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Abstract
Circulating tumor cei (CTC) in patient blood samplesorrelate with poor

diseasdree survival. CTCglerive from a tumorinvade the bloodstreanand colonize
secondry tissue sites as key agts in the metastatic casca@urrent CTC detection
modalities use cell surface antigamtibody affinity but suffer from high antibody costs
and poor yield due to multiplblood sample processing stepse objective of this thesis
project was to develop a peripheral blood CTC detection method using microfluidic
confocal flow cytometry to discriminate cell types based on differences in backscattered
light intensity. Characteristic light scattering signatuogiinate from variable cell
morphologies and densities of intracellular organelles, and such differenceseare

routinely in clincal complete blood cell counts.

The proof of concept of this endogenous light scattering detection method was
explored inthreeways Firstly, the scattering profiles of culturbdeastcancer cells were
compared tenrichedpopulationsof the two major leukogte classes, mononuclear cells
and granulocytesisolated from nortancerous peripheral blootlVe determined that
cultured cancer cells scattered in a unique, intermediate space relative to the two
leukocyte classes. This result motivated the second set axperiments where
fluorescently labelled cultured cancer cells were mixed into hemolysed leukocyte
suspensionsThe purpose was to develop classification algorithmdetect unlabeled
CTCs in @ncer patient bloodampes. However, tassification performance wasduced
relative to theenrichedsample comparison due to tladtenuating effects of residual

erythrocytes.

The third set of experimentgivolved detectionof green fluorescent protein
expressing (GFR human breast cancer celidlowing orthotropic implantatiorinto the

mouse mammary fat padhis animal work was conducted in collaboration with a
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therapeutic targgtroject investigatinghDAM8, a member of the ADAM (a disintegrin

and metalloprotease nm@in) family. CTC concentration and scattering characteristics of
leukocytes and GFPCTCs were acquired for twstudies In a onemonth tumor
induction time coursetudy, cells with ADAM8knockdown hadsignificantly reduced
circulating tumor cell concergtions and brain metastasds.the second study, anti
ADAMS8 antibody treatment ofesected tumors decreased metastases significantly
increased a rare population of autofluorescent leukocytes implicated in an immune
responseA group of cells with unique light scattering characteristics was ideniified

metastatic mice.

This confocal flow cytometry approach to cancer cell enumeration and light
scattering characterization was useful in both in vitro method development anal ani
blood sample assessme@iptimizations in signal processing, blood sample preparation,
and discriminate analysis are ongoing efforts to enh#imeeensitivity and specificity

performance
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Light  Scattering Flow  Cytometry for the
Characterization and Quantification of Circulating
Breast CancerCells

1 Chapter: Clinical significance and review of current

technigues for the enumeration of cancer cells in blood
The primaryobjectiveof our research ithe development ai minimally invasive

and efficient detection technique to discriminate circugatiomor cells (CTCs) from

normal blood cells for clinical diagnostic atiterapeutianonitoring purposesCTCs are

defined as tumor cells shed from a solid tumor and in transit within the circulatory
system. A blood sample is minimally invasive relative to a bone marrow aspirate where
disseminated tumor cells (DTCajereinitially found andsparked clinicalnterest inthe
hematological spread of canteAlthough DTC concentrationwas demonstrated to be
prognostically signitant, the very low detectiorate of tumor cells within only 3% of

bone marrow aspirates from early stage breast cancer patients prompted renewed interest
in CTC enumeration within bloddThe purpose of this thesis project wiasassess
patential of light scatterindpased microfluidic flow cytometry to detect breast cancer

CTCs as a diagnostic and therapeutic monitoring tool.

1.1 Motivation
Epithelial ®lid tumors are responsible for 90% thfe 1.6 millionnew cancer

diagnosesin the US, with breast, prostate, lung, and colonceaonstituting the
majority of cases Current tumor stagingrotocols usdocal tumor extensiorsentinel

lymph node involvementserum cancer marker analysend computed tomography
evidence of metastasis. Despite ongoing enhancements in these staging modalities,
metastases are the cause of 90%hef572,000 annualancer deatfisMoreover, despite

recent advances in cancegeatment the American Carer Society reports that over
40,000 women die yearly in the United States of metastatic breast difeasefore,
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there is a clinical need fodevelopment of detection technologies with increased
sensitivity. Hematological spread is an integral step énntietastatic pathway, thus CTC
concentrationmonitoring represents one such strategyn d has been coined a

bi ofpsyo

Although the presence of CTCs in an autopsy was first documented in 1869, the
rarity and heterogeneitgf these cells havhindered our understanding of their role in
cancerpathology. CTCs are extraordinarily rareurrent estimatesre one CTC per
billion blood cellsin the circulation of patients with advanced cafic&TCs are a
heterogeneous populatioa,fraction of which isvziable metastatic precursors capable of
initiating a clonal metastatic lesibnRecent technological advess beginning in the
early 2000shave enabled researchers dbaractrize and enumerat€TCs Several
studies with large cohortsave shown that thdetectio of circulating cancer cellsas
prognostic value for individual patiemtisease progression, survivand therapeutic
response particularly in breast, prostate aolbrectal cancecase The majority of
these prospective multienter studies of newly diagnosed metastatic cancer patients used
CellSearck (Veridex/J&J),the first FDAclearedimmunomagnetic bead capture assay
for CTC detectiolf. Seminal studies found that @TC concentrationof C6 cells for
breast and prostatnd 8 for colorectal cancer patienis 7.5 mL of peripheral blood
prior to reatment and at first followp correlated with shorteprogression freeand
overall survival'®*. Subsequentstudies demonstratedensitivity of 2757% and
specificity of 9399% based on type of malignanty. The Cel | SearchE CTC det
platform demonstrated the monitoring efficacy of CTC concentration to improve
prognosis whemndividual patientCTC concentrations decreased up to 50% in response
to therap¥’. There was a correlated increase or no change in €&@h€entrations in the

cases where individual patients did not respond favorably to therapy. These preliminary
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findings motivated a major ongoing clinical trial that seeks to incorporate CTC

monitoring into the standard of cae risk-management and ecanizal purposes.

