs panels in lstezancer diagnosis and prognosis
1.3.2.3 Conclusion
1.4 Protein microarray
1.4.1 Surface chemistry
1.4.1.1 Commercial surfaces for protein micrayar
1.4.2 Commercial protein microarray
1.4.2.1 Cytokines microarray
1.4.2.2 Protein profiling microarray
1.4.2.3 Cancer biomarker screening microarray
1.4.2.4 Allergen testing microarray
1.4.3 Optimization of assay conditions
1.4.4 Storage conditions of protein microarray
1.5 Aims of the thesis
References

17
20
21
24
25
25
26
27
27
29
29
32
33
35
36

37

38
39

48
49
52
53
55
57
59
61
61
62
63
65
67

15

44



16



1.1 Breast cancer: Key data and detection techniques

Breast cancer remains a major public health prohlenihe world. According to World
Health Organization, in 2012 there were 1.7 millwomen who were diagnosed with breast
cancer and the incidence has increased by more 20%% since 2008 [1]. It is the most
frequently diagnosed cancer among women in botrerand less developed regions and now
it represents 25% of all cancers in women, as shaviigure 1. Compared to incidence rate,
the mortality rate of breast cancer is much legs@bhably reflecting early diagnosis as well
as improved treatment options [2]. The developmetearly diagnosis or/and disease
monitoring represents promising ways to reducegtiogving cancer burden [3]. Therefore, in
the following, conventional diagnostic and diseasmitoring methods for breast cancer will

be discussed.

1,924,711 (28.9%) 1,571,148 (25.1%)
228,082 (3.4%)~___1 —— 514,304 (9.2%)
228,923 (35%)~___
238,719 (3.6%)~ 583,100 (6.8%) B Breast
319,605 (4.8%) seislicatalst Colorectum
320,301 (4.8%)- SETRMLL W Lung
Incidence W Cervix uteri
MW Stomach
————— 521,907 (14.7%) Corpus uteri
W Ovary
1,215.277 (34 3%)—— 320,294 (9.0%) Thyroid
Liver

Other and unspecified
491,223 (13.8%)

224,492 (6.3%)
27.145 (n_s%;l\—

151,917 (4.3%)
76,160 (2.1%)

- 2B58672(7.5%)
254,103 (7.2%)

Mortality

Figure 1 Estimated Incidence, Mortality rate of breast canworldwide in 2012 [2]

Early diagnosis is one of the most effective aridrdfible approaches to improve women's
chances of survival, which could facilitate treatef breast cancer patients in their pre-
invasive state prior to metastasis. It is repotteat five-year survival of women with breast
cancer is highly associated with tumor stage. Fanwle, the 5-year survival of very early
stage tumor (stages 0 and I) is approximately 98%ecreases to 85% for stage Il tumors,

60% to stage Ill tumors and only 20% for stage Whors [4]. Conventional diagnostic
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techniques of breast cancers include mammograpinycat breast examination, breast self-
examination and magnetic resonance imaging. Howeher use of these procedures has
potential harms including false positive, high ¢asinecessary biopsy, over diagnosis and

undue anxiety [5, 6].

Mammography is the best-studied breast cancer rdagemodality and the only
recommended imaging tool for screening the genavalulation of women. Guidelines for
breast cancer screening vary within and among cegnf7]. In the United States, the US
Preventive Services Task Force recommends that waged 50 to 74 years undergo a
screening mammogram every 2 years. For women whoyaunger than 50 years old,
examination should be based on the individual wdshaontext, including her values
regarding the benefits and risks [8]. In contrds& American Cancer Society recommends
that women should begin annual screening at adé]4&creening women 40 to 49 years of
age is more controversial than older ages, with éesdence available to determine the risk—

benefit balance.

A recent study published in 2014 has almost totalgnied the benefit of the
mammography. In this study, they divided women ages to 59 years into two groups, one
group receiving both mammography and clinical drexamination while another receiving
only clinical breast examination. Then they studied 25-years cumulative mortality from
these two groups. Results showed that the mortaldg essentially equivalent between
women who received mammography and clinical breastmination versus women who
received only clinical breast examination [10]. ©nthe article has been published, it
provoked heated debate in academic community. Soeople defended that the clinical
breast examinations were performed by well-traiokgicians, while community clinicians
may not perform such high-quality clinical breasaminations, thus limiting the applicability
of these results to general practice [5]. Othedaii®med that the whole experiment design
was questionable and the consequent results wdrglhli Evidently, controversy exists on
the benefits of mammography as a routine screetesigfor women; therefore, it needs time

to prove the real benefits of mammography for women

MRI is a useful and sensitive tool for evaluatingnaermalities and diagnosing breast
cancer. While no studies have shown a mortalityebefor the general population from this
screening, it is therefore not recommended as sergenodalities for the general population.
However, it is recommended by both US Preventivevies Task Force and American
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Cancer Society to be used as a supplemental sogeanspecial high-risk populations such
as women with BRCA1 and BRCA2 mutations [12, 13].

Other methods like Physical Examinations (regulagabt self-examination and routine
clinical breast examination) are not recommendégsé Examinations could be harmful and
they couldn’t reduce breast cancer mortality, butlde the number of biopsies. Methods like
thermography and ultrasound are neither recommebdeduse their benefits are unknown
[5, 6].

Currently, screening of tumor markers representsghan approach for cancer diagnosis
and receives considerable interest. Tumor markees agsociated with tumor genesis;
therefore, screening these biomarkers could aily dagnosis as well as better management

of breast cancer.

In parallel, the concept of personalized medicgmore and more accepted by academic as
well as clinic research. According to US Preside@buncil of Advisors on Science and
Technology, personalized medicine refers to tHeriag of medical treatment to the specific
characteristics of each patient. The goal of paaped medicine is to reduce the burden of
disease by targeting prevention or treatment mdiectevely [14]. Ideally, personalized
medicine delivers the right care to the right canuatient at the right time and results in
measurable improvements in outcomes and a reductidmealth care costs [15]. In the case
of cancer, considering that each solid tumor inheperson is unique in cause, in rate of
progression and in responsiveness to certain thieggrsonalized medicine is particularly
well adapted and necessary. The essence of pdmmhahedicine lies in the use of
biomarkers. Screening tissue or serum markers quoldde prognostic value and predictive
value. Beyond a help for diagnose, prognostic marked predictive markers can estimate
recurrence risk and predict therapy efficacy respely. Classifying patients with low or
high risk for recurrence and administering optirtterapies could avoid overtreatment for
breast cancer patients. Currently, screening bikenarare replacing the traditional “one size
fits all” medicine. Personalized medicine basedmmarkers is already having a remarkable
impact [16, 17].

So in the following, the routine used tumor biokaas in breast cancer will be introduced.
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1.2 Tumor biomarkers

During tumor genesis, cancer or other cells oftibey will produce substances in response
to cancer conditions. These substances are calladrtmarkers and they are produced at
much higher levels in cancerous conditions. Tumarkers can be found in blood, urine,
tumor tissue, or other tissues or bodily fluidscaihcer patients. Screening these markers

could aid early detection, risk stratification, ghiction and disease prognosis of breast cancer.

A number of researchers found that tumor markeutdcbe detected several months prior
to clinical detection of breast cancer, thus sdregthese biomarkers could let the patients to
be diagnosed at a more earlier stage [4]. Prognosdrkers were defined to be markers that
have an association with some clinical outcomesh st overall survival or recurrence-free
survival. They enable distinguish the clinical artes of patients in the absence of therapy.
Moreover, prognostic markers give support to evalile efficiency of certain therapy. For
example, increasing levels of several prognostitkara are associated with failure of certain
therapy.

Predictive markers are generally used to make mpeeific choices between treatment
options. They serve as indicators of the likely dfgnto a specific patient of a specific
treatment. A predictive marker might indicate tagtatient expressing the marker will benefit
more from a new treatment than from standard treatpwhereas a patient not expressing the

marker will derive little or no benefit from thewdreatment [18, 19].

Among all kind of biomarkers, protein biomarkerpnesent one of the ultimate levels of
cellular function and thus give a picture of cetlalth. Protein biomarkers could be antigens
as well as antibodies produced by immune and hoatn@sponses. Today, we do not suffer
from a lack of candidate protein biomarkers. Mdrant 1200 protein biomarker candidates for
cancer have been described in the scientific tileea however, only 9 have been approved as
tumor associated antigens by US Food and Drug Adtmation (FDA) [20]. The rate of
introduction of new protein biomarkers approvedAJA has remained flat over the past 15
years, with an average of 1.5 new proteins clepexdyear (median of 1 per year) for all

diseases [21].

Thus, we will focus on the serum and tissue biomakthat have been approved by
American Society of Clinical Oncology (ASCO) or Bpean Group on Tumor Markers

Recommendations (EGTM) for routine usage. But adopwances of biomarkers are
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evaluated through various indicators such as tagitipe, true negative, false positive, false
negative, sensitivity, specificity, positive pretile value and negative predictive value,
receiver operating characteristic (ROC) curve, dhea under the ROC curve (AUC) and p

value, we will firstly define these indicators.

1.2.1 Indicators of biomarker value and data analysis

Methods for calculating the true positive, true atege, false positive, false negative,
sensitivity, specificity, positive predictive val@ad negative predictive value were based on

the methodology provided in Epidemiology [22].

As shown in Table 1, cell represents the test which correctly diagnoseddibease,
which are the true positives (TP). C#llis those who have positive results for the testdiou
not have disease; the test has wrongly diagnogeddh-disease and it is false positives (FP).
Cell 'c’ represents those who have disease but have negasivlts with the test. The test has
wrongly labeled a diseased persoriresmal, which means false negatives. Cdllis those
who have no disease as determined negative withessteand it represents true negatives
(TN). Sensitivity is the ability of a test to coctly classify an individual aslisease which
equals a/(a+c). The ability of a test to correctbssify an individual as disease- free is called
the test’s specificity (Specificity = d/(b+d)). Ribge predictive value (PPV) is the percentage
of patients with a positive test who actually hdkie disease (PPV = a/(ath)). Likewise,
negative predictive value (NPV) is the percentaigpatients with a negative test who do not
have the disease (NPV = d/(c+d)) [23].

Table 1 Calculation for sensitivity, specificity, positiveredictive value and negative

predictive value

Test Disease Non disease
N True positives (TP) False positives (FP) Total test positive
Positive
a b atb
_ False negatives (FN) True negatives (TN) Total test negative
Negative
c d c+d
Total disease Total non-disease Total
a+tc b+d a+b+c+d
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ROC

The receiver operating characteristic (ROC) cussreammonly used in medical decision
making. ROC graphs are two-dimensional graphs irchwvirue positive (TP) rate is plotted
on the Y axis and false positive (FP) rate is plbtbn the X axis. Since TP rate is equivalent
to sensitivity and FP rate is equal to 1 — speityficche ROC graph is also called the
sensitivity vs. (1 — specificity) plot. Figure 2 alis an ROC graph with five classifiers
labeled A through D [24].

(.8 —

(.6 —

rd
0.4 — s

True positive rate

] 0.2 04 0.6 0.8 1.0
False positive rate

Figure 2 A basic ROC graph showing five discrete classf[@d].

Several points in ROC space are important to Adte.lower left point (0, 0) represents the
strategy of never issuing a positive classificgtismch a classifier commits no false positive
errors but also gains no true positives. The oppasdrategy (1, 1) means unconditionally
issuing positive classifications, which commits mna&l true positives as well as maximal
false positives. The point D (0, 1) represents gur€lassification. The diagonal line y = x
represents the strategy of randomly guessing aResit C is virtually random. Any classifier
that appears in the lower right triangle performsse than random guessing. In Figure 2,
point B performs much worse than random. In contree point in the top left corner of
ROC space is better, e.g. point A, which means TRatate is higher while FP rate is lower
[24].

Generally, a diagnostic test contains sevenalpdes and each sample has a tested value. In
order to construct a ROC curve, we rank all theetesalue and produce a discrete classifier
with a threshold, which means that if the testetleras higher than the threshold, the
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classifier produces a Yes, otherwise a No. Eaabstiold value produces a different point in

ROC space. Figure 3 shows an example of ROC cumeetest set of 20 instances.

No. Class Threshold Valug No. Class Threshold Value
1 P 0.9 11 P 0.4
2 P 0.8 12 N 0.39
3 N 0.7 13 P 0.38
4 P 0.6 14 N 0.37
5 P 0.55 15 N 0.36
6 P 0.54 16 N 0.35
7 N 0.53 17 P 0.34
8 N 0.52 18 N 0.33
9 P 0.51 19 P 0.30
10 N 0.505 20 N 0.1

(a)
| | T.ao i
34 133
09 )l(___.x I
38 37 36 '35
0.8 e ah SE —
il A 29 |
2 51 1505
5 0.6 -=X% .
= 54 53 |52
FOSE  F--%-- _
S04 4{.55 —
= 1
03l % _
oox2 - &7 =
014> i
i T N S W (R S

Figure 3 ROC “curve” c

False positive rate

(b)
reated by threshold a test set. {de Table shows the values of 20

samples obtained from one test and ranked fromidd@®1; “P” means positive, “N” means

negative. (b) The graph
threshold that produces

shows the corresponding R@€e with each point labeled by the
it [24].

The test contains 20 samples (10 positivesl&ndegatives) and the samples were ranked

by their tested values, from 0.9 to 0.1, as shawhigure 3a. Threshold is the tested value of

each sample and according to each threshold vialieduces a different point in ROC space

(Figure 3b). For example, a threshold of +1 produtes point (0, 0). As we lower the

threshold to 0.9, the first positive sample is siféesd positive, thus the sensitivity is 10%
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(1/10); also no negative is classified positivelstithere is no false positive and the specificity
is 100%, yielding (0, 0.1). As the threshold istier reduced to 0.7, two positive samples are
classified positive, thus the sensitivity is 20%0a0ne negative is classified positive, thus the
false positive rate is 10%, yield (0.2, 0.1). Sarly, as the threshold is further reduced, the
curve climbs up and to the right, ending up atljlwith a threshold of 0.1 [24].

One point in ROC space is better than anofhers close to the top left which means that
TP rate is higher while FP rate is lower, e.g. Fég2 point D. Likewise, if the ROC curve is
more close to top left, it means that the classifiggood at identifying likely positives as well

as likely negatives (high sensitivity and high sfeity).

AUC

AUC is the area under ROC curve. The ideal testldvbave an AUC of 1, indicating a
perfect situation with 100% sensitive and 100% dpea random guess would have an AUC
of 0.5, represented by the diagonal line from tveelr left corner to the upper right, as shown
in Figure 2. In general, ROC curves with an AOC75 are not clinically useful and an

AUC>0.97 has a very high clinical value [25].

P-value
Chi-squarey2 test was used to determine whether the frequehdyomarker in cancer
serum was significantly higher than healthy comstrdlwo significant levels (P <0.05 and

P<0.01) are commonly used [26].

1.2.2 Serum biomarkers used in clinic

In recent years the discovery of cancer biomarkais become a major focus of cancer
research. When we compared the clinical practicdedjnes published by American Society
of Clinical Oncology (ASCO) from 1999 to 2013, stevident to find that more emphasis was

given on cancer biomarkers for breast cancer mameagein last 20 years [27-29].

Serum tumor markers are soluble molecules in btbatl can be detected by monoclonal
antibodies. They are released into the blood byotucells or by other cells in response to
tumor cells. Serum markers have appealing feat&sed on the circulatory nature of blood

through almost every part of the human body, thasuements of blood components could
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reflect the dynamic evolution of the disease. Femrtiore, obtaining blood samples is poorly-
invasive, so their levels can be easily repeatednwtequired [30, 31]. Currently, serum
biomarkers used in clinic for breast cancer patienclude certain members of mucin
glycoproteins family (MUC-1) and Carcino Embryonigntigen (CEA), which are

recommended by ASCO and European Group on Tumorkévlar Recommendations

(EGTM). So in the following part, we will focus dhese biomarkers in breast cancer.

1.2.2.1 MUC-1 and CEA

MUC- 1 is involved in tumor genesis through comppathways, e.g. promoting receptor
tyrosine kinase signaling, constitutive activataifngrowth and survival pathways, and down
regulation of stress-induced death pathways. Seltdsin of MUC-1 family include cancer
antigen CA 15-3, CA 27-29, CA 549, among which CA3land CA 27-29 are widely used
in breast cancer. Because of their similar diagaansitivities and specificities, the use of
one MUC-1 marker is enough [33].

CEA is an oncofetal glycoprotein and is also wydeted in breast cancer. CEA levels are
less commonly elevated than the levels of MUC-1wkler, CEA measurement can provide
additional complementary information with MUC-1. érkfore, the combination of one
MUC-1 marker and CEA is a good serum marker pamehfonitoring patients with breast

cancer [34].

1.2.2.2 Recommendations by ASCO and EGTM

For screening and diagnosis

The panel of MUC-1 (CA 15-3 or CA 27-29) and CEA® recommended for screening
and early diagnosis of breast cancer due to tbeirdensitivity [34, 35]. The soluble form of
MUC-1 was identified as a more specific marker wigspect to CEA. However, MUC-1
disclosed low sensitivity and specificity for tharky diagnosis of breast cancer, since its
sensitivity is 10-15%, 20-25% and 30-35% for stageB, and IIl, respectively [36].
Therefore, lack of sensitivity for early-stage @dise combined with a lack of specificity

precludes the use of these two serum markers éoedhly diagnosis of breast cancer.
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For early detection of recurrence

Two well-designed studies have shown that aftemg@ry breast cancer therapy, elevated
levels of MUC-1 and CEA in patients are associatéti distant recurrence. It can predict
recurrence with an average of 5 to 6 months bejtirer symptoms or test [37, 38]. However,
both ASCO and EGTM are vigilant to recommend themdetecting recurrence for several
reasons. Evidence was insufficient to demonstrduetirer early detection of metastases leads
to good outcomes like disease-free survival, oVesatvival, quality of life or toxicity.
Furthermore, intensive screening may induce extpereses and anxiety [35, 34]. Therefore,
it is not recommended by ASCO [29], while EGTM [38commended for the follow-up of
asymptomatic women, this panel should be determavedy 2—4 months during the initial 5
years after diagnosis, then every 6 months dufliegrtext 3 years and at yearly intervals

thereafter.

For therapy monitoring

According to ASCO, present data are insufficientelcommend the use of MUC-1 or CEA
alone for monitoring response to treatment. Howeiwethe absence of readily measurable
disease, increasing levels of this panel may bd tséndicate treatment failure. It should be
noted that a spurious rising level of MUC-1 and Qki#s observed during the first 4-6 weeks

of a new therapy [34].

1.2.2.3 Conclusions

Numerous serum biomarkers candidates in breastcdrave been reported, while only
few of them have been approved by FDA. Approvedursemmarkers are useful for
determining recurrence, predicting therapeutic easp, maintaining surveillance after
primary surgery, and monitoring therapy in patienith advanced disease. However, at
present, none of them are available for an eamgribsis and screening of breast cancer

because of their low sensitivity and specificity.

In addition to screening novel biomarkers, validgtcandidate markers is also important.
Furthermore, in order to reduce the gap betweetodisy and validation in the biomarker
development pipeline, several points need to keepind. 1) Biological samples should be
carefully chosen based on well-established guidsliior both patients and matched controls.
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2) Objectives should be clear and methods of rempntesults should be critical [39]. 3)
Large scale and effective methods were needed &sune biomarkers in a high throughput
manner. Compared with widely used single immunagassanultiple immunoassays show
several advantages including increased efficiericg eeduced expense, greater output per
sample volume ratios and higher throughput. Amongltipte immunoassays, planar
immunoassays e.g. protein microarrays, are relgtimexpensive and would be simple and
efficient to conduct large-scale population scregn#0]. Therefore, in order to validate more
candidate biomarkers, large-scale validation anch@asition of methods is necessary. Only
these requirements were satisfied, biomarker resezm become more efficient and have the

chance to translate into clinical evaluation.

1.2.3 Tissue biomarkers used in clinic

In this part, we will focus on already tissue biok&xs used in clinic for breast cancers.
These biomarkers include estrogen receptor (ER)ggsterone receptor (PR), human
epidermal receptor 2 (HER-2), urokinase plasminogetivator (UPA) and plasminogen
activator inhibitor 1 (PAI-1). Table 2 summarizde tdetailed information of these tissue

biomarkers.

Table 2 An introduction of clinic used tissue biomarkers

Tissue  Commercial Determined Tissue Amount  Clinical Approximat
markers products methods requirements needed validation e cost
ER/PR N.A IHC FFPE ~4 Yes N.A

slides
HER?2 N.A IHC FFPE ~4 Yes N.A

slides
uPA and Femtelle®  ELISA Fresh/Frozen Atleast Yes ~275€
PAI-1 from Sekisui 300mg

Diagnostics tissue

N.A: Not available; IHC: immunohistochemistry; FFParmalin-fixed, paraffin-embedded.

1.2.3.1 Estrogen receptor (ER) and progesterone receptor (PR)

ER and PR are transcriptional factors which medidie actions of estrogens and

progesterone, respectively. Both receptors are kimawn to exist in two different isoforms.
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For ER, these forms are known as &Rnd ER-[3; for PR the two forms are known as PRA
and PRB. It appears that only ERis critical for mammary gland development and
tumorigenesis. Currently, the determination of BRI #R is obligatory in all breast cancer
patients by EGTM [35] as well as ASCO [34] guidebn Existing assays for PR do not

discriminate between the two forms [30].

Three well-established assays exist for measuriognbne receptors, namely ligand
binding, ELISA and immunohistochemistry (IHC). OrnlC is recommended by EGTM to
measure ER and PR levels. Compared with other tethads, IHC assays can be carried out
on small tumors, including core needle biopsy nmalt§s5]. It is recommended by ASCO that
for the IHC test of ER and PR in breast cancer,|e¢hels as low as 1% positive carcinoma
cells are associated with clinically significantspenses to endocrine therapy. They also
noticed that up to 20% of IHC determinations of ER/testing worldwide may be inaccurate
(false positive or false negative) due to variagiom pre-analytical variables, thresholds for
positivity, use of relatively insensitive antibogieand criteria for interpretation. Therefore,
they proposed that specimens should be handledumfarm manner. Furthermore, factors
should be well-considered including cold ischemmet handling of specimens obtained
remotely, fixation time in neutral buffered formaliand selection of an optimal sample for
testing, etc. [41].

ER and PR could provide prognostic value. Gener&R-positive patients have a better
outcome than ER-negative patients. However, thiparh only last 4-5 years, after this
period, the favorable prognostic value is lostuktier limitation of ER as a prognostic factor
is that it is of little value in lymph node negatipatients. Patients with tumors expressing PR
also tend to have a better prognosis than thosénacthis receptor [42, 30]. Since both ER
and PR are relatively weak prognostic factors ieabt cancer, these factors should not be
used alone, they could be combined with establishedjnostic factors in determining

outcome based on EGTM recommendation [35].

In addition of prognostic value, ER and PR stagislso considered to be very strong
predictors of response to hormonal therapy in lbreascer patients. Both early and advanced
disease, hormone receptor-positive patients havsigaificantly greater probability of
responding to hormone therapy than patients laciengptors. Therefore, it is recommended
by EGTM [35] that patients with hormone receptosifige tumors should be treated with
some form of endocrine therapy like Tamoxifen, whikceptor-negative patients should
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receive an alternate form of therapy. While acauydio the guidelines of ASCO [34], the
benefits endocrine therapy for hormone receptoitipespatients with ductal carcinoma in
situ (DCIS) is not sufficient.

1.2.3.2 HER-2

Approximately 15% of breast cancers over-expresommotein human epidermal factor
receptor (HER2) [43]. There are three methods #mmiifying HER-2 status, including
immunohistochemistry (IHC), which measures the HERll-length oncoprotein;
fluorescentin situ hybridization (FISH) and chromogenie situ hybridization (CISH); both
methods measures the number of HER-2/neu genescbpia fluorescent system and an
enzyme-based system, respectively. Among thesee threthods, only IHC assay was
recommended by ASCO guidelines [44, 30, 45].

Nowadays, HER2 test must be performed to all nedignosed breast cancer patients
with metastatic tissue biopsy samples availablandns with HER-2 over-expression are
associated with higher grade and worse prognosisveMer, its prognostic value is weak,
therefore, it is not recommended to use alone éterchining prognosis [34]. However, notice
that in presence of mutated BRCAL gene, HER2 oxpression is negative.

All patients with positive HER-2 receptors havelie treated by immunotherapy with
Herceptin® (trastuzumab). Herceptin® is a humanizexhoclonal antibody that binds with
high affinity to the extracellular domain of HER-fhereby blocking its role in signal
transduction. Herceptin® is now widely used for tineatment of HER-2-positive tumor

patients with breast cancer [30].

1.2.3.3 uPA and PAI-1

Urokinase plasminogen activator (UPA) is an eximalee matrix-degrading protease
involved in cancer invasion and metastasis. uPA&rauts with its plasminogen activator
inhibitor-1 (PAI-1). Both PAI-1 and uPA promote tonprogression and metastasis [46].

Consistent with the causative role of uPA and PAhRlcancer dissemination, several
retrospective and prospective studies have shoahuRA and PAI-1 are good prognostic

and predictive biomarkers.
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1.2.3.3.1 Prognostic and predictive value

One large scale study involving 8377 breast capegients demonstrated that uPA and
PAI-1 are strong and independent prognostic maikepsimary breast cancer. In both lymph
node-positive and lymph node-negative patients,h higPA and PAI-1 values were

independently associated with poor relapse fre@walrand poor overall survival [47].

In addition to provide prognostic value, uPA and-RAould also provide predictive value
to chemotherapy. A large-scale study including patents was conducted by Janicke F et al.
Results showed that for patients with high leveilsuBA and PAI-1 (uPA > 3 ng/mg of
protein and PAI-1 > 14 ng/mg of protein), thoseereing chemotherapy displayed 43.8%
lower probability of disease recurrence at 3 y#aas observation group [48]. This predictive
impact of uPA/PAI-1 regarding an enhanced benedinf adjuvant chemotherapy has also

been demonstrated in a retrospective multicentalysis [49].

Recently, the study of 10-year long-term Chemotityertor node-negative (NO) breast
cancer patients follow-up confirmed the prognosind predictive impact of uPA/PAI-1 in
node-negative breast cancer [50]. Patients with U6¥A/PAI-1 levels (UPA< 3 ng/mg of
protein and PAI-X 14 ng/mg of protein) displayed 10-year recurrefnee-survival of 87.1%
compared to 77% in high uPA/PAI-1 level patients=(9.011). 10-year overall survival (OS)
was significantly better in low uPA/PAI-1 level pmaits (89.8% vs. 79.1%; p = 0.01).
Moreover, in a randomized comparison in high uPA/RAlevel patients, adjuvant
chemotherapy significantly reduced risk of recucee(p = 0.019).

In conclusion, low levels of uPA and PAI-1 are asated with a sufficiently low risk of
recurrence and chemotherapy will only contributenimal additional benefit. On the
contrary, high levels of uPA and PAI-1 signify higisk of recurrence and adjuvant
chemotherapy provides substantial benefit for pédieuPA and PAI-1 are defined with the
highest level-of-evidence (LOE-1) [46]. Therefoithey are considered to be the only
biomarkers appropriate for the routine assessménpragnosis in patients with newly
diagnosed node-negative breast cancer accordinthdoAmerican Society of Clinical
Oncology (ASCO) guidelines [34] as well as Europ&mwoup on Tumor Markers (EGTM)
[35].
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1.2.3.3.2 Detection methods

The above clinical trials employed ELISA to measuir® and PAI-1 levels (normalized to
the total protein content of the extract) extradiedn breast tumor tissue. The cut-off value
defined for uPA and PAI-1 is 3 ng/mg and 14 ng/megpectively. Currently ELISA is the
only method which is recommended by ASCO to titraleA and PAI-1 [34]. The
commercially available ELISA test (Femtelle ®) wadeveloped by Sekisui Diagnostics. This
kit has good quality insurance and is widely usedlinic. However, ELISA requires 100-300
mg of fresh or frozen breast cancer tissue. Thigrablematic for two reasons. Firstly, as
formalin-fixed, paraffin-embedded (FFPE) tissueth® main source of patient material
worldwide, therefore, requirement of fresh or frozissue preclude its usage [51]. Secondly,
ELISA requires large quantity of tissues. Thomassteal. [52] used ELISA to compare the
levels of uPA and PAI-1 in 10-30 mg core biopsycapens and 90-300 mg tumor tissue
taken from the same specimens. Results showeduiagy the smaller tissue specimen
correctly classified risk in 95% of the patientsrv&yed; however, correlation between
individual uPA and PAI-1 levels in the small biopspecimens versus the larger tissue
samples was only 0.789 and 0.907, respectivelyrefbee, the feasibility of measuring the
level of uPA and PAI-1 in core needle biopsy bre&asicer specimens needs to be confirmed.
The need for large quantity of tissue requires @gisal biopsy or vacuum-assisted core
biopsy with an 8-gauge needle [53] and precludesute of 14-gauge needle-core biopsies
that are more common in clinical practice [54].ded, requirement of large volume of fresh

tissue becomes the main limitation of ELISA assays.

Considering the challenges faced by ELISA, sevettar assay formats were also used but
no one method has proven to be a reliable subestftut the ELISA assay. For example,
immunohistochemistry (IHC) can detect uPA and PAm-frozen or formalin-fixed, paraffin-
embedded (FFPE) tissues. However, there was nopletanagreement in protein levels,
immunohistochemical scoring, and patient outcomsvéen IHC and ELISA. Correlation
rates for uPA and PAI-1 between expression levetsrchined by ELISA and IHC are 0.78
and 077, respectively [55]. Furthermore, IHC analygelds semi-quantitative information
and it is impossible to estimate protein expressewel above the level causing maximum
staining due to saturation. All these factors iatkcthat the two techniques are not directly

interchangeable.
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Analyzing mRNA levels of uPA and PAI-1 also seempealing, because it requires very
small amounts of tumor tissue and delivers quantgaestimation of the mRNA expression.
Moreover, RNA-based analysis was feasible from ffiarambedded tissue samples.
However, quantification of mRNA has also proveréoan unreliable substitute for ELISA in
assessing the level of uPA and PAI-1 [56-59]. Lashyal. compared ELISA protein levels
and mRNA levels of uPA and PAI-1 in tumor tissueesults showed that the concordance of
uPA and PAI-1 is only 84% and 70%, respectively][36 another study [57], correlations
between uPA/PAI-1 mRNA and protein were found tallstinctly weaker or not significant;
no correlation between PAI-1 mRNA and protein lewgls also reported in [59, 58]. The
discrepancy between protein and mRNA levels wasiplyscaused by post-transcriptional
regulation, which also demonstrated that measunRNA levels cannot always reflect the

real expression of proteins.

Protein microarrays have several advantages cowhpaith traditional ELISA as they
yield high sensitivity and consume tiny volume s#&n{p0]. Antibody microarray was used to
detect the level of uPA and PAI-1 in extracts fromeast cancer tissues. Higher sensitivity
was achieved compared with ELISA. However, antibodgroarray could not normalize the
total protein content [61]. Preliminary studies @ashown reverse-phase protein arrays
(RPPASs) for uPA and PAI-1 promising [62, 63]. FdPIRA arrays, protein lysates are spotted
onto glass slides and total protein can be meadwe8lypro-Ruby protein stain. Moreover,
protein extracted from formalin-fixed, paraffin-eettwled primary breast cancer tissues could
be used in RPPAs. As protein microarrays requing sample volume, they show high
appealing potential for detecting uPA and PAI-biiaast tumor tissue.

1.3 Autoantibodies (AAbs) - Diagnostic and prognostic

values

As mentioned before, no-serum biomarkers were gefftly effective for an early
diagnosis and screening of breast cancer becaueioflow sensitivity and specificity. In
recent years, numerous studies have demonstraieddium autoantibodies could have high
value as diagnostic and prognostic biomarkers feast cancer. In the 1960s, Robert W.
Baldwin found that the immune system is involvedtumor development, during which
autoantibodies (AAbs) were produced against inthdee proteins that are mutated,

modified, or aberrantly expressed in tumor cellseSe proteins are called tumor-associated
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antigens (TAAS) [64]. Several pathways can expthia regulation, including opsonization,
enhancement of dendritic cell-mediated antigengmagion to T cells, recruitment of natural
killer cells to perform antibody-dependent cell-na¢eld toxicity, generation of tumor
antigen-specific CD8 T cells and complement-dependent cytotoxicity. Hesve these

mechanisms are not sufficient to explain how eyadthese natural autoantibodies

originate [65].

Although little is known about the origin of thimimune response, an increasing number of
articles have demonstrated that autoantibodiegidmeiused for early diagnosis and prognosis
of cancer [66]. AAbs show highly appealing propesticompared with current serum
biomarkers. Firstly, tumor-specific immune respa@seem likely to occur before clinically
apparent carcinoma. For example, Lubin et al. dete®53-specific antibodies almost 1.5
years before clinically relevant lung cancer wasgdosed [67]. Thus, the identification of
AADbs could potentially be used for screening andiyediagnosis of cancer. Secondly, during
the anti-tumoral response, the immune system pedoil very efficient biological
amplification, leading to high concentration of Ag\and allowing indirect detection of very
small amounts of tumor antigen. Thirdly, antibodées highly stable in serum samples and
are not subject to proteolysis like other polypags, making sample handling much easier.
They show a long lifetime @& between 7 and 30 days, depending on the subclass o
immunoglobulin) in blood and may persist as longhas corresponding autoantigen elicited
specific humoral response. Finally, antibodies l@oehemically well known molecules, and
many reagents and techniques are available farde&ction, simplifying assay development
[68-73].

Thus, in recent years, numerous studies have smleeswrious AAbs against TAAs and
evaluated their diagnostic and prognostic valudrneast cancer. Among them, antibodies
against heat shock proteins (HSPs) received gmatest. Therefore, an overview of
published studies on AAbs against HSPs and oth&sTiA breast cancer will be summarized

in the following.

1.3.1 Heat shock proteins (HSPs) and AAbs against HSPs

HSPs were first discovered as a cohort of protéas are powerfully induced by heat

shock and other chemical and physical stresseswide range of species [74]. HSP are a
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group of highly conserved proteins and are classiinto six families according to their
molecular weight (MW): HSP110, HSP90, HSP70, HSPDUHAJ and small HSPs (range
between 13-42 kDa) including HSPB1 and HSP10. Glegegulated proteins (GRPs) are a
related class of proteins which are localized idogrlasmic reticulum. For example, HSPA5S
belongs to HSP70 family member and shares 60% aatitbidentity with HSP70; HSP90B1
belongs to HSP90 family and shares 50% amino agatity with HSP90 [75]. HSPs
function predominantly as molecular chaperonesyTdiso restore cellular homeostasis by
ensuring proper formation of new proteins, presgr\existing complexes, restoring function

of denatured proteins, and solubilizing proteinraggtes [76].

Heat shock proteins (HSPs) are overexpressed i@ nange of human cancers. Elevated
HSPs expression in malignant cells plays a key raleprotecting cells against the
spontaneous apoptosis associated with malignaneyer& HSPs are associated with the
prognosis of specific cancer. For example, the esgpon of HSPB1 is associated with poor
prognosis in gastric, liver, and prostate carcinpamad osteosarcomas; overexpression of
HSP70 is correlated with poor prognosis in breastiometrial, uterine cervical, and bladder
carcinomas [77]. Increased HSP expression maypatsdict the response to some anticancer
treatments. HSPB1 and HSP70 were shown to be iagalv resistance to chemotherapy in
breast cancer; HSPB1 predicted a poor responseéhématherapy in leukemia patients,
whereas HSP70 expression predicted a better resgonshemotherapy in osteosarcomas.
Furthermore, implication of HSP in tumor progressamd response to therapy has led to its
successful targeting in therapy [77]. Thus, theeckdn of HSPs as biomarkers of cancer
could aid early diagnosis, determining prognosispspectively predicting response or
resistance to specific therapies, surveillancer gitenary surgery, and monitoring therapy in

patients with advanced disease [77, 76].

Elevated HSPs expression in tumor can also stimtle immune system to produce anti-
HSP AAbs. Conroy SE et al. [78] found that AAbs iaga HSP90 were detectable in a
significant proportion (37%) of patients with breaancer but not in normal individuals or
patients with benign breast tumors. AAbs againsP & also related with prognosis. Same
authors [79] demonstrated that mortality rate froreast carcinoma was greater in women
tested positive for AAbs against HSP90 than thestet negative. Thus, AAbs against HSPs
could have diagnostic and also prognostic valuesaircer. In the following, we firstly give
an overview of published studies on detection nglei AAb against HSP for discriminating

breast cancer patients from healthy controls; thati-AAbs panels are presented.
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1.3.1.1 Evaluation of single anti-HSP AAbs

We identified 6 reports describing the use of imlal AAbs against HSP for
discriminating breast cancer patients from heattbiytrols. The result is presented in Table 3.
Enzyme linked immunosorbent assay (ELISA) was thestntommonly used techniques.
Among all 6 studies, 5 researchers utilized ELI®# anly one study used western blot (WB)
for the detection of anti-HSP antibody. From theéat, it was observed that the frequency of
a single anti-HSP antibody in breast cancer paieahged from 8%-48%, whereas the

frequency in healthy controls ranged from 0 -5%i{B$P70 antibodies were not included).