Although prognostic and monitoringapacitiesemerged from these studies, CTCs
were only detected in approximately half of thetastaticcancer patientasingas much
as50 milliliters of blood™. Moreover, recent results from CTC screening in estdge
breast cancer patients demonstraadéss than expected CTgdncentratiorof only >1
cell/7.5ml of blood using the CellSearghassa$’. Compared to the present standard of
05 CTCs/ 7.5 ml of bl oG3@/7.5 mlwasnsigniicardaly highea ver age of
than normali.e. norcancerous)evels and wasf limited prognostic valuéo the care of

early-stage breast cancer patients

Therefore, ongoing research, lmding the work presented herkas focused on
increasing the sensitivity of a detection ass&ybsequent studies using other CTC
detection sy'ems have demonstrated similar correlations between €Centration
and patient survivak-or example, anicrofluidic epithelial antibodypased CTC capture
device tracked decreasing CTg@ncentrationin metastatic lung, prostate, and breast
cancer patiets in response to effective chemotherapy, hormonal therapy, and targeted
kinase inhibitio**. Of the samples assayed, approximately 60% were positive for CTCs
with concentration values ranging from 14 to 5000 CTCs per milliliter of blood. The

increased sensitivitpf a microfluidic approachmotivated the pursuit od minimally

invasive enumeration techniqoa a similaiblood samplerocessinglatform

Rather than using epithekapecific antigens for CTC isolation, our detection
method exploited endogenous differences in light scattetiagacteristics among CTCs
and blood cells. Ouapproachcenters on microfluidibased flow cytometry using
multiple interrogative visible light wavelengths detect differences in backscattering

light intensity thatoriginate from a variety of cell morplologies and densities of
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intracellular organellesThe excitation wavelengths of 40888, and 633 nm were first
used in our research group to discriminate leukemic from normal blooé.c8lcific

performance attributes of the leukemia study will be discussg@imnd this promising
technique motivated this thesis work to extend backscatteredbbgied detection to

CTCs deriving from solid tumors

The following section provides an ovaw of more established-vitro detection
techniquesusing a range oblood volumes, an oveview of current developments in
minimally invasive and noeinvasive alternatives, and advantages and limitations of each

technique.

1.2 In Vitro Techniques for Detectingand Enumerating Cancer Cells

in Blood Samples
Accurate assessments ©1 C concentratiorare expected tonprove riskadapted

therapy, which is tailoring i ndf.vReamnal
advances have focused twio endpoints of CTC analysis: isolation with mininaall
disruption for pathological understanding and detection with maxielakecovery for
prognosis. While this thesis describes a detectimentered method, alternative
approaches addressne or both endpointsDiscussed in this section are-wvitro
techniques based grhysical properties, cell surface biological properties, and nucleic
acid analysisAdditionally, techiques usingn vivo flow cytometry andntrinsic light
scattering willalso be discussedrior to cell quantification, most vitro detection
techniques rely on enrichment of sampledncrease CTConcentratiomelative to more
abundant blood cell§’he most commonly used enrichment techniques involve isolation
of cancer cells bphysical propertiesr affinity to specific antibodies.
1.2.1 Physical Roperty-BasedDetection Techniques

Physical differences among CTCs and normialood cells include sizZg,
density®, deformability’®, and membrane capacitarite Although not absolute, these
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differences have beensedto enrich blood samples for enumeration and further
assessment, such as molecularatizrization of gene produciBhe broad advantage is

a labelfree approach, whereas the broad disadvantage is decreased spewifingiyto
overlapping density distributioffs An intermediate density reagent such as Fiealjue
(1.077 g mi) separatesower densityperipheral bloodnononuclear cells (PBMC; i.e.
lymphocytes, monocytes and macrophages) from higher density polymorphonuclear

leukocytes (PMN, granulocytes; i.e. neutrophils, eosinophils, and basophils) and

erythrocytegFigure1-1)*2.

CTCs sediment within the PBMC layer, and the
fewer residual erythrocytes deases the cell
suspension viscosity for ease of further

processing.

Sizebased filtration methods exploit the
larger size of epithelial tumor cells relative to
normal blood cells. Cancer and blood cells are
different sizes due to differences in cell volume
related totransport phenomena and metabolic
demand¥. One such embodimentf a detection
approachis the Isolation by Size Epithelial

Tumor Cells (ISET)methodthat employs eight

micrometerdiameter cylindical filtration pores®,

Figure 1-1 Separated blood c¢g
subpopulations following densit
centrifugation with FicoHPaque
(1.077 g mf). PMNs constitute
the thin pink layer abovehe dark
red erythrocyte layer

The sensitivity thresholdbr reproducible cancer
cell detectionwas determined to be one spiked

carcinoma cell per milliliter of normal blood

using established cell lines deriving from liver,
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breast, cervical, or prostate cancer patieBystransitioning the sizbaseddiscrimination
approach to microfluidics, an alternative method used a pinched flow device to retain
larger tumor cells while smalldolood cells flowed through the chanf®lOwing to
differences in size and deformability, CTCs have been captured in a microfluidic device
studded with physical structures that aléalfor passage of smaller and more deformable
normal blood cells. The optically transpant device facilitates further antibothased
microscopic detection and analySi#\lthough thelow cost anchigh sensitivityin spiked
samplesf thesemethod are promising, rigid porsizing, pinched widthparametersand
physical structure spacing anet dynamicallyadaptable temaller diameter CTCs that

have been observéal clinical cancersample¥.

Differences in cell membrane capacitance and conductance have beemaused
dielectrophoresis (DEP) to isie CTCE. Total cell capatance is proportional to
plasma membrane area and cell stheughruffles, folds, and microvillialso augment
discrimination powef. Cells flowing through a channel respeado an applied electric
field, andresultant forcesvere either attractive or repulsive, thus allowing cells with
different membrane capacitance properties to be in thefléagshg center or slow
flowing boundary of the channel. This approach isolated 90% of spiked breast cancer
cells at concentrations of otwmnor cell in one thousand PBMCs in volumes less than 4.5
milliliters®. The pimary drawback to this method wtee requirement for quick sample
processing times in less than 15 minutes to mitigate changes in membrane capacitance
due to ion leakage.

1.2.2 Biological Properties Detection chniques

Differences between CTCs and blood céfissurfaceand intracellularprotein

expression, viabilityn culture and invasion capacity have been used for CTC isolation.