Table 3 Frequency of single autoantibodies in breast carpaients, benign subjects and

healthy controls

sample size (N) AAD frequency %

HSP  method cases HC benign  cases HC benigrP® value reference
HSPB1 ELISA 579 53 - 37.8% 1.9% - p<0.001 [80]
HSP70 ELISA 369 53 - 40.9% 35.9% - - [80]
HSP90 ELISA 125 - - 36.8% - - - [78]
HSPD1 WB 40 42 - 475% 4.7% - p<0.01l [81]
HSPD1 ELISA 107 93 - 31.8%  4.3% - p<0.0001 [82]
HSP90 ELISA 13 22 10 8% 0 0 - [83]

HC: healthy controls; WB: western blot; ELISA: emzylinked immunosorbent assay.

Using ELISA, in 1995, Conroyet al conducted the first study to identify anti-HSP90
autoantibody in patients diagnosed with breast @anthey found that antibodies targeting
purified HSP90 were detectable in 46/125 (36.8%®abt carcinoma patients but not in
healthy individuals, or patients with benign breashors. Furthermore, the presence of these
antibodies was found to be correlated with the greent of metastasis even in patients
without axillary nodal involvement [78]. Then, in@her study, they analyzed the correlation
between anti-HSP90 AAb and mortality rate. Theynfbuihat mortality rate from breast
carcinoma was greater in women tested positiveAfdibs against HSP90 than those tested
negative[79]. This research group also identified anti-H3Pahd anti-HSP70 antibodies in
breast cancer, still using ELISA. One of the latgeasmple cohorts was evaluated with 579
samples tested for anti-HSPB1 Abs and 369 sammsted for anti-HSP70 Abs. In

comparison, the number of healthy controls (53thgdemale) were limited. Results showed
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that there was no significant difference in thejfrency of anti-HSP70 antibodies in patients
with breast cancer and healthy control subjectscdntrast, anti-HSPB1 antibodies were
detectable in over one-third of breast cancer pei€37.8%) while only in one healthy
individual (P < 0.001). Furthermore, the preserfcanti-HSPB1 antibodies appeared to show
a significant correlation with improved survivalargicularly beyond the first 5 years [80].
Hamrita et al used western-blot analysis on a cohort of 40ep&i with invasive breast
cancer and 42 healthy controls. A significantlyh®g frequency of anti-HSPD1 antibodies
was observed in breast cancer patients group (1¥4®%%), compared to control serum
group (2/42, 4.7%). Thus, they suggested that ttesegmce of circulating anti-HSPD1
antibodies could display clinical usefulness agaestic markers for breast cancer [81]. This
was confirmed by Desmett al. in a study including 49 ductal carcinoma in siRC(S)
patients, 58 early stage breast cancer patienthie@Bhy controls, 20 other cancer patients
and 20 autoimmune diseases [82]. Anti-HSPD1 aniésodiere detected in 32.6% (16/49)
patients with DCIS and 31% (18/58) patients withlyeatage breast cancer, compared to
4.3% (4/93) in healthy controls and 0% in othertomlngroups. Furthermore, the presence of
anti- HSPD1 antibodies had a close association digkase grade in DCIS. Indeed, Anti-
HSPD1 antibodies were found in 11/23 patients @j.®&ith high-grade DCIS, compared to
5/26 patients (19.2%) with low-grade DCIS (p=0.0188ti-HSPD1 antibodies displayed a
specificity of 95.7%, a sensitivity of 31.8% and BWf 63.7% for discriminating breast

cancer patients from healthy controls.

As tumor is a heterogeneous disease, the use gles®Ab as diagnostic biomarker
remains limited due to their low sensitivity andduency ranging from 8% to 48%. Over the
past 10 years several researches demonstratechtit&tAAbs panels could greatly improve

cancer sensitivity detection while preserving reade high level of specificity.

1.3.1.2 Evaluation of AAbs panels including anti-HSPs antibody

Thanks to novel emerging proteomic techniques, ligkage display, serologic
identification of antigens by recombinant expresgiSEREX), serological proteome analysis
(SERPA), various biomarkers which could discrimenatincers from healthy controls were
discovered. In the following, we present two stsdon multi-AAbs panels including one or
more anti-HSPs (as shown in Table 4). One studyzedi ELISA and the other utilized

protein microarray.
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Table 4 Frequency of AAbs panels in breast cancer patiantscontrols

methods panel cases controls SN/SP reference
ELISA FKBP52, PPIA, PRDX2, HSPD1 and MUC1 142 93 .56D7.2 [84]
PM HSPD1, P53, Her2-Fc, NY-ESO-1 and HSP70 29 28 .72 [32]

HC: healthy controls; ELISA: enzyme linked immumbsnt assay; WB: western blot; PM:

protein microarray; SN: sensitivity; SP: specificitAUC: Area under curve.

As could be seen on Table 4, two panels of 5 amsigmcluding only HSPD1 as common
antigen, were evaluated [84, 32]. Although the $izE8 breast cancer serum for [84] and 29
breast cancer serum for [32]), composition of patehorts (60 early-stage primary breast
cancer and 82 carcinoma in situ (CIS) for [84],imlormation for [32]) and the methods used
(ELISA versus protein microarray) were very diffiet,eboth studies reported sensitivity and
specificity of breast cancer detection in the saamge. Moreover, Desmegt al. have shown
that their combination of 5 antigens could discnate CIS from healthy controls in women
under the age of 50 years (receiver operating cteratic area under the curve (ROC AUC),
0.85; 95% CI, 0.61-0.92) [84]. This result is vamyportant for young women with high risk

of developing invasive and aggressive tumors.

Compared with the low frequency of single AAbs iredst cancer, multi-AAbs panels
could greatly improve the sensitivity of cancered¢ion. For example, the maximal frequency
of antibodies against a single HSPD1 is 47.5% [8#&]ereas a panel of 5 autoantibodies
(anti-HSPD1 antibodies included) can increase #resiivity up to 82.5% [32]. Therefore,
screening a panel of biomarkers was indispensaldeder to have high sensitivity.

1.3.1.3 Emerging trends of anti-HSPs AAbs detection in breast cancer

We compiled and compared data on anti-HSP Affdaxguency obtained from the various
studies described above. Results are presenteduile 5. The most commonly studied anti-

HSP AAb in breast cancer was anti-HSPD1, which repsrted in 3 separate investigations.

Some studies on AAbs panels didn’t provide theuesgry for each AAbs so the frequency
is unavailable. We can only compare the frequerfcautoantibodies against HSPD1 and
HSP90 reported in two different studies. The fremyeof anti-HSPD1 antibodies was quite
reproducible (range from 31.8%-47.5%), however,asi®d times discrepancy was obtained

concerning anti-HSP90 antibodies (range from 8%8%9. Sample sizes maybe explain this
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variation. One study involved 125 breast canceieptt [78] while another study contained
only 13 patients [83]. Sample size is an importactor and large-scale investigations are
obligatory for verifying the real frequency of aatdibodies in serum. Anti-HSPB1, anti-

HSP70 and anti-HSP90 AAbs were also studied.

Table 5 Comparison of anti-HSP AADbs frequencies in breaster

HSPs method sample size (N) AAD frequency % eference
cases HC benign cases HC benign
HSPB1 ELISA 579 53 - 37.8% 1.9% - [80]
HSPD1 WB 40 42 - 47.5% 4.7% - [81]
ELISA 107 93 - 31.8% 4.3% - [82]
ELISA 142 93 - - - - [84]
PM 29 28 - - - - [32]
HSP70 ELISA 369 53 - 40.9% 35.9% - [80]
PM 29 28 - - - - [32]
HSP90 ELISA 125 - - 36.8% - - [78]
ELISA 13 22 10 8% 0 0 [83]

HC: healthy controls; ELISA: enzyme linked immumbsnot assay; WB: western blot; PM:

protein microarray.

In addition to diagnostic marker, AAbs against HS#e also associated with tumor
prognosis and could be prognostic markers. For el@nantibodies against HSP90 were
associated with decreased survival [79] while &8PB1 antibodies were associated with
improved survival [80]. AAbs against HSPD1 wereoalsund to be correlated with breast
tumor stage. They are significantly higher in higgeade ductal carcinoma in situ [82]. So
the detection of autoantibodies against HSPs cdnonly discriminate the breast cancer
patients from healthy controls, they could alsovgte prognostic values.

1.3.2 Autoantibodies against other TAAs than HSPs

In addition to AAbs against HSPs, various AAbs aghiother tumor antigens were also
reported. Tumor antigens can, in general, roughldydlvided into nine subgroups: decoy
proteins, stem cell antigens, viral antigens, oeodg proteins, over-expressed proteins,
frameshift antigens, nucleic acid—specific antigeganglioside-like antigens, and cancer-

testis antigens [85]. In the following, we firsthresent TAAs and related AAbs that have
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been reported to discriminate breast cancer patfemin healthy donors; then TAAs to tailor-
made panels of AAbs will be presented. Finally, wi# summarize the frequency of each
AADbs and the challenges that we are facing.

1.3.2.1 TAAs and related AAbs in breast cancer

Numerous tumor specific AAbs have been identifiredhie serum of breast cancer patients
(Table 6), but only a few of these AAbs (anti-Pa8ti-Her2/neu, anti-MUC1) have been
examined in detail as potential diagnostic or posgic markers, while other anti-TAA AAbs
were only reported once. More than half of studiese based on ELISA technique for
screening and evaluation of AAbs frequency. Inftilwing, we will give an overview of

these reported AAbs in breast cancer patients.

Table 6 Frequency of autoantibodies in breast cancer pasiebenign subjects and healthy

controls.
TAA sample size (N) AADb frequency % Referencelyear
cases HC
P53 101 - 7.9% [86] 1999
2006 - 14.7% [87] 2000
158 - 19% [88] 2003
71 205 18.3% [89] 2003
144 242 21.5% [90] 2005
50 436 34% [91] 2006
25 879 16% [92] 2009
61 20 35% [93] 2010
HER2 20 - 55% [94] 1994
107 200 11.2% [95] 1997
37 157 7% [96] 2000
MUC1 24 - 8.3% [97] 1994
401 37.5%
140 96 25.7% [98] 1996
61° 18%
c-myb 72 49 43% [99] 1991
fibulin 20 20 75% [100] 2002
RPA32 801 65 10.9% [101] 2002
lipophilin B 74 20 27% [102] 2003
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35°¢ 37.1%

cyclin B1 7 27 42.8% [103] 2005
survivin 23.9%
- 46 10 [104] 2005
livin 32.6%
_ 36° 66.6%
endostatn 24 [105] 2006
59°¢ 42.4%
GIPC1 22 10 7% [106] 2007
IGFBP2 80 200 5% [107] 2008
AHSG 81 73 79.1% [108] 2009
SPAGY 100 50 80% [109] 2009
282 18.4%
SOX2 194 [110] 2012
78° 6.4%
p90/CIP2A 168 88 19.1% [111] 2014

HC: healthy controls? benign breast tumof,early-stage breast carcinoma@dvanced-stage

disease

1.3.2.1.1 Most studied TAAs and related AAbs iagireancer

Tumor protein P53 belongs to an over-expressed rtianbigen and received the highest
interest among all TAAs. Accumulation of the mut&ai3 in tumor cells can elicit a humoral
immune response leading to the production of ab8-RAbs. The frequency of anti-P53
antibodies in breast cancers range from 7.9% to, 8hpared with low frequency in health
controls. In 2000, Soussi summarized the literaftom 1979 to 1999 on anti-P53 AADbs in
serum of patients with various types of cancernticant difference was observed between
breast cancer patients and healthy controls (PO80Q) for the presence of anti-P53 AAbs
[87].

Moreover, three large-scale and multi-institutiosflddies were conducted to identify the
frequency of anti-P53 AADbs in various type of casd®2, 89, 91]. Altogether, 1345 cancer
patients and 1520 healthy controls were involvdae @verage of the frequency of anti-P53
AADs in cancers ranges from 15% to 24%; whileriégjiency in healthy controls is very low
(0%-1.02%), especially in the results reported byllet. M, et al [91]. They found that
control group (436 healthy controls) was all negatior anti-P53 antibodies, which means
that this antibody response occurred only in pédievith malignant disease. Therefore, anti-
P53 antibodies showed high specificity for malignarHowever, low sensitivity (range from

15% to 24%) prohibits the use of single anti-P53ibaly test to screen patients. The
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combination of anti-P53 antibody test and the memmant of established conventional
biomarkers can increase sensitivity. As reportef®1, the occurrence of anti-P53 antibodies
is independent of the elevation of conventional durmarkers (CEA and CA15-3) with
significant increase of sensitivity (6-11%) and heitit reduction of specificity in most
cancers. However, in these three large-scale studidy limited breast cancer patients were
involved (the maximal sample is 71) [92, 89, 91j. &ddition to large-scale studies
summarized above, several studies identified adisoagainst P53 only in breast cancers
[93, 86, 88, 90]. The sample size ranges from &] {® 158 [88] and the frequency of anti-
P53 antibodies in breast cancer ranges from 7.®}ot{835% [93]. Sample size has a great
influence on the frequency of autoantibodies. Galherhigh sample size leads to low
frequency.

The association of circulating anti-P53 antibodigth clinic pathological features was also
studied and conflicting results were obtained. fagdiet al. found that there is no association
between anti-P53 antibodies and prognostic fadi@s$. In contrast, several other studies
found that autoantibodies against P53 were assaocwith shorter survival and advanced
tumor stage [93, 88, 90, 91, 112]. Conflicting feswere also observed concerning to the
association of circulating anti-P53 antibodies wother features like hormone receptors. A.
Kulic et al. found autoantibodies against P53 having signifiGa#ociation with tumor size
and tumor histological grade, while no associatiath ER, PR and HER-2 [93]. On the
contrary, T Nozoet al. found no significant association between autoawligs against P53
and tumor size or stage. Furthermore, appearan@tof53 antibody is associated with
negative expression of ER, PR and HER2 [112]. A8S-RH3 antibody is not the only
component in predicting prognosis but instead thtus of a network that interact with other
biomarkers, so analyzing the interactions of dé@fgrbiomarkers is necessary. However, both
two studies involved limited sample size (61 foB][@nd 42 for [112]), larger-scale studies

are needed to confirm their interactions.

All these studies showed that anti-P53 antibodisglay high specificity (more than 95%)
and low sensitivity (average is 20.8%). Therefa@nbining anti-P53 antibodies with other
biomarkers could increase the sensitivity witho@ducing specificity. Furthermore,

circulating anti-P53 antibody is associated witd peognosis and shorter survival.

HER2/Neu/ErbB2 is a member of the epidermal grdatiior receptor (EGFR) family that
is amplified and over-expressed in 20%—-30% of Wremscinomas. HER2-positive is
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associated with poor prognosis, due to high inadeonf metastasis and resistance to
endocrine and conventional chemotherapy in thesenis. Treatment targeting HER2 in

breast cancer has shown to be a useful strategygtoficantly reverse the malignancy

induced by HER2 over-expression [113]. Anti-HER2ilzomdies have also been detected in
breast cancer patients. One research group comd@cttudies on anti-HER2 presence in
breast cancer patients over a period of 6 yeaosn(ft994 to 2000). Results indicated that
anti-HER2 antibodies were significantly presentearly-stage breast carcinoma patients
compared to healthy controls [94, 95] and in higlerel than in advanced-stage breast
carcinoma patients [96]. These studies suggesttiiegahumoral immune response to HER2

may have a role in limiting breast carcinoma pregien.

Mucin (MUC) is a family of high molecular weight ygloproteins expressed on cell
surface. MUC1 has been found to be expressed abtiyndabreast cancer [114]. Circulating
immune complex containing MUC1 has been detectedbremast carcinoma but did not
correlate with the stage of disease [97]. Anti-MU@&tibodies were detected more often
among women with benign disease than in women imigast cancer. Indeed, a negative
correlation was observed between the presencetief&iC1 antibodies and the development
of disease. These results suggested that a natwuradral immune response to MUC1 should
be protective against disease progression, while && immune reaction could be associated

with unfavorable outcome [98].

1.3.2.1.2 Other TAAs and related AAbs in breastean

Many studies have demonstrated the potential us¢hef autoantibodies for breast cancer
diagnosis and prognosis. These molecules includédsAagainst c-myb, fibulin, RPA32,
lipophilin B, cyclin B1, survivin, livin, endostatj GIPC-1, insulin-like growth factor binding
protein 2 (IGFBP-2), AHSG, SPAGY9, SOX2 and p90/@&Pas shown in Table 4. TAAs are

involved in breast carcinoma through different neghms.

C-myb protein, Cyclin B1, cancerous inhibitor ofof@in phosphatase 2A (CIP2A) and
insulin-like growth factor (IGF) are molecules tlwantrol the progression of tumor through
cell cycle and apoptosis [115-118]. Antibodies agaic-myb were present in the serum of
31/72 (43%) breast carcinoma patients compare@#01(24.5%) healthy controls (P=0.036)
[99]. The frequency of AAbs against cyclin B1 is chuhigher with 42.8% patients strongly
positive [103]. However, only 7 patients were inxgad in this study and the relevance of
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these data could be discussed. For antibodies sigalR2A, 168 breast cancer patients and
88 normal individuals were tested and higher autbady was found in breast cancer

(19.1%) than in normal controls (2.3%) [111]. AAlgainst IGFBP-2 were present in the
serum of 4/80 (5%) breast carcinoma patients, coadpaith 2/200 (1%) healthy controls (P

= 0.032) [107].

Replication protein A (RPA32) and GIPC1 are invalveNA and protein metabolism,
respectively [119, 120]. Anti-RPA32 antibodies wsignificantly higher (P < 0.01) among
breast cancer patients (10.9%, 87/801 patients) #mong non-cancer controls (0 of 65
controls) [101]. A smaller study was conducted ati-aGIPC1 antibodies. Only 22 patients
were involved and 77% (17/22) breast carcinomaptgiwere positive [106].

Other TAAs including fibulin, alpha 2HS glycoprate{AHSG), SPAGY, Lipophilin B,
survivin and livin are involved in other mechanismasd their autoantibodies were also
studied. The sample size of studies ranges fromo 209 and the frequency ranges from 27%
to 80% [100, 102, 104, 108, 109]. Among these &uadies, the frequency of anti-SPAG9
autoantibody in breast cancer is relatively higb3 even relatively large cancer cases (100)
were involved [109], therefore, the authors conetlithat anti-SPAG9 autoantibody may be

useful serum biomarkers for breast cancer screemdgliagnosis.

In addition to diagnostic value, the prognosticueabf two antibodies (against Endostatin
and SOX2) was also evaluated. Endostatin is natnhgébitor of angiogenesis and is over-
expressed in metastatic cancer patients [121]. Addanst endostatin were also elevated in
breast cancer. Bachelet al. showed that serum antibodies against endostatia detected
in 4/24 (16%) healthy women, 24/36 (66.6%) patienith localized breast carcinoma, and
25/59 (42.4%) patients with metastatic breast paroa. Differences were statistically
significant between all breast carcinoma patiemtd healthy controls (P < 0.0001) and
between localized and metastatic breast carcinoati@nts (P = 0.03). Furthermore, anti-
endostatin antibodies were associated with betierival in metastatic breast carcinoma
patients. The median survival time of the 25 pasiemith detectable serum anti-edostatin
AAbs was 20 months compared to 7 months for therodd patients (P = 0.03). Therefore,
the author concluded that serum anti-endostatib@gies is higher in patients with localized
disease and is associated with a better prognogmtients with metastatic disease [105].
SOX2 is an embryonic stem cell marker and playsl@in breast carcinogenesis [122]. Sun
et al. studied the presence of circulating anti-SOX2 kmdies in serum from 282 breast
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cancer patients, 78 benign breast disease patemis194 healthy women. Results showed
that antibodies against SOX2 were present in 18p&kents with breast cancer, in 6.4%
patients with benign breast disease and in 2.6%thyeavomen. The circulating SOX2
antibodies were able to discriminate between bremster patients and healthy controls (p<
0.001) and between breast cancer patients and thitisoenign breast disease (p< 0.001).
The prevalence of SOX2 antibodies was associatél fgher tumor grade and positive
nodal status [110].

Although numerous tumor specific AAbs have beerded in the serum of breast cancer
patients, their frequency varies greatly (from 5%80%). The great variation maybe resulted
by various factors including tumor heterogeneigmple sizes, sample quality and origin,
healthy individuals, method and proteins used.Heurhore, some of these AAbs were also
found in other cancers. For example, elevated Rb&i-antibodies were detected in head and
neck carcinoma (32%), esophageal carcinoma (30%prectal carcinoma (24%), and
carcinoma of the uterus (23%) [70]; elevated arER2 antibodies were detected in prostate
cancer [73]. All these results underscore the quesble utility of a single autoantibody

evaluation for breast cancer diagnosis and prognosi

1.3.2.2 The use of anti-TAA AAbs panels in breast cancer diagnosis and

prognosis

AADbs against TAAs display high level of specificishile sensitivity is low because of the
heterogeneity of tumor. Recently, many researctoensd that multi-AAbs panels can greatly
improve sensitivity while preserving a reasonalghHevel of specificity. In this part, we
give an overview of distinct panels of AAbs whiclene used to discriminate breast cancer
patients from healthy controls. Analysis of thergture is presented in Table 7. Overall, 12
AADs panels were evaluated for breast cancer detegith panel size ranging from 2 to 10.
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Table 7 Frequency of anti-TAA AAbs panels in breast caacer healthy controls

panel methods cases controls AUC SN/SP Refererare/ye
IMP1, p62, Koc,
P53, c-MYC, cyclin ELISA 64 346 - 92%/85%  [123, 124]2003
B1, and survivin
survivin and livin ELISA 46 10 - 52.2%/- [104] 2005
pl6, P53, and c-myc  ELISA 41 82 - 43.9%/97.6%  [125] 2006
P53, c-Myc, HER?2,
97 - 64%/85%
NY-ESO-1,
ELISA 94 [126] 2007
BRCAL, BRCA2,
To - 45%/85%
and MUC1
MUC1, HER2, P53,
- 31%/-
and IGFBP2
ELISA 184 134 [73] 2008
P53, HER2, IGFBP-
0.63 -
2, and TOPOR
ASB-9, SERUMC1,
ELISA 87 87 0.861  77%/82.8% [127] 2008
and RELT
FKBPS2, PPIA, 60° 0.73  55.2/87.9%
PRDX2, HSPD1 and ELISA 93 [84] 2009
MUC1 82 0.80 72.2%/72.6%
RBP-Jk, HMGNL1,
PSRC1, CIRBP,and  ELISA 59 61° 0.749  86.1%/75% [128] 2012
ECHDC1
GAL3, PAK2,
PHB2, RACK1 and ELISA 114 68 0.81 66%/87% [129] 2013
RUVBL1

p62, P53, c-myc,

survivin, pl16, cyclin

_ ELISA 41 82 - 61%/89% [130] 2013
B1, cyclin D1 and
CDK2
FTH1 and hnRNPF ELISA 150 150 0.816  91.1%/72% (23113

2 primary breast cancer patientSpatients with ductal carcinoma in situ (DCIShdvanced-

stage disease, SN: sensitivity, SP: specificityCRGrea under ROC curve.

Among all these AAbs panels, anti-P53 antibodiesevgereened in half of these studies
[130, 123, 73, 124-126]. Good performance was obthiby [130, 123]. One of this study
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identified antibodies against seven TAAs, IMP1, p8&c, P53, c-MYC, cyclin B1, and
survivin in 64 breast carcinoma and 346 normalextbj It yielded a sensitivity of 92% and
specificity of 85% [123]. Another group studied 8t@antibodies in 41 cancer patients and
this panel reaches a sensitivity of 61% and spifof 89% [130]. However, both studies
could cause overfitting bias. Overfitting meang tha multi-markers panel is inappropriately
large with respect to the number of cases evaluates prediction will be out of range
because of noise. Generally, when the ratio ofcasenarkers is less than 10, it is considered
of potential bias [71]. The ratio of cases to meske both two studies was less than 10
(about 9 for [123] and 5 for [130]), so the higlvde of discrimination may be caused by
overfitting bias. Low multi-markers panel can avonkrfitting bias; however, small marker
panel will lead to low sensitivity, as obtained [@04]. Therefore, it is better to keep a

reasonable ratio between multi-markers panel aaahtimber of cases.

The AUC of three panels reached more than 0.81 yaelded good performance for
discriminating breast cancer patients from healtbptrols [127, 131, 129]. No common
AAbs were observed in these three panels, whiahialicated that the origin of tumor is an
extremely complex process and various moleculeg wwlved in tumor genesis. In [131],
they identified autoantibodies against hnRNPF anHXFand results showed that this panel
had a low specificity. However, when CA15-3 wasextltb the panel, it reached a sensitivity
of 89.3% and a specificity of 93.8%. From this ve@ cee that in order to keep the specificity
at a high level, different kind of markers inclugimutoantibodies and antigens can be

combined.

Four studies gave detailed information about capesients and evaluated the association
between AAbs panel and cancer stage [126, 84, 129, Three of them found that a panel
of AAbs could be used in support to mammographytherdiagnosis of early primary breast
cancer, especially in younger women with high n$loreast cancer where mammography is
known to have reduced sensitivity and specific84,[129, 126]. A panel composed of seven
autoantibodies was found in 64% of primary breasicer patients and 45% of patients with
(Ductal carcinoma in situ) DCIS, at a specificify8®% [126]. In [84], five AAbs panel could
also significantly discriminated primary breast @an (AUC=0.73) and CIS (AUC=0.80)
from healthy individuals. Moreover, this combinatican discriminate CIS from healthy
controls in women under the age of 50 years (AUB5)0.The results are very important for
young women who are at high risk of developing giva and aggressive tumors. However, it
is to note that the number of patients under tleed 0 years was limited (n = 14), so more
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investigations are needed to confirmed conclusidain Mangéet al. identified another five
AAbs panel and results showed that this panel dgnificantly discriminate early stage
cancer from healthy individuals (AUC=0.81). Morenvthis value was high in both node-
negative early-stage primary breast cancer (AUC .81)0and DCIS (AUC = 0.85)
populations. Therefore, the authors concludedttiiatautoantibody panel could be useful in
screening strategy of early-stage invasive bremster and pre-invasive breast cancer [129].
The same group also identified a panel of five AAbsluctal carcinoma in situ (DCIS) and
invasive breast cancer (IBC) patients. Results slowhat this signature significantly
discriminated DCIS from IBC (AUC = 0.794), with awverall sensitivity of 86.1% and an
overall specificity of 75.0%. Furthermore, this phoould highly distinguish low-grade DCIS
from high-grade DCIS exhibiting an AUC of 0.749. Mover, the authors compared local
recurrence and absence of recurrence in a populafi@CIS patients followed for 5 years.
Results showed that the autoantibody signaturedcdivide the DCIS patients into a poor-
prognosis group (local recurrence) and a good-meigngroup (recurrence free, P = 0.011).
Therefore, they concluded that this autoantibodyepasignature could have clinical
implications for the management of DCIS, which rhalp to avoid the over-treatment of low
risk patients and dictate more intensive treatnoériggressive DCIS [128]. If we compared
these two studies conducted by the same group 28, no common AAbs were observed
in AAbs panels. This was maybe caused by the diffeg of cancer patients studied and it
also reflects the fact that patients in differamnbr stage have their own AAbs signature.
Furthermore, it maybe caused by the different nagthased for choosing AAbs. In [128],
they used protein microarray for choosing AAbs pamhkile in [129], they used two-
dimensional gel electrophoresis (2D-GE) and masstspmetry (MS) to choose the potential

AADs panel.

Compared with low sensitivity of individual anti-PAAAD, the combination of anti-TAA
AADbs panel can greatly increase the sensitivitylevipreserved a reasonable high level of
specificity. AAbs panels’ signature could be parécly appropriate in complement to
mammography for women with high breast density. &dwer, they could provide clinical
implications for the management of breast canceemis, thus avoiding the over-treatment of
low risk patients and dictating more intensive tmeant of aggressive tumors. Two points
need to be noted. Firstly, methods used to idedtAps panel need to be improved. Indeed,
ELISA is mostly employed but this technique is adiapted for large screening multiplex
detection. New technologies such as protein micagarshould be more efficient to screen
AAbs panels. Secondly, over-fitting bias should &@eoided. Over-fitting in biomarkers
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analyses occurs when a multi-marker panel is irgppately large with respect to the number
of cases being evaluated. In this case, the predietill be out of range because of noise.

Thus in order to avoid overfitting bias, size of B\ panel and sample should be well-
designed.

1.3.2.3 Conclusion

Among all anti-TAAs studied, 9 received much ingtrérable 8). Anti-P53 AAb was the
most reported, following by HER2, MUC1, c-myc, Suim, cyclin B1. As shown in Table 8,
a discrepancy across studies about the frequensiyngle anti-TAA AAb was observed. This
discrepancy could be explained by various factbysStudy population varies greatly among
studies. 2) Definition of the cutoff value is anpgamntant factor that decides the performance of

the test; lower cutoff value result in higher séwgy and lower specificity, andice versa

Table 8 Anti-TAA AAbs identified by multiple studies foedst cancer diagnosis

Tumor  Number Range of sample size (N)  Range of sensitivity
antigen of studies cases HC across studies reference
[130, 123, 73, 124-
P53 14 25-2006 82-346 7.9%-35% 126, 86-93]
HER2 6 20-144 157-242 7%-55% [73, 94-96, 90, 126]
MUC1 5 24-241 93-134 8.3%-37.5% [97, 98, 126, 743, 8
c-myc 4 41-137 82-346 13%-22% [123-126, 130, 104]
Survivin 3 41-64 10-346 7.8%-23.9% [124, 130, 1XR]
cyclin B1 3 7-64 27-346 4.7%-42.8% [124, 130, 123]
P16 2 41 82 12.2% [125, 130]
P62 2 41-64 82-346 7.8%-12.2% [124, 130, 123]
IGFBP2 2 80-184 134-200 5%-7% [103, 73]

Although little is known about the origin of the nmune response against tumor, an
increasing number of articles have demonstratetl ah#antibodies directed against tumor
antigens have great potential for early diagnosd prognosis of cancer. In recent years,
more and more anti-TAA autoantibodies have beeorted. However, their real diagnostic
value needs to be further confirmed by large soalestigation. Compared with individual
anti-TAA autoantibody screening, anti-TAA autoaotilies panels can greatly improve the
sensitivity because of heterogeneity of tumor. &mmple, the frequency of single anti-P53
antibody ranges from 7.9% to 35%, while the comthiaralysis of antibodies to a panel of
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TAAs can greatly increase the sensitivity. As répoin [123, 124], the combined analysis of
antibodies to P53, IMP1, p62, Koc, c-MYC, cyclin BAd survivin increased both diagnostic
specificity and sensitivity to 92% and 85% respasi§i.

Among all these autoantibodies reported, we chosgcteen autoantibodies against heat
shock proteins (HSPs) family in breast cancer seAmong HSPs family, antibodies against
several HSPs were repoted, e.g. antibodies agdi®BB1l, HSPD1 and HSP90 were over-
expressed in breast cancers, while no reportsriilbalies against other HSPs. Therefore, we
want to profile antibodies against HSPs family redst cancer serum and test the diagnostic
and prognostic performance of this antibody palelteover, we added anti-p53 antibody in
the antibody panel because it is the most stuciétdady in breast cancer.

The need of large scale and autoantibodies pasklsrgently the transition of techniques
because traditional ELISA is time consuming andtadus for parallel multiple screening.
New screening methods like protein microarraysmaoee and more developed since last 30
years. These new techniques are capable of anglyaittiple samples in parallel and require

tiny volume sample. So in the following, we willdias on protein microarray.

1.4 Protein microarrays

Microarray technology is a term that refers to thiaiaturization of thousands of assays on
one small plate. This concept was first introdubgdl'se-Wen Chang in 1983 [132]. In the
following decades, this concept was successfuipdformed into the DNA microarray, a
technology that determines mRNA expression levdldhousands of genes in parallel.
However, DNA microarray technology possesses samtations because mRNA profiles do
not always correlate with protein expression [133preover, proteins are the major driving
force in almost all cellular processes. Therefgn@tein microarrays were developed as a
high-throughput tool to overcome the limitation@NA microarrays and to provide a direct

platform for protein function analysis.

A general scheme of typical protein array experimenprovided in Figure 4. Various
proteins are printed on a solid support. After vilegtand blocking un-reacted surface sites,
the array is incubated with a sample containingasiety of unrelated proteins. After

incubation, the interaction can be detected by twethods: label-free methods (mass
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spectrometry, surface plasmon resonance, etc.plml-dependent methods (fluorescence,

chemiluminescence, etc.) [134].
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Figure 4 General scheme of typical protein microarray expent. A set of capture ligands

Binding
events

(proteins, antibodies, peptides) is arrayed ontoagpropriate solid support. After blocking

unreacted sites of the surface, the array is probedhcubation with a sample containing the
target molecules. If a molecular recognition eveaturs, a signal is revealed either by direct
detection or by a labelled probe. MS: mass speatom SPR: surface plasmon resonance,

AFM: atomic force microscopy, QCM: quartz crystatrabalance [134]

Protein microarray provides a powerful platform fonaracterization of thousands of
proteins in a highly parallel and high-throughpuarmer. It can be categorized into three
major classes (Figure 5):

1) Analytical protein microarrays where antibod@msantigens are immobilized on the
surface and used to detect proteins in sample fggtdiabeling or using secondary labeled
antibody in sandwich assay format;

2) Functional protein microarrays where large namds purified proteins are immobilized
on the surface for studying protein interactiong.(@rotein-protein, protein-lipid, protein-
nucleic-acid and enzyme-substrate interactions);

3) Reverse-phase protein microarrays where cedlsyd or cell lysates are directly spotted
on surface for the analysis of samples [135, 136].
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Figure 5 Three categories of protein microarrays. (a) Amabl protein; (b) Functional

protein microarrays; (c) Reverse-phase protein wécrays [135].

Protein microarrays are presented as a very vaiuabl for the study of whole proteomes,
protein identification and profiling for early diagsis of disease such as cancers, autoimmune
diseases and viral infections. It is also widelydigor drug identification, discovery and
validation [136-140]. High throughput processing made protein microarray become the
trend due to cost reduction and high productivityesults. It is capable of speeding up new
findings in protein interactions for basic reseam$ well as clinical research purposes.
Furthermore, reduction of sample volume usage ashan important factor that demonstrates
the superiority of this technology compared to otteehniques like traditional ELISA. This
factor is extremely important for clinical reseaiohwhich samples are specious and limited
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[60]. Despite the promising benefit, protein miarags are still associated with numerous
unsolved problems, mainly due to the complex nabfithe proteins. So in the following, the
challenges and limitations of proteins microarraylsbe discussed.

1.4.1 Surface chemistry

Glass is typically preferred for optical sensorcduse of their transparency and low
intrinsic fluorescence glass should be functioralizvith different surface chemistries and
this process is a crucial factor for the fabricatiaf protein microarray. An ideal surface
should be compatible with diverse set of proteirfslevmaintaining their integrity, native
conformation, and biological function [141]. Unlil@NA, whose structure is uniform and
exhibits a strong one-to-one interaction, the stmgcof proteins is much more complex and
diverse, therefore, the requirements of surfacepfoteins’ immobilization is more rigid. A
good surface for proteins should satisfy the follggwequirements: (i) high binding capacity
for target proteins and low binding capacity fortarget proteins; (ii) ability to retain activity
of immobilized proteins;(iii) low variability betven slides; (iv) high signal-to-noise ratios;

(v) long stability for printed proteins [142].

The immobilization strategy chosen to attach prnstéo the surface can greatly determine
the properties of protein microarrays. There aredlmain strategies: physical adsorption,
covalent biding and affinity based binding. Phykemdsorption of proteins occuvéa van der
Waals or ionic interactions and hydrogen bonds betwproteins and the chemical functions
on the surface [143-145]. This is the simplest irbitwation strategy; however, it is not
easily controlled and may result in high variagili€ovalent binding requires the presence of
reactive groups on the surface allowing reactiath finctional groups of proteins [146-148].
Depending on the reactive groups targeting on botface and proteins, this strategy can led
to random or oriented immobilization of proteinowever, due to the attachment to the slide
at multiple sites, covalent binding is more likely lead to a loss of activity of printed
proteins. Affinity based binding lead to uniforndyiented proteins on surfaces. However, it
requires a pre-treatment of printed proteins [182}1Each strategy induces advantages and
shortcomings, as reported in Table 9. In the follmywe will focus on the performance of

commercial surfaces.
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Table 9 Immobilization strategies for protein immobilizati

Immobilization Surface chemistry  Attachment site Advantages zathges

chemistry

Adsorption Nitrocellulose, Electrostatic The simplest Random
Poly-L-lysine, interactions, immobilization orientation, high
agarose, etc. hydrogen binding, background

van derwaals

interactions

Covalent binding  Maleimide, Thiol, Robust Potential loss of
hydrazine, carbohydrate, immobilisation activity of
succinimidyl amine immobilized
ester, epoxide, proteins

aldehyde, etc

Affinity based Protein A or G, Fc region, biotin, Oriented Pretreatment of
binding streptavidin, GST tag, etc immobilization spotted proteins

glutathione, etc.

1.4.1.1 Commercial surfaces for protein microarray

There are a number of slides with various surfdeargstries commercially available. In
the following, we will present several represen@tstudies to compare the performance of

these commercial slides.

Eric W. Olle et al. compared 4 commercial slides (nitrocellulose FAS$iydrogel,
SuperAldehyde and epoxy-silane ES) by printing amg&ody on these solid slides. Based on
spot fluorescence signal and background intensltgy concluded that the optimal slide
substrate for antibody was epoxy-silane ES micayaslides [152]. Angenendit al. have
screened 11 different array surfaces by immobtjZine different antibodies onto each type
of microarray support. Then they evaluated detachimit, inter- and intra-chip variation.
Results showed that poly- L-lysine and aldehydéses have good signal-to-noise ratios and
low inter-field coefficients of variation (less &0%). For polyacrylamide-coated slides,
they have lower detection limits and are more blatafor the detection of very low
concentrations of antigen [153]. They also invedid the properties of surface in the context
of antigen microarray. Human serum albumin (HSAkvpainted on 8 surfaces and mean
signal to spotted concentration ratio, LOD and fioehts of variation were evaluated.

Results showed that covalent binding on PEG-epaxylemdrimer slides showed higher
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signal intensities compared with non-covalentlydimg surfaces like amine slides or poly-L-
Lysine slides [154]. These researches comparedusarsurfaces and some of them, e.g.
epoxy-silane, poly- L-lysine and aldehyde surfalsewseed good property, however, limited
proteins were evaluated. Considering the complesityl diversity of structures, these

surfaces may be not applicable for other proteins.

More proteins were involved in recent studies. &mample, Shannon L. Seurynck-Servoss
et al. evaluate the performance of 23 different antibedie 16 commercially available slides
(major slide surfaces include aminosilane-coatetes) epoxysilane-coated slides, Full Moon
slides, aldehyde silane slides, Poly-L-Lysine). Eantibody was spotted with 8 replications
in the same experiment and 3 replicate experimeete conducted on separate days. They
compared the different slide types based on sp® and morphology, slide noise, spot
background, lower limit of detection and reproduitjo Results showed that the properties
of the slide surface affect the activity of immadald antibodies and the quality of data
produced. Three dimensional slide surfaces tendhaee higher background than two-
dimensional surfaces, likely due to an inabilityetificiently wash and/or block the surface.
Furthermore, non-covalent chemistries for antibaedynobilization work nearly as well as
covalent ones [155]. This approach provides a dgsand quantitative system for comparing

the performance of commercial slide types.

In addition to antibody microarray, study on antigmicroarray was also conducted. In
order to identify the subtle differences of autdaodies in serum samples, Balbaeti al.
optimized the surface conditions for their autogeris microarray platform. Firstly, they
spotted 10 autoantigens on 22 commercially availatide surfaces and evaluated overall
background, uniformity, streaking, and smearindeaitures. Among all 22 slides, 10 slides
were considered potentially suitable for printingtaantigen microarrays based on visual
inspection. Secondly, these 10 surfaces were tésteanfirm their suitability for autoantigen
immobilization. For this round of screening, 6 gets were spotted at different
concentrations with eight replications. Considerthg intra-slide and inter-slide CVs (less
than 30%) and spotting smearing and streaking, FA®Iy-L-lysine and SuperEpoxy slides
were chosen. However, the subsequent study fowatdrtany other antigens did not spot well
on poly-L-lysine and SuperEpoxy slides, resultiogbackground streaking and smearing.
Therefore, these two surfaces were not includedherfollowing serum detection. Thirdly,
they chose FAST and two additional surfaces (Syper2 and PATH®protein microarray
slides). Approximately 50 antigens were printedhwét replications on each slide. Results
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showed that after optimizing the major variablesautoantigen microarray platform, the
variance within and among microarrays are low ehowg allow detection of subtle
differences within a patient over time and amonigepés [156]. The results are different from
Angenendtet al, which found that poly-L-lysine slides performeetter than FAST slides.
The discrepancy maybe caused by difference in isgotype and spotted antigen, among
which Angenendt printed HSA with solid pins whil@lBoni printed 50 antigens (HSA was
not included) with quill pins. Considering that yhdidn’t analyze same antigen-antibody
interactions, it is difficult to directly comparbé results obtained by these two laboratories.
Furthermore, it also indicated that the performaon€esurface slides was quite variable

depending on antigen type.

Up to date, it is not possible to compare studiesnf different laboratories due to
differences in experimental protocols and proteieed. However, one point is evident: no
unique surface is suitable for all proteins’ immaaition considering the complexity of
protein structure. Each protein performs diffengrdh each type of surface; therefore, it is

needed to select optimal microarray coating baseekperimental requirements.

1.4.2 Commercial protein microarray

Nowadays, a number of companies have developed eocrah protein microarrays to
detect and analyze proteins in human samples |é&eing urine, tissue, etc. The
commercialization of reagents and kits has undallptontributed much to modern research,
particularly in biological and clinical disciplinet has enabled faster and higher-throughput
experimental protocols, promoted higher uniformatyd consistency between independent
labs and helped to develop technologies and melbgiés that would otherwise be
inaccessible to individual labs. So in the follogjirseveral kinds of commercial protein
microarrays that have been developed by big cormepamiill be presented. Then their
limitations and challenges will be discussed. Tdlflesummarized representative commercial

protein microarrays fabricated by several companies
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Table 10 Panorama of commercial protein microarrays

. Replication . Sample
Printed ) Price/
Category Company Products ] of printed ) tested/ Surface Reference
proteins ] slide ]
proteins slide
FAST Quant| Antibodies
TH1/TH2 against 9 3 525 € 16 Nitrocellulose [157, 158]
arrays cytokines
Whatman Y 4
FAST Quant| Antibodies
angiogenesig§ against 9 3 525 € 16 Nitrocellulose [158]
arrays cytokines
http://www.rn
Fuman Antibodi dsyst
ntibodies systems.com
R&D Cytokine ) )
against 36 2 128 € 1 Nitrocellulosg /Products/ary
system Array Panel ) o
A cytokines 005/Citations
Cytokine
test Human XL | Antibodies
Cytokine against 102 2 186 € 1 Nitrocellulose No
Array cytokines
Human
) Antibodies
) Quantibod® )
RayBiotech ) against 20 4 698 € 16 N.A [159-162]
Cytokine )
cytokines
Arrays Q1
Human
) Antibodies
Quantibod® ) 12900
) against 440 4 16 N.A [163]
Cytokine ) €
cytokines
Arrays Q440
http://Awww. lif
etechnologies
com/fr/frlhom
ellife-
science/protei
n_
ProtoArray® 9,000 o )
. ) biology/protei
Protein ] Human unique .
B Invitrogen ) 2 1180 € 1 Nitrocellulose  n-assays-
profiling Protein human )
] ] analysis/prote
Microarray proteins ]
in-
microarrays/te
chnical-

resources/liter
ature-

citations.html
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http://www.Si

Panorama® ]
] gmaaldrich.co
) Antibody ]
Sigma- ) 224 discon ) m/catalog/pro
) Microarray - o 2 ) 1 Nitrocellulose ]
Aldrich Cell antibodies tinued duct/sigmalcs
e
) ) ] aal?lang=fr&
Signaling Kit ]
region=FR
Antibodies
Human .
] against 5
Gastric
) human
RayBiotech Cancer . 4 221 € 16 N.A No
. gastric
Biomarker
Cancer cancer
) Array Q1 )
biomarker biomarker
screening OvaDx®
Ovarian
Arrayit Cancer N.A N.A N.A N.A N.A No
Diagnostic
Test
Thermo
Allergy ] ImmunoCAP 103
] Fisher 3 N.A 4 Polymer [164-167]
microarrays o ISAC allergens
Scientific
123
allergens to
) Allergy IgE and
Arrayit ] N.A 264% 1 N.A No
microarrays 101
allergens to
IgG

N.A.: not available

1.4.2.1 Cytokines microarray

Among all these commercial protein microarrayspkite microarray is one of the most

common kits and has been developed by several cuaypkke Whatman, R&D Systems and

RayBiotech, Inc.Cytokines play an important role in the understagdand treatment of

diseases in many medical specialities and proteanoarray technology is accelerating the

rate at which researchers can obtain cytokine sspe information.

Whatman has developed several commercial protegroarirays to test cytokine:FAST

Quant human TH1/TH2 arrays, angiogenesis arraymanuCytokine Il arrays. Each FAST

Quant array contains 8 to 10 monoclonal antibodid affinities for common human

cytokines. The antibodies are arrayed in triplicateeach array. Each slide has 16 micro-

wells and two wells were used to obtain standamyecuvhich was generated by creating
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dilution series from recombinant antigen mass stedgl FAST Quant claims it exhibits
sensitivity and reproducibility better than tradital ELISA. However, there are currently
relatively few publications using FAST Quant teclogy. One study compared two multiplex
sandwich ELISA procedures (FAST Quant and Seardft)L@nd a bead based assay (UpState
Luminex). Results showed that all three kits déteifrom each other for different analytes
and there was no clear pattern for any analytelesiud hey concluded that results obtained
from different systems cannot be combined and sigdethat the dynamic range of the
assay, sensitivity of the assay, cost of equipnearst of consumables, ease of use and ease of
data analysis need to be considered when choossygtam for use [157]. A more recent
study was conducted by Gendie E. Lash using ELIB¥ST Quant human angiogenesis and
TH1/TH2 arrays to detect cytokines. However, théhau did not compare the results
obtained from FAST Quant arrays and ELISA, thusféasibility of this commercial array is
unknown [158].

R&D system also developed two Human Cytokine AkiayOne kit is called XL Cytokine
Array Kit and it contains 102 cytokine antibodi&&D system claims that this array could
detect multiple cytokines, chemokines, growth festand other soluble proteins in cell
culture supernatants, however, no publications weperted on this product. The other kit is
called Panel A and it contains 36 different cytekiantibodies. Antibodies against human
cytokines, chemokines, and acute phase proteins smotted in duplicate on nitrocellulose
membranes. Captured proteins are finally visualizesthg chemiluminescent detection
reagents. This kit has been validated for analgiedlion in cell culture supernatants, cell
lysates, tissue lysates, serum, and plasma. Clyrremdre than 63 publications were reported
on this product. Results showed that it is a powedol for cytokine screening in various
disease conditions, like cancer [168-171] and mfteatory [172]. Furthermore, some studies
validated the results by ELISA and found that ELI&#a were consistent with and supported
the data obtained from the Human Cytokine ArrayeP#&n[173]. However, although array
could determine the expression of multiple cytokime a single sample, one membrane can

only detect one sample, making large sample sargenitra expensive.

RayBiotech Inc. has developed various series afkoyeé Arrays including Quantibody®,
L-Series, C-series, G-Series and E-Series. Amadnthede series, Quantibody® arrays were
widely used by academic researches. So a detadectigtion about Quantibody® cytokine
arrays will be presented as a representative ifall@ving. Overall, 20 human Quantibody®
cytokine arrays have been developed. The differémmteeen different arrays is the size of
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printed antibodies, which ranges from 20 (Humano&iyte Array Q1) to 440 (Human
Cytokine Array Q440). The price ranges from 69882800€ correspondingly to the number
of printed antibodies. Each slide has 16 micro-syedimong which eight wells were used to
obtain standard curve and the resting 8 wells wesed for sample detection. There are
currently lots of publications using different typé Quantibody® Cytokine Arrays, more
detailed information is shown on their website. Biayech Inc. has cooperated closely with
various academic researches and been involved iy mpablications, which showed high
quality of their commercialized products. Howevegsults obtained by other independent
research were not always satisfying. One studyyaedl cytokine levels in tissue lysates
using 4 different multiplex ELISA-based immunoassagrays. They include Quansys
BioSciences (microplate-based), Aushon Biosystenearc®Light (microplate-based),
Milliplex MAP Sample (bead-based), and a RayBiotént (slide-based) kit. Overall, the
Quansys Biosciences and SearchLight arrays scresavedal elevated cytokines, being more
sensitive than traditional single ELISA kits. Hoveeythe Milliplex bead array technique and
the RayBiotech slide technology did not measure Ewel of cytokines due to lower
sensitivity [174]. Despite of this, we cannot cart# that RayBiotech slide is not suitable for
cytokine screening, however, the variability ofterists and validation by independent

laboratories is needed.

1.4.2.2 Protein profiling microarray

Profiling of thousands of biochemical interactiozemn have wide applications including
novel disease biomarker identification, drug targétcovery and therapeutic antibody
development. Several companies have developed caratimed products which are widely

used by academic researches.

One of them is ProtoArray® Human Protein Microari@gveloped by Invitrogen. The
newest version 5.0 contains over 9,000 unique huprateins individually purified and
arrayed in duplicate under native conditions oroogllulose coated glass slide. This platform
enables rapid profiling of thousands of biochemirdkractions in as little as one day.
According to their website, more than 110 publmasi utilized this product in different
disease states including transplantation [175-17A7rious cancers [178-184], and
autoimmune diseases [185-187]. However, discrepavay observed when we compared
independent similar researches. For example, bothaédl E. Hudsoret al. and Sacha

Gnjatic et al. used ProtoArray® Human Protein Microarray to serbe@markers in ovarian
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cancer. In [182], they found that 94 antigens eix&ibenhanced reactivity in cancer patient’
sera relative to control sera. Then 4 antigens wsskected and validated by using
immunoblot analysis and tissue microarrays. Thifeth@m were found to exhibit increased
expression in cancer tissues relative to contialsanother study [183], 202 proteins were
preferentially immunogenic in ovarian cancer seoapared with healthy controls. They
validated 2 antigens by ELISA and results showeyh ldlegree of similarity between the two
methods. However, no common biomarkers were fouhénwwe compared the top 15
antigens screened by these two studies. Differenceample population (30 cancer cases for
[182] and 51 cases for [183]), ProtoArray® Humant®in Microarray version (version 3.0
for [182] and version 4.0 for [183]) maybe couldkin the discrepancy. However, it also
showed that discrepancy exists between differdydrktories even when they used products
provided by the same companies. ProtoArray® Hunratelh Microarray is a powerful tool
for biomarker pre-screening, while further validatiby classic methods like ELISA is

needed.

Sigma-Aldrich has also developed Panorama® AntibAdwys for protein expression
profiling, among which Cell Signaling Kit was theostly used by academic researches. The
Cell Signaling array contains 224 different antilesd each spotted in duplicate on
nitrocellulose coated glass slides. These antilsotBpresent biological pathways including
apoptosis, cell cycle, neurobiology, cytoskeletsignal transduction, and nuclear proteins
[188]. It has been used to profile differential f@io expression between normal and cancer
patients, thus identifying novel potential cancemiarkers, like in breast cancer [189-191],
colorectal cancer [192], prostate cancer [193]glaancer [194]. For breast cancer research,
Julio E. Celiset al. used Panorama® Antibody Arrays to screen mammndipoae tissue and
numerous proteins were identified, including sigmaimolecules, hormones, cytokines, and
growth factors. Furthermore, these proteins wergdat@d by immunoblotting [190]. In
[191], they analyzed breast cancer cell line ineord find novel predictive biomarkers for
target therapy. Relevant proteins were also vaialy western blotting. All these researches
showed that Panorama® antibody microarray is a pgoWweool for profiling disease-state
proteins and finding novel biomarkers of diseakesyever, this array has been discontinued
by Sigma-Aldrich due to lacking of sale.
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1.4.2.3 Cancer biomarker screening microarray

Identifying cancer biomarkers can aid in diagnosthgease, estimating prognosis, and
monitoring treatment. Recently several companie ldeveloped some commercial cancer
biomarker arrays. RayBiotech Inc. has commercidliaeray for gastric cancer detection
which is called Human Gastric Cancer Biomarker Rr@@l. Antibodies against 5 human
gastric cancer biomarkers (CA19-9, CA72-4, CEA, dieggen 1 and Pepsinogen 2) were
arrayed on glass support in quadruplicate. Howeheir efficiency is unknown as there are

currently no publications using this product.

Arrayit has developed OvaDx® for ovarian cancegda@sis. Arrayit declaims that this test
could monitor the response of the immune systeninguearly stages of ovarian tumor
development through measuring about 100 biomarkerserum samples. It has high
sensitivity (79.7%) and specificity (100%) for &jlpes and stages of ovarian cancer. It is
therefore an effective elective test for screeniagnen at elevated risk for ovarian cancer.

However, no publications were reported on this pobd

1.4.2.4 Allergen testing microarray

Assessing allergen resources is of great importdacehumans and currently lots of
companies have developed allergen testing micrgariaamunoCAP ISAC is one of them
developed by Thermo Fisher Scientific. It is a miarized immunoassay platform where
allergen components are covalently immobilizedriplitates, on a polymer coated slide.
Each slide contains 4 microarrays giving resultsAfdifferent samples per slide. It allows the
measurement of IgE antibodies to a fixed panell@& domponents from 51 allergen sources
in a single step. ImmunoCAP ISAC has been used dweral independent academic
researches [164-167]. However, the sensibility mimunoCAP ISAC for latex allergen
detection is lower compared with conventional md&o[167]. Moreover, further
improvements in threshold and better interpretasityorithms are needed to fully capitalize

on the potential of microarray [166].

Arrayit has also developed protein microarray gfetests. Allergens printed on standard
glass substrate slides through covalent bindingdsting 123 IgE and 101 IgG. Likewise,
there is no publication for the products producedlrayit.
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Several other companies have also developed sicol@mercial protein microarrays for
research use only. However, assays sold as “foedRels Use Only” are not regulated by the
U.S. Food and Drug Administration or the equivalBaropean agencies as part of Health
Technology Assessment. Therefore, the informatimvided by the manufacturer about the
assay characteristics may not be adequate, anantdgtical performance of the assay may
not be fit for purpose [195]. Therefore, althougimenercially available kits might initially be
viewed as a step forward by biomarker and protesmasearchers, the users of these kits are

advised to proceed with great caution for sevezasons.

Firstly, commercial protein microarray generallgkaof replications, as shown in Table 10.
The replication range from 2 to 4, which is not egio and reduce the feasibility of obtained
results. Secondly, the maximal analysis of sampleach slide is 16; some slides can only
analyze one sample, which reduces their functiatibly and raises the actual cost per assay
of interest. Thirdly, surface chemistry is also dweto be mentioned. As shown in Table 10,
several commercial protein microarrays use nittatede as surface. However, nitrocellulose
induces some drawbacks such as considerable backfm@uto-fluorescence in the visible
spectrum using laser excitation [196]. Moreoverfaae chemistry plays an important role in
the performance of protein microarray, while fongoercial protein microarrays, all proteins
were printed on the same surface regardless oftiighi complexity and diversity. Therefore,
future efforts should be made on using differentffamues for each targeted proteins and

combining different surfaces on the same support.

All these limitations lead to the possibility ofes&ng custom array design or home-made
printing proteins, which allows specific customirat to research needs and solves the
limitations. For example, we could choose pringomgteins of interest instead of all proteins,
thus reducing the cost; we could also increasecamns of printed proteins for increasing
the credibility of results obtained; furthermoreg would use different surfaces and increase

number of sub-arrays on each slide.

1.4.3 Optimization of assay conditions

In addition to surface chemistry, a plethora oftdes also influences microarray assay
performances, such as the composition of the swptiuffer (additives and pH) [197-199,

152], humidity during spotting [200], concentratiohimmobilized proteins, incubation time
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and drying of spotting solution [201], compositiof blocking buffer and time of blocking
[202, 203], buffer used for sample dilution, samipleubation time and so on [204]. A major
challenge to multiplex sandwich assay developmenmeroarray is the optimization of the

assays and identifying critical parameters andhogitievel for each of them.

1.4.4 Storage conditions of protein microarray

The storage of protein microarray is an important anecessary process for their
development in routine use. Two main types of slidave to be considered for the storage:
non-printed slides and printed protein microarrayarious studies were reported on these

tfwo aspects.

For non-printed slides, the ability to store cheaticfunctionalized slides prior to spotting
Is an important factor, since microarray technolaigws mass production of slides and their
subsequent continuous consumption in experimentaldferent surfaces behave differently
under storage. Kusnezow compared the storage amalitof non-printed slides
functionalized with (3-aminopropyl) trimethoxy sie (APTES) with cross-linker, and (3-
glycidoxypropyl) trimethoxy silane (GPTS). Theseottypes of surfaces were stored in two
conditions: with or without argon. Then their penfances were evaluated after 2 weeks, 1
month, 2 months and 4 months by printing 2 antibsdResults showed that cross-linker-
modified APTES slides slightly improved their perfance following 2 months of storage
without argon while no such effect could been seden the slides were stored in argon
atmosphere. In contrast, GPTS slides showed sirmrgase in signal intensities after two
months of storage under argon. Without argon, lessease in signal intensities was
observed. Furthermore, the performance of nongutirglides was greatly dependent on
analyzed antibody. Among 2 printed antibodies, isnmore affected by storage conditions
[205]. Similarly, slides coated with poly-L-lysineroduced better results if they were left
untouched for about 1 month before being used féARrray preparation [205]. In contrast,
slides functionalized with NHS-ester are sensitovevater and performs worsen after storage
unless stored under dry, cool conditions [142]alword, storage conditions of non-printed

slides depend on surface chemistry and influenogsepties of immobilized proteins.

The conditions are more complex for the storagprimited protein microarray. Angenendt

et al.immobilized 5 different antibodies on 2 types offaces: gel-coated surfaces and non-

63



gel-coated glass or plastic surfaces. Then theg w#red under 2 conditions: dry at 4°C, and
in blocking solution at 4°C. Results showed thdtshbes tested showed an unexpected
increase of signal intensities after 2 weeks ofagfe. Furthermore, for all non-gel-coated
surfaces, immobilized antibodies showed no sigaificloss of signal intensity over time,
under these conditions tested. While for gel-coaséides, they showed higher signal
intensities when stored dry at 4°C compared toghodlocking solution [154]. Kusnezoet

al. also found that dry condition could keep bettaivay of printed antibody microarray.
They compared storage conditions of printed angbodto APTES and GPTS surfaces.
Results showed that all microarrays could be usedtfleast 2 months of storage without any
apparent deterioration of the performance paramess a matter of fact, an increase of
signal intensities was observed similarly to theules obtained with the non-printed slides
[205]. Based on this, Wat al. also stored printed antibody microarrays at 4°@leskunder
nitrogen for 1 month. Antibodies’ activity decredsster 1 month of storage but reasonable
high intensity can be maintained, especially whettbadies were printed with PVA additives
[206]. In addition to antibody microarray, protgmetein interaction arrays and enzyme
arrays were studied by Natt al. [207]. They used 5 probe-target protein pairs &nd
enzyme-substrate pairs to optimize storage comditidesults showed that unlike printed
antibodies, enzymes were more sensitive to staragditions. Printe@-Gal was completely
inactive after 12 days of storage at 4°C dlhc also lost significant amount of activity
within this period. However storage of immobilizethizymes in 50% glycerol at -20°C

retained their activity for up to 30 days.

In conclusion, storage efficiency of protein migrag depends greatly on surface
chemistry as well as printed proteins. For prinpedtein microarray, the immobilization
strategy between surface and proteins has grehtenmte on the conditions of storage.
Generally, immobilized proteins through covalentdang will not diffuse into the solution as
may be possible with proteins just adsorbed onte Hurface. Therefore, protein
immobilization through physical adsorption favony dtorage conditions, e g. nitrogen or
argon; in contrast, covalent binding favors storagaqueous solutions containing glycerol,
trehalose, polyvinyl alcohol addition (PVA). Howeyelue to the diversity of proteins, it is
needed to test each protein on each surface totgbke best storage conditions based on

experimental requirements.
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1.5 Aims of the thesis

The goal of this research work concerns the dewvedop of customized multiplex protein

microarrays to screen breast cancer biomarker pafwel diagnosis, early detection of

recurrence or therapy monitoring.

For this, three objectives have been defined:

Firstly, although numerous candidate biomarkersehasen reported as shown in
the literature overview, only few biomarkers hawemb approved to be used in
clinic. Furthermore, biomarkers used in routine raweeffective for early diagnosis
of breast cancer because of low sensitivity andciBpgy. Among potential
biomarkers of interest, autoantibodies (AAbs) aglaiHSPs seem to be good
candidate biomarkers for breast cancer diagnosigpargnosis. Moreover, protein
microarrays are powerful tools for the validatidncandidate biomarkersSo the
first objective is to develop customized antigen raroarrays to profiling anti-

HSPs antibodies in breast cancer serum.

Secondly, uPA and PAI-1 are strong prognostic aredliptive tissue biomarkers
and have the highest level-of-evidence (LOE-1)reabt cancer. High level of uPA
and PAI-1 are associated with high risk of recweemnd chemotherapy will
contribute great benefit for patients. However,isitlimited by the detection
method-ELISA. ELISA requires at least 300 mg ofsher frozen tissue. Protein
microarray could overcome this limitation becausetilizes tiny sample volume.
So the second purpose is using antibody microarratp titrate uPA and PAI-1

in breast tumor tissue. We will also evaluate the grformance of our protein

microarray compared to commercial ELISA kit.

Last but not the least, because protein microarnsaydluenced by various factors
including storage conditions, concentration of sgbtproteins, incubation time,
composition of buffer, etcSo we will optimize assay conditions of our

customized protein microarrays (antigen microarray and antibody
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microarray). By optimizing these factors, the performance aft@n microarray

can be greatly improved.
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2.1 Introduction

Heat shock proteins (HSPs) are induced by strasditoans such as heat shock, decrease in
pH, hypersalinity, alcohols, heavy metals, oxidatstress, inhibitors of energy metabolism
and fever or inflammation. They are molecular chapes that act to assist other proteins'
folding and maturation [1, 2]. HSPs are over-exgedsin a wide range of human cancers
leading to the production of autoantibodies agaliStPs by the immune system [3, 4].
Indeed, elevated levels of anti-HSP autoantibodeeg. autoantibodies against HSPB1,
HSPD1, HSP70 and HSP90) were found in breast casem&@m. Moreover, some of them
(e.g. autoantibodies against HSPB1 and HSP90) wsleogvn to be associated with tumor
metastasis [5-11]. Therefore, the screening ofbadies against HSPs could provide
information about tumor stage, development of matss, treatment efficiency for breast
cancer patients. However, Enzyme-Linked ImmunosdrbAssay (ELISA), the most
commonly used format reported in the literaturedceen interactions between antibodies and
antigens, is expensive for multiplex analysis amessomes large amounts of biological
products. In contrast, protein microarray couldve high throughput data by consuming
only minute sample amounts [12, 13]. However edfiti multiplex analysis still remains

challenging due to biomarkers variability.

In this study, our purpose is to develop customietigen microarray to detect anti-HSPs
autoantibodies in breast cancer serum. Seven psotelonging to HSP family (HSPB1,
HSPD1, HSP70, HSP90, HSP110, HSPAS5 and HSP90B1lPaBdvere selected as antigens.
This choice was driven in collaboration with thetltute of Cancer Research of Montpellier
(IRCM). One of the key parameters that influence plerformance of protein microarray is
surface chemistry [14, 15]. In previous work, werdaeveloped and characterized 6 surface
chemistries for protein immobilization includingrbaxylic (COOH), N-hydroxy succinimide
(NHS), chitosan, amine (APDMES), maleic anhydriBMVE) and carboxymethyl dextran
(CMD) functionalized surfaces. We have shown thHa txtent of the interactions of
immobilized antibodies with their antigens (and seoquently the performance of protein
microarray) was surface and protein-dependent [1B8iher parameters affect the
performances of protein microarray such as pH oftspg buffer and concentration of spotted
proteins [17]. Thus, firstly various immobilizati@onditions for each antigen were screened
on the 6 different surface chemistries in orderdetermine optimal conditions allowing

retaining biological activity. Then in these comglts, the presence of anti-HSP
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autoantibodies was evaluated in 50 serum from bremscer patients and 26 serum from

healthy donors.

2.2 Materials and methods

2.2.1 Materials

Borosilicate flat glass slides were purchased fi®chott. All chemicals were of reagent
grade or highest available commercial-grade qualitgg used as received unless otherwise
stated [16-17]. Chitosan was kindly provided by Dr.Delair (Laboratoire des Matériaux
Polyméres et Biomatériaux, Université de Lyon). @ax (Mw=40000 g/mol) was obtained
from Pharmacosmos and maleic anhydride-alt-metiylvether (MAMVE, Mw=216000
g/mol) from Sigma-Aldrich. HSPB1, HSP70, HSP90, swmanti human anti-HSPB1
antibody-biotin, mouse-anti human anti-HSP70 amtybbiotin and mouse-anti human anti-
HSP90 antibody were purchased from Enzo life seef®witzerland); HSPD1, HSPAS,
HSP90B1, HSP110, mouse-anti human anti-HSPD1 atibmtin and mouse-anti human
anti-HSP90B1 antibody were obtained from Abcam (UR33 and mouse-anti human anti-
P53 antibody-biotin were obtained from Sigma aneériito Scientific (USA), respectively;
mouse-anti human anti-HSPAS5 antibody and mousekamtian anti-HSP110 antibody were
obtained from R&D Systems (USA); F555-labeled dgteplin was purchased from
Invitrogen; Cy3-labeled goat anti-human antibodynamoglobulins G (IgG) and Cy3-labeled
goat anti-mouse antibody IgG were purchased frookstan Immuno Research (USA). All
proteins were stored as aliquot at -20°C or -806@oWing manufacturer specifications.

Bovine serum albumin (BSA) lyophilized powder wadmained from Sigma.

0.01 M PBS or PBS 1X (pH 7.4) was prepared by digsg the content of one pouch of
dried powder in 1 L of ultrapure water. 0.02 M sodicarbonate buffers at pH 10.7 were
prepared from 0.1 M NaHCO3 and 0.1 M Na2CO3 sohgtim ultrapure water. 0.01 M 2-(N-
morpholino) ethanesulfonic acid (MES) (pH=6.2) vpaspared by dissolving the content of
one pouch into 1 L ultrapure water and adjust pHap.2. Washing buffer contained PBS
1X and 0.1% Tween 20 (PBS-T) at pH 7.4. Blockinfyson was prepared by dissolving 10
g of BSA in 100 ml of PBS-T 0.1%.
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2.2.2 Serum samples

All human samples were prospectively collected leetw2005 and 2007 at the CRLC Val
d’Aurelle Cancer Institute (Montpellier, France) t#ite time of cancer diagnosis after
obtaining written informed consent. Blood samplegevcentrifuged at 12509 for 5min, and
the serum was stored at -80°C. For the multiplesmimoassay, 76 serum samples were
examined: 26 healthy controls with negative mamraog, negative physical breast exams
for at least 4 years, and no history of prior nraigcy, and 50 patients who underwent
surgery and had a histopathologic diagnosis ofdbresncer. The tumor stage of breast cancer

patients were summarized in Table 1.

Table 1 Tumor stage of breast cancer patients

Tumor stage Number of patients
Stage | 24
Stage |l 14
Stage Il 10
Unknown 2
Total 50

2.2.3 Surface functionalization of glass slides

Microwells were generated on the surface of flasglslides by photolithography and wet
etching on the basis of previous work in our gr¢2®]. There are 40 microwells on each
slide. These microwells are homogenous with 3mra Bdgth, 60 + 1 um depth, as well as
4.5 mm spacing between each well. The details dase functionalization of glass slides are
reported in [16-17]. Briefly, flat and microstruotd glass slides were functionalized with 6
different chemistries: (Figure 1): Carboxylic suweg(COOH) was obtained after hydrolysis of
the tert-butyl esters from tert-butyl-11-(dimethyl@ao) silylundecanoate silanized surface
(TDSUM surface); NHS surface was obtained from NMroyy succinimide activation of
COONH surface; Chitosan surface was obtained bytifumadization of the NHS surface with
1Img/ml chitosan solution; APDMES surface was oladinby silanization with (3-
aminopropyl) dimethylethoxysilane; MAMVE and CMD rfaces were obtained by

functionalization of APDMES surface with maleic gdhide-methyl vinyl ether copolymer
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solution (Img/ml in DMSO) and NHS-activated carbareghyl dextran solution (Img/ml in
MES buffer), respectively.

TDSUM COOH NHS
Piranha /" surface -»> surface "surface
cleaned | Silane *
glass A | CMD Chitosan
\ APDMES surface surface
surface
D 3
MAMVE
surface

Figure 1 Summary of surface functionalization of glasseslitbr protein microarray.

2.2.4 Design of protein immobilization on flat glass slides

HSPB1, HSPD1, HSP70, HSP90, HSPA5, HSP90B1, HSROtD P53 were spotted
(sciFLEX-ARRAYER S3, Scienion, Germany) onto cheaflic functionalized flat glass
slides according to Figure 2. Each field containse oprotein spotted at different
concentrations (0.005mg/ml, 0.01mg/ml, 0.05mg/md rimg/ml). For each concentration,
8 replicates were spotted. Streptavidin-F555 (0@/im) and buffer solution were spotted as
reference for surface chemistry quality and negationtrols, respectively. According to our
previous results, carbonate buffer (pH=9.6) wagl wse spotting buffer on chitosan surface;
acetate buffer (pH=4.5) was used on the other sesf§COOH, NHS, APDMES, CMD and
MAMVE surfaces). After spotting, proteins were a&led to react with surfaces under
saturated water vapors overnight at 4°C. Then shdere washed sequentially for 2 x 5 min
with PBS, for 5 min with PBS-T (0.1%), and blockedh 10% BSA/PBS-T (0.1%) solution
for 2h at room temperature (R.T.) to limit unspiec#dsorption. Then slides were washed for
3 x 5 min with PBS-T (0.1%) and dried by centriftiga 3min at 1300rpm.

Slides were then incubated with 0.1 uM purifiedilzodies diluted in 4% BSA/PBS-T
0.1%. These antibodies include biotin-labeled amtibs against HSPB1, HSPD1, HSP70 and
P53 and non-labeled antibodies against HSP90, HSAAP90B1 and HSP110. Each field
was incubated with one antibody solution and leftdact for 1h at R.T. in saturated water
vapors; then slides were washed for 3 x 5 min WBS-T 0.1% and dried.
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Fields tested with purified biotin-labeled antibesli (biotin-labeled antibodies against
HSPB1, HSPD1, HSP70 and P53) were then incubatédstrieptavidin-F555 (0.01 mg/mL
diluted in 1% BSA/PBS); fields tested with purifiedlabeled antibodies (antibodies against
HSP90, HSPA5, HSP90B1 and HSP110) were incubatdd @y3-labeled goat anti-mouse
IgG (0.01 puM in 1% BSA/PBS-T 0.1%). All incubationgre left to react for 1h at R.T. in
saturated water vapors and then slides were wafhme8 x 5 min with PBS-T 0.1%, 10

seconds in DI water and then dried.

Spotting Incubation
Each field ﬁ# Streptavidin-F555
’ eececoee
B ISR Antibody-biotin
®® 89 89 80
e ¢  Antigens: HSPB1, HSPD1, HSP70 and p53
D LU B R Surface chemistry
4 fields on e Buffer
each slide <

& 0.005mg/ml "
D I!i W g Antibody-c
0.01mgiml /’,k\ 214 Antibod)
* 0.05mg/ml Jk 1t Antibody
D * O:mgim %  Antigens: HSP90, HSPA5, HSP90B1 and HSP110
\ Surface chemistry

¢ Streptavidin - F555

Figure 2 Design of protein microarray. 4 proteins were spdtper slide. Each field includes
buffer (negative control), streptavidin-F555 (qumalicontrol), one protein at 4 different
concentrations; each solution has 8 replicationsSRB1, HSPD1, HSP70 and P53 were
spotted on the same slide; HSP90, HSPA5, HSP90BH&#®110 were spotted on another
slide. For the incubation, HSPB1, HSPD1, HSP70 B&8 were firstly incubated with biotin-
labeled antibodies then with streptavidin-F555; BBPHSPAS5, HSP90B1 and HSP110 were
firstly incubated with non-labeled antibodies ahdn with Cy3-labeled secondary antibody.

2.2.5 Multiplex immunoassays on microstructured protein

microarray

HSPB1, HSPD1, HSP70, HSP90, HSPA5, HSP90B1, HSRhHiOP53 were spotted at
their optimal concentration (sciFLEX-ARRAYER S3,i&wdon, Germany) into microwells of
COOH and chitosan functionalized glass slidespdgated in Figure 3. On COOH surface,
all proteins were spotted in acetate buffer (pH;40k chitosan surface, carbonate buffer (pH
9.6) was used as spotting buffer; each protein spa$ted in 5 replications. Buffer solution
and streptavidin-F555 were spotted as negative qumaldity controls, respectively. After
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spotting, proteins were allowed to react with fumtalized surfaces under saturated water
vapors overnight at 4°C. Then slides were washgdestially for 2 x 5 min with PBS, for 5
min with PBS-T (0.1%), and blocked with 10% BSA/RPB®.1% solution 2h at R.T. to limit
unspecific adsorption. Then slides were washe® for5 min with PBS-T 0.1% and dried by

centrifugation 3min at 1300rpm.

B NN N N N
o0 ,
sees o wolt @DDD 1 Put”:eg
sooeee * antibodies
cee OO000f |2
'XXEXEE ) ||:||:|DI:I|3 . Buffer
N | R RP
® Buffer HSPB1 Oodyf s Breast
e HSPD1 @ HSP70 oOpdi e s cancer sera
e P53 HSP90 (|
Each
well e HSPAs e HspooB1 || OO CII0CI| (8  Healthy
HSP110 I:l D |:| D 9 donor sera
Streptavidin - F555 E.l LIL 0| ho
L

Figure 3 Design of microstructured protein microarray. Each micrdivecontains
streptavidin-F555, buffer solution, HSPB1, HSPD1SRT0, HSP90, HSPA5, HSP90B1,
HSP110 and P53 spotted in 5 replicates. Line 1 Zmere incubated with purified antibody
solution for positive control; line 3 was incubatedath buffer solution for negative control,

lines 4 to 10 were incubated with serum from breasicer patients and healthy donors.