The primary advantage of these approaches wassatility in method design using
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antibody affinity, whereas the drawbacksre high antibody costirreversible antibody
affinity, slow processing times, and largamplevolume requiremest’. The most
widely used techniques reliath antibodybased cajprre of CTCs expressing epithelial
cell surface markers or rejection of CTCs not expressing leukocyte common gntigens
such as cluster of differentiatioantigen CD45, a panleukocyte marker Antibodies
against human epidermal growth factor recept¢HER?2) servd a similar purpose for
CTC detection in approximately 30% of breast cancer patfefise nearly universal,
albeit variable, expression opithelial cell adhesion molecule (EpCAM) cells of
epithelial origin and contrasting absence in bloodsckehs motivated the majority of
monoclonal antibodybased CTC capture systemBluorochromelabeled antibodies
against EpCAM have been conjugated to magnetic beadscrofluidic posté’,
magretic stir bar®, directly to cells for flow cytometry analyéfs and 3D-structured

silicon-nanowires*.

The CellSeardd system, the only FD/Approved methodor CTC detection
employed ferrofluidic nanoparticles coated with antibodies against EpCAM to
magnetically separate CTCs from other blood cells h5amilliliter sample Captured
cells were further identified as eghielial via affinity for antibodies againstytokeratins
CK8, CK18, andCK19 or as leukocytes viant-CD45 antibody affinity*®, Due to
contaminating issues where cells express affinity for both antibody types, all weotei
stainedwith DAPI (4',6-diamidino2-phenylindole)for microscopic visual inspection.
The semiautomated method usedfourcolor fluorescence microscope discriminate
epithelial cells fromblood cells based on cell size, roundness, nucleation, positive
cytokeratin staining, positive EpCAM staining, and negative CD45 stafnirm
operator madehe final decisioron CTC identity from the potential cells found by the

program. This platform isthe most advanced to date and Ipaspelled the CTC
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detection field; however, the meth@dsubject to operator discretion, primarily based on
perceived fluorescence intensity threshold indicating marginal st&fify Specific

ongoing efforts to automate this CTC selection process are discinss1.2

As previously mentioned ii.1, an emerging microfluidic device with anti
EpCAM antibodycoated microposts has already demonstrated improved sensitivity and
reduced sample volume requirement relative to the CellSearabsy’. The first
generation device relied on microposts to fad#itanixing and generated promising
results Whole blood was flowed through a microfluidic chip, and citeraced with
78,000 micropostsEpCAM-expressing cells attached to the postre inspectedby
staining with antibodies against cytokeratins, similar to the CellSearch assay. Following
imaging for enumeratio purposes, cohip lysis allowedfor DNA and RNA extraction
and molecular analyses. Thvestigators attributkthe increased sensitivitgf a median
50 CTCs per milliliter of blood in cancer patientsthe minimally disruptiveonestep
processing that retaingtle rare CTC populatiéh This platform demonstratedinical
utility in longitudinally monitoring patients for both CTEncentrationrand molecular
characteristicsThe second generatioof the device used@ herringbone to generate
microvortex mixing, thereby increasing the number of-oedropcst interactions to
increase sensitivitgheoretically®. The design of this chip waalso less complex than
that of the first generation making it more amenable to manufacturing in terms of cost,
consistent antibody coating, and visualizatdmadhered cellsThismicrofluidic platform
wasone ofthe most sensite approaches; howevehe relatively increased number of
detected fals@ositive cells in nonmetastatic patients and hgattbntrols warranted

further investigations oassay specificity

A second mioofluidic platform, Ephesia, usedolumns of biofunctionalized

superparamagnetic beads conjugated toEpBAM antibodies to capture CTEsThe
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beads selhssembld along microcontaeprinted magnet traps, thus enhancing the ease

of manufacturing of amicrofluidic chip platformover the technical hurdles inherent to

coating antbodies on micropostsA third microflu di ¢ pl at form,anAiFly Pape
ant-EpCAM antibodycoated silicomanowire arralf. The reduced structural dimension

to the nanosda theoretically reducedariability encountered due to collision frequency

and contact duratio/alidation experiments are underway, and microfluidic approaches

continue to show potential for their heightened sensitivity in blood volumes of less than 1

millil iter.

Although microfluidic approachegquire less initial sample volumtée raity of
CTC abundances motivaténnovative approaches to enrich CTCs from large blood
volumes with fewer processing steps than the
assa$’. A new immunomagnetic separation technology, MagSweepeda magnetic
stir bar toenrich gently epithelial cells boud to anttEpCAM antibodycoated magnetic
paticles’. By assaying nine milliliters of blood in less than hotie system found 12 *
23 circulating epithelial cells per patient with metastatic disease (n=47) and none in
healthy control samples (n=8JTCs were detecteid all 47 metastatic patients assayed,
and he large standard deviation was attributedrie outlying patient where 100 CTCs

were detected.

As the workhorse for clinical CBCs, investigattiaveadapted flow cytometry
applications for CTC detectioWith the capability to process large sample volumes,
assayingl0’-10° events per secondlow cytometry remains a promising platform for
enumerating rare cells. Commercial flow cytometers contailtiple excitation
wavelengths and 0 detection channels, incling forward and side scatter intensities,
which produce redime scatter plots and histograms, thus allowing the operator to define

regions of intereswWithin thefluorescencectivated cell sortingHACS) field, regions of
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interest can be further deéd as gates to allow for collection and further analysis of
specific cell populations. Investigators initially started with -BHgCAM and anti
cytokeratin antibody staining approaches but found that vargsitlection fluorophore
intensitiesamidst high lackground levels of cell and buffer autofluorescence produced a
surplus of positive counts. In many cases, the number of detected CTCs from the same
sample was 50 to 3 x 1@igher than observed with other approathésnew method,
MAINTRAC™, used specialized laser scanning cytometry to provide additional
information on the morphological properties pdsitively identified cells, whictwas

similar to the way operators scrutinizeach cell microscopically in the CellSedfch

systend’.

Other assays have been developed to refettenegatives. The functional
EPISPOT assay (for EPithelial ImunnoSPOT) is-destructive and assesksecreted
protein products during 248 hours of shotterm culturé’. This assay has been applied
to blood and bone marrow samples of breast and prostate gatiesits, thus providing
the first indication that cytokeratins can be released by viablated cellsand used as
markers for positive CTC identificati6h A secondcell viability method was the
collagen adhesion matrix (CAM) assay, whiatsesse€CAM ingestionand epithelial
immunostaining’. In vitro, isolated CTCs from breast, prostate, and ovarian cancer
patients ha® demonstrated this invasive capabitiythrive in a collagen matriXA more
thoroughdiscussion on the invasive properties of tumor cells follow&s il In addition
to surface antigen and invasive biological properties of CTCs, molecular characteristics
provide insight on cell identity, disease pathology, and the influence of the

microenvirament on the circulating cell.
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1.2.3 Nucleic Acid-BasedDetection Techniques

In addition to harboring CTCs, blood also containsftelt tumor DNAand, to a
lesser extent, RNADNA from intact cells and cefree DNA are emerging as
complementary biomarketo CTCs and DTCdor metastatic spread alid tumors.
Probable origins include direct shedding from necrotic cells in tumor deposits,-tumor
derived exosomes, and cellular fragments of lysed tumorastisiated with an immune
response.Nucleic acid analysis providedevidence foran epithelialmesenchymal
transition (EMT) where the changing microenvironment influenced variable gene
expression as the cell transitioned froofics tumor toa shear flow regime in circulating
blood to a distant sit@.his phenomenon will be further discusse@ih.], and is typified
by genetic expression of cancer stem cell properties, namely downregulation of E

cadherin and some cytokeratins and upregulation of vimantifNcadheriri’.

Traditional and realime polymerase chain reaction (PCR aRI-PCR)
techngues verifiedthe presence ofjene produstunique to epithelial cells relative to
blood cells. Blood sample collection and sample enrichmeuats followed by nucleic
acidextraction cDNA synthesis, andcharkergene cDNAamplification.In addition to the
previously described germoducts associated with EMT, other targets indupleto-
oncogenes, tumor suppressor gendsss of heterozygosity,and microsatellite
instabilities. Collectively, these gene productsere unique to epithelial cells and
indicatedmetastatic cancer In assessingietastatic stage breast cancer patienBNA
concentration/integrity in the forms of allelic imbalanand evidence of HER2
amplificationwere measuredn patients with indeterminatearly or metastatic diseade
The mostsensitivemethods for identifyingumor-specific DNA aberrations reliedn

using multiple gene produptobes with established cuiff thresholds.

Advantage®f nucleic acidanalysis cented on methodspecificity of a primer
product match, whereasrawbacks inclued initial identification of marker genes, high
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blood volume rquirement due twariable abundancef gene poducts, and observed
discrepanciebetween bloodorne and tumebiopsied nucleic acidequenced Primers
designed for specific gene produetstablished preliminary abundancetoff limits for
markers indicative of etastatic disease in prostate and breast cin€@ese molecular
characterization techniques have elucidated gene expression aspects otastatime
pathway. Nonetheless, selected primers represgb@ain initial guessof gene products
indicative of metastasis, and falgesitive and falsmegativeswere observed->*.
Moreover, primer development was confounded by microenvironment changes that
influenced gene expressionBlood-borne nucleic acid in plasma and detected CTCs
differed from primary tumorgene exprssion as observed in HER2 status breast
cancer patientd Both cellfree tumor DNA and CTC DNA were extraordinarily rare.
Although net-generation sequencing allows for increased sensitivity, interpretation of a
negative result cannot be discerned from insufficient amounts of tdeniwed nucleic

acid in the final sample preparatfon

1.2.4 In Vivo Flow Cytometry (IVFC)

Of particular interest to our groum vivo flow cytometry (IVFC) usedarrow,
superficialblood vesselgo acquire light scatteringnd fluorescencsignals from flowing
cells. White and red blood ceflsstem cell®®, leukemic celld"® breast®*®®, ovarian®,
and prostate cancer c&ifiave all been detected using IVEGPrimary aims of IVFC
were to monitor CTC concentrationfor metastatic progressioand for treatment
responseFour principal approaches to in vivo assessni@teusel intrinsic sources of
contrast, exogenous fluorescent labeling aftive cancer cellsria surface antigen
binding, mutatedcancer cellscapableof fluorescent protein pradttion and delivery
methods of venous injectiporthotopicimplantation, or ectopiamplantation inanimal

models. Intrinsic sourceghat enabledlabelfree CTC assessmenivere coherent anti
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stokes Raman scatterirgpectroscopy(CARS) IVFC andphotothermaphotoacoustic

signal detectiofPT/PA).

CARS is a thirdorder nonlinear optical process that ampdfimolecular
vibrational signatures thare observed in Raman scattering spectroscopy, such as those
produced by lipidswith symmetrical CH stretch vibrations One IVFC application
exploited accumulation of lipids in primary, circulating, and metastasized lung cancer
cells in mice following subcutaneous injecfiaiWithout use of higtsignatto-noise ratio
(SNR) fluorescace signals, this study demonstrated potentiabfar source ointrinsic
contrast in IVFC; however, assay volumdsaracterized by single cell flgwsuchas

narrow veinswvith low flow rates currently limit the technolog@y extending assay time

While both PT and PA emanate from nadiative relaxation of absorbedsker
energy, PT signal indicatéisermoelestic allision and PA signal indicatgshotoacoustic
wave$®. PT IVFC techniquesverebased on irradiation of flowing cells in microvessels
with a spectrally tunable laser pulse and on detection of temped&pendent variations
of refractive iné@x with a second continuous probe laser B&aPT signal characteristics
emanatd from intracellular absorbing molecules and incldidenplitude, rise time for
cell heating, decay from cell coolingnd local concentratiorin the context of blood
cells, uniform distribution of hemoglobin in erythrocytes yielded a contrasting signal to
locally distributed absorbing cytochromes in leukocydesl breast cancer celthat

produced larger PT amplitudes and faster signal d&cays

Similar to PT, PA IFVC techniquessel endogenous chromophores, such as
hemoglobin and melanin, angeresuscefible to high background signals in fakiwing
blood. The physical mechanism of PA IVFC wésermoelastic sound generation detected
by an ultrasound transdu&r CTCs deriving from a melanoma were enumerated

following subcutaneous injectionsing PA detectidfi. Both PT and PAwere also
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adaptedfor nanoparticle detection with conjugated biological affinity for CFCAs
toxicity levels for both PT/PA nanopartickeand exogenous fluorophores used in
fluorescencéased detectiodecrease to clinitly safe levels, detection modalities have

already demonstrated efficacy in animal motfels

FluorescencéasedCTC detection systemgmployedsingle photon confocal
excitation multiphoton excitation or diffuse tomography Confocal detectionused
focused illumination at the sample plane and a pinhole in the conjugate plane in front of
the detector to block owutf-focus light. As in confocal microscopy, tissue scattering,
absorption, and autofluorescence effects &ohiimaging depths to less thak00
micrometersof mediuni’. Nevertheless, superfici@apillariesin the human li§® and
mouse ear werefound 70100 micometers below the skin surfad¥FC investigations

have been used alone andandenwith in vivo imaging modalities.