On each microstructured slide, 8 micro-wells weneubated with 0.1 puM purified
antibodies diluted in 4% BSA/PBS-T 0.1% (one ardjymicrowell). These antibodies
include biotin-labeled antibodies against HSPB1PB$, HSP70 and P53 and non-labeled
antibodies against HSP90, HSPA5, HSP90B1 and HSP1ifcrowells were incubated with
buffer solution to evaluate nonspecific adsorptidetection antibodies. 14 microwells were
incubated with breast cancer serum and 14 micreweilh healthy donors serum (diluted
with 4% BSA/PBS-T 0.1% at 1/200), as shown in Feg8r Two cancer patients’ serum and
two healthy donor’s serum were used as referentenst® normalize inter-slides data. Each
microwell was incubated with one serum sample dmh tleft to react for 1h at R.T. in
saturated water vapors; then slides were washegi*ds min with PBS-T and dried.

Micro-wells tested with purified biotin-labeled @mdies (biotin-labeled antibodies against
HSPB1, HSPD1, HSP70 and P53) were incubated witptsividin-F555 (0.01 mg/mL
diluted in 1% BSA/PBS); microwells tested with gigd unlabeled antibodies (antibodies
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against HSP90, HSPAS5, HSP90B1 and HSP110) werdated with Cy3-labeled goat anti-
mouse IgG (0.01 puM in 1% BSA/PBS-T 0.1%); microwe#sted with buffer were incubated
with buffer; microwells tested with serum were ibated with Cy3-labeled goat anti-human
IgG (0.01 puM in 1% BSA/PBS-T 0.1%). All incubationgre left to react for 1h at R.T. in
saturated water vapors, and then slides were wafhme8 x 5 min with PBS-T 0.1%, 10

seconds in DI water and dried.

2.2.6 Fluorescence scanning

After drying, slides were scanned with the Micragrrscanner GenePix 4100A at
wavelengths of 532 nm with the same photomultiplidse (PMT) gain (PMT=600). Data
mining was accomplished with GenePix 4100A softwaaekage (Axon Instruments). The
fluorescence signal obtained for each antigen-adtilsystem was determined as the average
of the median fluorescence signal of several ra@& The signal-to-noise ratio (SNR) was
calculated as the ratio between the fluorescergreabkf each antigen-antibody system and

the fluorescence signal of buffer spots.

2.2.7 Data analysis

The sero-reactivities of breast cancer serum aradtiye donor serum to immobilized
antigens were compared using the Mann-Whitney tBsfferences were considered
statistically significant when P < 0.05. Individuahd combined autoantibody performances
were based on receiver operating characteristicR@rves. The generalized ROC criterion
finds the best linear combination (virtual markefYumor markers such as the area under the

ROC curve (AUC) is maximized. Statistical analysese performed using mROC [18].

2.3 Results

2.3.1 Optimization of tumor antigen microarray conditions

For the optimization of process, various conceiunat of spotted tumor antigens HSPB1,
HSPD1, HSP70, P53, HSP90, HSPA5, HSP90B1 and HSR&fdtested on the 6 different
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chemically functionalized glass slides. The biotagjiactivity of immobilized tumor antigens
was evaluated by measuring the extent of theirraot®on with their corresponding

antibodies.

Figure 4 shows fluorescent images correspondingH8P110/anti-HSP110 antibody
interaction on the 6 surface chemistries. For eawye, the top line corresponds to buffer
spots and the following 4 lines correspond to 4ceotrations of spotted HSP110 (0.005
mg/mL, 0.01 mg/mL, 0.05 mg/mL, and 0.1 mg/mL). Aiv concentrations (0.005mg/mL,
0.01mg/mL), biological recognition between immated HSP110 and anti-HSP110 antibody
was merely (not) detected, indicating that theaefdensity of HSP110 was too low for the
efficient detection of the anti-HSP110 antibody.of&b 0.01 mg/mL, the fluorescence signal
increased with increasing concentrations of spottkP110 on all surface chemistries.
Moreover, we can notice that fluorescent signddudfer spots was not detectable (< 400 a.u.)

indicating low non-specific adsorption.

h & W N =

HSP110 on COOH HSP110 on NHS HSP110 on chitosan

[, B - R 1 [ L -

HSP110 on APDMES HSP110 on CMD HSP110 on MAMVE

Figure 4 Fluorescent scanning images of anti-HSP110 antibsbelgction on the 6 surface
chemistries; line 1: buffer; line 2: 0.005 mg/mhd3: 0.01 mg/ml, line 4: 0.05 mg/ml, line 5:
0.1 mg/ml (HSP110 spotting concentration).

Figure 5 represents the fluorescent signal (SNRpiokd for the detection of anti-
HSPDlantibody (Figure 5a) and anti-HSP70 antibo8ijgure 5b) on the 6 surface
chemistries, respectively. As expected, SNR in@@agith increasing of immobilized tumor
antigen concentrations. Moreover, the dynamic rarigg&NR depended on microarray surface
chemistry. The detection of anti-HSPD1 antibody amati-HSP70 antibody on NHS,
APDMES and MAMVE surface was not efficient whatetiee spotting concentration of the
tumor antigens. In contrast, the detection of B8P antibodies on COOH and chitosan
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surface displayed enhanced signal even when theentnation of spotted HSP was as low as
0.05mg/ml.

Detection of anti-HSPD1 antibody Detection of anti-HSP70 antibody

—&-COOH | [~m-coon
350 4 | ——NHS 140 § | —4—NHS
300 4 | & CMD 120 { |~ CMD

—+— APDMES —— APDMES
250 i 100 .
—&— chitosan & —8—chitosan
% 200 4 |—#—MAMVE 5 g0 4 |[—*#—MAMVE
150 v 60 -
100 [ 40 -
50 20 4
0 . — 0 . ——————_
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
Spotting concentration of HSPD1 (mg/mL) Spotting concentration of HSP70 (mg/mL)
(a) (b)

Figure 5 Fluorescent signal analysis (SNR) of anti-HSPD1likedty (a) and anti-HSP70
antibody (b) detection on 6 surface chemistries.

Figure 6 gathered the results obtained for all istldantigens immobilized on the 6
different chemically functionalized glass slides,0almg/ml. For almost all antigens, NHS,
APDMES and MAMVE surfaces displayed very low SNReewhen the spotted antigen
concentration is the highest, which suggest thaséh3 surfaces didn't lead to efficient
immobilization of HSPs and P53 allowing the sewsitiletection of anti-HSPs and anti-P53
antibodies. In contrast, antigens immobilized onGFDand chitosan surfaces displayed
enhanced detection of their corresponding antilsodiEhus surface chemistry greatly

influences the performance of antigen microarray.
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Figure 6 Signal analysis of the recognition between 8 imitizaldl antigens and their
antibodies on the 6 different chemically functiored glass slides. Antigens were

immobilized at 0.1 mg/ml.

Among the 6 surface chemistries, two were compasedmino groups as functional
groups (APDMES and chitosan), two were activatetth WiHS groups (NHS and CMD), one
was composed of amine-reactive group (MAMVE), amé @resented carboxylic groups
(COOH). For COOH, chitosan and APDMES surfaces, lihmling between surface and
protein was achieved through physical adsorptidmjenon NHS, NHS-activated CMD and
MAMVE surfaces, protein immobilization was achievéy covalent linking. Physical
adsorption is the easiest way for protein immoltian and can exhibit excellent binding
capacities. However, owing to random interactioon-oovalent binding does not allow to
control the amount and orientation of immobilizemtpins. Thus efficiency, accuracy and
reproducibility of the immobilization process mag fariable. Furthermore, the background
level is usually higher due to a higher non-spegqiiotein adsorption [19, 20]. Compared to
physical adsorption, covalent binding representsiae robust approach. It requires the
presence of reactive groups on the support whichreact with probe molecules. Although
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covalent binding enhances the stability of immaledi proteins, it can lead to partial loss of
biological activity of proteins [21, 22]. Both bimgd) strategies have advantages and
shortcomings. Furthermore, the immobilization edincy is closely dependent on probe
proteins. There is no unique surface chemistry kwhis suitable for all proteins
immobilization due to their highly diverse and cdexpstructures. Our results showed that
COOH and chitosan surfaces perform better for teeedadion of anti-HSP antibodies
compared to other surfaces. This indicated thatd8fl P53 better retained their recognition
activity towards anti-HSPs and anti-P53 antibodidsen they were immobilized through
physical adsorption. However, COOH and chitosarfases involved different kind of
interactions as COOH is a silane monolayer witlbaaylic groups, and chitosan is a polymer
with amino groups. These opposite characteristicdedined the complexity of protein
structure and interactions. Therefore, COOH andbshn surfaces were selected for further

evaluation of breast cancer serum (Table 2).

Next, we estimated the best immobilization con@iin needed for each HSP and P53 on
COOH and chitosan surface for efficient anti-HSHE anti-P53 antibodies detection. In order
to reduce reagent consumption, and thus cost ohsbay, we decided not to use the highest
spotting concentration (0.1 mg/mL) except if fluszence signal (SNR) is too low. From the
variation of SNR with spotting concentration (Figls), the immobilization concentration for
each HSP chosen is reported on Table 2. These minatens allowed sensitive detection of
anti-HSP and anti-P53 antibodies with high SNR ealu

Table 2 Optimal conditions for efficient immobilization HSPs and P53 for screening anti-

HSP and anti-P53 antibodies in breast cancer serum.

Optimal immobilization

Immobilized tumor antigen Optimal surfaces concentration
HSPB1 chitosan 0.05mg/mL

HSPD1 COOH 0.05mg/mL
HSP70 chitosan = COOH 0.05mg/mL

P53 COOH > chitosan 0.1mg/mL
HSP90 chitosan > COOH 0.05mg/mL

HSPAS COOH > chitosan 0.05mg/mL
HSP90B1 COOH > chitosan 0.05mg/mL
HSP110 COOH > chitosan 0.05mg/mL
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2.3.2 Detection of autoantibodies against HSPs and P53 in breast

cancer serum by multiplex immunoassays on antigen microarray

2.3.2.1 Detection of autoantibodies against HSPs and P53 in breast cancer

serum and healthy control serum

50 breast cancer serum and 26 healthy donor serare vested for the presence of
antibodies against HSPs and P53 by multiplex imragsay on micro-structured glass slides
functionalized either with COOH or chitosan. In big 7, were presented characteristic

fluorescent images obtained on COOH surface aftarhation with various solutions.

Buffer HSPB1
HSPD1 @ HSP70
P53 HSP90
HSPA5 e HSP90B1
HSP110

Streptavidin - F555

Each
well

(a) spotting map (b) Buffer @ojti-HSP110 antibody  (d) breast cancer e) héalthy donor
Figure 7 Fluorescence images of characteristic microwellsuatigen microarray on COOH

surface. (a) spotting map of each microwell, (brnmivell incubated with PBS 1X buffer
solution (blank), (c) microwell incubated with piied anti-HSP110 antibody, (d) microwell

incubated with breast cancer serum, (e) microwedubated with healthy donor serum.

Incubation with buffer solution allowed checkingetlguality of the surface chemistry,
protein immobilization and non-specific adsorptighigure 7b). Only the 2 spots of
streptavidin-F555 were observed. Incubation withriflgd anti-HSP antibody allowed
checking the biological activity of immobilized HSEhd the cross-reactivity with the other
antigen probes (Figure 7c). We can see that andd48 antibodies were well recognized by
immobilized HSP110 on COOH surface and there wasoss-reactivity.

Incubation with breast cancer serum gaves the nbmtenti-HSP antibodies present in the
tested sample (Figure 7d). In this example, breaster serum tested was only positive for
the presence of anti-HSP110 antibody. Furthermtre, fluorescence signal is weaker
compared to microwell incubated with purified aotlly (Figure 7c). This was due to two
reasons: on one hand, serum contained many pratéich could disturb the specific binding

between antibody and its targeted antigens; orother hand, the concentration of antibody
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in serum was probably lower than purified antibotty.(Figure 7c), the concentration of
purified anti-HSP110 antibody was 0.1 uM, accordioghe results of optimization, lower
concentration of Cy3-labeled goat anti-mouse Ig®1Qu1M) was enough to detect purified
anti-HSP110 antibody (chapter 4). As the conceptmabf anti-HSP110 antibody in serum
was lower than purified antibody, therefore, 0.0M Ty3-labeled goat anti-human IgG was
enough to test anti-HSP110 antibody in serum.

Incubation with healthy donor serum (Figure 7e)egathe level of anti-HSPs antibodies

below which the discrimination between healthy seand cancer serum couldn’t be done.

Thus, fluorescence intensities (SNR) of each teseedm (50 breast cancers (BC) and 26
healthy controls (HC)) were analyzed for the pugitito each spotted antigen (HSPs and
P53) on each surface chemistry (COOH and chitosafaces). Results are presented in
Figure 8 where each point corresponds to one seaimple. For each antigen probe, BC and
HC groups were compared using statistic test (Matminey test) in order to determine if the
2 groups are statistically different for the presermof target antibody, with a probability
higher than 95% confidence (p value < 0.05). On EG¥Drface (Figure 8a), the presence of
autoantibodies against HSPD1, HSP70, HSP90 and GEP%as significantly different
between breast cancer patients and healthy corjpe0s05). On chitosan surface (Figure 8b),
the presence of autoantibodies against HSPB1 anBABSwas significantly different
between the two groups of serum. No significanedénce was obtained for the presence of
autoantibodies against P53 and HSP110 between theseroups on both COOH and
chitosan surfaces.

Optimal surface chemistries for the detection ofi-Bi$SPD1, anti-HSPB1 and anti-
HSP90B1 autoantibodies in serum were in accordantte conclusions drawn in Table 2.
Indeed, COOH surface displayed the highest sigmatiétecting purified antibodies against
HSPD1 and HSP90B1. Similarly, the detection of tm&i-HSPD1 and anti-HSP90B1
autoantibodies in serum was significantly differbatween breast cancer patients and healthy
controls on COOH surface. The same tendency wascddlserved for the detection of anti-
HSPB1 antibody on chitosan surface. On the conttheydetection of autoantibodies against
HSP90 and HSPAS was not consistent with the resbli@ined with purified antibodies. This
inconsistence could be due to variable affinitywsstn spotted antigen and purified antibody
compared to antibodies present in serum. Moredecomplex nature of serum composition

as opposed to purified model solution could indcitanges in antigen/antibody interaction.
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Figure 8 Scatter plots of SNR values of autoantibodies agjainHSPs (HSPB1, HSPD1,
HSP70, HSP90, HSPA5, HSP90B1 and HSP110) and PbBast cancer patients (n=50)
and healthy controls (n=26); (a) and (b) represehe results on COOH and chitosan
surfaces, respectively. HC: healthy controls; B@edst cancer; *: p < 0.05 (p value was

calculated by Mann—Whitney test).

Taking into account these results, we consideret bast surface chemistry/antigen probe
couple which could discriminate between breast easerum and healthy control serum for
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the presence of autoantibody, to construct theiveceperating characteristic (ROC) curve
(Figure 9). The method of constructing ROC curvehswn in annex. For the detection of
anti-HSP90 and anti-HSPAS5 autoantibodies, we chiest surface chemistry as defined in
Table 2. As individual markers, these autoantieedshowed relatively low sensitivity
(<70%) and specificity (<70%) for discriminatingglaist cancer patients from healthy controls
on both COOH and chitosan surfaces. Indeed, caionlaf the area under ROC curve
(AUC) for each tumor antigen/anti-tumor antigenilaody system (Table 3) indicated that it
ranged from 0.581 to 0.732. Biomarkers displayingC&0.75 are not clinically useful
whereas biomarkers displaying ABQ@.97 has very high clinical value [23]. Howevere th
combination of autoantibodies panel (black linéigure 9) displayed significantly improved
performance for discriminating breast cancer p#&idrom healthy controls. It achieved a
sensitivity of 86% and a specificity of 100%. Exjeelly, at higher sensitivity values, the
overall specificity of the panel dropped to 96% @80 sensitivity) and to 70% (100%
sensitivity). Moreover, AUC of 0.978 was obtainedhathe combination of autoantibodies
panel which is nearly to best diagnosis test.
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Figure 9 Receiver operating characteristic (ROC) curve aslf individual auto-antibody

and combination of 7 auto-antibodies to discrimsdireast cancer patients from healthy

controls. The detection of auto-antibodies agath'SPD1, HSP70, HSP90 and HSP90B1 was

obtained on COOH surface; the detection of antibadgginst HSPB1, P53 and HSPAS was

obtained on chitosan surface
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Table 3 The area under receiver operating characteristicec(AUC) of individual antibody
and combination of 8 antibodies to discriminateaBteeancer patients from healthy controls

Anti-HSP antibody AUC (95% CI)
Anti-HSPB1 antibody* 0.631 (0.528-0.743)
Anti-HSPD1 antibody** 0.683 (0.581-0.773)
Anti-HSP70 antibody** 0.732 (0.663-0.817)
Anti-P53 antibody* 0.581 (0.459-0.695)
Anti-HSP90 antibody** 0.710 (0.621-0.837)
Anti-HSPA5 antibody* 0.723 (0.567-0.836)
Anti-HSP90B1 antibody** 0.728 (0.608-0.837)
Combination of 7 antibodies 0.978 (0.938-1.000)

*The detection of antibodies was obtained on chosurface, **the detection of antibodies

was obtained on COOH surface.

2.3.2.2 Association of anti-HSPs autoantibodies profile with tumor stage

We also assessed the correlation between the pessehautoantibodies against HSPs and

P53 with tumor stage (Figure 10).

On COOH surface (Figure 10a), only the presencautdantibodies against HSP70 was
significantly different between tumor stage | artdge Il (p<0.05) indicating that these
autoantibodies could be use as prognosis biomaflgwell, the presence of autoantibodies
against P53 was significantly different on chitosanface (Figure 10b) between Stage | and
stage lll, and thus could be defined as prognomimérker. For the other auto antibodies
tested, their distribution was not significantlyffeient between all stages of breast cancer.
Thus, the presence of anti-HSP antibodies seemée independent of tumor stage, which
suggested that the detection of autoantibodiesnageiSPs could be useful for the diagnosis
of early stage of breast cancer. However, furtihedyswith large scale population is needed

to confirm this speculation.
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Figure 10 Correlation between the presence of autoantibodigainst HSPs and P53 with
tumor stage obtained on COOH(a) and chitosan (bfases; *: p < 0.05 (p value was

calculated by Mann—Whitney test).
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2.4 Discussion and Conclusions

In this study, we have demonstrated that custonyizetein microarrays could be powerful
tools for the rapid screening of cancer biomarkéhe performance of protein microarray is
influenced by many parameters such as surface shmspotting buffer and protein
concentration. 6 different surface chemistries wevaluated for the immobilization of 7
proteins belonging to the heat shock protein fanaihy one oncoprotein, P53 in various
conditions. To retain biological activity of the mmobilized antigen protein, the best
conditions (surface chemistry and the concentratadn immobilized antigens) were
determined to implement miniaturized immunoassayg surface chemistries (COOH and
chitosan) were selected and used to detect antiatfiRanti-P53 autoantibodies in 50 breast
cancer serum and 26 healthy donors’ serum. Theudrery of autoantibodies against HSPs

reported in literatures was compared to our reglitible 4).

Table 4 Frequency of single anti-HSP autoantibody detedatetireast cancer patients and

healthy controls.

HSPs  Methods Sample size AAD frequency %p-value  Reference
Cases HC Cases HC

HSPB1 ELISA 579 53 37.8% 1.9% p<0.001 [6]

PM 50 26 8% 0 0.049* Our study
HSPD1 WB 40 42 47.5% 4.7% p<0.01 [8]

ELISA 107 93 31.8% 4.3% p<0.00019]

PM 50 26 14% 3.8% 0.01* Our study
HSP70 ELISA 369 53 40.9% 35.9%N/A [6]

PM 50 26 34% 0 0.002**  Our study
HSP90 ELISA 125 N/A 36.8% N/A N/A [7]

ELISA 13 22 7.7% N/A  N/A [10]

PM 50 26 4% 0 0.002**  Our study

HC: healthy controls; ELISA: enzyme linked immumbsnt assay; PM: protein microarray;
WB: western blot; N/A: not available; * Results abed on chitosan surface, ** Results

obtained on COOH surface.

Only 4 anti-HSPs autoantibodies studied in our waee evaluated by others. Results
obtained for anti-HSP70 were very close betweenaotigen microarray and ELISA, even if

sample size were very different. The frequencyrai-dSP90 found in our study was also in
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accordance with ELISA determination, only for similsample size (less than 50 breast
cancer cases and about 25 healthy controls). Hawévsample size if different (2 times
more in ELISA study), then the frequency of antif¥® was very different suggesting that
the size of the sample is a very important paramietéhe reliability of the study. For the 2
other autoantibodies, anti-HSPB1 and anti-HSPDdquencies obtained in our work were

very different from those obtained with ELISA or stern-blot analysis by other groups.

As discussed above, these differences could beaiegol by the size and origin of the
cohort: among researches, cohorts vary from 13 8opatients [6, 10]. The more extent is the
cohort, the more reliable should be the result® définition of the cut-off value could also
lead to variable results. Indeed, cut-off valudadined as a value greater than the mean of the
healthy individuals plus two standard deviationsD($ [9], or mean plus three standard
deviations [7]. Generally, lower cut-off value réisuin higher sensitivity and lower
specificity, andvice versaAnother parameter which could affect frequencputoantibodies
is the tumor stage: some studies [6, 8, 9] prodeiled characteristics about breast cancer
patients, like histologic stage, lymph node stateis, while others didn’t provide any
information [10, 24]. However, as the frequencyome anti-HSPs autoantibodies could vary
with tumor stage, such as anti-HSP70, the choigebténts’ serum and qualification are very
important for data analysis and conclusion. Attea® could notice that the study methods
could influence results obtained. As ELISA and wsstlot analysis are gold standard
methods for evaluation of immune response, theyrarstly chosen by researches. However,
with high throughput analysis, they became awfuluse and expensive. Thus antigen
microarrays could be an advantageous alternative plbcess need to be standardized in

order to be used in clinical trials.

Furthermore, due to the heterogeneity of tumor amdividual immune response, the
detection of one single autoantibody didn’t alloavstignificantly discriminate breast cancer
serum from healthy serum, whereas combining 7 atitmadies (autoantibodies against
HSPB1, HSPD1, HSP70, P53, HSP90, HSPA5 and HSP9@BEases the sensitivity of the
detection to 86% and specificity to 100%. Thus amtigen microarray achieved good
sensitivity as well as the highest specificity, ehhis comparable with other studies obtained
through ELISA [25-28]. Moreover, compared to ELIS#yr customized antigen microarray
is capable of providing high throughput data bystoning smaller sample amounts.

In the future, larger cohort of healthy donors &nelst cancer patients are needed to validate
performances of our antigen microarray. Furthermaeve will also try to detect other
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antibodies against common reported antigens likeRHEMUCL. Thus, progress in
technology associated to standardization efforukhtead to an emerging and powerful tool
for cancer diagnosis and prognosis in clinical gssa
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3.1 Introduction

As reported in Chapter 1, Urokinase type plasminogetivator (UPA) and its main
inhibitor plasminogen activator inhibitor 1 (PAI-Bre involved in many human cancers,
including those of breast, prostate, lung, brawarg. They participate in a wide variety of
physiologic and pathologic processes, e.g. tumowtr, invasion and metastasis, through
their effect on angiogenesis and cell migration ZJL Various retrospective and prospective
studies have shown that uPA and PAI-1 are goodnastgc and predictive biomarkers in
breast cancer. Low levels of uPA3(ng/mg of protein) and PAI-X14 ng/mg of protein) are
associated with low risk of recurrence and no bera#f chemotherapy for breast cancer
patients. On the contrary, high levels of uPA am-P is correlated with high risk of
recurrence and adjuvant chemotherapy provides anutist benefit for breast cancer patients
[3-6]. Recently, these two biomarkers have beenahstnated having the highest level-of-
evidence (LOE-1) for providing the prognostic anddictive value for node-negative breast
cancer patients [7].

Currently ELISA is the only method which is recoomded by ASCO to detect the
concentration of uPA and PAI-1 in protein extraotioom fresh or frozen breast tumor tissue.
The commercially available ELISA test (Femtelle®smeveloped by Sekisui Diagnostics.
This kit has a high sensitivity. The lower limit détection (LOD) of the assay for uPA and
PAI-1 are 25pg/ml and 125pg/ml of sample respebtiddowever, it requires a minimum of
100-300 mg of fresh or frozen breast cancer ti$8lieThe need for large quantity of tissue
requires surgical biopsy or vacuum-assisted coopdyi with an 8-gauge needle [9] and
precludes the use of 14-gauge needle-core biofis¢sre more common in clinical practice
[10]. Indeed, requirement of large volume of freadsue becomes the main limitation of
ELISA assays. Considering the challenges facedli$ A, several other assay formats were
also used including immunohistochemistry (IHC) [Bhld analyzing mRNA levels [12-15].

However, none of them has been proven to be alelsubstitute for ELISA assay.

Protein microarrays have several advantages couhparteaditional ELISA including high
sensitivity and tiny volume sample consumption [18]. The aim of this study was the
elaboration of sensitive antibody microarray to rjitg uPA and PAI-1 in protein extracts
from breast tumor tissues. Various parameters ssclsurface chemistry, pH of spotting

buffer and concentration of immobilized antibodiwere evaluated in order to optimize
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antibody microarray performances [18-20]. Then gighre best conditions, the quantification
of uPA and PAI-1 in protein extracts from breashtu tissues was achieved and compared to
classical ELISA using the Femtelle assay. In Femtel, captured antibodies against uPA
and PAI-1 had high affinity with uPA and PAI-1 respively. However, the captured
antibodies were unknown. So we tested several @ligb and chose those with highest
performances for further experiment to measurectimeentration of uPA and PAI-1 in breast
tumor tissue extractions. The Femtelle assay wasdwmed in collaboration with the

Research Cancer Institute of Montpellier (IRCM).

3.2 Experiments

3.2.1 Materials

Anti-uPA antibodies (mouse monoclonal) were obtdifi®m Santa Cruz Biotech and
Thermo Scientific (Clone number: U-16); anti-PAlahtibodies (mouse monoclonal) were
purchased from Santa Cruz Biotech and Abcam (clmmaber: 3A120); anti-PAI-1 scFv
antibody (sheep monoclonal, clone number: 1040.85® was obtained from Randox Life
Science; Femtelle test for uPA and PAI-1 was pwetlafrom American Diagnostica Inc;
F555-labeled streptavidin was purchased from logen. All proteins were stored as aliquot
at -20°C or -80°C following manufacturer specifioas. Bovine serum albumin (BSA)
lyophilized powder was obtained from Sigma.

0.01 M PBS or PBS 1X (pH 7.4) was prepared by digsg the content of one pouch of
dried powder in 1 L of ultrapure water. 0.02 M sodi carbonate buffer at pH 10.7 was
prepared from 0.1 M NaHCQOand 0.1 M NaCOs; solutions in ultrapure water. Washing
solution contained PBS 1X and 0.1% Tween 20 (PB&tTpH 7.4. Blocking solution was
prepared by dissolving 10 g of BSA in 100 ml of PBS

3.2.2 Biological samples

All human samples were prospectively collected asdarch Cancer Institute of
Montpellier, France at the time of surgery aftetanting written informed consent. 50ul of
cytosolic extracts were prepared from frozen tissaraples and stored at -80°C. All samples
were quantified for uPA and PAI-1 using the Fenatédist.
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3.2.3 Surface functionalization of microstructured glass slides

Microwells were generated on the surface of flaisglslides by photolithography and wet
etching on the basis of previous work in our gr¢2p]. Then, microstructured glass slides
were functionalized with 6 different chemistriesraterred in part 2.2.3. These microwells
allowed testing different experimental conditiohsthermore, they allowed screening several
patient sera on the same slide (one patient peromél) when the best conditions are

selected.

3.2.4 Design and Optimization of antibody microarray

3.2.4.1 Concentrations of spotted and detection antibodies

Anti-uPA and anti-PAI-1 antibodies were spotteditaee different concentrations (0.33
UM, 0.67 uM and 2.5 uM) on the 6 chemically funetibzed microstructured glass slides
according to Figure 1. Anti-uPA antibody was sptie the first three lines of microwells,
and anti-PAI-1 antibody in the following three I;1eéPBS 1X was used as spotting buffer.
Each antibody concentration was spotted with Gigapbns in each microwell. PBS 1X and

streptavidin-F555 were spotted as negative andtywaintrols, respectively.

After spotting, antibodies were allowed to readihwvdgurfaces under saturated water vapors
overnight at 4°C. Then slides were washed sequgntta 2 x 5 min with PBS, for 5 min
with PBS-T (0.1%), and blocked with 10% BSA/PBSélusion for 2h at room temperature
(R.T.) to limit unspecific adsorption, then washed3 x 5 min with PBS-T and dried.

Slides were then incubated with 6 different coneitns of uPA (0 ng/ml, 0.2 ng/ml, 0.5
ng/ml, 1 ng/ml, 1.5 ng/ml and 2 ng/ml) and PAI-1n@ml, 2 ng/ml, 5 ng/ml, 10 ng/ml, 15
ng/ml and 20 ng/ml) prepared from Femtelle kit,saswn in Figure 1. Each concentration
was incubated in two microwells. Slides were lefréact for 1h at R.T. in saturated water

vapors, then washed for 3 x 5 min with PBS-T aneddr
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Figure 1 Scheme of antibody microarray design for optingzime concentration of spotted
antibodies and biotin-labeled detection antibodi&potting: lines 1 to 3 were anti-uPA
antibody; lines 4 to 6 were anti-PAI-1 antibodychaantibody was spotted in PBS buffer at 3
concentrations (0.33 pM, 0.67 uM and 2.5 pM) witlelications for each concentration®' 1
incubation: lines 1 to 3, uPA at 6 different conications (each concentration incubated in
two microwells); lines 4 to 6, PAI-lat 6 differesbncentrations (each concentration
incubated in two microwells)"2incubation was performed with not diluted and titli(1:2)
biotinylated antibodies.

Then slides were incubated with non-diluted anditdd (1:2) biotinylated antibodies
prepared from Femtelle kit as shown in Figure le Tritubations were left to react for 1h at
R.T. in saturated water vapors, and then slideg wexshed for 3 x 5 min with PBS-T and
dried by centrifugation. Then slides were incubat&ti strep-F555 (0.01mg/ml diluted in 1%
BSA/PBS). All incubations were left to react for ahR.T. in saturated water vapors, then

slides were washed for 3 x 5 min with PBS-T, 1®ads in DI water and dried.

3.2.4.2 Spotting buffer for anti-PAI-1 scFv immobilization

Three buffer solutions were tested for the immahiion of anti-PAI-1 scFv antibodies on
COOH, NHS and chitosan surfaces: PBS 1X (pH=7¢eBtade buffer (pH=4.6) and carbonate
buffer (pH=9.6). Anti-PAI-1 scFv antibody was smattat 5 pM in all three buffers. The
design of antibody microarray is shown in FiguréAR.incubations and washing steps were
the same as previously described in part 3.2.4dghtEEoncentrations of PAI-1 were tested
(incubation 1): 0, 0.5 ng/ml, 1 ng/ml, 2 ng/ml, §ml, 10 ng/ml, 15 ng/ml and 20 ng/ml.
Biotinylated anti-PAI-1 antibody was prepared fréemtelle kit at dilution 1:2.
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Figure 2 Scheme of antibody microarray design for optingjzine spotting buffer of anti-
PAI-1 scFv antibody. Spotting: anti-PAI-1 scFv aotly was spotted at 5 pM in all three
buffers; lines 1, 2: acetate buffer (pH=4.6); lin& 4: PBS 1X (pH=7.4); lines 5, 6:
carbonate buffer (pH=9.6). 1 incubation: 8 concentrations of PAI-1 were teste&i®
incubation: biotinylated anti-PAI-1 antibodies wareubated at dilution 1:2.

3.2.5 Evaluation of the biological activity of antibodies against uPA
and PAI-1 with ELISA

Among five antibodies studied, no fluorescence aigvas detected for the immobilization
of anti-PAI-1 antibody (from both Santa Cruz Bidieend Abcam) on 6 surface chemistries.
In order to figure out the reasons, we evaluatedbiblogical activity of all antibodies by the
standard method-ELISA. Also we compared them withresults obtained from Femtelle kit.

The protocol of Femtelle kit was done accordinghiir guidelines. The protocol of ELISA
is as follows:
1. Dilute the capture antibody to the appropriaiecentration (20pg/ml) allowing sufficient
volume for 50 ul per well.
2. Add the diluted capture antibody to the plateyer and incubate overnight at room
temperature (R.T.).
3. Remove the solution and wash the plate with 20per well wash buffer (PBS 1X 0.1%
Triton X-100) for 3 x 5 minutes.
4. Add 300 pl blocking buffer (1% BSA in PBS-T 0.1%er well, cover the plate and
incubate for 2 hours at R.T.
5. Remove the blocking buffer and wash the platd 200 ul per well wash buffer.
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6. Add standard solutions: adding 100 pl uPA or -BAffrom Femtelle kit) into wells
captured with anti-uPA antibody or anti-PAI-1 awotily respectively. Cover the plate and
incubate for 1 hour at RT. Both uPA and PAI-1 héw®ncentrations.

7. Remove the solution and wash the plate with &Q@er well wash buffer for 3 x 5 minutes.
8. Add diluted (1:3) biotinylated detection antilyddrom Femtelle kit) to the plate, cover and
incubate for 1 hour at RT.

9. Remove the solution and wash the plate with #Q&er well wash buffer for 3 x 5 minutes.
10. Add 100 pl diluted enzyme conjugate (from Fdimtet: 1 I enzyme conjugate in 1ml
enzyme conjugate diluent) to the plate, cover asdbate for 1 hour at RT.

11. Remove the solution and wash the plate with 2D@er well wash buffer for 3 x 5
minutes.

12. Add 100 pl substrate solution (from Femtellg to the plate, cover and incubate for 20
minutes at RT, a blue color will develop.

13. Stop the reaction by adding 50 pl stop soluBN HSQOy), the solution color will turn
yellow.

14. Measure the absorbance at 450 nm within 30tesnu

3.2.6 Quantification of uPA from breast tumor tissue extracts on

antibody microarrays

Anti-uPA (from Thermo Scientific) was spotted usiRgS 1X buffer (pH=7.4), on 3
chemically functionalized microstructured glasslsti (COOH, NHS and chitosan surfaces),
as shown in Figure 3. Two spotting concentratiomsewused: 3 UM and 6.6 uM with 14
replications each. PBS1X buffer and streptavidiB3-%vere spotted as negative and quality
controls, respectively. Then all incubations andshuag steps were the same as previously
described in part 3.2.4.1.

On each slide for the first incubation, 6 microweilere incubated with uPA prepared from
Femtelle kit at six different concentrations (Omg/0.2 ng/ml, 0.5 ng/ml, 1 ng/ml, 1.5 ng/ml
and 2 ng/ml) to obtain a standard curve; 2 micréavwekre incubated with PBS 1X (pH=7.4)
buffer for negative controls; 16 microwells wereubated with non diluted breast tumor
tissue extracts; 16 microwells were incubated wiilbited breast tumor tissue extracts; for
dilution, samples with relatively low uPA concenima (according to Femtelle kit) were
diluted 2 times; while samples with relatively higbncentration were diluted 5 times (Figure

122



3: I™incubation). Then slides were sequentially incebatith biotinylated antibody diluted
1:2 prepared from Femtelle kit and with strep-FEBB1mg/ml diluted in 1% BSA/PBS).

Spotting 15t incubation
Y YY Y Y L )OO | T> uPAaté
(NN NNNN] Concentrations (ng/ml)
L ECT L N 0,0.2,0.51,1.5and 2
HEEinlE
YXEXEXX.
ceceses 1 0] Buffer
OoOood - Tumor tissue
EENININ non-diluted
® Buffer ] 10
Eat;Ih Anti-uPA Ab 3 pM 0000
we .
o amisenssosmn || O [T Jumertssue
Strep - F555 O OO0

Figure 3 Design of antibody microarray for the quantificati of uPA in breast tumor tissue
extracts. In each micro-well, anti-uPA antibody vep®tted at two concentrations: 3 uM and
6.6 uM with 14 replications each, PBS 1X (pH=7.4swsed as spotting buffer; PBS 1X
(pH=7.4) and streptavidin-F555 were spotted as niegaand quality controls, respectively.
First incubation was performed with uPA at six @iént concentrations (6 microwells)); with
PBS 1X buffer (2 microwells); breast tumor tissuaets not diluted (16 microwells); breast
tumor tissue extracts diluted 1:2 (for samples weélatively low concentration) or 1:5 (for

samples with relatively high concentration) (16 raveells).

3.2.7 Fluorescence scanning and data analysis

After drying, slides were scanned with the Micragrrscanner GenePix 4100A at
wavelengths of 532 nm with the same photomultiplidsre (PMT) gain (PMT=600). Data
mining was accomplished with GenePix 4100A softwasekage (Axon Instruments). SNR
was calculated as described in part 2.2.6. Theshiotd value (cut-off) for the determination
of LOD (Limit of Detection) was calculated as falled: Cut off =Mean of median buffer

spots + 3 SD, where SD represents standard deviatio

The standard curve was obtained by plotting them@MR value calculated for each uPA

standard concentration.
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3.3 Results and discussion

3.3.1 Optimization of antibody microarray conditions

The implementation of efficient antibody microarsayequires optimizing important
parameters such as surface chemistry, concentratispotting and detection antibody, and
spotting buffer. Thus, for the detection and quaatiion of uPA and PAI-1, firstly the 6
surface chemistries developed in our lab were ewatlifor the efficient immobilization of
anti-uPA and anti-PAI-1 antibodies. The biologiea&tivity of immobilized antibodies was
determined by the level of recognition with uPA BAI-1. Secondly, various spotting
concentration of the antibodies were tested on lthet surface chemistries. Thirdly,
concentration of the biotinylated antibodies wasoabptimized to obtain good detection
signal. At last, 3 different spotting buffers weested for the immobilization of anti-PAI-1
scFv antibody, the concentration of the other alids did not allow changing buffer. The

influence of these factors will be presented deves.

3.3.1.1 Influence of surface chemistry

Surface chemistry affected greatly the performaatentibody microarray. Among 6
surface chemistries tested, three of them (COOHSNIAd chitosan surface) showed good
performances for the immobilization of anti-uPAiaaty and anti-PAI-1 antibody scFv.

Anti-uPA antibody

Anti-uPA antibodies (from Santa Cruz Biotech) wemmotted on the 6 different surface

chemistries and its biological activity was evasahind compared (Figure 4).
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anti-uPA antibody spotted on 6 surface chemistries
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Figure 4 Fluorescent signal analysis of uPA detection onGE{) NHS, chitosan, APDMES,
CMD and MAMVE surfaces. Spotted concentration ¢f@PA antibody was 2.5uM.

As shown in Figure 4, anti-uPA antibody spotted AADMES, CMD and MAMVE
surfaces did not allow sensitive detection of uRAcontrast, it performed well on COOH,
NHS and chitosan surfaces, fluorescence signatasong with increasing uPA concentration.
Moreover, on NHS surface, the signal reached ae@latvalue when uPA concentration
reached 1.5ng/ml. In contrast, the dynamic rangeamdf-uPA antibody on COOH and
chitosan surfaces was much larger compared to NHface. According to these results,
COOH, NHS and chitosan surfaces were chosen foroioilining anti-uPA antibody from

other company (Thermo Scientific) for further expent.

Anti-PAI-1 antibody

Two anti-PAI-1 antibodies (from Santa Cruz Bioteetd Abcam) were immobilized on the
various surface chemistries and tested for themlobical activity to recognize PAI-1.
However, none of them exhibited biological activétfyer surface immobilization as shown in

Figure 5.
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anti-PAl-1 antibody spotted on 6 surface chemistries
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Figure 5 Biological activity of anti-PAI-1 antibodgfrom Santa Cruz Biotech) on 6 surface
chemistries (a) and anti-PAI-1 antibodfrom Abcam) on 3 surface chemistries (COOH,

NHS and chitosan surface); the spotting concerdratvas 2.5 pM.

Several reasons may lead to the failures of theseanti-PAI-1 antibodies. Firstly, surface
chemistries tested could modify the structure dibadies during immobilization process,
thus resulting in the loss of biological activitgecondly, these antibodies were not
biologically active before immobilization. In ord&r figure out the reasons, we further tested

the biological activity of these 2 antibodies byl&A. Results will be presented in later.
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Anti-PAI-1 scFv antibody

As 2 entire antibodies against PAI-1 didn't exhibiblogical activity, a single-chain
variable fragment (scFv) against PAl-1was evaluébedhe recognition towards PAI-1. scFv
consists of variable regions of heavy (VH) andtigfL) chains, which are joined together by
a flexible peptide linker. scFv is the smallesttwfiimmunoglobulin molecule with antigen-
binding activity [22]. Figure 6 presented perforroarof anti-PAI-1 scFv on the 6 surface
chemistries. Only COOH surface allowed efficientmobilization of anti-PAI-1 scFv to

sensitively detect PAI-1.

anti-PAI-1 antibody scFv spotted on 6 surface chemistries

10 -
—— COOH
—— NHS
8 1 | —k— chitosan
—— APDMES
6 —a—CMD
—k— MAMVE

SNR

0 T T T T 1
0 5 10 15 20

Concentration of PAI-1 (ng/ml)
Figure 6 Biological activity of anti-PAl-1 scFv on COOH, I$iHchitosan, APDMES, CMD
and MAMVE surfaces; anti-PAI-1 scFv was spotte8ey.

ELISA to test the biological activity of antibodegainst uPA and PAI-1

We have tested the biological activity of five &wotilies by ELISA and compared the
results with those obtained from Femtelle kit. Aotlies tested include 2 anti-uPA antibodies
(from Santa Cruz Biotech (Ab-1) and Thermo Scient(Ab-2)), 2 anti-PAI-1 antibodies
(from Santa Cruz Biotech (Ab-1) and Abcam (Ab-2)dal anti-PAI-1 scFv (from Randox
Life Science). Results of ELISA tests are preseitdegure 7.
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uPA test

1.6 ~
—4—FEMTELLE kit /
—— anti-uPA Ab-1
1.2 1| —4—anti-uPA Ab-2
3
[ =
[+
£ 08 -
=]
wn
0
[1+]
0.4 -
0 T 1
0 0.5 1 1.5 2
concentration of uPA (ng/ml)
(a)
PAI-1 test
25 1| _¢—FEMTELLE kit
—l— anti-PAI-1 Ab-1
2 || —&— anti-PAI-1 Ab-2
> —a— anti-PAI-1 Ab scFv
c 1.5
(]
L
[
&
2 1
[++]
0.5
0 gl
0 5 10 15 20
concentration of PAI-1 (ng/ml)
(b)

Figure 7 ELISA test from Femtelle kit and antibodies agaui®A (a) and PAI-1 (b). In (a),
anti-uPA antibody 1 and 2 are from Santa Cruz BRibtand Thermo Scientific respectively;
in (b), anti-PAI-1 antibody 1 and 2 are from Saftaiz Biotech and Abcam respectively

Figure 7a indicated that both anti-uPA antibodestdd displayed good biological activity
for detecting uPA in ELISA, which is consistent lwitesults obtained from antibody
microarray. However, their biological recognitioowards uPA appeared less sensitive
compared to commercial Femtelle kit. Indeed in carmal ELISA kit such as Femtelle kit,
antibody/antigen affinity is very high as the preges optimized to get best sensitivity and

specificity of the assay.
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Concerning anti-PAI-1 antibodies, among all thragbedies tested, only anti-PAI-1 scFv
was able to recognize PAI-1, as it was observe@duwnantibody microarray. Moreover, as
previously described for anti-uPA, the recognitewtivity of anti-PAI-1 in ELISA is lower

than those of the Femtelle kit.

Thus, in immunoassay development, the choice oibaay is critical. High affinity
between antibody and antigen is indispensable. M@ne optimization of all the process
including concentration, incubation solutions arnwchet is a required step to get best
performance. For antibody microarray, surface ceemis also a key parameter to improve
the immunoassay. Among the 6 surface chemistriskede COOH, NHS and chitosan
surfaces showed best performance for the immobizeof anti-uPA and anti-PAI-1 scFv

antibodies. Therefore, these 3 surfaces were séléot further experiments.

3.3.1.2 Influence of the concentration of captured antibodies

The concentration of capture antibody greatly eficed the lowest limit of detection
(LOD) of antibody microarray. The threshold valué lOD was defined as mean of
fluorescence signal (SNR) of buffer plus 3 S.D.evenS.D. represents standard deviation.
Thus, the lowest detected concentration displagn8NR value higher than the threshold
value, is defined as LOD. Moreover, spotting coti@ion influenced the dynamic range of
detection. Dynamic range is a critical factor t@lerate the performance of assay. Generally,
wider dynamic range corresponds to higher abitityest concentrations of uPA and PAI-1 in

breast tumor tissue extraction.

Anti-uPA antibody (from Thermo Scientific) was sfsat at 2 concentrations (3 M and 6.6
M) on the 3 selected surface chemistries, ancctieteof uPA was evaluated as a function
of the concentration. Results obtained on chitesaface are presented in Figure 8. As can be
see, the detection of uPA is better when the spattecentration of anti-uPA antibody is
higher, reaching 0.2 ng/ml as LOD. Furthermore ftapgp concentration affected the dynamic
range of UPA detection. At the highest spottedbaty concentration (6.6 uM), the dynamic
range was wider: 0.2 ng/ml-1.5 ng/ml. Therefore,omder to obtain high sensitivity of

detection, high concentration of immobilized arflAuantibody is necessary.
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anti-uPA antibody spotted on chitosan surface

5 -
——3 uM
4 4| —8—6.6 uM
3 -
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4 0.2ng/ml
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0 0.5 1 15 2

Concentration of uPA (ng/ml)

Figure 8 Detection of uPA on chitosan surface as a funcbbmanti-uPA antibody spotted
concentration of (3uM and 6.6 uM); limit of detecti (LOD) of uPA for each spotted
concentration was indicated.

Results obtained with anti-PAI-1 scFv spotted atoBcentrations (5 uM and 10 uM) on
chitosan surface are presented in Figure 9. Asiquely described for anti-uPA, the
sensitivity of the detection of PAI-1 was dependemt the capture antibody spotted
concentration. Thus, at the highest spotted coratgo of anti-PAI-1 scFv, LOD of PAI-1

reached was as low as 2ng/ml, with a dynamic raaggng from 2 ng/ml to 20 ng/ml.

anti-PAl-1 antibody scFv spotted on chitosan surface
12 - -

=4—5uM
10 -|—%—10uM

Sng/mi
u T T T T T T

0 4 8 12 16 20
concentration of PAI-1 (ng/ml)

Figure 9 Detection of PAI-1 on chitosan surface, as a fiomcof anti-PAl-1scFv spotted
(5uM and 10uM); limit of detection (LOD) of PAIdrfeach concentration was indicated.
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In conclusion, higher spotting concentration ofilaodies results to better LOD and wide
dynamic range of detection. Therefore, high spotimacentrations of anti-uPA were chosen
to titrate uPA in breast tumor tissue extraction.

3.3.1.3 Influence of the concentration of biotin labeled detection antibody

The concentration of detection antibody also afféecthe performance of antibody
microarray. In our study, biotinylated antibodiegmimst uPA and PAI-1 were obtained from
Femtelle kit. However, no information about theimcentration was given by the supplier.
Thus, two conditions were tested: not diluted anmdted 1:2 in 4% BSA/PBS-T 0.1%
solutions. Figure 10 showed the results obtairmedahti-uPA antibody (from Santa Cruz
Biotech) spotted on chitosan surface at 2.5 pMuffled.0a) and results obtained for anti-PAlI-
1 scFv spotted on NHS surface at 5 uM (Figure 1Bb).both antibody/antigen systems no
significant difference was observed between the twaoditions. Therefore, diluted (1:2)

biotinylated antibodies were chosen for further eskpents from the economical point of

view.
anti-uPA antibody on chitosan surface anti-PAl-1 antibody scFv on NHS surface
12 4
—+—non-diluted =—+—non-diluted
—a—dilute 1/2 3 | [o==dilute-172

0 05 1 15 2 0 5 10 15 20

concentration of uPA (ng/mil) concentration of PAI-1 (ng/ml)

(a) (b)
Figure 10 Comparison of diluted and non-diluted biotinylatattibody against uPA and PAI-
1 on the detection of uPA with capture anti-uPArirSanta Cruz Biotech) immobilized on
chitosan surface at 2.5 uM (a) and on the detectibAl-1 with capture anti-PAI-1 scFv
immobilized on NHS surface at 5 uM (b).

3.3.1.4 Influence of spotting buffer for anti-PAI-1 scFv immobilization

According to previous results, the best spottinffdsufor antibody on COOH, NHS and
chitosan surface is carbonate buffer (pH=9.6) [2dwever, anti-PAI-1 scFv is closer to
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antigen protein in terms of size and structure tloanative antibody [22]. Therefore, 3 buffer
solutions [PBS 1X (pH=7.4), acetate buffer (pH=4a@y carbonate buffer (pH=9.6)] were
tested for the immobilization of anti-PAI-1 scFv G®OH, NHS and chitosan surfaces. Anti-
PAI-1 scFv antibody was spotted at 5 uM in all 3féns. Then biological activity of the

immobilized anti-PAI-1 scFv was evaluated by mefiewel of recognition of PAI-1.

Results are presented on Figure 11. On both COQdlr@ 11a) and NHS (Figure 11b)
surfaces, only immobilization of anti-PAI-1 scFvtlwicarbonate buffer allowed retaining the
biological activity of the scFv. In contrast, ontosan surface (Figure 11c) the best biological

activity was obtained with PBS 1X.

anti-PAl-1 scFv on COOH surface anti-PAI-1 scFv on NHS surface
4 4
—— acetate buffer =t 3 cetate buffer
—=—PBS —=—PBS
3 || =#=carbonate 3 {| =+—carbonate

0 5 10 15 20 0 5 10 15 20
concentration of PAI-1 (ng/ml) concentration of PAI-1 (ng/ml)

() (b)

anti-PAl-1 scFv on chitosan surface

=——acetate buffer|
—s—PBS
—i—carbonate

0 5 10 15 20

concentration of PAI-1 (ng/ml)
(©)

Figure 11 Evaluation of the biological activity of immobéid anti-PAI-1 antibody scFv (5
uM) on COOH (a), NHS (b) and chitosan (c) surfagsmg three different spotting buffers:
acetate buffer (pH=4.6), PBS 1X (pH=7.4), carbonlatéfer (pH=9.6).
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COOH and NHS surfaces are both silane monolayef§ Burface was obtained by NHS
activation of the COOH surface. Protein immobiliaaton COOH surface was achieved
through physical adsorption, whereas on NHS surntamas through covalent binding. These
2 ways of immobilization on silane monolayer seerwdead to complete denaturation of
immobilized anti-PAI-1 scFv, resulting to complédss of biological activity, or to very low
amount of immobilized anti-PAI-1 scFv, resulting mot detectable signal, when acetate
buffer or PBS 1X was used as spotting buffer. Haveehitosan surface is a polymeric
surface obtained from functionalization of NHS sgd with chitosan polymer, a natural
polysaccharide. The immobilization on chitosan aef was achieved through physical
adsorption as well, but the surface area develapeldhydrophilic character was higher than
COOH surface [20]. Moreover, chitosan surface prisséH groups instead of COOH
groups on COOH surface. Thus, physical adsorptionclitosan surface should involve
different mechanisms leading to better level andnbation of immobilized anti-PAI-1 scFv.

This immobilization process seems to be enhanced B#BS 1X as spotting buffer.

3.3.1.5 Conclusion

Performances of antibody microarrays are greaflyenced by the biological activity of
immobilized antibodies and by the sensitivity oé thetection system. Among parameters
involved in biological activity of immobilized amodies, surface chemistry as well as
spotting conditions (concentration and buffer sohit are ones of the most critical. Thus, to
elaborate efficient antibody microarrays for theamification of uPA and PAI-1, these
parameters were optimized and results are repdrtedable 1. Among the 6 surface
chemistries tested, 3 of them (COOH, NHS and chitosurfaces) displayed good
performances to retain biological activity of imnila®d anti-uPA antibody and anti-PAI-1
antibody scFv. Moreover, higher spotting concemrabf antibodies results in better LOD
and wider dynamic range of detection under optispaltting buffer. At last, same detection
level was obtained with biotinylated antibody daédt1:2 allowing to reduce consumption of
biological reactive.
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Table 1 Optimal conditions for the immobilization of antt& antibody and anti-PAI-1 ScFv
antibody.

Antibody/spotted concentration Surfacgpotting bufferLOD (ng/ml) Dynamic range
anti-uPA antibodyat 6.6 UM COOH PBS 0.2 0.2 —1.5ng/ml
NHS PBS 0.2 0.2 — 2ng/ml
chitosan PBS 0.2 0.2 —-1.5ng/ml
anti-PAI-1 antibody (scFvat 10 uM COOH carbonate 2 2—20 ng/ml
NHS carbonate 2 2—-20 ng/ml
chitosan PBS 2 2—-20 ng/ml

3.3.2 Quantification of uPA in breast tumor tissue extracts

16 cytosolic extracts were obtained from frozerabtéumor tissues by 10% Triton X-100
(recommended by Femtelle kit). The concentratioruBA in each cytosolic extracts was
determined by Femtelle kit and ranked from 0.4 ngin® ng/ml (see Table 2).

Table 2 The concentration of uPA in 16 cytosolic extraggdnined by Femtelle kit

No. of patient Concentration of uPA (ng/ml)

1 0.4
2 0.9
3 1.4
4 15
5 2.1
6 2.3
7 2.4
8 3.1
9 3.3
10 3.6
11 3.9
12 4.3
13 4.6
14 6.4
15

16 8
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The goal was to quantify the concentration of uPAerach cytosolic extracts by our
customized antibody microarray and compare theeveduthose obtained with Femtelle kit.
For this, we elaborated three types of antibodyroaicays, with COOH, NHS and chitosan
surface chemistries considered as best surfacesdfiog to previous results. Thus, the design
of customized antibody microarrays was pictureéigure 12. 10 lines of 4 microwells were
etched on glass slides. Inside each microwellatiteuPA antibodies were spotted in PBS 1X
buffer at two concentrations (3 uM and 6.6 puM) dndfer and strep F555 were added as

negative and positive controls of microarray gyalit

In order to elaborate nano-FLISA (Fluorescent imoassay) for the quantification of
uPA, titration curve should be included on the wéeray. So, on each microstructured slide,
the two first lines of microwells were dedicated donstruct standard titration curve. 6
microwells were incubated with 6 different concatibns of uPA including O ng/ml, 0.2
ng/ml, 0.5 ng/ml, 1 ng/ml, 1.5 ng/ml and 2 ng/ml.

Moreover, in order to match the dynamic range efdtandard titration curve, and taking
account of the expected value given by Femtellés tesstosolic extracts were tested on
antibody microarray under two conditions: non-dlitfmicrowell lines 3 to 6) and diluted
1:2 (No.1-11) or 1:5 (No0.12-16) (microwell linegc/10).

Spotting 1st incubation
eccoceoe I 1 @DDD——DUPAatG
0e000000 Concentrations (ng/ml)

2 | |
; g%gg\ 0,0.2,0.5, 1, 1.5 and 2
'YX XXXK XK
cececee : ogo Buffer
O OO0 - Tumor tissue
I inininln non-diluted
® Buffer 7 L1000
Each Anti-uPA Ab 3 uM
well o An I uPAAb 6:; M 8L L0 - » Tumor tissue
nti-u . 1
o1 OOOn diluted 2 or 5 times
Strep - F555 10/ O OO

Figure 12 Scheme of antibody microarray design for uPA cotraion measurement
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3.3.2.1 Standard titration curve of uPA on antibody microarray

Figure 13 gives the fluorescence image obtainell thit¢ same PMT (photomultiplier tube
coefficient of fluorescence scanner) when anti-udAibody was immobilized on COOH,
NHS and Chitosan surface respectively. The micrisweere incubated with standard uPA
solutions of 6 different concentrations; the lagh microwells were incubated with buffer.

On COOH

® Buffer
Each Anti-uPA Ah 3 pM
well
® Anti-uPA Ab 6.6 pM
@ Strep - F555

uPA: 1.5ng/ml  uPA: 2ng/ml Buffer Buffer

® Buffer

Each Anti-uPA Ab 3 pM cessnes smenans
we" smmesss | amesesaw
*e

o Strep - F355

uPA: 1.5ng/ml uPA: 2ng/ml Buffer Buffer

On Chitosan

L E R NN N N
LA B N N N N J
L N

® Buffer
Each Anti-uPA Ab 3 M
well
® Anti-uPA Ab 6.6 pM
@ Strep - F555

uPA: 1.5ng/ml  uPA: 2ng/ml Buffer Buffer
Figure 13 Fluorescence image obtained on COOH surface; mieliswvere incubated with
uPA including 0 ng/ml, 0.2 ng/ml, 0.5 ng/ml, 1 nig/tm5 ng/ml and 2 ng/ml and buffer (PBS
1X) (two microwells).
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Whatever the surface chemistry, in each microwik#, 2 spots of streptavidin-F555 were
easily detected which means that these surfacea gadd ability for protein immobilization.
Microwells incubated with buffer exhibited weak & Unfortunately, Figure 13 exhibits
also a spurious fluorescence which affected thentifadive analysis of fluorescence. This
high unspecific binding was observed when the mvetbwas incubated with uPA, which
should be caused by inefficient blocking processnore probably by bad washing steps.
Remember that washing and rinsing step were pedormithout agitation. Fluorescent
intensity signals were higher on COOH and NHS camgbato chitosan surfaces. But
whatever the surface chemistry, a similar behasooiid be noticed. For microwells incubated
with uPA, fluorescence signal obtained from immialeidl anti-uPA antibody increased with

the increasing concentration of incubated uPA.

Figure 14 gives the fluorescent signal (SNR) oladifor the detection of uPA on COOH,
NHS and chitosan surfaces when the concentratiepatted anti-uPA antibody was at 3 uM
and at 6.6 uM). SNR is defined as the ratio betwikerfluorescence signals of antibody spots
over the fluorescent signals of buffer spots. Ageeted, SNR increased with the increasing
of uPA concentrations. Among all three surfaceteteghe fluorescence signal obtained from
COOH surface is the highest, followed by NHS andoslan surface. Although SNR is
different, the lowest limit of detection (LOD) ofP& on these three surfaces is the same,
about 0.2 ng/ml. However, the dynamic range isngfiyo depending on microarray surface
chemistry. On COOH surface, SNR reached a platésnwPA is at 1.5 ng/ml, therefore, the
dynamic range of uPA detection is between 0.2 ndgtml.5 ng/ml. The same range was
obtained for chitosan surface. In contrast, theadyic range is wider on NHS surface,
between 0.2 ng/ml to 2 ng/ml. Moreover, accordingthe trend of the curve, higher
concentrations of uPA could be also detected on Mdace but with weaker signals.
Comparison between the curves obtained from twderdifit concentrations of spotted
antibodies did not exhibit crucial discreapancye Tdifference concerned mainly the high
concentrations of uPA which exhibited stronger SKR 6.6 uM of spotted anti-uPA

antibodies.
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Anti-uPA antibody on 3 surfaces Anti-uPA antibody on 3 surfaces
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Figure 14 Fluorescent signal analysis (SNR) of uPA deteabiorCOOH, NHS and chitosan
surface when the concentration of spotted anti-aR#body was at 3 uM (left) and at 6.6 uM

(right).

For providing the quantification of uPA in cytosoéxtracts, standard titration curve issued
from our customized microarray should be drawnaed compared with uPA standard curve
obtained from Femtelle kit. Figure 15 gives alltloé titration curves obtained from antibody

microarray made with different surface chemistries.
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Anti-uPA antibody at 3 uM on NHS surface Anti-uPA antibody at 6.6 UM on NHS surface
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Figure 15 (a) represented uPA standard curve obtained froemtelle kit; (b) and (c)
represented uPA standard curve obtained from owtauized antibody microarray when
anti-uPA antibody was immobilized on COOH surfat& aM and 6.6 uM respectively. (d)
and (e) corresponds to NHS surface and (f) andq@hitosan surface.

According to the protocol of Femtelle kit, the lestdimit of detection (LOD) for the assay
for uPA is 0.025 ng/ml, which seems much lower th@n results obtained by our antibody
microarray (0.2 ng/ml). However, 100 pl uPA stamdsolutions were needed to add in order
to obtain the standard titration curve in Femtddie In contrast, only 1 ul uPA standard
solution was used in our antibody microarray. Tfeeee if we consider the total amount of

uPA, LOD of our antibody microarray (0.2ng) is Ifes less than Femtelle kit (2.5nQ).

For the dynamic range, we can see that it rangéseba 0.01 ng/ml to 1 ng/ml for
Femtelle kit (Figure 15 a). In comparison, the dyimarange of uPA detection by our

antibody microarray is wider, for example, it raageom 0.2 — 2ng/ml on NHS surface
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(Figure 15 d and e). Furthermore, fluorescent $i¢@BR) didn’'t reach a plateau at 2ng/ml,
therefore, higher uPA concentration could be testedNHS surface in order to increase the

dynamic range.

Furthermore, we compared correlation coefficient) (B ELISA kit and our antibody
microarray. Correlation coefficient §Rdefines the association between x and y. AmdRie
of exactly 1 indicates the all data points lie élacon a straight line. Generally, a correlation
greater than 0.8 is described as strong, whereasralation less than 0.5 is described as
weak. The R of ELISA kit is 0.9999 (Figure 15a), very close Xoln comparison, the R
obtained from our customized antibody microarray wéso high; it was 0.9945 when the
spotting concentration of anti-uPA antibody waé.&tuM on NHS surface (Figure 15 e).

Table 3 summarized LOD, dynamic range of uPA datecand its corresponding SNR
range on COOH, NHS and chitosan surface when timeetdration of spotted anti-uPA
antibody was at both 3uM and 6.6 pM. Among all ¢hsarfaces tested, NHS surface had the
widest dynamic range for uPA detection at both tpmtted concentrations of anti-uPA
antibody. Moreover, the dynamic range is wider bitosan surface when the concentration

of spotted anti-uPA antibody is higher (at 6.6 Jj fluorescent signals were weaker.

Table 3 LOD and dynamic range of uPA detection on COOHSN&hd chitosan surface
when the concentration of spotted anti-uPA antibedg at 3uM and 6.6 uM respectively.

Anti-uPA Antibody  Surface LOD Dynamic range Range of SNR

spotted concentration of uPA
3 uM COOH 0.2ng/ml  0.2-1.5ng/ml 5.5-14.9
6.6 UM COOH  0.2ng/ml 0.2 —1.5ng/ml 5.5-16.8
3 uM NHS 0.2 ng/ml 0.2 — 2ng/ml 2.1-6.3
6.6 UM NHS 0.2 ng/ml 0.2 — 2ng/ml 2.1-10.3
3 uM chitosan 0.2 ng/ml 0.2 — 1ng/ml 1.1-1.8
6.6 uM chitosan 0.2ng/ml 0.2 — 1.5ng/ml 1.4-4.5

3.3.2.2 Quantification of uPA in breast tumor tissue extracts

Figure 16 (a) gives the design of antibody micragrr(b) represents the fluorescence

image obtained on COOH surface for detecting theentration of uPA in tumor cytosolic
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extracts, among which line 1-4 were incubated wibim-diluted cytosolic extracts, whereas
line 5-8 were incubated with corresponding dilutgtbsolic extracts. (c) and (d) correspond
to the pictures obtained on NHS and chitosan sesfaespectively. High unspecific binding
on chitosan surface were noticed (markerd with evistjuare), which maybe caused by

inefficient washing process.

Spotting 1st incubation
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Figure 16 (a) represents the scheme of antibody microarragigh; (b) represents the
fluorescence image obtained on COOH surface foedity the concentration of uPA in
tumor cytosolic extracts: line 1-4 were incubatathwon-diluted cytosolic extracts; line 5-8
were incubated with corresponding diluted cytosehtracts.
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Figure 16 (c) represents the fluorescence image obtainedld8 Burface (d) on chitosan for
detecting the concentration of uPA in tumor cytmsektracts: line 1-4 were incubated with
non-diluted cytosolic extracts; line 5-8 were inatdd with corresponding diluted cytosolic
extracts.

According to the standard curve obtained from eaoface, if the SNR of one sample is in
SNR range (shown in Table 3), its concentrationdte calculated by the formula obtained
from the standard curve (shown in Figure 15), otiws not. Therotically, as uPA
concentration of all samples are in the dynamicgearafter dilution, therefore, their
corresponding SNR are also in the SNR range. Horveeweral samples whose SNR is out
of range, therefore, their concentrations could bet calculated by the formula. We
summarized the samples whose SNR are in the randahen calculated the concentration of
each sample and compared the results with thosenelbitfrom ELISA. Figure 17 (a) (c) and
(e) compared the results of ELISA with those olgdifrom protein microarray with COOH,

NHS and chitosan surface, respectively.
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Comparison of ELISA with COOH surface

Comparison of SNR of samples with

9 FEYTY standard curve on COOH surface
8 1m6.6 uM 24
= 71 B
E 20
D) 6
5 16 |
% 4 2 Z12
S 3- A 8 -
Q 7Y
O 2 ]
. A I 4 -
0 . O T T I T I 1
0o 1 2 3 45 6 7 8 9 0o 05 1 15 2 25
ELISA (ng/ml) concentration (ng/ml)
(@) (b)

Comparison of ELISA with NHS surface

9
A3 pM
8 | m6.6 M

-@il !

0 T T T T T T T T

0 1 2 3 4 5 6 7 8 9
ELISA (ng/ml)

NHS surface (ng/ml)

(c)
Comparison of ELISA with chitosan surface

A3 UM
H6.6 uM

chitosan surface (ng/ml)

01 2 3 4 5 6 7 8 9
ELISA (ng/ml)

(e)

Comparison of SNR of samples with
standard curve on NHS surface
20

15

0.5 1 1.5 2
Concentration (ng/ml)
(d)

Comparison of SNR of samples with
standard curve on chitosan surface

2.5

u
0 T T T T |

05 1 1.5 2
Concentration (ng/ml)

(f)

25

Figure 17 (a) (c) and (e) compared the results of ELISA Witsse obtained from protein microarray
with COOH, NHS and chitosan surface, respectiv@dy;(d) and (f) compared the SNR of samples
with standard curve obtained from COOH, NHS andaodain surface, respectively.
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About half samples tested on COOH surface, displagsults consistent with those from
ELISA; while the results of the other samples wekeer than ELISA (Figure 17a). Thus we
compared SNR values of tested samples with thalatdrcurve obtained at 3 uM anti-uPA
antibody spotting concentration (Figure 17b). Ipegred that SNR values of most samples
were lower than SNR values of standard curve. Téssilt could be explained by the high
unspecific binding of standard samples on COOHasarf(Figure 13). In contrast, on NHS
surface, about half tested samples displayed higbecentration than with ELISA (Figure
17c). In this case, the SNR values of most sampége higher than the SNR values obtained
with standard samples at 6.6 uM anti-uPA antiboggttsng concentration (Figure 17d).
These differences could be due to the partial dbstctivity of standard uPA solutions with

time; therefore, new standard uPA solutions shbaldsed for further experiment.

At last, most samples tested on chitosan surfaggladied results consistent with ELISA
(Figure 17e). Moreover, SNR values of these sampla® consistent with standard curve
(Figure 17f). Although SNR values obtained on cato surface were the lowest (Table 3),
the quantification of uPA of most samples were Itlest; therefore, SNR value is not the
deciding factor for quantifying uPA. In contrastetquality of standard curve is more critical.
Among all 3 surfaces tested, unspecific binding Weslowest on chitosan surface (Figure
13).

Standard curve is critical for quantifying uPA atwilo points need to be improved in
further experiments. Firstly, high unspecific bimgliwas observed on COOH and NHS
surface (Figure 13) and it greatly influences thalidy of standard curve; therefore, it
important to reduce unspecific binding, e.g inciegsvashing time and/or washing buffer
composition. Secondly, on NHS and chitosan surfaaigher uPA concentrations could be

tested in order to increase their dynamic rangegI(€ 15 d, e and g).

In the literature, only one study reported on the af antibody microarray to quantify uPA
in breast tumor tissue extracts. They used comulesarface and tested 50 tissue samples.
Results showed that uPA values measured by antibodyarray were 40-50% lower than
those obtained from ELISA. Furthermore, they aradyzhe association between protein
microarray and ELISA and found that the resultsawt#d from protein microarray equal 0.06
+ 0.56 ELISA [23]. In our study, we found that rikswbtained from antibody microarray
were also different from ELISA and furthermore, fage dependent. For example, results
obtained on NHS are higher than ELISA while thob&amed on COOH surface are lower.
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However, as our study is limited by sample size,omald not obtain the real association

between our home-made surface with ELISA; thereflotere large scale study is needed.

3.4 Conclusions

In this study, we aimed at developing antibody wacray for the titration of uPA and PAI-
1 in breast tumor tissue extracts. Using microstmed glass slides, we could rapidly screen
various conditions (surface chemistries, antibqgabttsng concentrations and spotting buffers)
to optimize performances of the antibody microarrAynong the six surface chemistries
tested, three were selected (COOH, NHS and chitesdiaces) for the titration of uPA in
cytosolic extracts. The best antibody concentratias found to be 6.6 uM spotted in PBS
1X (pH=7.4). In these conditions, LOD was deterrdia¢ 0.2 ng/mL and the dynamic range
was 0.2-2 ng/mL. Then 16 breast tumor tissue etetnaere titrated for uPA on our antibody
microarray. The results indicated that the perforoea of our antibody microarray are surface
dependent. However, as our study is limited by dangize, we could not obtain the
representative association between antibody micagarand ELISA; further large scale
investigation is needed. Furthermore, high unspedinding was observed on COOH
surface; therefore, unspecific binding should bduced in order to improve the quality of

standard curve and quantification.

Concerning the quantification of PAI-1, among 3i-#&#l-1 antibodies tested, only anti-
PAI-1 scFv could retain its biological activity folwing immobilization on surfaces
(chemically functionalized microarray and ELISA tgig). Best performances were obtained
with 10 uM anti-PAI-1 scFv spotted in PBS 1X (pH4)/leading to LOD of 2 ng/mL. In
comparison, LOD for the Femtelle kit for PAI-1 isl@5 ng/ml. As discussed before, if we
consider the total amount of PAI-1, LOD of our aotly microarray is almost 6 times less

than those from Femtelle kit.

These results are very promising for the implentemeaof a nano-FLISA test. Indeed, our
antibody microarray showed a higher sensitivity an@vider dynamic range compared to
Femtelle ELISA kit. Furthermore, considering thaeaf the main limitations of Femtelle kit
is that it requires 100-300mg of fresh or frozemgkes, our antibody microarray shows high
potential as it consumes 25 times less sample \alivoreover, we planned to use formalin-
fixed paraffin-embedded (FFPE) tissue which is measy to obtain and main source of
patient material worldwide [24].
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4.1 Introduction

Although protein microarrays show high potential ldomarkers screening, various factors
influence microarray performances such as surfaeencstry [1], humidity during spotting
[2], composition of the spotting buffer (additivasd pH) [3-6], concentration of immobilized
proteins [7]. Considering protein microarray praeg, critical factors are composition of
blocking solution and duration [8, 9], concentratmf incubated solution and incubation time

[10], buffer solution used for sample dilution, \Wasy time, and so on.

A major challenge for miniaturized multiplex sandivi assay development is the
optimization of these parameters in order to redgeecessing time keeping high
performances. In this chapter, we study the infbeeof several critical factors (blocking and
incubation duration, concentration of incubatedusohs) on the performances of protein
microarray. We chose one-factor-at-a-time (OFAT}hud for designing experiment. OFAT
method is based on the variation of one singleofaict each experiment while keeping the

others constant and measuring the process outppt [1

Furthermore, due to the physico-chemical natur@rofeins, performances may also be
affected by the delay between microarray fabricaiod their use. Therefore on a practical
point of view, storage condition of protein micr@yr slides is an important issue for
preserving the integrity of microarray performandeg a major concern for both microarray
manufacturers and users. Generally, arrays aredstonder aqueous conditions (glycerol,
blocking solution, polyvinyl alcohol, etc) or dryprdition (sealed under nitrogen or not) [12-
15]. However, proteins have diverse structure angsigo-chemical properties. Therefore,

optimal storage condition is expected to be prodeid surface dependent.

Herein, various storage conditions for antigen pacrays were studied. Our microarrays
are designed for cancer diagnosis and are bas@droabilized heat shock proteins (HSPs)
microarray for the multiplex profiling of anti-HSRsitibodies in serum. These arrays will be
usable for medical applications (not only reseammoyiding that their performances should

be maintained upon storage for a reasonable tirze. sp
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4.2 Experiments

4.2.1 Materials

The proteins used were as followers: HSPB1, HSPHZR 70, HSP90, HSPA5, HSP90B1,
HSP110, p53, mouse-anti human anti-HSPB1 antibaolyab mouse-anti human anti-
HSPD1 antibody-biotin, mouse-anti human anti-HSR#A@body-biotin, mouse-anti human
anti-HSP90 antibody, mouse-anti human anti-HSPA&bady, mouse-anti human anti-
HSP90B1 antibody, mouse-anti human anti-HSP11(Madhyi, mouse-anti human anti-p53
antibody-biotin, F555-labeled streptavidin and daf3eled goat anti-mouse antibody IgG.
Detailed information of these proteins can be refitin part 2.2.1. All proteins were stored as
aliquot at -20°C or -80°C following manufacturerespications. Bovine serum albumin
(BSA) lyophilized powder was obtained from Sigma.

0.01 M PBS or PBS 1X (pH 7.4) was prepared by digsg the content of one pouch of
dried powder in 1 L of ultrapure water. 0.02 M sodi carbonate buffers at pH 10.7 were
prepared from 0.1 M NaHCO3 and 0.1 M Na2CO3 sohgtion ultrapure water. Washing
buffer contained PBS 1X and 0.1% Tween 20 (PBSiTpth 7.4. Blocking solution was
prepared by dissolving 10 g of BSA in 100 ml of PBS.1%.