Alternatively, multiphoton microscopy evolved to provide optical sectioning
resolution to depths of 500000 micrometefé”. Multiphoton excitation utilizeda
localized, nodinear probabilistic wvent where a fluorophore absorbemlltiple photons
simultaneously. The subsequent emission specina® equivalent to that of single
photon excitation; however, the diminished probability of such an event occurrisigeout
of the focal volume eliminatethe need for a confocal pinhole. Twand thregphoton
excitation are commonly employed to excite the same fluorophores of interestrihat
in the visible region. The greater penetration dep#s attributed to longeexcitation
wavelengts in the near infrared region where medium attenuation effemtedecreased
relative to those occurring with visible light excitaffdnDespite these advantages,
multiphoton approacheshad practical limitations relative to single photon excitation
approachesMultiphoton excitaibn required expensive lasergapable of delivering

necessary peak power in short pulses to achieve sufficient photon flux to cause a
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fluorophore to absorb two or more phatosimultaneously. Moreovesub-cellular
resolutionof multiphoton excitation limtedthe focal volume to within a crosection of
a blood vessel where flowing cells steadily traverder consistent excitation

efficiency®.

The differences in depletion kinetics of two prostate cancer cell lines were
observedollowing tail vein injection of fluorescently Diflabeled cell®. By shaping the
excitation light into a slit and focusing on narrow arteries in ears of mice and rats, the
decreasing concentration cifculatingcellswere enumerated over tinas they settled in

specific organs, such as lungs, livedegm, kidneys, and lymph nodes.

In a separate studypighelial linings of blood vessels were fluorescently tagged
with a Cy5conjugated arvplatelet/endothelial cell adhesion molecule monoclonal
antibody beginning 24 hours prior to inoculum injectidhe imaging technique used a
videorate confocal scanning laser microscdist described by Rajadhyaksha €t.dn
a separate stugdyhe homing propensity of tail veinjected leukemia cells to bone
marrow vasculature of théusll was assayed to elucidate the mecharfisitheinoculum
cells were fluorescently stained with DID @iR andwere further imaged within bone

marrow using a muiphoton fluorescence microseap

Two tumor induction studies used two distinct fluorescent sourcessés® CTC
concentrationfollowing injection. In the first studygells in circulation were detected
following intravenous infusion and subcutaneous inoculdtidreukemia cells were
injectedintravenously and folloed 15 minutes later by fluorescently conjugatednti
folate receptor antibody. In contrast to normal tissues that lack folate receptors or express
a site that is inaccessible to parenterally administered degse leukemic cells
overexpressd the recepor. In this way, circulatingcancercells were detecteth ear

vasculaturausing nonconfocal, confal, and multiphoton microscopy. Multiphotaras
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determined to beuperior to other modalities, due to improved sensitiwith increased
penetration depth and reduced propensity to photodarB8agendly, murine lung cancer
cells were implanted subcutaneously to induce tumor formation. Using the same folate
receptor labeling method, CTCs were detected as early as two weeks Hgllowi
implantation with subsequent exponential growth in CTC concentration at three and four

weeks. Mircometastases were observed in necropsied lung sections.

In the second tumor induction studyFP-expressing human breast cancer cells
were orthotopicallyimplanted in mice to obsertle time courseof CTC concentration
alongside development of metastatic lesibnghe concentration of CTCs and
autofluorescent red cells were observed in mouse vasculature using a single photon
confocal optical system Shaped into slits and focused on a bloodsgksexcitation
wavelengths were 488 nm for green autofluorescence anepGsifive CTCs and88 or
633 nm light for red autofluorescent cell$iree fluorescent cell types were of interest in
this study: (1) red autofluorescent leukocytes; (2) greenlaatekcent leukocytes; and
(3) GFP CTCs. Both ed and greerautofluorescenteukocyteswere observed in nen
tumor-bearing mice with a range of intensity levels andeapectiveconcentration of
less than five cells per microliter of bloobh mice thatdeveloped metastasegeen
fluorescent cellse.g.GFP CTCs andgreenautofluorescent cellpeaked approximately
ten days after implantation with an average concentration of 2€eitsper microliter of
blood. The increased abundance of gréleorescent cells in metastatic mice relative to
wild type mice suggested that the detected cells weré GFEs.However, thentegral
number ofdetectedyreen celldess accurately predicted formation of metastases than the
ratio of the number of greerluorescent peaks to the ratio gifeen to red fluorescent
peaks. Therefore, mice with an increase in grefmorescent cellscoupled with a

decrease in redutofluorescent cellsad a greater prevalence of metastatic lesidhs
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ratio was most accuratithin the first seven days following cell implantatiofihe

identity of red autofluorescenelts spanned multiple leukocylieeages.

Diffuse tomography flow cytometry was a separate imaging approach that

detected fluorescence light using a higimsitivity fiberoptic detection ring centered on

a mouse limb (e.g. forelimb, hindlimioy tail””. The optical sectioning capability and
increased sensitivity to the isotropic nature of fluorescence emission allowed for analysis
of larger blood vessels than previous IVFC approaches. Specifically, this technique
enumerated fluoresndy labeled multiple myeloma cells within relatively large blood
vessels with flow rates from 02 0.5 ml miri*, which was two orders of magnitude
greater than vessels assayed in confocal IVFC approiemestheoretically allowed for

total mouse blood volume analysis within 10 min(ftes

In adapting flow cytometry principles from-witro to in-vivo settings, IVFC
systemffer a unigue opportunity to investigate cells flowing in their natural states. The
previously deschied approaches haveade progress in overcominigchnical design
challenges attributed to light scattering and absorption from blood vessels and
surrounding tissue, variations in blood vessel cross section and flow, and presence of

many normal cells surragling just a few cancer cells.

1.3 In Vitro Flow Microfluidic Flow Cytometry
The final circulating cancer cell enumeration method discussed in this section is a

combination of microfluidics, flow cytometry, and intrinsic contraBlastic light
scattering isanother intrinsic source of signal contrads¢yond photothermal and
photoacoustic sourcest the tissue level, esseral light scattering spectroggostudies
have showrthe sersitivity to morphological differences thaiccurredduring neoplastic
transforméion, thusallowing for discrimination of normal from cancerous c€ll$rior

to this thesiswork, our group developed a confocal backscattenmgpd detection
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system for flowing cellsThe hypothesis was thahorphological differences among

circulating cancer cellandblood cells formed a basis for discrimination ofariouscell

types.