4.2.2 Surface functionalization of flat and microstructured glass

slides

The details of surface functionalization of glabdes can be referred in part 2.2.3. Glass
slides were functionalized with the 6 chemistrieduding COOH, NHS, chitosan, APDMES,
MAMVE and CMD surfaces.

4.2.3 Elaboration and processing of protein microarray

Antigen proteins were spotted (between 4 to 8 cafeis for each protein) on functionalized
glass slides at different concentrations (0.01 nhgd025 mg/ml, 0.05 mg/ml and 0.1 mg/ml)
in acetate buffer (pH=4.6), using sciFLEX-ARRAYER &cienion, Germany). Streptavidin-
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F555 (0.01mg/ml) and acetate buffer (pH=4.6) weseduas quality and negative controls,
respectively. After spotting, proteins were allowedeact with functionalized surfaces under
saturated water vapors overnight at 4°C. Then shdere washed sequentially for 2 x 5 min
with PBS, for 1 x 5 min with PBS-T, and then blogKblocking step) with 10% BSA/PBS-T

solution at various time (30 min, 1 h, 2 h) andntheashed for 3 x 5 min with PBS-T and
dried.

For the biological recognition step, purified bietabeled antibodies or purified unlabeled
antibodies were incubated at various times (30 rih). Different antibody concentration
diluted in 1% BSA/PBS-T 0.1% were tested (0.1uM arisliM). Then slides were washed
for 3 x 5 min with PBS-T and dried.

For the detection step, streptavidin-F555 at varicancentrations, diluted in 1% BSA/PBS
(0.05uM, 0.19uM), or 1gG-Cy3 at various concentnasi (0.01uM, 0.05uM) was incubated
for 30 min or 1 hr. Then slides were washed for 8 min with PBS-T, 10 seconds in DI
water and then dried. The different experimentalditions used are reported in Table 1, (a)
and (b) represent the design for the optimizatibexperimental time and concentration of

solution respectively.

Table 1 Experiment design of optimization. (a) and (b) resent the optimization of

experimental time and concentration of solutiorpesgively.

Blocking process Sincubation X incubation
2hr 1hr lhr
1hr 30min 30min
30min
(a)
. Concentration of first| Concentration of | Concentration of second Ab:
Antigens o
Ab / Ab-biotin strep-F555 IgG —cy3

HSPB1, HSPD1
HSP70 and p53

0.05 and 0.19 uM -

HSP90, HSPAS5, 0.1 and 0.5pM
HSP90B1 and - 0.01 and 0.05uM
HSP110

(b)
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4.2.4 Stability of chemically functionalized glass slides

Chemically functionalized glass slides were starader dry condition and then evaluated
for chemical stability by contact angle measurenat by their ability to immobilize probe

molecules (oligonucleotides (ODN) and proteins).

4.2.4.1 Contact angle measurement

Surface energy of chemically functionalized flaasy slides was followed by contact angle
measurements (Digidrop Goniometer, GBX, France)aainction of time (1 month, 2
months, 3 months and 4 months). De-ionized watbylene-glycol and diiodomethane were
used in all measurements. To minimize the experabeerror, the contact angle was
measured at three random locations for each saamulethe average value was calculated.

Surface energy was determined according to Owensdt\eodel [16].

4.2.4.2 Immobilization of probe molecules

3 different fluorescent labeled molecules (oligdeatide-Cy3 (ODN-Cy3), streptavidin-
Cy3 (Strep-Cy3), Immunoglobulin-Cy3 (IgG-Cy3) wespotted at various time (1 month, 2
months, 3 months, 4 months), as described in Figusccording to previous results, Strep-
cy3 (0.01mg/ml, 0.005mg/ml) was diluted in acetanéfer (pH=4.6), 1gG-cy3 (6XIOUM)
was diluted in carbonate buffer (pH=9.6) and ODNsQ¥%uM) was diluted in PBS 1X
(pH=7.4). Buffer spots include two spots of acetatffer, one carbonate buffer and one PBS
1X.

Spotting

7::::

Buffer

® Strep-F555: 0.01mg/ml
Strep-F555: 0.006mg/ml
® |gG-cy3: 6X105 uM

®  ODN-Cy3: 5uM

L

Figure 1 Protein microarray design for evaluation of sumachemistry stability. Three
replicates of the same array were spotted on ekatlslide. One array contains 4 replicates
of each molecule: Strep-cy3 (0.01mg/ml and 0.008MglgG-cy3 (6*18 pM) and DNA-cy3
(5uM). Buffer spots include two spots of acetatdebypH=4.6), one of carbonate buffer
(pH=9.6) and one of PBS 1X (pH=7.4).
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After spotting, proteins were allowed to react witinctionalized surfaces under saturated
water vapors overnight at 4°C. Then slides werehedssequentially for 15 min with 2%
BSA (PBS-T 0.1%), for 2 x 10 min with PBS-T 0.1%dathen 10 seconds in DI water and

dried for scanning.

4.2.5 Storage of spotted slides

In a first test, micro-structured glass slides wéractionalized with both NHS and
chitosan. P53 and HSPD1 were spotted in acetaferlfpH=4.6) at 0.1 mg/ml; streptavidin-
Cy3 (0.1mg/ml) and acetate buffer were spotteduadityy and negative control, respectively,
as shown in Figure 2. After spotting, proteins wal®wed to react with functionalized
surfaces under saturated water vapors overnigfftGitThen slides were washed sequentially
for 2 x 5 min with PBS, for 5 min with PBS-T, arfteh dried by centrifugation for 3 min at
1300 rpm. Slides were stored for 1 month at 4°@out blocking or after blocking with 10%
BSA/PBS-T solution for 2hrs at room temperaturdimait unspecific adsorption. Storage
conditions tested were: dry under nitrogen atmosphe 5% threhalose solution and in 50%

glycerol solution.

NHS |Chitosan

Spotting Incubation

OO|0O]| Buffer
OO0 strep-cy3 }'—F Buffer
QO|C0O }

HSPD1

00|00
0000 e

3% Strep-F555

ooloo J P ibsiot
oooo}pﬂ o Y8
OQ|C0O Surface chemistry

Figure 2 Scheme of protein microarray design. Buffer sohutistreptavidin-Cy3 (Strep-cy3)
and 2 antigen proteins (HSPD1 and P53) were spaite@l 1mg/ml on micro-structured glass
slide functionalized with both NHS and chitosaned tbuffer and Strep-Cy3 spots were
incubated with buffer solution; HSPD1 and P53 speése firstly incubated with biotinylated
antibody and then with streptavidin-F555.
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In a second test, four antigen proteins (HSPD1, HSPISPAS5 and HSP110) were spotted
at two concentrations (0.05 mg/ml and 0.1mg/ml)fiat glass slide functionalized with
COOH and CMD surface chemistries, shown in FigureE38ch concentration has 48
replications; streptavidin-F555 (Strep-cy3) at On@Iml and acetate buffer (pH=4.6) were
spotted as quality and negative control, respedgtivifter blocking with 10% BSA/PBS-T
solution, slides were stored at various times (htmo2 months, 3 months and 6 months) in

50% glycerol solution at 4°C.

NN HSP70
HSPD1 and HSP70

Spotting Incubation
Sttt | «—|[strepFoss|| m—p Buffer
® ' Bifer Strep-F555
e 0.01mg/mi in i Ab-biot
Surface chemm
-

® buffer ™ Ab-cy3
e 0.05mg/mi L
Ab 1
® 0.1mg/mi [
| Y - 3
Surface chemisty

HSPAS and HSP110

Figure 3 Scheme of protein microarray design. 4 antigenens (HSPD1, HSP70, HSPAS
and HSP110) and streptavidin-cy3 (Strep-cy3) wepstted onto COOH and CMD

functionalized flat glass slides. Each field congibuffer spots and one protein at two
concentrations (0.05 mg/mL and 0.1 mg/mL), eaclteaination has 48 replications.”Strep-

cy3” field was incubated with buffer solution; HSPDand HSP70 fields were firstly

incubated with biotinylated antibody and then wstheptavidin-F555; HSPA5 and HSP110
fields were firstly incubated with unlabeled moasgibody and then with goat-anti-mouse
1gG-cy3.

Reference biological activity of spotted antiged®)(was obtained immediately after
protein immobilization and blocking with 10% BSA/BH (no storage). After storage,
unblocked slides were blocked with 10% BSA/PBS-ILtson 2hr at room temperature, then
washed with PBS-T for 3 x 5 min and dried. “Stré&gsb” spots were always incubated with
buffer solution. HSPD1 and HSP70 spots were in@datith 0.mM biotinylated-antibody,
lhr at room temperature (RT). After washing, thegrevincubated with streptavidin-cy3
(0.01lmg/ml), 1hr at RT. HSPA5 and HSP110 spots vietabated with 06V unlabeled
antibody, 1hr at room RT and washed. Then they wengbated with goat-anti-mouse 1gG-
cy3 at 0.04M, 1hr at RT. Then slides were washed for 3 x 5 with PBS-T, 10 seconds in

DI water and then dried.
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4.2.6 Evaluation of protein microarray reproducibility

P53 (0.1mg/ml), biotin-labeled BSA (0.05mg/ml), ieb3 antibody (0.15mg/ml) and
streptavidin—F555 (0.01mg/ml) were spotted ontd&naically functionalized (COOH, NHS
and chitosan surfaces) flat and micro-structureabglslides. On flat glass slides, 4 fields
containing 72 replications of each spotted solut@re defined according to Figure 4a. On
micro-structured glass slides, each micro-well ams 18 replications of each spotted
solution according to Figure 4b. As each proteirs \spotted in 4 micro-wells, so in total,
each protein also had 72 replications. For chitcgamace, carbonate buffer (pH=9.6) was
used as spotting buffer while for COOH and NHS acef acetate buffer (pH=4.5) was used.
In order to compare inter- and intra-coefficientiaon for each surface chemistry, 2 flat

glass slides and 2 micro-structured glass slides eealuated for each surface chemistry.

P53« 10
P53 BSA-biotine ] (] 0
Anti-p53 Antibodyl« [ ] [ ][ ][]
—BSA-biotin Strep-F555<« ] [] [

Y

\ Ant!-p53 Each [ e Buffer
Antibody well ® Protein

Strep-F555

Each [ e Buffer
field ® Protein

(@) (b)

Figure 4 Design of protein spotting on flat glass slide énd micro-structured glass slide
(b). On both slides, 4 proteins (P53, BSA-biotinti-#53 antibody and streptavidin—F555)
were spotted and each of them has 72 replications.

Table 2 Incubation process for protein microarray reprodoitity

Spotted proteins Biological recognition step Deatacstep Detection step
Anti-P53 Ab-biotin: Strep-F555:
P53 0.5uM 0.19 uM Buffer
Strep-F555:
BSA-biotin Buffer 0.19 uM Buffer
Anti-p53 Ab-biotin: Strep-F555:
Anti-P53 antibody P53: 0.05 pM 0.5uM 0.19 uM
Streptavidin—F555 Buffer Buffer Buffer
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The process of incubation for both flat glass slidad micro-structured slides is shown in

Table 2. The detail of incubation and washing ste¢pe same as in part 2.2.4.

4.2.7 Fluorescence scanning and data analysis

After drying, slides were scanned with the Micragrrscanner GenePix 4100A at
wavelengths of 532 nm with the same photomultiplidse (PMT) gain (PMT=600). Data
mining was accomplished with GenePix 4100A softwasekage (Axon Instruments). SNR

were calculated as referred in part 2.2.6.

4.3 Results and discussion

4.3.1 Optimization of elaboration and processing of protein

microarray

Enzyme-linked immunosorbent assays (ELISA) perfatnmea 96-well plate is routinely
used for detection of proteins. Figure 5 showedgieeral protocol of ELISA, during which
antigen was captured on well, then the first amlypavas added and then followed by a
second labeled antibody. Differences on protocatebetween different commercial ELISA
kit and home-made ELISA, e.g. blocking time, blekisolution, incubation time and the

concentration of incubation solution.

ELISA is limited to screen large numbers of prosein an efficient manner, particularly
when sample volumes are limited. In contrast, pmoteicroarray could simultaneous screen
multiple proteins in small sample volumes. Furtheme the theoretical detection limit for
microarrays is significantly lower than that for -@@ll plate assay [17]. However,
microarrays have not matched their theoretical ipteths. One reason is that their current
experimental protocols originate from 96-well pl&telSA protocols and have not been fully
optimized [18, 19]. Various factors influence therfprmance of microarray and in this study,
our interests focus on optimizing factors includitigne of incubation time and the
concentration of incubated solution. We chose @utef-at-a-time (OFAT) method for

designing experiment. During the experiment desw®a,vary one single factor each time
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while keeping the others constant and then medbkarprocess output. We determine the best

condition for each factor one by one.

C: 0.01 ng/ml to 10 pgiml;

A A A Vol: 100 pL:

Incubated overnight 4°C
l Wash

Block with BSA, non-fat milk, casein, etc for 2hr, R.T.

l

C:0.10.5 pgiml;
Vol: 100 yL; A Antigens
A A Incubated 1-2hr at RT.
Incubated with first antibody
1 Wash First Antibody

| @ & Secondary antibody
JL enzyme-conjugated
TN N 4% HRP (horseradish

Jk peroxidase)
Vol: 100 uL;
A Incubated 1hr at R.T.

Incubate with secondary antibody

Wash
g™

g™

J A
* &

Incubate with chemical substrate

Figure5 Scheme of ELISA; C: concentration; Vol: volumé;.Room temperature.
4.3.1.1 Influence of blocking, antibody and detection incubation times

In order to evaluate the duration of experiment,spetted two antigens (HSPD1 and P53)
on NHS surface at four concentrations (0.01mg/nd28mg/ml, 0.05mg/ml and 0.1mg/ml)

and then evaluated the blocking and incubationge®at different time period, as described

in Figure 6.
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Spotting Blocking and incubation

1  HSPD1

tecescese W Streptavidin-F555: 1hr and 30 min

© Buffer J& Antibody-biotin: 1hr and 30 min

®  0.01mg/ml

0.025mg/mi % Blocking with 10% BSA: 2hr, 1hr and 30 min

®  0.05mg/mi SEEEs o=
0.1mg/ml pS3 Ry,

® Streptavidin - F555

Figure 6 Protein microarray design for evaluation of bloegiand incubation time. HSPD1

and P53 were spotted at 4 different concentrations NHS surface; streptavidin-F555

(0.01mg/ml) and acetate buffer were used as quatity negative control, respectively. Three
time periods (2hr, 1hr and 30min) were tested flmcking process; two time periods (1hr
and 30min) were tested for the incubation of bidated antibody as well as streptavidin-
F555.

Blocking process

The influence of blocking time on the efficiency ahtigen/antibody recognition is
presented in Figure 7. Firstly, for both antigernsological recognition with their
corresponding antibody is improved at 0.1 mg/mLspbtted concentration. Secondly, the
influence of blocking incubation time on the lewélantigen/antibody recognition is protein
dependent. Indeed, P53/anti-P53 antibody systersndoseem to be affected by blocking
time (Figure 7a), whereas HSPD1/anti-HSPD1 antibegstem is greatly influenced by
blocking time (Figure 7b). 1hr of blocking leadstte best performance for HSPD1/anti-
HSPD1 antibody system.

HSPD1 on NHS surface p53 on NHS surface

350 - - - 30 -
—4— blocking time 2hr ——#—blocking time 2hr
300 - | ——blocking time 1hr 25 | | ~H—blocking time 1hr
——Dblocking time 30min —— blocking time 30min

250 -

200 -

SNR

150 A

100 +

50 ~

0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1

concentration of HSPD1 (mg/ml) concentration of p53 (mg/ml)
(@) (b)

Figure 7 Influence of blocking time (2hr, 1hr and 30min) dhe efficiency of
antigen/antibody recognition on NHS surface, asrecfion of spotted antigen concentration.
(a) HSPD1/anti-HSPD1 antibody recognition; (b) P&3i-P53 antibody recognition.
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Blocking process is critical because it could reduaspecific binding and improve the
performance of microarrays. As shown in Figure B¢ fluorescence signal of buffer
decreased with the increasing of blocking timekoth HSPD1 and p53. However, after 1 hr
of incubation with blocking solution, no signifidabenefit is observed. Same results were
obtained from [9]. They found that long time of ¢ékong could reduce the background,;
however, it could also block the reactive sitespdtted proteins and lead to the decrease of
signal. Therefore, 1hr of blocking is the bestdar microarray performance, because it could

reduce unspecific binding without affecting thei@éncy of biological recognition.

Fl of buffer
350 -

) —e—HSPD1
300 ——p53

250 -

200

Fl a.u.

150 ~

100 +

50 -

0
0.5 1 Time(hr) 15 2

Figure 8 Influence of blocking time (30min, 1hr and 2hr)tbe fluorescence signal of buffer
of HSPD1 and p53.

Incubation process with antibody

Figure 9 showed the influence of recognition ardiponcubation time (biotin-labeled
antibody) on the efficiency of the biological reo@ign. Again, it is dependent on detection
system and spotted concentration. In all condititmsogical recognition of both systems is
improved at 0.1 mg/mL spotted antigen and with dhmncubation time with biotin-labeled

antibody.
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HSPD1 on NHS surface p53 on NHS surface

100 +

——$—incubation Ab 1hr 60 -

00 N ) ) —e—incubation Ab 1hr
—l—incubation Ab 30min

—l—incubation Ab 30min

80 -

70 4

60 -

SNR

50 -

40 -

30 4

20

10 4

0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1

concentration of HSPD1 (mg/ml) concentration of p63 (mg/mil)
() (b)

Figure 9 Influence of antibody incubation time (30min ankr)lon the efficiency of
antigen/antibody recognition on NHS surface. (aPB%/anti-HSPD1 antibody recognition,
(b) P53/anti-P53 antibody recognition

The incubation time is dependent on antigen-angiboatro-spot kinetics. It is influenced
by two factors: (i) the transport of the analytenfr the solution to the surface reaction area;
(i) the subsequent binding process [10]. Bindingcess depends on the affinity between
antigens and antibodies. P53/anti-P53 antibody gmition performs better under 1hr of
incubation maybe because of the low affinity betwéeth parts compared to HSPD1/anti-
HSPD1 system.

Incubation process with streptavidin-F555

For the detection step, both antigen/antibody systshowed improved detection level
after 30 min incubation with Strep-F555 instead 1¢fr, and with 0.1 mg/mL spotted
concentration. Figure 10 showed the influence ofosd incubation (strep-F555) on
microarray performance. From the results, we carclooe that for both HSPD1 (Figure 10a)
and P53 (Figure 10b), 30 min of incubation is bettean 1hr. When we compared the
fluorescent signal of buffer, we found that longare of incubation leaded to higher signal of
buffer (Figure 10c). Therefore, shorter time ofubation is better and it could reduce the

unspecific binding.
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HSPD1 on NHS surface p53 on NHS surface
160 - 14
—4—incubation strep-F555 1hr —e—incubation strep-F555 1hr

140 -

—l— incubation strep-F555 30min 12 4 —l—incubation strep-F555 30min
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100 -
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0 0.02 0.04 0.06 0.08 0.1 1] 0.02 0.04 0.06 0.08 0.1

concentration os HSPD1 (mg/mil) concentration of p53 (mg/ml)

(@) (b)

Fl of buffer
1200 -

T @1hr
1000 - l W 30min

800 -
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Fl (a.u.)

400 -
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: .

HSPD1 p53

(c)
Figure 10 Influence of detection time (30min and 1hr) on éffiiciency of antigen/antibody
recognition on NHS surface. (a) HSPD1l/anti-HSPDamgation, (b) P53/anti-P53

recognition, (c) Fluorescence intensity (FI) of flenf

During our antigen microarray processing, the psscef incubation with antibody is
essential. We could not reduce the incubation th@eause of the antigen-antibody micro-
spot kinetics. Unlike the recognition between amigand antibody, the affinity between
biotin and streptavidin is strong, thus short tiofeincubation is efficient; furthermore, it
could reduce unspecific binding of streptavidin.r Ebe blocking process, long time of
blocking could not reduce the background. Thereftaken all these experimental duration

together, we could reduce experimental time frontio42h30, as shown in Table 3.
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Table 3 Experimental time in the protocols before andrafigimization

Factors Initial protocol  Optimized protocol
Blocking time (hr) 2 1
Antibody incubation time (hr) 1 1
Streptavidin-F555 incubation time (min) 60 30

4.3.1.2 Influence of detection antibodies and streptavidin-F555 concentrations

From previous results, it was shown that the edficy of protein microarrays is very
dependent on the biological system studied ancherstirface chemistry. Thus, to optimize
costs related to the elaboration and processipgatéin microarray, we studied the influence
of detection antibodies and streptavidin-F555 cotreéions on the level of detection of
interactions of all antigen/antibody systems stddi#he 8 antigens were spotted at 2
concentrations on NHS, COOH and APDMES surfacegpanckessed according to Figure 11.

Spotting

Incubation 1 Incubation 2
) HSPE1 (HO OO |
Teee HsPD1 | OO0 || Ab-biotin: Strep-F555:
HSPT0 OO0Og 0.1uM and 0.5uM 0.05 and 0.19 UM
Strep - F555 p53 odoooda |)
Each Buffer HSP90 oodo
well ) o o.0smgmi HSRAS L D DDD L L IgG —cy3:
® 0.1mgmi HSPsoB1 [ D00 01pMand0.5pM  0.01 and 0.05 pM
HsP110 | D OO OO |)

Figure 11 Scheme of protein microarray design for optimizatal detection antibody and

streptavidin-F555 concentrations. 8 antigens wepetted at 2 concentrations (0.05mg/mi
and 0.1mg/ml) in acetate buffer (pH=4.6) on COOH{Nand APDMES surfaces. In each
microwell, acetate buffer and strepdavidin-F555 eveised as negative control and quality
control respectively; each solution was spottedtineplicates. Biotin-labeled or unlabeled
antibodies were tested (Incubation 1) at two cotregions (0.1uM and 0.5uM); detection

step (Incubation 2) was performed using strep-F$8®5uM and 0.19uM) or IgG-cy3

(0.01uM and 0.05uM).

As expected, the best detection signal for allgems was obtained with 0.1 mg/mL of
spotting concentration. Therefore, only resultsaoigd with this concentration will be

presented.
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Figure 12 showed the influence of the concentratddnincubated antibodies on the
performance of antigen microarray. Figure 12a regmes the fluorescence signal (SNR)
obtained for HSP90B1/anti-HSP90B1 on COOH, NHS ARDMES surfaces at 2 different
concentrations (0.1 uM and 0.5 pM) of first antipo®n COOH and NHS surfaces, no
significant difference was observed between thén lmmincentrations of first antibody. In
contrast, the signal on APDMES surface was higheenthe concentration of first antibody
was lower (0.1 uM), which was caused by lower fasmence signal of buffer, as shown in
Figure 12b. Higher concentration of first antibodguld increase unspecific binding;
therefore, in order to improve the performance afi as to be more economic, 0.1 uM of

first antibody will be used in further experiment.

SNR of HSP90B1 on 3 surfaces
120 -

T @ COOH
100 + T l OAPDMES
l ONHS
80 - T
1 T
% 60 - _ -
w T
40 -
20 -
0 T
0.1 uM 0.5 uM
Concentration of detecion antibody
(a)
Fl of buffer on 3 surfaces
100 -
80 - O COOH
OAPDMES
ONHS
— 60 A
3
5
o 40 -
20
ol T 1 .
0.1 uM 0.5 uM
Concentration of detection antibody
(b)

Figure 12 Influence of the concentration of detection ardies on the performance of
antigen microarray. SNR of HSP90B1/anti-HSP90Bafa] fluorescence signal of buffer (b)
on COOH, NHS and APDMES surfaces, using 2 diffezententrations of first antibody (0.1

MM and 0.5 uM).

169



Concerning the influence of the concentration oéavidin-F555 on the detection level,
Figure 13 showed the performance of HSP70/anti-ldS@&atection on APDMES surface
using 2 streptavidin-F555 concentrations (0.05 pyid .19 uM). Fluorescence intensity of
buffer was lower when the concentration of strejiavF-555 was lower (0.05 uM) indicating
that less unspecific adsorption was obtained. Ttwsthe detection signal (SNR) of
HSP70/anti-HSP70 antibody interaction was highem& results were obtained for other
proteins (HSPB1, HSPD1 and P53) on APDMES surfdoecontrast, no significant
difference was observed when the 4 antigens (HSPEBRD1, HSP70 and P53) were
immobilized on COOH and NHS surfaces. This couldlbe to higher unspecific adsorption
of streptavidin-F555 on APDMES surface compare@@OH and NHS surfaces. Therefore,
in order to reduce the unspecific adsorption, l@ncentration of strep-F555 (0.05 uM) will

be used in further experiment.

HSP70 on APDMES surface
140 -

ESNR
120 1 |OFluorescence signal of buffer

100 -

80 -

60 -

40 -

20 ~

0.05 uM 0.19 uM

Concentration of streptavidin-F555

Figure 13 Influence of the concentration of streptavidin-B56n the performance of
HSP70/anti-HSP70 detection; 2 streptavidin-F555 aantrations (0.05uM and 0.19uM)
were tested.

At last, the concentration of second antibody (I§%3) could also influence the detection
level of antigen/antibody recognition. Figure 1l4owid the performance of HSP90/anti-
HSP90 antibody recognition on COOH surface usiraprZcentrations of IgG-cy3 (0.01 uM
and 0.05 uM). As previously observed for streptavkb55, at high IgG-Cy3 concentration
(0.05 uM), unspecific binding is higher (high flescence signal of buffer) leading to lower
specific signal (SNR). Same results were obtafoedther proteins (HSPA5, HSP90B1 and
HSP110) on COOH, NHS and APDMES surfaces. Thergforeorder to reduce the
unspecific binding, low concentration of IgG-Cy3.0® uM) will be used in further

experiment.
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20 HSP90 on COOH surface

16 - OSNR
OFluorescence signal of buffer

12

0.01 pM 0.05 pM
Concentration of IlgG-cy3

Figure 14 Influence of the concentration of IgG-cy3 on thefgrmance of HSP90/anti-
HSP90 detection; 2 concentrations (0.01uM and OM)byvere tested.

Table 4 Experimental conditions for optimal detection aiftigen/antibody interactions
studied.

_ _ Concentration of | Concentration of| Concentration of second
Concentration of spotted antigens o ,
first Ab / Ab-biotin strep-F555 antibody: 1I9G —cy3
1.4-1.8 uM
0.05 uM -
(HSPB1, HSPD1, HSP70 and p5B)
1-1.2 uyM 0.1uM
(HSP90, HSPA5, HSP90B1 and - 0.01 uM
HSP110)

Table 4 summarized the optimized concentrationsspdtting antigens, recognition
antibodies and detection molecules. We can see th®atratio between spotted antigen
concentration and first antibody concentration emngetween 10:1 and 18:1. For HSPB1,
HSPD1, HSP70 and P53, the ratio between first adyitand streptavidin-F555 was 2:1; for
HSP90, HSPA5, HSP90B1 and HSP110, the ratio betfwestmntibody and second antibody
(IlgG-cy3) was 10:1. Among the results, the ratitwleen first antibody and streptavidin-F555
is the highest; maybe we could further reduce tircentration of streptavidin-F555. During
the protocol, washing step will remove the majoofyproteins in each step, therefore, less
concentrated solutions are needed in the followstep; otherwise, higher concentrated
solution could lead to high unspecific binding. Amting to our results, a ratio about 10:1 on
the concentration between the former and latertisoluvas recommended. In addition to

reduce cost, it could also improve the performasfamtigen microarray.
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4.3.2 Evaluation of the stability of protein microarray under storage

Storing protein microarray is a major concern fothbmicroarray manufacturers and users.
The stability of protein microarray under storage be studied at 2 levels: the stability of the

surface chemistry, and the stability of spottedgins.

4.3.2.1 Stability of the surface chemistries of protein microarray

The 6 surface chemistries used for the elaboratigorotein microarray were developed in
previous work [20]. They were chemically chara@ed by X-ray photoelectron spectroscopy
(XPS), infrared spectroscopy (IR), mass spectromdifof-SIMS). They were also
characterized for their surface energy by contagieameasurement. Indeed, contact angle
provides macroscopic information of the surfacergyeand it is related to the chemical
characteristics of the surface. Measuring contagteais a rapid characterization technique,
and any change indicates modification of chemiaakfions on the surface. Thus, first the
stability of the 6 surface chemistries was evaldatender storage (in dry condition) at
different times (from 0 to 4 months), from a macagsc point of view by surface energy
calculation. Second, the stability of surfaces \al® studied from the molecular point of

view by evaluating their capacity to immobilize os.

Total surface energy of all six surfaces was caleal from contact angle measurements
according to Owens-Wendt model [16]. 3 differenulds (water, diiodomethane, ethylene
glycol) were used in order to determine the diggerand polar contributions to total surface
energy. Results presented in Figure 15 showeddbatsurface energy remains constant until
4 months of storage in dry condition, for 3 surfatemistries (COOH, NHS and chitosan
surfaces, but not for MAMVE, APDMES and CMD surfacérigure 15a). The drastic
increase of total surface energy of MAMVE surfacgsvwmainly due to the increase of polar
energy (Figure 15b). MAMVE polymer contains anhgeriunits which, in the presence of
water, could be hydrolyzed leading to 2 carboxgaid groups. The storage of chemically
functionalized surfaces was performed under dryditam but not under sealed nitrogen
atmosphere. It is likely that water molecules comd in ambient atmosphere could
contribute to the hydrolysis of anhydride unitsemhthe formation of carboxylic acid groups
led to increase the amount of hydrogen bonds, s@dtar energy of the surface. It is to note
that the increase of polar energy of MAMVE surfasealetected after 3 months of storage

indicating that the hydrolysis of anhydride unitesld be very slow. The dispersive energy
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of MAMVE surface also increase but in a lower anmto(ffigure 15c). The hydrolysis of
anhydride units leading to the opening of the gyd®wre London interactions could be
established between pendent chains.

Concerning APDMES surface, although total surfatergy displayed very slight variation
with time, its polar contribution clearly decreag€tgure 15(b)). Smith et al. [21] described
the decrease of the aminosilane layer depth du®ldrane hydrolysis catalyzed by amino
groups in the presence of water at 40°C during 2 days. In our case, the decrease of polar
energy was observed after 3 months of storage., Thisgpossible that the water contained in
ambient atmosphere hydrolyzed slowly the siloxaind, |leading to the partial loss of
APDMES molecules, so to the decrease of polar gnerg

At last, CMD surface displayed a slight decreaseit®fpolar energy from month 3
suggesting a degradation of the surface. Indeedphserved some blotches on the surface
(Figure 16). Further characterizations will be rexedh order to understand the phenomenon
inducing these blotches and their composition.
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Figure 15 Variation of total surface energy (a), polar engidp) and dispersive energy (c) of
the 6 surface chemistries developed for proteinreaicay with storage time under dry
condition.

Figure 16 Blotch observed on CMD surface after storage thgroaptical microscope.

In conclusion, COOH, NHS and chitosan surfacegsfaemost stable following 4 months
storage in ambient atmosphere. MAMVE, APDMES andCkurfaces seem to be more
sensitive to humidity present in ambient atmosph@&teerefore, for long time storage of
chemically functionalized surfaces, sealed nitrogenditions should be required in order to

avoid degradation of the physico-chemical properiethe surfaces.

In addition, all chemically functionalized surfacesere evaluated for their ability to
immobilize biological molecules as a function ofné. For that purpose, 3 different
fluorescent labeled molecules (oligonucleotide-QEEDN-Cy3), streptavidin-Cy3 (Strep-
Cy3), Immunoglobulin-Cy3 (IgG-Cy3) were spottedvatious time of storage (from 0 to 4
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months) onto surfaces. Immobilization efficiencyswamalyzed in terms of spot quality (size,

homogeneity) and in terms of amount (fluorescetansity).

Table 5 showed the evolution of the quality of spwith time, for streptavidin-Cy3, 19G-
cy3 and ODN-cy3 on chitosan and MAMVE surfaces. ddiiosan surface (Table 5a), IgG
and ODN spots showed good homogeneity and consfaott size. However, streptavidin
spots, at both concentration tested, became leasdenous while spot size was constant. On
MAMVE surface (Table 5b), the quality of all spatsanged from month 3 in agreement with
the modification of surface energy. Indeed, sp@saime larger indicating that the surface
became more hydrophilic as its polar energy in@@a®©nly streptavidin spots remained
homogenous until 3 months of storage, IgG and OPpbdissshowing inhomogeneity. The
same behavior was observed with CMD surface. Filueset observations we can conclude
that modifications in the quality of spots are greement with variations in surface energy,
but spots homogeneity is closely dependent on mtdscand surface chemistry as already
described in [22]. Thus, it will be very importatat characterize at the molecular level the

interactions between biomolecules and chemicalggguafted on solid support.

Table 5 Fluorescent images of streptavidin-Cy3, 1gG-cy8 &DN-cy3 on chitosan surface
(a) and MAMAVE surface (b) as a function of storaggme.

Molecules No storage 1 month 2 months 3 months dtinso

Streptavidin-
Cy3 0.01

mg/mi

®

Streptavidin-
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Molecules No storage 1 month 2 months 3 months
Streptavidin-
Cy3 0.01
o | (| O
Streptavidin-
Cy3 0.005
o | O | O O
IgG-Cy3

o ® ]
ODN-Cy3

E B o)

(b)

In order to quantify the variation observed pregigu the fluorescent intensity of each
spotted molecule on each surface chemistry wayaasdwith the time of storage. Figure 17
showed the results obtained on chitosan and MAMViEases. On both surfaces, the
fluorescent intensity of spotted molecules decréaséh time, except for IgG on both
surfaces and for ODN on MAMVE surface. On MAMVE e, the main decrease was
obtained during the first month of storage suggestihat major degradation of surface
chemistry occurred during this period. For the oth&faces, the decrease is smoother with
time. However, until 3 months of storage of cherycéunctionalized glass slides, the

immobilization of biomolecules remained efficiemoeigh in terms of surface density.
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Figure 17 Fluorescent intensity of streptavidin-Cy3, IgG-cgBd ODN-cy3 spotted on

chitosan surface (a) and MAMVE surface (b) as a&tion of storage time.

In conclusion, all chemically functionalized glastides used in this study for the
elaboration of protein microarray were shown to $ensitive to storage in ambient
atmosphere. Even though no significant differencsurface energy was observed between
fresh and stored surfaces, their ability to immiabilmolecules could change a lot indicating
that properties at the molecular level could beea#d with effect at macroscopic level.
Indeed, modifications of macroscopic physico-cheinigroperties were confirmed at the
molecular level. Functionalized glass slides caeldin efficient reactivity until 3 months of
storage in ambient atmosphere, but the storage ¢onél probably be improved in sealed
nitrogen environment. Thus, further analysis ongtadility of surface chemistries in the least
condition would be interesting as well as on biatabactivity of immobilized molecules.

4.3.2.2 Stability of spotted protein microarray

In order to reduce the number of microarray slidesd and experiments, we divided this
study in 2 parts. In each part we chose 2 surthesistries, one allowing covalent binding
of proteins (NHS or CMD surfaces) and one allowphysical adsorption of proteins (COOH
or chitosan surfaces). The first part was devade@pidly identify the best storage conditions
(under solution or dry, with or without blocking¥ spotted protein microarray, and the
second part aimed at studying biological activityspotted protein as a function of storage

time in the best condition defined previously.
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So for the first part, P53 and HSPD1 were immobédionto NHS and chitosan surfaces
and stored under various conditions for 1 montrenTtieir biological activity was evaluated
by their capacity to recognize their specific aotip. Storage conditions were selected
according to the literature [12-15]: in 50% glydesolution, in 5% trehalose solution, under
nitrogen atmosphere, without blocking step, aftlrcking step with PBS/BSA solution.
Results indicated that biological activity of immiated antigens is better retained when
protein microarray was stored after blocking wiBBSPBSA solution than before, for both p53
(Figure 18 a) and HSPD1 (Figure 18 c) immobilized\dHS surface. This was caused by the
lower unspecific binding of buffer after blockingogess (Figure 18 b and d). The results of
P53 and HSPD1 on chitosan surface led the saméustot. The results were consistent with
those obtained by Adarsh D. Radadia, they alsoddbat spotted microarray had a higher

signal after blocking process [23].

SNR of p53 on NHS surface after 1 month of storage FI of buffer of p53 on NHS surface
25 1600 -
O without blocking
207 Bwithout blocking 1200 | W after blocking
M after blocking
LR 5
z S 800 -
(2] -
10 | ra
400
5 4
0 . T 0 L - T — T
50% glycerol 5% trehalose N2 50% glecoral 5% trehalose N2
() (b)
SNR of HSPD1 on NHS surface after 1 month of storage F1 of buffer of HSPD1 on NHS surface

800 -
a0 — 000 —
Ewithout blocking

M after blockin 600 -
3q | marer blocking |
1 4
Z 20 400
[
N 1 l N
4] T T 0
50% glycerol 5% trehalose N2 50% glecoral 5% trehalose N2

() (d)

Figure 18 Biological recognition activity of P53 (a), flu®eence intensity of buffer spots (b),

O without blocking
M after blocking

Fl (a.u.)

biological recognition activity of HSPD1 (c), fluescence intensity of buffer spots (d)
immobilized on NHS surface after 1 month of storeggarious conditions (50% glycerol

solution, 5% trehalose solution2Mtmosphere).

Then, if we compared biological activity of immdbéd antigens before storage (TO) and
after 1 month storage with blocking step, it appdahat the best storage condition depends
on surface chemistry (Figure 19). Indeed, for bB&8 and HSPD1 immobilized on NHS
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surface, the best storage conditions seemed to $a&ution (Figure 19a) whereas on chitosan

surface, nitrogen atmosphere gave better resufgr@19b).
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Figure 19 Biological recognition activity of P53 and HSPDhmobilized on NHS (a) and
chitosan (b) surfaces after 1 month of storageralfocking in various conditions (50%

glycerol solution, 5% trehalose solution? Btmosphere).

The immobilization strategy is different on the twarfaces studied. On NHS surface,
proteins are immobilized through covalent bindinigileron chitosan surface, immobilization
of proteins is achieved through physical adsorptldnder wet condition, covalently linked
proteins are more stable and could be less relelasedthe surface compared to physical
adsorption. Thus, storage of protein microarray smlution is better when covalent
immobilization strategy is used, whereas storaggeunitrogen atmosphere should be better

using physical adsorption strategy. Same results wietained from [14].

Moreover, we can notice that for both immobilizedigens on both surfaces (except for
HSPD1 on chitosan surface), there is an increasieffluorescent signal (SNR) after 1
month of storage under all conditions. This was tlueghe decrease of the fluorescent
intensity of buffer spots (data not shown). The sdimd of phenomenon was observed by
other researchers studying storage conditionsraem microarray [14, 15, 23]. Increase of
the biological activity of immobilized protein aftstorage could be attributed to the favorable
rearrangement of immobilized antigens on the sarfdwus resulting in better accessibility of

biological recognition sites with antibodies. Calesing that immobilized proteins would
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have higher possibility to change their conformatio solution than in gas atmosphere, we

decided to store protein microarray in 50% glyceaution for further experiment.

Then, in the second part, taking into account threselts, we studied the stability of 5
proteins (streptavidin-F555, HSPD1, HSP70, HSP1h@ &SPAS5) immobilized on 2
different surface chemistries (COOH and CMD suréaadter blocking and storage in 50%
glycerol as a function of time. Two parameters wamtalyzed. The first one was the stability
of immobilized protein depending on immobilizaticstrategy. For that purpose, we
immobilized fluorescent protein (streptavidin-F5%8)d followed its fluorescent signal with

time on both surfaces. Results are presented uré&i20a.

FI of strep-F555 on COOH and CMD surface Fl of buffer on COOH and CMD surface
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0 1 2 3 4 5 6
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(a) (b)

Figure 20 Fluorescence signal of immobilized streptavidirbb5(a) and spotted buffer
solution (b) on COOH and CMD surfaces after difféaréme of storage in 50% glycerol

solution.

We can see that the fluorescence intensity of gt65b and buffer kept constant during
storage on COOH surface. In contrast, the fluoreseantensity of strep-F555 decreased
greatly on CMD surface after 1 month of storage]j #men stayed constant; whereas the
fluorescence intensity of buffer kept stable uriilét 3 months and then increased greatly
(Figure 20b). Considering that the fluorescencensity of immobilized strep-F555 showed a
high signal after 6 month of storage on both s@$agve could conclude that the condition of

50% glycerol is efficient to store immobilized peots.

The second parameter studied was the biologicaVitgctof spotted proteins. After
immobilization of HSPD1, HSP70, HSP110 and HSPA%S0c@OOH and CMD surfaces,

their ability to be recognized by their specifidiandies was evaluated (Figure 21).
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Figure 21 Evaluation of the biological activity of immobéid antigens (HSPD1, HSP110 and
HSPA5) on COOH (a) and CMD (b) surfaces after sggeran 50% glycerol solution after

blocking, at different time; FI: fluorescence inséy.

During the first month of storage, the fluorescenigmal decreased greatly for all spotted
proteins on both surfaces, especially for HSPD1total, fluorescence intensity of spotted
proteins decreased about 20% to 50% on both serfagggesting that the biological activity
of immobilized antigens was lost in the same amolinén the fluorescence intensity showed
slight change between 1 month and 3 months of ggorlnexpected sharp increase of
fluorescence intensity was observed for all spgttedeins on both surfaces after 3 months of
storage. This increase was due to strong unspéxifding of surface. Indeed, after 3 months
of storage, biological activity of spotted protemsas not detectable. However, our protein
microarrays were enough stable for 3 months oag®under 50% glycerol solution and after
blocking step, to retain biological activity to sdively recognize their corresponding

antibody. These results are in agreement withetihegorted in the literature [12-15, 23].

4.3.3 Reproducibility of protein microarray

Reproducibility is a main challenge of protein romrray [24], in the view to replace
ELISA. Thus, to evaluate the reproducibility of qarotein microarray, the 8 antigens studied
were spotted onto flat glass slides and microgdirect glass slides functionalized with the
different surface chemistries. Then after recognitvith their antibody, inter-slides and intra-
slide coefficient variation (CV) were calculatedtrh-slide CV evaluates the repeatability of

spotting and biological interactions on the samiglesl| Inter-slides CV evaluates the
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reproducibility between slides functionalized witlte same surface chemistry, spotted with
the same proteins and processed in the same whle bgoresents the results obtained for
P53/anti-P53 system. We can see that the majdritytra- and inter-CV are lower than 25%,
except on chitosan surface. Same tendency wasnedtavith the other antigen/antibody
systems tested. Therefore, our protein microarrdigplayed good repeatability and

reproducibility to be use in clinical evaluationdarmutine experiments.

Table 6 Repeatability and reproducibility of protein miemways. Intra-slide and inter-slides
coefficient of variation (CV) of P53/anti-P53 systestudied onto flat and microstructured
glass slides functionalized with COOH, NHS andadat.

COOH NHS Chitosan
P53/surface e n .
micro- micro- micro-
Flat Flat Flat
structured structured structured
Intra CV 20%-22%| 21%-24% 10%-13% 7%-13% 15%-29% 1%
Inter CV 14% 5% 6% 21% 28% 9%

4.4 Conclusions

In this part, we have studied various experimepgaibmeters involved in the performance
of protein microarrays such as concentrations ammlbation time of recognition and
detection solutions, blocking time. Optimization tbese parameters allowed reducing the
time of processing protein microarray from 4 hotr2 hours 30 minutes, and the cost by
decreasing concentrations of biological solutiofarthermore, we have shown that
chemically functionalized glass slides could beesio ambient atmosphere up to 3 months,
and may be more under sealed nitrogen atmosphereprinted protein microarrays, they
could be stored after blocking step in 50% glyceatl4°C, for 3 months. The biological
activity of immobilized proteins decreased but ramad sensitive enough for efficient
antibody detection. At least, we evaluated thea@pcibility and repeatability of our protein
microarray and showed that they were in the samgeras classical immunoassay such as
ELISA.
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Conclusions

The aim of our study is to develop efficienbgein microarray to screen biomarkers in
breast cancer patients, thus providing diagnogtiognostic and predictive value for each

patient.

An overview of recent literature shows thatasgé amount of biomarkers (> 1200
molecules) are presented as candidates of higmfmtéo develop molecular diagnosis for
cancer detection. Thus, after a selection of nuosfmomarkers involved in breast cancer,
specific technology was developed to make custainmieroarrays based on microstructured
glass slides. Two types of microarrays were eldbdra

We used antigen microarray to screen autoadiglscagainst heat shock proteins (HSPs) in
breast cancer patients for providing diagnostic @naignostic value. In order to obtain
efficient microarray performance, we firstly optezad various factors which influence the
performances of protein microarray, including scef@hemistry, spotting concentration, etc.
Among the 6 surface chemistries tested, two of tf€@OH and chitosan) showed good
performances for the immobilization of HSPs; theref these two surfaces were selected for
screening the antibodies against HSPs in breastecaserum. In total, 50 breast cancer
patients and 26 healthy controls were tested. @swlts showed that combining multiplex
detection of anti-HSPs antibodies could achieve AW©.978. It could discriminate breast
cancer patients from healthy controls with senigti86% and specificity 100%. Compared
with literature, our antibody panel showed betenf@rmance for discriminating breast cancer
patients from healthy controls. Furthermore, ouadmalysis method is more complete and
comprehensive. Various studies only provide dataensitivity without specificity, which is
not complete. In contrast, we analyzed the AUChefgerformance of our antibody panel and
we could provide both sensitivity and specificifyooir antibody panel.

Secondly, we used antibody microarray to tés toncentration of urokinase type
plasminogen activator (UPA) and its main inhibjpdasminogen activator inhibitor 1 (PAI-1)
in breast tumor tissue. High levels of uPA and RA#re associated with high risk of
recurrence and benefit of chemotherapy for breaster patients; therefore, they are good
prognostic and predictive biomarkers for breastceanin order to obtain efficient antibody
microarray, we firstly optimized the immobilizatiggrocess. We have tested 3 antibodies
against PAI-1; however, only one scFv antibody wedrlon one surface (COOH surface).
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Therefore, we didn’'t quantify PAI-1 in tumor tisse&traction. For antibody against uPA,
three surface chemistries (COOH, NHS and chitoparfprmed well and they were selected
for further experiments. In total, we have testédcftosolic extracts of tumor tissue. Results
showed that results obtained from our antibody osimay are surface dependent. For
example, no difference was observed between reebttsned from chitosan surface with
ELISA. In contrast, results obtained on NHS arehbigthan ELISA and those obtained on
COONH surface are lower than ELISA. These resubtsvary promising. Firstly, our antibody
microarray showed a higher sensitivity and a widgnamic range compared to Femtelle
ELISA kit. Secondly, considering that one of theimlamitations of Femtelle kit is that this
kit needs 100-300mg of fresh or frozen samples; anttbody microarray shows high
potential as it consumes 25 times less sample wlifmve take the dilution times into

consideration.

For optimizing the parameters of proteins macray, we evaluated various factors
including experimental duration, the concentratddrincubation solutions, etc. Considering
that protein microarray is a miniaturized systemequires less reaction time and less sample
volume. Our results showed that we could improeepdrformance of our customized protein
microarray as well as become more economical. We ahalyzed the storage condition of
surfaces chemistry of protein microarray as wellspgstted protein microarray. Results
showed that our printed protein microarray coulkairetheir biological activity for at least 3

month.

Consequently, our work demonstrated that outoocniged antigen and antibody microarray
are efficient and powerful tools for rapid scregnitumor biomarkers. Various factors
influence the performance of protein microarray aghavhich surface chemistry is critical.
As observed from our results, several proteins detaly lost their biological activity after
immobilized on several surfaces. This was maybeearhlby the change of structure after
immobilization. We proved the necessity to adaptase chemistry to each protein in order
to improve performances of protein microarraysttr@enmore, due to the complex structure of

proteins, there is no unique surface which wilshéable for all proteins.

Several aspects need to be improved in thedufil) As our study was limited by sample
size, therefore, further large scale investigativsmeeded to validate the real diagnostic
performance of our customized antigen microarrgyA@tibodies against HSPs were also
over-expressed in other cancers; therefore, wedcalgb test the diagnostic performance of
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this panel in other cancers. Furthermore, considetihe heterogeneity and complexity of
tumor, we need to add other biomarkers in ordantoease the sensitivity of the test, e.g.
DNA, miRNA, etc. 3) In order to being a simple gomowerful tool to be used in clinic like

ELISA, the experimental processes of protein migena need to be automated, like
incubation process, data analysing, etc. Alsoptieess should be well controlled to obtain a
good reproducibility. 4) Data analyzing methods idlobe standardized and complete.
Compared with defining cutoff value as a certaifugaanalyzing data in AUC is better and
more comprehensive. Only when data analyzing methwds standardized, could we

compare the results from different studies.

187



188



Annexe

The receiver operating characteristic (ROCyeus commonly used in medical decision
making. ROC graph is two-dimensional graph in wgehsitivity is plotted on the Y axis and
1-specificity is plotted on the X axis. We take tesults obtained from HSPA5 immobilized
on chitosan surface for an example to explain havcanstruct ROC curve. As shown in
Table 1, the first column is the sample size. lalfove have tested 76 samples, including 26
healthy controls and 50 breast cancer patients.s€ébend column is the value obtained from
experiment; we also used these values as cut dfievahe third column is the sample
characteristic, either cancer or healthy contr@nc€ar patients were clinical diagnosed and
we know this information before we tested. For I two columns, one is the value of x

axis: 1-specificity; the other is y axis: senstivi

Table 1 Results of HSPA5S immobilized on chitosan surfaweall samples

No. (26HC & Value/ Cut off Sample X axis: Y axis:
50 BC) characteristic 1- specificity Sensitivity

1 5.0 Cancer 1-(26/26)=0 1/50=2%

2 4.8 Cancer 1-(26/26)=0 2/50=4%

3 4.1 Cancer 1-(26/26)=0 3/50=6%
Cancer 1-(26/26)=0

13 2.3 Cancer 1-(26/26)=0 13/50=26%

14 2.2 Healthy control 1-(25/26)=4% 13/50=26%

15 21 Cancer 1-(25/26)=4% 17/50=34%
Cancer

20 1.8 Cancer 1-(25/26)=4% 20/50=40%

21 1.7 Healthy control 1-(24/26)=8% 20/50=40%

76 0.4 Healthy control  1-(0/26) =100%  50/50 = 100%

HC: Healthy controls; BC: breast cancer.

If we take the value of the first sample as ¢heoff value, it means that only one cancer
was diagnosed as positive, therefore, the sengitisi 2%; as there is no healthy control
diagnosed as positive, then the specificity is 109@ding (2%, 0). Then we continued from
No. 2 to No. 13, during which the sensitivity inesed gradually while the specificity didn’t
change because no healthy control was diagnospdsés/e. It corresponds to ROC curve as
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shown in Figure 1 a. Then we continue No. 14. As i& healthy control, so if we take its

value as cut off value, no more cancers were disgsh@s positive, therefore, the sensitivity
didn’t change; however, as one healthy control diagnosed as positive, the specificity
decreased, yielding (4%, 26%), shown in Figure THen we continued from No. 15 to No.

20, during this process, the specificity didn’t kga while the sensitivity increased, shown in
Figure 1 c. Then we continued and we could obtherdomplete ROC curve for HSPAS5

iImmobilized on chitosan surface.
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Figure 1 Receiver operating characteristic (ROC) curve asmlyof the detection of auto-
antibody against HSPAS on chitosan surface
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Résumé en francais

1.1 Le cancer du sein : chiffres clés et techniquele détection

Le cancer du sein demeure un probleme de santégpebhajeure dans le monde. Selon
I'Organisation Mondiale de la santé, 1.7 million cencer du sein ont été diagnostiqué en
2012 et le taux augmente de plus de 20% depuis 20P8C’est le cancer le plus
frequemment diagnostiqué chez les femmes quelguastmne géographique et il représente
maintenant 25% de I'ensemble des cancers cheznimée(voir Figure 1). Comparé au taux
d’incidence, le taux de mortalité du cancer du ssine plus faible reflétant probablement les

progres en termes de diagnostic précoce et deliaration des traitements. [2].
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Figure 1. Incidence estimée et Taux de mortabt® @hncers au niveau mondial en 2012 [2]

Des études récentes montrent qu’un diagnostic peéaagment les chances de survie des
patients et facilitent la prise en charge du traéat dans un stade pré invasive et avant les
métastases. Il est rapporté que la survie a 5 aagdtientes ayant un cancer du sein est
fortement corrélée au stade de la tumeur. Aingiy pes stades précoces (stades 0 and 1), le
taux de survie a 5 ans est de 98%, il diminue% ®bur le stade I, passe a 60% pour le

stade Ill et est seulement de 20% pour le stadg3lvV
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Les techniques conventionnelles de diagnostic daocera du sein regroupent la
mammographie, I'examen clinique du sein, l'autoptif;m, et I'imagerie par résonnance
magnétique (IRM) etc. Signalons que I'utilisatioa det arsenal d’outils présente certains
inconveénients tels que les faux positifs, les hiegpgnutiles, le surdiagnostic, le colt et la

génération de I'anxiété chez les femmes etc... ][4, 5

La mammographie est I'outil de dépistage le plusliét et un examen tous les 2 ans est
fortement conseillé pour les femmes a partir ded® [6]. Par contre, ce mode de dépistage
systématique pour la tranche d’age 40 a 49 ansoesteverse, aucun élément d’évidence ne
permet a I'heure actuelle de déterminer le rappsguie/bénéfice [7].

L’'IRM, outil sensible n'est pas préconisé pour uépidtage systématique mais est
particulierement utile pour poser le diagnosticodmcer du sein et évaluer le degré de la
tumeur. Il est cependant recommandé par la so@méticaine en cancérologie pour suivre la
population a tres forts risques telles que lesniems porteuses des mutations BRCAL et
BRCA2 [8, 9].

Actuellement, le dépistage de marqueurs tumoratixues nouvelle approche d’intérét
grandissant. Ces marqueurs sont associés a laegdada tumeur. Leur dépistage est donc
une aide précieuse pour établir un diagnostic metoet fournir une aide a la décision
thérapeutique.

De nos jours, on parle de plus en plus de médearsonnalisée, qui consiste idéalement a
donner le bon traitement au bon patient au bon maniZe ce concept, il est attendu une
forte amélioration de la prise en charge des pEtieme plus grande efficacité des traitements

et une diminution globale des colts de santé [1], 1

Une des clefs de la médecine personnalisée tiems daitilisation massive des
biomarqueurs et en parallele, le développementtidode classification haut débit. Qu'ils
soient issus de tissus ou de sera, les biomarqdeiusnt fournir une valeur prédictive ou de
pronostic fiable, ou permettre de pouvoir estineerisque de récidive ou l'efficacité d’'un
traitement donné sur un patient donné. Ainsi, darss des cancers du sein, I'objectif ultime
serait par exemple de pouvoir classer les pat@Fitn le risque plus ou moins élevé de taux
de récidive, de leur administrer la thérapie la uxniedaptée et ainsi d’éviter des sur-

traitements et ainsi augmenter les succes de fapieg12, 13].
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Dans ce contexte, grace a leur capacité d’analys# kébit et le faible volume
d’échantillon nécessaire, les puces a protéinetdpranicroarray) présentent de nombreux
avantages pour le criblage des biomarqueurs eida au point d’outils de diagnostic et de
pronostic a visée de médecine personnalisée. Ddneox biomarqueurs du cancer du sein,
gu’ils soient sériques ou tissulaires, sont décdes la littérature avec des valeurs
diagnostiques et pronostiques faibles lorsqu’ilst gwis indépendamment. Un des challenges
est donc d’identifier les combinaisons de biomawgsiepermettant d’atteindre des valeurs
diagnostiques et pronostiques élevees. Ceci coediit des objectifs de cette these. Pour ce
faire, nous avons élaboré des puces a antigersa, fafin d’optimiser leurs performances.
La chimie de surface, les conditions d'immobilieatides antigénes sondes ainsi que les
conditions de reconnaissance avec leurs anticanp®t@ optimisés et validés par I'étude
d’'une cohorte de 50 patientes. Un autre objectiéaetée thése était de développer une puce a
anticorps pour le dosage des marqueurs tissulaitesancer du sein, uPA et PAI-1,
permettant une décision thérapeutique pour les daalaLes performances de notre test
miniaturisé ont été comparées a celles du test eooiah ELISA sur 16 échantillons

biologiques. Le manuscrit est donc présenté sausefae 4 chapitres.

Le chapitre 1 dresseaun état de I'art des biomarqueurs sérologiques et tissulairestdécri
dans le cancer du sein ainsi que les récents dipeateents d’outils de criblage comme les
puces a protéines.

Le chapitre 2 est consacré &élaboration des puces a antigenepour I'analyse des
profils d’expression d’anticorps anti-heat shoctpm (anti-hsps) chez des patientes atteintes
de cancer du sein.

Le chapitre 3 concerne Elaboration d’'un immunoassay miniaturisé pour le dsage
des protéinesuPA et PAI-1 a partir d’extraits cytosoliques tstis tumoraux de cancer du
sein.

Le chapitre 4 traite de loptimisation des différentes étapes d’élaboration et d’utilati

des puces a protéines.
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Chapitre 1 : Etat de l'art

Au cours de la généese tumorale, les cellules cansés ou d’autres cellules du corps vont
produire des substances en réponse aux nouveltghtioas induites par la progression du
cancer. Ces substances appelées marqueurs tunp@aavent avoir des niveaux d’expression
différents et se trouvent dans le sang, les urilesstissus tumoraux ou autres fluides des
patients. Dépister ces marqueurs peut aider nolersent a la détection précoce de cancer
mais aussi a choisir I'option la plus pertinentenfides différents traitements disponibles. Le
suivi de certains marqueurs surexprimés doit parmele vérifier et valider le bénéfice du
traitement choisi [14, 15].

La problématique actuelle n’est pas le manque deidats biomarqueurs mais plutét la
validation de leur pertinence. Ainsi, plus de 1pd6téines candidates ont été décrites dans la
littérature comme biomarqueurs potentiels mais eseaht 9 antigenes tumoraux ont été
approuveés par la FDA (US Food and Drug Administrgti Le taux d’introduction de
nouvelles protéines approuvées par la FDA stagaevaon une par an sur les 15 derniéres
années pour I'ensemble des maladies.

Dans la suite, nous nous focaliserons sur les mearqusériques et ceux des tissus
recommandés par 'ASCO (American Society of ClihiCecology) et TEGTM (European

Group on Tumor Markers Recommandations) pour tilisation en routine.

Les performances des biomarqueurs en qualité tedegnostiques sont évaluées a l'aide
de plusieurs indicateurs tels que les positifsnksgatifs, les faux positifs, les faux négatifs, la
sensibilité, la spécificité, la valeur prédictivesgive et la valeur prédictive négative. Les
méthodes pour calculer ces paramétres sont issuksrdéthodologie biostatistique utilisées
en Epidemiologie [16] avec notamment la détermamatie la courbe de caractéristique de
performance d’'un test (courbe ROC - Receiver OpwyaCharacteristic), I'aire sous cette
courbe notée AUC (area under the ROC curve) efalauv p qui représente la valeur de
significativité de I'hypothése. En épidémiologieeust niveaux de significativité sont
généralement utilisés (P <0.05 and P<0.01) [17].

Les courbes ROC sont particulierement utiliséessttistiques lorsque le seuil de
discrimination varie. Cela est le cas en biologieléoulaire compte tenu d’'une part de la
complexité des fluides et d’autre part de la gramdegabilité des niveaux de seuil d’'un

individu a l'autre.
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Biomarqueurs sériques dans les tests cliniques

Les marqueurs tumoraux sériques sont des molésolelles dans le sang qui peuvent étre
détectées a l'aide d’anticorps monoclonaux. Cesqueanrs sont produits par les cellules
tumorales ou par les autres cellules en réponageesence de cellules tumorales [18, 19]. A
I'heure actuelle, les tests cliniques utilisant dasnarqueurs sériques pour le cancer du sein
contiennent des glycoprotéines mucines (MUC-1) et dntigeénes carci embryonnaires
(CEA) [20], recommandé par I’ ASCO et I' EGTM. Cemrqueurs peuvent étre utilisés soit
pour le dépistage et le diagnostic de la maladiie,pour la détection précoce de la récidive,
soit pour le suivi thérapeutique. Selon I'objedlif test, leur mesure peut étre plus ou moins

pertinente.

La famille des MUC- 1 est impliqguée dans les ddfées voies du processus complexe de
la génése tumorale (signalisation des recepteula tyeosine kinase, prolifération et mort des
cellules..) et inclus des antigenes de canceqtats CA 15-3, CA 27-29, CA 549, largement
utilisés pour le diagnostic de cancer du sein..[21]

CEA est une glycoprotéine oncofétale egalemeniséél pour les cancers du sein. Leurs
taux sont généralement moins élevés que ceux de-MUMais les mesures de CEA peuvent
donner des informations complémentaires, c’estqumir la combinaison de ces 2 types de

biomarqueurs semble pertinent pour suivre les pseatteintes d’un cancer du sein [22].

Cependant, cette combinaison n’est pas recommapaléreun dépistage systématique ou
un diagnostic précoce du fait de leur faible seligibet spécificité dans les premiers stades
de la tumeur [22, 23]. Par contre, la sensibil#gé@lJC-1 augmente fortement avec I'avancée
de la tumeur passant 10-15% a 20— 25% puis 303896 les stades |, I, et Il
respectivement [24].

Dans le cas de la détection d’'une récidive, deudead bien construites ont montré qu’apres
un traitement thérapeutique, des niveaux élevesld€-1 et CEA sont corrélés avec une
récidive. lls permettent de prédire une récidivenemyenne 6 mois plus tét que d’autres
symptémes ou tests [25, 26]. Cependant, 'ASCO EBATM sont trés prudents dans leur
recommandations d’utilisation car il n'est pas emcsuffisamment démontré qu’une
détection précoce de métastases a une incidenaetanfe sur le taux de survie et la qualité
de vie du patient... [22, 23]. Ainsi, si le suivi atepas recommandé par 'ASCO, 'lEGTM

préconise tout de méme de suivre les femmes asymafithies avec ce panel tous les 2—4
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mois Durant les 5 premieres années apres le diagngsuis chaque 6 moiss dans les trois
années suivantes puis ensuite une fois par an.
En ce qui concerne le suivi thérapeutique, sel®8CO, les données actuelles sont

insuffisantes pour préconiser un contréle aveaingjue panel de biomarqueurs.

L’exemple illustré par MUC-1 et CEA montre que épérage de nouveaux biomarqueurs
est loin d’étre suffisant pour qu’ils soient vakidét approuvés. Afin de diminuer le gap entre
la découverte d’un biomarqueur potentiel et sadadilbn en tant que tel, il est nécessaire de
poursuivre de vastes études en gardant en tétieylsipoints :

1) les échantillons biologiques doivent étre soigeenent choisis avec des procédures bien
établis de la banque de patients et des contrdles.

2) les objectifs des études doivent étre clairenukiinis et les résultats doivent étre
rapportés de maniére claire [27].

3) les études doivent étre menées a grande éckellgui nécessite le développement
d’outils haut débit.

Comparés aux analyses actuelles par simple immsagssles systemes multiplexes
présentent d’'indéniables avantages tels que l'antatien de l'efficacité, la réduction des
co(lts, un plus grand nombre de paramétres mesavésup méme volume d’échantillons et
le traitement en paralléle d’'un tres grand nombéetdantillons.

Ainsi, les immunoassays multiplexes, les immunogsgéanaires (tels que les microarrays
a proteines) peuvent s'avérer comme des outilsaffi et simple pour mener des études a
grande échelle permettant de transférer plus rapmde la découverte de nouveaux

biomarqueurs dans les évaluations cliniques etaawmindre colt [28].

Biomarqueurs tissulaires dans les tests cliniques

Dans cette partie, on se focalisera sur les bioneang des tissus déja utilisés en tests
cliniques pour les cancers du sein. Ces biomargusamER (récepteurs estrogen®R (les
récepteurs progestérone)ER-2 (récepteurs 2 du facteur de croissance épidermigunaim),
uPA (activateur du plasminogene de type urokinasedrefrghibiteur principal PAI-1).

ER et PR sont des facteurs de transcription quiledt les actions des estrogenes et de la
progesterone respectivement. [18]. Actuellemerddtermination des ER et PR est rendue
obligatoire pour toutes les patientes atteintes ¢ancer du sein selon les recommandations
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de 'EGTM [23] et TASCO [22]. En général, les pantes positives en ER ont un meilleur
pronostic que celles négatives. Cette différenadéiue au bout de 4-5 ans. Une limitation
en tant que facteur pronostique des ER est qutildesfaible valeur pour des cas non
ganglionnaires. Les patientes avec des tumeursnexipr PR ont aussi tendance a avoir un
meilleur pronostique que celles qui manquent detcepteur [18, 29]. En plus de leur valeur
pronostique, ER et PR sont considérés comme d'irapts indicateurs pour I'analyse de la
réponse aux thérapies hormonales. Ainsi, pour lgiades a un stade précoce comme a un
stade avancé, la présence de récepteurs hormomaune dine probabilité de réponse a la
thérapie hormonale beaucoup plus importante que pemI patientes manquant de ces

récepteurs.

Notons qu’il existe 3 types de tests bien étabdisrpmesurer ces récepteurs hormonaux :
par liaison de ligand, ELISA ou immunohistochimiBHC). Seul ce dernier test est
recommandé par 'lEGTM [23]. Il faut toutefois sauer qu’environ 20% de détermination
de taux de ER/PR par IHC serait inopérante (fasitih ou faux négatif) au niveau mondial
du fait de variations des variables pré-analytiquiEs seuils de positivité, de I'utilisation

d’anticorps relativement inefficaces, et des cgised’interprétation. [30].

L’oncoprotéine HER2 est surexprimée dans envirdh tieés cancers du sein [31]. Toutes
les patientes positives aux récepteurs HER2 doigaet traitées par immunothérapie avec
I'Herceptin® (trastuzumab). [18]. 3 méthodes peterdt de déterminer le taux d’HER2:
'immunohistochimie (IHC), I'hybridation in situ pdluorescence (FISH), et I'hybridation in
situ chromogénique (CISH). Mais, seule I' [HC estommandée I' ASCO [18, 32, 33].

L’activateur du plasminogéne de type urokinase @Bune protéase dégradant la matrice
extracellulaire et impliquée dans l'invasion du aamet des métastases. UPA interagit aussi
avec son inhibiteur (PAI-1). Ainsi, les deux (PAkL uPA) favorisent la progression de la
tumeur et des métastases. [34]. La présence de aiFRAl-1 est un fort indicateur de
dissémination du cancer pour des patientes avesansi envahissement ganglionnaire. Des
taux élevés sont associés a un faible taux deessarns rechute et méme a un faible taux de
survie globale. Par contre, des études montremtdgs niveaux bas de uPA and PAI-1 sont
associés a des risques de recidive suffisammebtegaiqui font qu’une chimiothérapie
n'ajoute pas un bénéfice substantiel [35]. Ces duargueurs sont donc considérés comme
particulierement pertinents par ’American Society Clinical Oncology (ASCO) [22] et
I'European Group on Tumor Markers (EGTM) [23].
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Actuellement, le test ELISA est la seule méthod@nisée par I'ASCO. Il existe un test
disponible commercialement : le ELISA test (Fenat@®l) développé par Sekisui Diagnostics.
Ce Kit assure une bonne qualité et est largemdrsteuén clinique. Cependant, le test ELISA
nécessite un minimum de 300 mg de tissu frais ogelé de cancer du sein, ce qui peut étre
problématique notamment dans le cas de tumeurseedgetites tailles [36]. Cependant, en
recherche, comparés aux tests ELISA, les microgrrayprotéines présentent certains
avantages tels qu'une bonne sensibilité avec de fagbles volumes d’échantillons

nécessaires [37].

En 1960, Robert W. Baldwin démontra que le systémmaunitaire était impliqué dans le
développement tumoral. En effet, au cours du d@pament tumoral, des protéines
intracellulaires mutées, modifiées ou expriméesnumiere aberrante dans les cellules
tumorales, appelées TAA (tumor-associated antigepsiivent étre la cible du systéme
immunitaire conduisant alors a la production d’aamdicorps (AAb) contre ces TAAs. [38].
Ces auto-anticorps peuvent étre utilisés pour dasjumeurs de diagnostics précoces de cancer
[39]. Par exemple, Lubin et al. ont détecté descargs p53 spécifiques environ 18 mois
avant qu'un diagnostic de cancer du poumon sobliediniguement [40]. Le systeme
immunitaire permet une amplification biologiqueiedte conduisant & une concentration
élevée d’auto-anticorps permettant une détectiodirdnte de tres faibles quantités
d’antigenes tumoraux. De plus , ces auto-anticegps tres stables dans les sérums et ont une
durée de vie relativement longue (T1/2 entre 7 &ad jours, selon la sous classe

d'immunoglobuline) [41-46].

Ces derniéres anneées, plusieurs études ont étéemené differents AAbs contre des
TAAs en évaluant leurs valeurs diagnostiques engstiques notamment pour les cancers du
sein. En particulier, un vif intérét a été porté des anticorps dirigés contre des protéines hsp
(heat shock proteins). Les Hsp sont des protéiaderte conservation classées en 6 familles
selon leur poids moléculaire (MW): hsp110, hsp%Hp 70, hsp60, hsp40 et un ensemble de
petites protéines hsp (dans la gamme de 13-42kmpluant hsp27 and hspl0. [47]. Les
protéines hsp sont surexprimées dans une grandée pigs cancers humains. Cette
surexpression élevée des hsp dans les cellulegmaaljoue un réle important de protection

des cellules contre I'apoptose spontanée induitéapaalignité [48].

Dans notre étude bibliographique, nous avons trduvapports décrivant l'utilisation de
tests unitaires d’hsps dirigés contre les autazants (AAbs) afin de discriminer les patientes
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atteintes d’'un cancer du sein des contréles skimsutilisant des tests ELISA, Conrey al

ont mené en 1995 la premiére étude pour identdigsrésence d’auto-anticorps anti-hsp90
sur des patientes ayant un cancer du sein diagnéstils ont trouvé que les anticorps ciblés
étaient détectables dans 46 cas sur 125 (36.8%@nfes atteintes d’un cancer mais pas dans
le cas d’individus sains ou ayant une tumeur béni@re plus, la présence de ces anticorps
était corrélée avec le développement de métastaée® sur les personnes non atteintes aux
ganglions lymphatiques axillaires [49].

Le tableau suivant regroupe les résultats publiés.

Taille de I'échantillon (N) AAb frequence %

Hsp méthode cancer sain benin cancer sain beninP valeur reference
Hsp27  ELISA 579 53 - 37.8% 1.9% - p<0.001 [50]
Hsp70  ELISA 369 53 - 40.9%  35.9% - - [50]
Hsp90  ELISA 125 - - 36.8% - - - [49]
Hsp60 wWB 40 42 - 475%  4.7% - p<0.01 [51]
Hsp60  ELISA 107 93 - 31.8%  4.3% - p<0.0001 [52]
Hsp90  ELISA 13 22 10 8% 0 0 - [53]

Ainsi pris indépendamment, le potentiel diagnostiqu pronostique de chaque anti-hsp
est tres faible. Cependant, I'utilisation de nouwneautils de détection multiplexée telle que
les microarrays permet d’'une part des études adgranhelle (large panel de biomarqueurs,
cohorte importante) et d’autre part d’augmenter sa#rablement la sensibilité et la
spécificité du diagnostic jusqu’a des valeurs des ple 80% [20].

Au dela des hsps, d’autres antigenes tumoraux t@ntliégés contre les auto-anticorps.
[54]. Le tableau suivant recense un certain nontbétudes visant a identifier les auto-
anticorps tumoraux dans les sera de cancer du rsaiis, un petit nombre seulement (anti-

p53, anti-Her2/neu, anti-MUC1) ont fait 'objet téles plus détaillées.

L’antigéne tumoral p53 est surexprimé dans lelsilesl cancéreuses et induit la production
auto anticorps anti-p-53. In 2000, Soussi compusebibliographie de 1979 a 1999
concernant les auto-anticorps anti-p53 AAbs daasséra de patients de tout type de cancer.
Une quinzaine d’études a permis d’identifier ligph3 dans les cancers du sein avec une
fréequence allant de 2.8% a 47.5%. Si I'on considé&nesemble de ces études, I'anti-p53
AAbs a été détecté dans 14.7% de patientes (296)20@c une différence significative des
sujets sains (P < 0.0001) [55]. Ces études mantpem les anticorps anti-p53 ont une forte
spécificité (supérieur a 95%) mais une faible dmig (en moyenne 20.8%). Aussi, il est

impératif de combiner la recherche d’anticorps -amtvec d’autres biomarqueurs pour
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augmenter la sensibilité sans réduire la spéafidit test. D’autre part, les anticorps anti-p53

circulant sont associés a un mauvais pronostic arecurvie courte.

Taille de I'échantillon

TAA (N) AAb frequence %  Reference/année
cases Sains
p53 101 - 7.9% [56] 1999
2006 - 14.7% [55] 2000
158 - 19% [57] 2003
71 205 18.3% [58] 2003
144 242 21.5% [59] 2005
50 436 34% [60] 2006
25 879 16% [61] 2009
61 20 35% [62] 2010
HER2 20 - 55% [63] 1994
107 200 11.2% [64] 1997
37 157 7% [65] 2000
MUC1 24 - 8.3% [66] 1994
Ax° 37.5%
140 25.7%
61° 96 18% [67] 1996
c-myb 72 49 43% [68] 1991
fibulin 20 20 75% [69] 2002
RPA32 801 65 10.9% [70] 2002
74 27%
lipophilinB ~ 35 20 37.1% [71] 2003
cyclin B1 7 27 42.8% [72] 2005
survivin 23.9%
~ livin 46 10 32.6% [73] 2005
36° 66.6%
endostatin =~ 59° 24 42.4% [74] 2006
GIPC1 22 10 77% [75] 2007
IGFBP2 80 200 5% [76] 2008
AHSG 81 73 79.1% [77] 2009
SPAG9 100 50 80% [78] 2009
282 18.4%
sox2  78% 194 6.4% [79] 2012
p90/CIP2A 168 88 19.1% [80] 2014

Tableau de Fréquence des auto-anticorps danstiests du cancer du sein :
2tumeurs bénine$carcinoma premier stadeancer en stade avancé
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HER2 est un récepteur de facteur de croissancermdpigue (EGFR) qui est amplifié et
surexprimé dans 20%—-30% des cancers du sein. esdrpositif a HER2 est associé a un
mauvais pronostic di a la forte incidence des rne&as et a la résistance aux chimiothérapies

conventionnelles ou endocriniennes [81].