Using Nalm6 cells, a préB acute lymphocytic leukemia cell line, as a model,
cancer cells were discriminated from erythrocytes and leukocytes by varying
backscattering intensities tifiree interrogative wavelengths, specifically 405, 488, and
633 nnf*. These wavelengths were chosen based on white light scattering spectroscopy
measurement$ By spiking cultured leukemiaells into PBMC or PBMC plus PMN
leukocyte suspensions at varying concentratifmsn 0.0:20% of leukocytes, a
discriminant analysis framework was developed for mixed populations. Statistical results
from training and validation data sets demonstrated similar performance levels. As
expected, sensitivity and specificity of the clasaifion of leukemic cells decreased
when both PMNs and PBMGgereincluded in the flowing samples. Specifically, while
the sensitivityand specificityachieved in the validation sefereon averagé5.2+ 2.1%
and99.6+ 0.1%, respectively, for samples c@ining PBMCs and leukemic cells, they
decreased t89.5+ 2.58% an®1.6+ 1.5% when PMNsverealso present. Given that no
labeling or expensive reagents were neddethis method, these results were promising.
The instrumentation, microfluidic design, and data analysis within these studies formed

the foundation of thighesiswork and will be discussed in Chap8&r

1.4 Thesis Outlook
The purpose of thighesis work was to extend the detection platfofinom

circulatingleukemiacellsto CTCsoriginatingfrom solid tumorsAn outline of the thesis
is presented irFigure 1-2. Two breast cancer cell lines were usé¢tll SUM 1315
deriving from a patient with skin metastasis of infiltrating ductal carcinoma who had

prior chemotherapy an@2) SUM 159 deriving from apatient with an anaplastic
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carcinoma who did not have prior chemothefapphe light scattering characteristics of
these cells were compared to those of blood cebsiithedand mixed population3he

blood cellswereseparatedby gradient centrifugation or enriched by ammonium chloride
erythrocyte lysis. Cultured cancer cells were fluorescently stained with calcein AM, a
vital dye, to identifypositivelythe cells in the flow cytometry experiments. In this way, a
complementary aimvas to devalp a sample handling protocol to assay blood samples
from breast cancer patients. recognizing the limitations of using cultured cancer cells
to classify native CTCs, murine tumor induction studies were conducted. These
experiments wergerformedin collaboration with a projeatentered on assessing a new
therapeutic target to effectively block breast cancer disseminafitve clinical
motivationis to improve the overall survival of patientsth limited therapeutic options
such asvomen with triplenegative (TN) breast tumors (negative for estrogen receptor,
progesterone receptor, and HER2)GFP CTCs detected inmurine tumor induction
experiments were usetb optimize sample processing and define light scattering
characteristicef native CTCsA rare population of green autofluorescent leukocytes was
observed in the wild type mouse cohofihus a second study was conducted to enhance
resolution in scattéing properties of noffluorescent leukocytes, autofluorescent
leukocytes, and GFRCTCs. A subpopulationof green fluorescent cells consisting of
either autofluorescent leukocytes or GEFTCs was discriminateddm nonfluorescent

leukocytes.
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uwMethods
winstrumentation
uSignalprocessing algorithms
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Figure1-2 Thesis outlook and outline
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2 Chapter: Background

This chaptemegins with a discussion oflevant biological principles of solid tumor
metastasisthe role of the immune system in cancand morphological differences
amongblood and epithelial cells. The second section discusses the optical interrogation
method of elastic light scattering based on cellular structlitessthird section discusses
exogenous and endogenous sources of fluenesc contrast.The fourth section
introduces confocaflow cytometry as a means of collecting scattering signals from
flowing cells. Thefifth section illustrates the microfluidic design process. The final
section summarizes the theory of discriminant ysial as an analytical tool for
comparing populations with multiple components.

2.1 Biology

Biological concepts that intersect with this thesis centeed on physical and
biological differences amonigilood and epithelial cellsSolid tumor metastatipathway,
immune response to cancemd pertinentlood cell morphologies will be discussed.
Although a myriad of signaling pathways are implicated in cancer metastasis,
collaboration within this thesis work focused on the therapeutic potential of interrapting
specific membrananchored proteirand the role bthis target will be discussed in this
section.
2.1.1 Metastatic Pathwayincluding ADAM8

Cancer metastasis rdsfrom a multistep process that selects for invasive tumor

cells capable of escaping from the paimy site and colonizing distant orgdh<£arly in
the tumorigenesis process, thgpbxic stress that characterizéee low tissue oxygen
microenvironment of a solid tumor stimulatemorinduced angiogenesi$he increased
nutrient and oxyge supply prevens tumor dormancy,suppors tumor growth, and
providesroutes for tumor cell disseminatiGi®. Secretion of proangiogenic mediators by

tumor cells, most notably vascular endotHelgrowth factor (VEGF), promotes

Page31 of 206



Polmear, M MS Thesis Georgakoudi January 2014

endothelial migration and proliferatifn The resulting neovascularization ofeth
surrounding stroma facilitatébe disseminatiorof tumor cells into the blood streaamd
lymphatic vesselsa process whbh involvesadherence to and transmigration through the
endothelium, in particular via processes involving inte§tfisDepending on conditions

in the microenvironment at secondary sites, a proportion esetlsingle cells or cell
aggregatess capable of reinitiatingumor growth in distant organs. Such cedle
collectively referred to adisseminated tumor cellsccult metastases, micrometastases,

or minimal residual diseas€hambers et al. reviead various studies that elucidatéhe
barriers to metastatic spread including vascular impingement in capillaries of large CTCs,

organ homing, and CTC adaptation to a flow redime

Upon identification of the primary tumorakcinoma patient prognosisirrently
relies on imaging technologies that determine the extent of metastasis in distant organs,
such assuch aslymph nodes,bone marrow,liver, lungs, orbrain, and subsequent
outgrowth of thesecells in their new microenvironmefif’. Even after localized
treatment and resection of the tumors, DT@@s remainin a dormant state for many
years before giving rise to macrometast®®>. The samepreviously described
cytometric and immunological detection strategies have been applied to characterizing
DTCs from bonemarrow lymph nodes, andirculating blood Bone marrow, acquired
through aspirates of the iliac cresiasa commorhoming organdr DTCs derived from

carcinomaf different organ&.