Les Anti-HER2 aussi sont détectés chez les pateatieintes de cancers du sein. Une
étude conduite sur une période de 6 ans ( de 1280@) indique une présence significative
des anticorps anti-HER2 chez les patientes au prestdde des cancers du sein comparée a
des sujets sains [63, 64] et un niveau beaucoup glavé est noté pour des stades avances
[65]. Ces études suggéerent qu’une réponse immuniale aux HER2 pourrait jouer un

réle dans la limitation de la progression tumorale.

Les Mucines (MUC) sont des glycoprotéines de faidp moléculaire exprimées a la
surface cellulaire. MUC1 a été trouvé de maniérendbnte dans les cancers du sein mais
aucune corrélation avec le stade de la maladi@u’atre faite [66]. Par contre, les anticorps
Anti-MUCL1 ont été détectés beaucoup plus souveat des tumeurs bénignes que pour des
cancers du sein. Ainsi, une corrélation négatieeaobservée entre la présence d’anti-MUCL1
et le développement de la maladie. Ceci suggénengu’éponse immune humorale naturelle
aux MUCL1 serait protectrice d’'une progression dedédadie tandis gu’'un manque de réponse

immune serait associé a un pronostic défavorabig. |

A coté des 3 auto anticorps présentés ci dessasirés molécules telles que c-myb,
fibulin, RPA32, lipophilin B, cyclin B1, survivinlivin, endostatin, GIPC-1, insulin-like
growth factor binding protein 2 (IGFBP-2), AHSG, BP9, SOX2 and p90/CIP2A etc...
sont également impliquées dans les cancers duaseavers les différents mécanismes de la
cancérisation. Mais la fréquence de leur détectiarie fortement (de 5% a 80%). Ces
grandes variations pourraient résulter de plusidacseurs tells que I'hétérogénéité de la
tumeur, la taille, la qualité et I'origine des éctibons des méthodes et protéines utilisées...

etc.

Un résumé des travaux basés sur des tests ELIS#ilistint des panels plus ou moins

importants (de 2 a 10 biomarqueurs) est présemig ldaableau ci-dessous.
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panel malades sains AUC SN/SP Reference/année
IMP1, p62, Koc, p53, cMYC,
cyclin B1, survivin 64 346 - 92%/85% [82, 83]2003
survivin and livin 46 10 - 52.2%l/- [73] 2005
pl6, p53, and c-myc 41 82 - 43.9%/97.6% [84] 2006
p53, c-Myc, HER2, NY-ESO- 97 - 64%/85%
1, BRCAL, BRCA2, MUC1
40° 94 - 45%/85% [85] 2007
MUC1, HER2, p53, IGFBP2 - 31%/-
p53, HER2, IGFBP-2, TOP@2 184 134 0.63 - [46] 2008
ASB-9, SERAC1, and RELT 87 87 0.861  77%/82.8% [B®)8
60 0.73 55.2/87.9%
FKBP52, PPIA, PRDX2, hsp60
and MUC1 82 93 0.80 72.2%/72.6% [87] 2009
RBP-Jk, HMGN1, PSRC1,
CIRBP, and ECHDC1 59 61° 0.749  86.1%/75% [88] 2012
GAL3, PAK2, PHB2, RACK1
and RUVBL1 114 68 0.81 66%/87% [89] 2013
p62, p53, c-myc, survivin, p16,
cyclin B1, cyclin D1 CDK2 41 82 - 61%/89% [90] 2013
FTH1 and hnRNPF 150 150 0.816  91.1%/72% [91] 2013

Etudes d’un ensemble d’ anti-TAA AAbs sur des gtdsde cancers du sein et patients sains
2 cancer primaire®patients premier stade (DCIS3tade avancé, SN: sensibilité,

SP: spécificité, AUC aire sous la courbe ROC
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Parmi tous les anti-TAAs étudiés, 9 présentenntérét accru et sont regroupés dans le
tableau suivant. Soulignons cependant la disperdes résultats qui peut avoir plusieurs
origines : 1) la diversité des populations étudié®sla définition de la valeur seuil qui est un
facteur important déterminant la performance @t {ien seuil bas induit une forte sensibilité
mais une faible spécificité etice versa)

Echantillonage (N)

antigene Patients Patients Gamme de
tumoral Nombre d'études malades sains sensitivité reference
p53 14 25-2006 82-346 7.9%-35% [46, 55-62, 82-85, 9
HER2 6 20-144 157-242 7%-55% [46, 59, 63-65, 85]
MUC1 5 24-241 93-134 8.3%-37.5% [46, 66, 67, 83, 87
c-myc 4 41-137 82-346 13%-22% [73, 82-85, 90]
Survivin 3 41-64 10-346 7.8%-23.9% [72, 82, 83, 90]
cyclin B1 3 7-64 27-346 4.7%-42.8% [82, 83, 90]
P16 2 41 82 12.2% [84, 90]
P62 2 41-64 82-346 7.8%-12.2% [82, 83, 90]
IGFBP2 2 80-184 134-200 5%-7% [46, 72]

by

Ainsi les besoins d’études a grande échelle et awedarge panel d’auto-anticorps
nécessitent une transition urgente entre les methaothssiques ELISA et les systemes de

criblage (screening) multiplexes tels que les a@orays a protéines.

Microarray a protéines

La technologie microarray fait référence a laniaturisation de centaines de tests
rassemblés sur une seule plaque. Différentes pestdantigenes ou anticorps) sont fixées sur
un support solide de maniére bien ordonné pouepérage aisé des potentielles interactions
étudiées. Le microarray est ensuite incubé aveechantillon contenant une grande diversité
de protéines. Aprés cette incubation, les intevastiéventuelles peuvent étre détectées soit
par des techniques de lecture dites avec margdlageescence, chimiluminescence...) soit

par des modes de lectures sans marquage (speciedeimasse, résonance de plasmon de
surface, etc.) [92].

Généralement, le support principal utilisé est emresr & cause de ses propriétés de

transparence et de faible bruit de fluorescencds Masupport est fonctionnalisé avec un
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grand nombre de chimies de surface pour pouvouinsnmobiliser de maniére robuste les
protéines tout en conservant leur intégrité, leonformation originelle et leur fonction
biologique [93]. [94].

Du point de vue commercial, on trouve une largeétarde lames disponibles avec des
chimies de surface différentes telles que des lasresitrocellulose FAST, hydrogel,
SuperAldehyde and epoxy-silane ES, des poly- Llabsides surfaces aldehyde |
polyacrylamide, PolyEthylenGlycol-epoxy or dendeires ...

Il existe une littérature foisonnante concernastdiatégies d’attachement des protéines
sur une surface, cette étape clé déterminant legriptés du microarrays. Le tableau ci-
dessous rassemble les differentes modalités diictiens surface/protéines et les

avantages/inconvénients des différents modes d’inilieation [95-97].

Type Chimie de site Avantages Inconvenients
d'immobilisation| surface d’attachment
Adsorption Nitrocellulose, | interactions Immobilisation | Orientation

Poly-L-lysine, | électrostatiques, la plus simple | aléatoire
agarose, etc. liaison Fort bruit de
hydrogene fond
interactions de

Van der Waals

Liaison Maleimide, Thiol, immobilisation | Perte potentielle
Covalente hydrazine, carbohydrate, | robuste de l'activité
succinimidyl amine biologique de la
ester, epoxide, proteine
aldehyde, etc immobilisée
Liaison par Proteine A ou | Fc region, immobilisation | Prétraitement
affinité G, biotine, GST orientée des proteines
streptavidine, | tag, etc spottées

glutathione, etc.

Les différentes stratégies d’immobilisation de @iwes sur un support
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Jusqu’a présent; il est impossible de comparegéledes issues de différents laboratoires
compte tenu des différences dans les protocolesriexpntaux et les protéines utilisées.
Cependant, de la revue bibliographique, un poimaip&vident: il n’y a pas une surface
unique parfaitement adaptée a I'immobilisation detds les protéines compte tenu de la
complexité de leur structure. Chaque type de prete&d un comportement différent sur
chacune des surfaces. Aussi, il est nécessairéldetisnner finement les microarrays avec

les surfaces les mieux appropriées.

En plus de la chimie de surface, de nombreux fasteiluencent les performances des
microarrays tels que (a) la composition de la smutle spotting , (b) le taux d’humidité
Durant le spotting (c) la concentration des cAb¥Je temps d’incubation et le séchage de la
solution de spotting (e) la composition du tampenbtbcage (f) le temps de blocage, (g) le
tampon utilisé pour la dilution des échantillorts), Ie temps d’incubation des échantillons (i)
la température, (j) le niveau d’ agitation et ddange durant I’ incubation, (k) la composition
du tampon de rincage (I) I'agitation durant le age, (m) la composition du tampon de
détection, (n) la concentration des dAbs, (0) fefde d’incubation des dAbs, (p) l'affinité et
la stabilité des dAbs, (q) la concentration desguaurs de détection (e.g., Ab secondaire ou
la streptavidine marquée, (r) la composition dugambuffer, (s) le temps de I'incubation (t)
la nature du marqueur de détection (fluorescergrmyme), etc... [98]. Un enjeu important
pour le développement futur des microarrays makips est d’identifier les facteurs critiques

et de les optimiser.

Aujourd’hui, plusieurs sociétés ont commercialisgs dnicroarrays a protéines pour la
détection et I'analyse de protéines dans des étlbasthumains tels que le serum, 'urine, le

tissu, etc...Le tableau suivant recense ces differdispositifs et listent leurs caractéristiques.

Categorie Société Produits Printed Replicat/ | Prix/lame Sample Surface Reference
proteins proteines tested/ slide
Cytokine test| Whatman FAST Quant Antibodies 3 525 € 16 Nitro [99, 100]
THL1/TH2 against 9 cellulose
arrays cytokines
FAST Quant| Antibodies 3 525 € 16 Nitro [100]
angiogenesis | against 9 cellulose
arrays cytokines
R&D Human Antibodies 2 128 € 1 Nitro http://www.
system Cytokine against 36 cellulose rndsystems.
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Array Panel| cytokines com/Produc
A ts/ary005/C
itations
Human XL | Antibodies 186 € 1 Nitro No
Cytokine against 102 cellulose
Array cytokines
RayBiotech | Human Antibodies 698 € 16 N.A [101-104]
Quantibod® | against 20
Cytokine cytokines
Arrays Q1
Human Antibodies 12900 € 16 N.A [105]
Quantibod® | against 440
Cytokine cytokines
Arrays Q440
Protein Invitrogen ProtoArray® | 9,000 unique 1180 € 1 Nitro http://www.
profiling Human human cellulose lifetechnolo
Protein proteins gies.com/fr/
Microarray fr’lhome/life
science/prot|
ein-
biology/pro
tein-assays-
analysis/pro
tein-
microarrays
[technical-
resources/li
terature-
citations.ht
ml
Sigma- Panorama® | 224 anticorps discontiny 1 Nitro http://www.
Aldrich Antibody ed cellulose | sigmaaldric
Microarray - h.com/catal
Cell og/product/
Signaling Kit sigma/
Cancer RayBiotech | Array Q1 Anticorps 221 € 16 N.A No
biomarker Cancer dirigés contre
screening gastrique 5

biomarqueurs
de cancel
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gastrique

Arrayit OvaDx® Test| N.A N.A N.A N.A N.A No
Diagnostique

du cancer des

ovaires
Allergy Thermo ImmunoCAP | 103 allergens 3 N.A 4 Polymer [106-109]
microarrays | Fisher ISAC
Scientific
Arrayit Allergy 123 allergeng N.A 264% 1 N.A No

microarrays | to IgE
101 allergens
to IgG

Table 10. Les microarrays commercialisés

Soulignons par exemple l'intérét du microarray BAstay® Human Protein Microarray
développé par Invitrogen qui contient plus de 9 Oprotéines humaines . Selon leur site,
plus de 110 publications utilisent ce produit ptester des maladies différentes comme les
transplantations [110-112], différents cancers {119], et des maladies auto immunes [120-
122]. Cependant, des dispersions sont observégs’dor compare les résultats issus de
différents laboratoires mais utilisant les mémesdpits. Aussi, le ProtoArray® Human
Protein Microarray est un outil puissant pour faire premier screening de biomarqueurs

mais une validation est ensuite nécessaire avemdtsdes traditionnelles comme I'ELISA

Sigma-Aldrich a aussi développé une puce PanoraArdidody Arrays pour analyser les
profil d’expression des protéines [123]. Celle-ci permis d’identifier de nouveaux
biomarqueurs potentiels aussi bien dans le canceseth [124-126], le cancer colorectal
[127], le cancer de la prostate [128], le cancepdumon [129]. Les protéines d’interét ont
aussi été validées par Western Blot. Malheureusermemmicroarray n’est plus disponible a

cause du manque de ventes.
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Chapitre 2 : Criblage d’autoanticorps Anti HSP dansles sera de cancer du

sein a I'aide de microarrays a protéines faits a fgon

Le chapitre 2 est consacré a I'élaboration des puces a antigemesl’analyse des profils
d’expression d’anticorps anti-heat shock proteinti{fasps) chez des patientes atteintes de
cancer du sein. En effet, de nombreuses étudesmamten évidence des taux élevés
d’anticorps anti-hsps dans le sérum de patientegts de cancer du sein, certains d’entre-
eux étant associés a la progression de la maladigefois ces études ont porté sur I'analyse
d’'un ou deux anticorps anti-hsps simultanémentguien’a pas permis de dégager un réel
intérét diagnostique ou pronostique de tels mangueéunsi, en collaboration avec le CHU de
Montpellier, nous avons sélectionné 7 protéinesadppant a la famille des « heat shock
proteins » (hsp27, hsp60, hsp70, hsp90, hsp11@8ggyp94) comme antigénes sondes pour
I'élaboration des puces a antigene. Nous avonkemgat inclus dans ce panel, la protéine
p53 largement décrite pour induire la productioanticorps anti-p53 associés a un mauvais

pronostic du cancer du sein.

Dans un premier temps, nous avons étudié linfteede la chimie de surface et des
conditions d'immobilisation des antigenes sondeslesi performances de la reconnaissance
antigéne-anticorps afin de définir les conditiontimales pour le criblage des sérums de
patientes. En effet, lors d’'une étude précédentehifies de surfaces différentes ont été
développées dans I'équipe pour I'immobilisationaewnte ou non de protéines sur support de
verre. Il s’agit de surfaces fonctionnalisées awesilane carboxylé (surface COOH), avec le
silane carboxylé activé (surface NHS), avec duoshih (surface chitosan), avec un silane
aminé (surface APDMES), avec un carboxyméthyl @ex{surface CMD), ou encore avec un

polymére d’anhydride maléique (surface MAMVE).

Quatre concentrations de dép6t d’antigene sond®.@# mg/mL a 0.1 mg/mL) ont été
testées pour leur capacité a reconnaitre de fag@tifgjue et sensible les anticorps
correspondants. La figure suivante montre les rdpignal sur bruit (SNR) obtenus apres la
reconnaissance entre antigenes sondes immobiléséed mg/ml et les anticorps purifiés

incubés sur les 6 chimies de surface étudiées.
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HSPB1
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APDMES
MAMVE

CMD
Parmi les 6 chimies de surface évaluées, 3 swf@C®OH, chitosan et CMD) permettent

une détection efficace des 8 anticorps testés @tnséme pour une concentration de 0,05

mg/mL en antigéne sonde déposée.

En tenant compte de ces conditions, 50 sérumstamnfes atteintes de cancer du sein et 26
sérums de donneurs sains ont été évalués pouédarme des anti-hsps et de I'anti-p53. Des
lames de verres micro-structurées et fonctionnedis#vec les chimies de surface COOH,

chitosan et CMD ont été utilisées.

La figure suivante montre la conception d'une laswe laquelle sont gravées 40
micropuits. Dans chaque micropuits, sont spottéa®ines différentes (7 hsp et P53 ) en 5
réplicas dans leur concentrations optimales et bveampon adéquat qui dépend de la chimie
de surface faite préalablement sur la surfacesi @or des surfaces COOH, on utilise un

tampon acetate (pH= 4.5) tandis que sur des surfdeechitosan, on utilise un tampon
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carbonate de pH 9.6. Enfin, des plots contenarqueament de la solution tampon ou de la
streptavidine-F555 sont réalisés pour les contndéegtifs et de qualité du microarray. Aprés
le spotting, les lames sont laissées une nuit aséid hygrométrie contrdlée pour laisser la
réaction d'immobilisation se faire. Les lames samguite rincées soigneusement dans du PBS
puis une étape de blocage avec une solution de BS®PBS-T 0.1% a température
ambiante est réalisée pendant 2 heures afin ddeflimiltérieurement les phénomeénes
d’adsorption non spécifique. Enfin les lames simtées 3X5 minutes dans du PBS-T 0.1%

et séchées 3 minutes par centrifugation a 1306 foar minute (rpm).

NN NN N
bt . Incubation avecdes
dddl @D OO0 1 _| Anticorps purifiés
LN N N N N v
*e. 000072
N N NN NN | oo™ | 3 _| IncubationavecTampon
] 1] |4
(® Buffer HSPB1 I:l I:| 5 Incubation avecdessera
& HSPD1 & HSPTO O O] |e _| decancerdu sein
) e P53 HSP90 O af |7
e HSPAS e HSP30B1 O O 8 Incubation avecdesserade
HSP110 O] O g patients sains
\ & Streptavidin - F555 0l Ul o —

Dans chaque micropuits

En présence de sérum, les lames fonctionnaliséssla CMD présentaient un bruit de
fond trés fort, empéchant leur exploitation. Enarshe, la surface COOH permet de
discriminer de facon significative (p<0,05) lesws®&s cancéreux des sérums sains vis-a-vis de
la présence des anticorps anti-hsp60, anti-hsprli;hsp90 et anti-grp94. Les taux
d’anticorps anti-hsp27 et anti-grp78 sont signtficament différents entre les sérums
cancéreux et les sérums sains (p< 0,05) lorsggoilg évalués sur la surface fonctionnalisée
avec le chitosan. Par contre, aucune des surfastées ne permet de discriminer les 2
populations de sérums par rapport aux anticorpshaptilO et anti-p53. A partir de ces
résultats, nous avons construit les courbes ROQ@ejRer Operating Characteristic) et
calculer l'aire sous la courbe correspondante (AU©ur chaque anticorps dans ses
meilleures conditions de détection et de discritima Pour qu’un biomarqueur soit
utilisable en cliniqgue pour du diagnostic ou durpstic, il faut que '’AUC soit supérieur a
0,75. Ainsi, si on considéere chaque anticorps laspiindépendamment, les valeurs des AUC
varient de 0,576 a 0,731, indiquant que la détedimique d’'un anti-hsp n’a pas de valeur

clinique. Toutefois, si on considére la détectionudtanée des 7 anticorps (anti-hsp27, anti-
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hsp60, anti-hsp70, anti-hsp90, anti-grp78, antBgrpet anti-p53) dans les conditions

optimales, la valeur AUC obtenue est de 0,912. Cewfirme que la détection d’'un panel de

biomarqueurs dans des conditions optimales perfaagohenter significativement la valeur

diagnostique et/ou pronostique du test. Aucunestattion n’a pu étre mise en évidence entre

la présence des anticorps anti-hsp et anti-p53 tade de la maladie.

Courbes ROC des autoanticorps pris individuellens@n noir pour une combinaison de

7 autoanticorps et table rassemblant les valewrsAdJC extraites des courbes afin de

discriminer les patientes ayant un cancer du sei ebntroles sains

Sensitivity(%)

100
9()»*‘——I—‘—1

»— HSPD1_COOH
HSP70_COOH
HSP90_COOH
HSP90B1_COOH

“— HSPB1_CHITOSAN

—>— p53_CHITOSAN

*— HSPA5_CHITOSAN

—>— Combination

0 1 1 1 1

1 L L L

L
0 10 20 30 40 50 60

100-Specificity(%)

70 80 90 100

Anti-HSP antibody

AUC (95% CI)

Anti-HSPB1 antibody*
Anti-HSPD1 antibody**
Anti-HSP70 antibody**
Anti-p53 antibody*
Anti-HSP90 antibody**
Anti-HSPAS antibody*
Anti-HSPB1 antibody**

Combination of 7 antibodies

0.631 (0.468-0.739)
0.683 (0.592-0.781)
0.732 (0.619-0.801)
0.581 (0.478-0.710)
0.710 (0.625-0.848)
0.723 (0.672-0.806)
0.728 (0.627-0.820)

0.978 (0.911-1.012)

Seulement 4 des autoanticorps anti-HSPs étudiés wlatne travail ont été évalués dans

d’autres travaux. Le tableau suivant donne un peeagpercu de nos résultats comparés a ces

travaux. Cependant, la taille de notre échantilkmen (50 patientes atteintes de cancer et 26
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donneurs sains) est trop limitée pour pouvoir cargctéfinitivement. Il sera donc nécessaire

d’évaluer ces parametres sur un échantillonnadeantplusieurs centaines de personnes.

Table des Fréquences de chaque auto-anticorpsH®l-détecté sur les cancers du sein et

contrbles sains.

HSPs  Méthodes Echantillonnage AADb fréquence %p-value  Reference
cancer sain cancer sain

HSPB1 ELISA 579 53 37.8% 1.9% p<0.001 [50]
Microarray 50 26 8% 0 0.049* Our study

HSPD1 Western B 40 42 47.5% 47% p<0.01  [51]
ELISA 107 93 31.8% 4.3% p<0.000152]
Microarray 50 26 14% 3.8% 0.01* Our study

HSP70 ELISA 369 53 40.9% 35.9%PE [50]
Microarray 50 26 34% 0 0.002**  Our study

HSP90 ELISA 125 PE 36.8% PE PE [49]
ELISA 13 22 7.7% PE PE [53]
Microarray 50 26 4% 0 0.002**  OQur study

PE:pas exploitable; * Résultats obtenus sur chitp$4 Résultats obtenus sur COOH

En conclusion, cette étude a permis de démontrerl@gisupports de microarrays micro-
structurés développés au laboratoire, sont un datitriblage tres puissant. En effet, ils ont
permis de déterminer rapidement les meilleures itiond d’immobilisation (chimie de
surface, concentration) d’antigenes sondes podétection d’anticorps. Ces supports micro-
structurés ont également permis d’élaborer des spacantigenes a facon (sélection des
meilleures conditions pour chaque antigéne sonéla) cBétablir les profils d’expression
d’anticorps anti-hsps présents dans le sérum denped atteintes du cancer du sein. Nous
avons alors montré que la détection multiplexe deiomarqueurs permet d’augmenter

significativement la sensibilité et la spécificit@n test clinique a valeur diagnostique.
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Chapitre 3 : Elaboration d’'un microarray a anticorp s pour le dosage des

biomarqueurs tissulaires uPA et PAI-1 dans les tumes du sein

Le chapitre 3 concerne I'élaboration d’un immunoassay miniatu®ur le dosage des
protéines uPA et PAI-1 a partir d’extraits cytogaks de tissus tumoraux de cancer du sein.
En effet, uPA (urokinase Plasminogen ActivatorPal-1 (Plasminogen Activator Inhibitor-

1) sont 2 biomarqueurs tissulaires reconnus duldgpement du cancer du sein et de sa
dissémination métastatique. Leur niveau d’expressians les tumeurs du sein permet de
classifier les patientes et de leur apporter uitetreent adapté. De faibles taux d'uPA (< 3
ng/mg de protéines totales) et de PAI-1 (< 14 nghbhgprotéines totales) sont de bon
pronostique et permettent d’éviter un traitemenirdosans réel bénéfice pour les patientes.
Alors que de forts taux d’'uPA et de PAI-1 sont é#s a un haut risque de récidive, un

traitement de chimiothérapie adjuvante est néaesatin de réduire ce risque.

A I'heure actuelle, un seul test (Femtelle®, Sekidiagnostics) basé sur une méthode
immunologique (ELISA) permet de doser ces 2 biomaungs dans des extraits cytosoliques
obtenus a partir de tissus tumoraux frais ou ca@sgé€lependant, cela nécessite de disposer au
minimum de 300 mg de tissu tumoral, ce qui estlimgation importante hotamment pour
des tumeurs a un stade trés précoce. Une solutapogee est donc de développer un test
immunologique miniaturisé basé sur la technologie biopuces a protéine, et permettant de
doser les 2 biomarqueurs considérés a partir diejugee milligrammes de tissu tumoral. Ce

travail a été réalisé en collaboration avec I'tiistde Cancer de Montpellier.

Les études précédentes menées dans I'équipe anispde développer des chimies de
surface adaptées a l'immobilisation des protéirieles ont également mis en évidence
'importance d’adapter la chimie de surface etdesditions d'immobilisation (concentration,
solution tampon de dép6t) a la protéine a immahilafin de conserver au maximum son
activité biologique. Ainsi, dans un premier temp®us avons optimisé les conditions
d'immobilisation des anticorps anti-uPA et anti-PAde facon a avoir une détection sensible
des marqueurs uPA et PAI-1. Puis nous avons reals®s les conditions optimales définies,
le dosage de uPA dans des extraits cytosoliquéissies tumoraux de cancer du sein, fournis
par le Centre de Ressources Biologiqgues de MorgpeMous avons alors comparés nos

résultats avec ceux obtenus par le kit Femtelle.
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Pour mener a bien cette étude, nous avons étwaditvité biologique de 2 anticorps anti-
uPA, 2 anticorps et 1 scFv anti-PAI-1, immobilisé&s les 6 chimies de surfaces développées
dans I'équipe dans des conditions variables (cdretéon, solution tampon de dépo6t). Parmi
les 6 chimies de surface testées, 3 permettenbrgerver une bonne activité biologique des
anticorps anti-uPA et du scFv anti-PAI-1. Il s’agiés surfaces fonctionnalisées avec un silane

carboxylé (surface COOH), avec le silane carborgiivé (surface NHS), avec du chitosan
(surface chitosan).

Cependant les anticorps anti-PAI-1 ont totalempartu leur activité biologique suite a
leur immobilisation sur les surfaces, et ce qued goit les conditions utilisées. Aucune
activité biologique de ces anticorps n’a égalenpenétre détectée en test ELISA classique.
Les conditions optimales définies pour le scFv-&8rtl-1 sont une concentration de dépét a

10 uM en tampon PBS 1X (pH=7.4) permettant d’olstene limite de détection (LOD) de
PAI-1 de 2 ng/mL.

PAI-1 test

]| —¢— FEMTELLE kit
—B— anti-PAI-1 Ab-1
|| —k— anti-PAI-1 Ab-2

——8— anti-PAI-1 Ab scFv

absorbance

i
0 5 10 15 20

concentration of PAI-1 (ng/ml)

En ce qui concerne les anticorps anti-uPA, la eotration de dépodt est de 6.6 UM en
tampon PBS 1X (pH=7.4). La LOD de uPA obtenue daas conditions est de 0.2 ng/mL
avec une gamme dynamique de 0.2 — 2 ng/mL. La otrateon de I'anticorps de détection

anti-uPA biotinylé, préparé a partir du kit Fengeth également été optimisée.

Compte-tenu de ces résultats, des biopuces a mpdiemti-uPA ont été élaborées sur les
surfaces COOH, NHS et chitosan, dans les conditptisales, et évaluées pour la détection
et le dosage de uPA dans des extraits cytosolidedssus tumoraux de cancer du sein. 16
extraits cytosoliques, préalablement dosés pait|Edmtelle et présentant des taux de uPA

compris entre 0.4 et 8 ng/mL, ont été testés.
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Une des difficultés de ce test est liee a l'aspge@ntification. En effet, chaque biopuce

doit intégrer une gamme étalon permettant le dosegePA. Pour cela, on a sélectionné 6

concentrations, en espérant avoir une bonne gargnardque de la courbe d’étalonnage. Au

regard des gammes d’étalonnage de uPA sur lemrleshde surface testées, seule la surface

NHS permet d’obtenir la gamme dynamique la pluadiie avec un coefficient de régression

de 0,9795.

Anti-uPA Antibody  Surface LOD Dynamic range Range of SNR

spotted concentration of uPA
3 uM COOH 0.2ng/ml  0.2-1.5ng/ml 5.5-14.9
6.6 UM COOH  0.2ng/ml 0.2 —1.5ng/ml 5.5-16.8
3 uM NHS 0.2 ng/ml 0.2 — 2ng/ml 2.1-6.3
6.6 uM NHS 0.2 ng/ml 0.2 — 2ng/ml 2.1-10.3
3 uM chitosan 0.2 ng/ml 0.2 — 1ng/ml 1.1-1.8
6.6 UM chitosan 0.2 ng/ml 0.2 — 1.5ng/ml 1.4-45

Compte tenu a priori de la quantité de uPA présaats les échantillons a tester, I'analyse

des 16 échantillons a été faite a 2 dilutions diffées (non dilués, dilués 5 fois) afin d’entrer

dans la gamme dynamique de la courbe d’étalonnage.

Spotting

1st incubation

® Buffer

Each Anti-uPA Ab 3 pM

well

® Anti-uPA Ab 6.6 pM

Strep - F555

-

1 (DO OO uPAaté

2| OO Concentrations (ng/ml)
3| 1T El 0,0.2,051,15and 2
4llO0OOn™ Buffer
SI|oooo - Tumor tissue
él|lOpd non-diluted
71100008

8 (DodD —+ Tumor tissue

o| |0 OO0 diluted 2 or 5 times

ol L0000

Parmi les 16 échantillons cytosoliques testés, 'ghtik-eux ont pu étre correctement

dosés pour uPA sur notre microarray. Les résutthtenus sont en accord avec les dosages

réalisés avec le kit Femtelle, et sont donc tr&é®erageants pour l'utilisation des microarrays

en clinique pour l'aide a la décision thérapeutidbe plus, les limites de détection atteintes

avec notre microarray sont trés inférieures a sall@enues avec le kit commercial. En effet,
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des quantités 10 fois inférieures en uPA, et 6iftférieures en PAI-1 peuvent étre détectées
et dosées par notre systéme, et ceci en consonif@rfbis moins d’échantillon biologique.

Il reste cependant a évaluer les performances tle microarray pour le dosage de PAI-1 en
échantillons cytosoliques, puis a évaluer le dosige?2 biomarqueurs dans des échantillons

issus de tissus parafinés.

Comparison of ELISA with NHS surface

A3 M
8 1| m6.6 yM

‘| N I
| *Af‘ L

0 T T T T T T T T

0 1 2 3 4 5 6 7 8 9
ELISA (ng/ml)

NHS surface (ng/ml)

Chapitre 4 : Optimisation de I'élaboration des micioarrays a proteines et

de leurs conditions d’utilisation

Le chapitre 4 traite de I'optimisation des différentes étapedatiération et d’utilisation
des puces a protéines. En effet, dans un but idatibn en clinique, il est essentiel de
contrdler, d’optimiser et de stabiliser chaque étaje fabrication des puces depuis la
fonctionnalisation chimique de la surface jusqué&ape de détection de I'évenement de

reconnaissance biologique.

La stabilité des 6 chimies de surface utiliséesrcdEté évaluée au cours du temps (tous
les mois pendant 6 mois) apres stockage dans wenén contenant un desséchant. Cette
évaluation a été réalisée par mesure de lI'angleodéact et calcul de I'énergie de surface,
ainsi que leur capacité a immobiliser des protémesquées par un fluorophore. En effet,
I'énergie de surface est directement corrélée tatl'de la surface et a sa composition
chimique. Toute variation de I'énergie de surfaogligue donc une modification de la
composition chimique de surface. Les résultatsmisenettent en évidence la grande stabilité
des chimies de surface COOH, NHS, chitosan, APDMESMD dans ces conditions. Seule
la chimie de surface MAMVE présente une forte augatéon de son énergie de surface au

cours du temps, notamment de la contribution paladeci peut s’expliquer par I'hydrolyse
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des fonctions anhydride maléique suite a I'exposi@ I'humidité ambiante, conduisant a la
formation de groupements carboxyliques a caractptes polaire. Par ailleurs,
'immobilisation de différentes molécules marquésseptavidine-Cy3, anticorps-Cy3, ADN-
Cy3) sur les 6 chimies de surface, diminue de faglois ou moins importante selon les
molécules et les surfaces aprés 3 mois de stockaggerésultats combinés aux précédents
suggerent que les chimies de surface développéebaratoire pour I'élaboration de puces a
protéines sont stables jusqu’'a 3 mois de stockam®s dine enceinte en présence de

desséchant.

Nous avons également évalué la stabilité des medésondes (hsp60, hsp70, hspl10,
grp78 et p53) immobilisées sur les puces (surf&@@OH, NHS, chitosan et CMD) apres
stockage dans différentes conditions (sous azeies dne solution a 50% de glycérol, dans
une solution a 5% de tréhalose, avant « capping b durface ou apres). Cette étude a été
réalisée par mesure de l'activité biologique destgines immobilisées, c’est-a-dire leur
capacité a reconnaitre leur anticorps spécifiques tésultats indiquent que la stabilité des
protéines sondes immobilisées est meilleure loslps sont stockées aprés « capping » dans
une solution a 50% de glycérol. Cependant leunia&tbiologique décroit avec le temps de
stockage, mais permet une détection sensible de®igs jusqu’a 3 mois de stockage. Ceci
est en accord avec les résultats précédents camteanstabilité des chimies de surface.

Nous avons ensuite optimisé les temps d’incubateatifs aux différentes étapes de
traitement des puces a protéines. Ainsi, apréegpdiddes protéines sondes, un blocage de la
surface avec une solution 10% BSA/PBS 1X penddmture est suffisant pour saturer tous
les sites non spécifiques. Puis I'anticorps dedtiéte biotinylé doit étre incubé 1 heure a une
concentration de 0,1 puM au lieu de 0,5 uM pour rawoie détection sensible de la
reconnaissance antigene-anticorps. Enfin, il edsipte de réduire de moitié le temps
d’'incubation avec la streptavidine-Cy3 (soit 30 utes au lieu d’1 heure), et la concentration
d’'un facteur 4 (soit 0,05 uM au lieu de 0,2 uM)n#gij 'utilisation de systémes miniaturisés
tels que les puces a protéines pour étudier leactions antigene-anticorps permet de
réduire d’'une part le temps d’'analyse et d’'autre p&a colt par rapport a des systemes

classiques tels 'ELISA.

Conclusion

De ce travail, il ressort que les microarrays nstmecturés sont des outils puissants

permettant de cribler rapidement un tres grand merdb biomarqueurs et qui ne nécessitent
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gu’'un faible volume de prélevement biologique. 8dkcontenu biologique des microarrays
faits & facon (c'est-a-dire en fonction des sonda®obilisées sur la surface) on peut
développer des outils soit pour le diagnostic, poitr le suivi thérapeutique des cancers du
sein. Notons également que cet outil générique pratadapté a d’autres types de cancer.
L’enjeu des prochaines études étant de validerpdegls de biomarqueurs pertinents pour

chaque type de tumeurs.
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Résumé en Francais

Le cancer du sein demeure un probleme de gamtéque majeure dans le monde. Afin
d'améliorer les chances de survie et la qualiteieleles femmes, il est nécessaire d’effectuer
le diagnostic a un stade précoce et d'appliquetrddement. Dans ce contexte, un des
objectifs de cette these est de développer desspaigerotéines pour le diagnostic et le
pronostic du cancer du sein. Parmi les nombreuxquears biologiques potentiels, des
recherches récentes ont montré que des anticotpbeat shock proteins (anti-HSPs) sont
associés a la genése tumorale. Ces anticorps rderd@nc de bons biomarqueurs
diagnostiques et pronostiques pour le cancer du Bar conséquent, nous avons élaboré une
puce a antigenes afin de détecter les anticorpsH&R dans le sérum de 50 patients atteints
de cancer du sein et de 26 témoins sains. Nodaésiridiquent clairement que la la détection
multiplex d’'une combinaison d'anticorps anti-HSPnpet de discriminer les patients atteints
de cancer du sein des témoins sains avec une #ighslb 86% et une spécificité de 100%.
Ensuite, nous avons élaboré une puce a anticonpsduser la concentration de I'activateur
du plasminogéne de type urokinase (uPA) et de sbibiteur principal (PAI-1) dans 16
extraits cytosoliques de tissus tumoraux. uPA et-PAont décrits comme étant de bons
biomarqueurs pronostiques et prédictifs du canaeseih. De faibles taux de uPA3(ng / mg
de protéine) et PAI-1<(l4 ng / mg de protéine) sont associés a un faikidgie de récidive et
pas de bénéfice d’'une chimiothérapie pour les ptstiatteints de cancer du sein. Les résultats
obtenus a partir de puces a anticorps étaient curdi@pendante par rapport aux résultats
obtenus sous forme ELISA. En outre, l'utilisatian ibs puces a anticorps nécessite 25 fois
moins de volume d'échantillon par rapport & un gedalISA, résolvant ainsi les principales
limites de la méthode ELISA. Enfin, nous avons d@ieé et optimisé les parametres
influencant les performances des puces a protétoesme par exemple la chimie de surface,
la durée expérimentale, la concentration des swlstietc. Nous avons également étudié les
conditions de stockage a la fois pour des surfab@miquement fonctionnalisées et pour les
puces a protéines. Les résultats ont montré qupuess a protéines conservent leur activité
biologique jusqu’a trois mois de stockage.

Mots clés: puces a protéines, anticorps, le diaggnake cancer du sein, biomarqueurs
prédictifs, le stockage
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