Although themetastatigpathwayinvolvesa plethora of genes and gene products,
the ADAM (a disintegrin and metalloprotease) family is relevant to thisesiswork for
its role asa potential therapeutic tar§etADAMS (A8) is a transmembrane protein and
mediates cell adhesion, cell migration, and proteolysis of a variety of substrates,

including cytokine receptors or their ligands, cell adhesion molecules and exteacellul
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matrix componenfé. Synthesized as a proform, ADAMS8 can dimerize or multimerize
and autocatalytically clip off its prodomain, leaving an active membaachored
metalloprotease. Active ADAM8 can be further processed by release of the
metalloprotease domain into thetmcellular matrix, which leaves a remnant form within

the membrane. Both active and remnant forms mediate cell adhesion through their
disintegrin/cysteingich/EGFlike (DCE) domain®, notably by direct binding to
integrind®. ADAMS8 was found to be neassential under physiological conditions, as
evidenced by the normal development and lack of pegical defects in ADAMS
deficient micé’, despite its expression i variety of immune ceff§%2 Interestingly,
ADAMS8 expression was detected under several pathological conditions characterized by
inflammation and extracellular matrix remoitdg, including cancéf. ADAMS levels

were induced under hypoxia in breast cancer €ellherefore, in collaboratiomith
investigators seeking to identify ADAM8 as a therapeutic antibody targetthibss

work enumeratedand characterized light scattering properties G¥Cs in tumor
inductionand resectiostudies.

2.1.2 Morphological Differencesamong Differentiated Blood Cells and Epithelial -

Derived Circulating Cancer Cells
Morphological differences among constituent blood cell types are the basis for

light scattering discrimination and ausedin routine complete bloodell counts with

flow cytometric analysis. In alinical blood draw, CTCs may constitute less than one
percent of nucleated cells; therefore, a discussion on peripheral blood components is
pertinent. Human blood typically consists of 55% plasma (90% water and 10% protein)
and 45% cells (>90% of which ererythrocytes) by volumeAll normal blood cells

derive from bone marrowut have different purposes within the circulatory and immune
systemsErythrocytes are responsible for oxygen transgbrombocyteglay a key role

in blood clotting, andrariousleukocyte sukpopulationsare primary defendenssithin the

Page33of 206



Polmear, M

MS Thesis Georgakoudi

January 2014

immune systemNormal concentration rangesd percentages dfie maincirculating

blood cell types are shown Trable2-1.

Table 2-1 Peripheral blood constitutive cell types with normal frequencies and

percentaged
Frequencies
Cell Type (X 10° Percent
cells/mL)
Erythrocytes 38001 6200 937 96% of blood cells
Platelets 1407 450 47 7% of blood cells
. 0.17 0.2% of blood
Leukocytes 417 10.9 cells
Lymphocytes 1.17 3.5 147 47% of leukocytes
T Cells 0.5471 1.79 771 24% of leukocytes
B Cells 0.077 0.53 17 7% of leukocytes
Natural killer 0.0871 0.43 17 6% of leukocytes
Myeloid 3.91 6.5 5371 86% of leukocytes
Dendriticcells 0.027 0.06  0.37 0.9% of leukocytes
g"asmf?‘cyto'd 0.01i 0.04 0.27 0.6% of leukocytes
endritic cells
Monocytes 0.27 0.9 21 12% of leukocytes
Granulocytes 2.137 6.35 357 80% of leukocytes
Neutrophils 2.0971 5.97 307 80% of leukocytes
Eosinophils 0.03i 0.3 07 7% of leukocytes
Basophils 0.017 0.08 07 2% of leukocytes
Hematopoietic stem and progenitor cells . 0.037 0.09% of
P CDas) prog 0.0017 0.007 loukooytes

Morphological differences among cell types and corresponding scattering
signatures of leukocytes are evident in the images showhkigare 2-1. Mature
erythrocyte?’, displayed among single leukocytes, are anucledi@dand biconcave
disks, 68 um in diameter, 8 um in thickness, and have a mean volume of 96. um
Optimized for oxygen transport, erythrocytes exist in circulation for approximately 100
days, lack mitochondria, and are abundant in hemoglobin, whichitotes 90% of the
cell by volume with approximately 270 million molecufegdemolysis using ammonium
chloride (NH,CI) is a common erythrocyte depletion method that was used ithtsgs

work®. First ugd in the 1940s, the mechanism of action is a rapid influx af Mids via
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exchange withhydroxide QH), bicarbonate HICO;y), or chloride CI) to causecell
swelling and hemolysi§. The abundance of these channels in erythrocytes relative to
leukocytes predominantly spares leukocytes within the first 10 minutes of exposure.
However, the efficacy of lysidiminishesand leukocyte destabilizatie@nsuedafter two

10-minute ammonium chloridexposure round$

Platekts result from fragmentation of precursor megakaryocytes, are even
smaller than erythrocytes at®2um in diameter, and have an average lifespan of only

five to nine day¥.

Among leukocytes, there is a close link for roles within the immune system,
lineages, and cell morphologigSonsisting of two broad groups, the innate and adaptive
systems follow separate hematopoietic lineagesedinit the broad purposes of resisting
and eliminating potentially harmful foreign materials and mutant *8elEhe innate
immune system is the first line of defense against infection and consists of soluble
factors, such as complement proteins, and diverse cellular compomeiisling
granulocytes (neutrophils, eosinophils, and basophils), mast cells, macrophages, and
dendritic cell€®. These cells derive from common myeloid progenitor cells in bone
marrow. Granulocytes and mononuclear cells constitute the two broad morphological
leukocyte suHypes. Ganulocytes contain prominent and numerous cytoplasmic
secretory granules and were first demarcated as polymorphonuclear cells due to the

presence of a single but mditbed nucleu$.

Neutrophils stain a neutral pink with hematoxylin and eosin and contain a
nucleus divided intawo to five lobes with highly condensed chrom&tinwith a
primarily antimicrobial purpose, neutrophils respond to cytokines released by activated
endothelium cells, mast cells, and macrophages. Neutrophils have an abundance of

intracellular contractile proteingctin and myosin langside microtubules for ease of
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extravasation and intracellular transport. Neutrophils phagocytose using intracellular
reactive oxygen species and hydrolytic enzymes, undergo degranulation to release
soluble antimicrobial proteins, and generate neutiibpéxtracellular traps (NETS)

composed of welike structures of DNA to quarantine infectién

Eosinophils stain a deep red with eosin and are characterized by an abundance of
ellipsoid cytoplasmic granules, and have alobed nucleus. These cells undergo
degranulabn and are implicated in ararasitic, antviral, infection chemokine
chemotaxis, and allergy response, including astffmaThe contents of granules are
cationic granule proteins, reactive oxygen species, lipid mediators, enzymes, growth

factors, RNases, and cytokines.

Basophils stain a deep blue with basic dyes and corgai abundance of
cytoplasmic granules that visually obscure theobed nucleus. Like eosinophils,
basophils respond to inflammatory reactions caused by parasites and affergies
However, their granules contain histamine to further trigger inflammation and heparin to

reduce localized blood clotting.

Monocytes constitute the final componentté innate immune system. Their
role is to differentiate into macrophages upon extravasation at damaged tissue sites based
on chemotaxis. In circulation, monocytes, alongside lymphocytes, are one of two cell
types that constitute peripheral blood mononacclecells, which is the other
morphological category outside of granulocytes. For both mononuclear cell types, the
primary differentiating factor from granulocytes is the presence of asegmented
smooth nucleus. Monocytes are the largest of leukocytes amtain a large,
eccentrically placed beashaped nucleus. Macrophages are highly mobile and mature
into dendritic cells, thus linking the innate and adaptive systems by processing material

and presenting antigens on the cell surface for recognitiothiay cells®.
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If the innak immune system fails to neutralize a threat then inflammation ensues
and either of the two components of the adaptive immune system, humoral and cell
mediated, responds with increased antigenic specificity. These cells derive from common
lymphoid progenitr cells in bone marrow and are composed of lymphocytes. The
humoral component targets bacteria and consists of antibodies produced by B
lymphocytes. The celnediated immunity component targets viiafected and cancer
cells and consists of activated Tymiphocytes. Both types of lymphocytes are
characterized by a round nucleus with condensed chromatin. In contrast to monocytes,
lymphocytes have fewer intracellular organelles such as lysosomes and vacuoles and a
less developed Golgi apparatus. Similartiucure to lymphocytes but also containing
cytotoxic granules, natural killer (NK) cells straddle the innate and adaptive roles by
lacking immunological memory and nonspecifically lysing target cells, including cancer
cells. This mechanism of action folls cytokine release from the tumor
microenvironmerf? The complex role of the immune response in cancer mitigation and

progression will be discussed further2irz
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Figure 2-1 Morphological comparison of leukocytes and SUM 1315 cancer cell
Giemsa stained images of polymorphonuclear and mononuclear normal cell
peripheral blood smear with cell diameter raigeScale bar is 10 um. B| Relati
forward and side scattering intensities of leukocyte-myfulations from peripherg
blood samplefollowing hemolysis C| Phase contrast image fafur SUM 1315 in
suspension. Scale barl® um. D| Phase contrast image of two SUM 1315 cells adh
to a culture plate. Scale bar is 10 um.

A flow cytometric representationof leukocyte sukpopulations Figure 2-1)

demonstrates how cell diameter and refractive orgarsdlndance correlate relative

scattering intensity. In general, larger diametelis scatter more light in the forward

direction while increasing concentrations of smaller intracellular refractive organelles

increase side scattdt Elastic light scattering yields the observed differences among

leukocytes and the underlying theory will be discussed.& Beyondlight scatteriig

signatures, dukocytes can be subtypgumblychromatially using fluorescently labeled
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antibodies against specific CD cell surface mole¢®e$his is a common enrichment
and analytical technique that was introduced 1r2.2 Noting the light scattering
differences among leukocyte spbpulations due to morphological differencesa
discussion on CT@norphologicalcharacteristicss pertinent to understand the basis for

CTC light scatterindbased detection.

The epitheliaimesenchymalyields new, albeit heterogeneous, morphological
characteristicshiat distinguish CTCs frorblood cells. Within a solid tumormmalignant
cells are characterizedroadly by acceleration of the cell cycle, increased cell motility,
chemotaxis, changes in surface protein composition, and genomic altéPatibhese
characteristics present morphologically with a large, irregular nucleus, prominent
nucleoli, and scarce cytoplasimegularities within he nucleus reflect the irmasedate
of mitosis and arise from segmentation, invaginations, changes in chromatin
organization, and increased porosiyccumulation of ribosomal RNA and messenger
RNA make the cytoplasm basophifit Each intacellular organelle experiences
morphological chnges as metabolic demand favaedl division over growthelated
metabolisms. The granular endoplasmic reticulumdergoesdeganulation to enhance
protein production from freand polysomiaibosome®. The Golgi apparatuis poorly
developed due to the emphasis on proliferation, rather than differentiation. Mitochondria
generally decrease in volume, but high variability has been observed, espediallg in
where fermentatiordominatesaerobic respiration, which ik nown as t he AWar bur
p h e n o me nazeilulad glytogen increases haveen observed in peripheral cells,

while intracarcinoma cells have decreased glycogen and increased lipid £8ntent

As mentioned befe in relation to CTC enrichment techniques, the presence of
cytokeratins distinguishesepithelial cells as these structuremhance cello-cell

adhesioff. Although cytokeratins continue to exist in CTCs, the insatian process
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disruptsthese adhesiongith desmosmesand links to the basal membran&urface
molecular changes reflect the enhanced invasive capacity of some cells while other
changes tag different cells for apoptosis and immune cell destfictiorthe case of
increased motility, proteins and carbohydratest actedas enzymes on the cell surface
receptors diminish and no longer react with corresponding ligathéseby causing
reduction incell-to-cell adresion contactsdetachment fronthe basal membranend
evasion fromthe immunesystem The enhancedcévity and abundance of ADAM&

one such example of a surface proiaia malignant celthat augmentethvasiveness.

Once in circulation, CTCs amxposed to a flow and shear regime that sharply
contrasts theelatively static nature of thextracellular matrix of thepitheliun¥®. The
understanding of CTC amphology has improved alongside enrichment techniques;
however, artifacts from ex vivo manipulation inherently alter morphological aspects to
some degree. Apoptosis and immune cell destruction persist in circulationeduaing
the population of CTCs apable of the second transition, extravasation, from
mesenchymal to epithelial traits in a secondary metastati@sifgreviously discussed in
the FDAapproved CellSearéh CTC enumeratiorassay, an operator manually selects
CTCs froma range of isolatedells. Efforts to standardize and automate this process
uncovered distinctive morphological characteristics, in amdiio immunohistochemical
EpCAM and cytokeratin positivity, thatvere used to identify CTC4 Using image
analysis algorithms on known metastatic and control patient data sets, minimum
thresholds werestablished fonuclear to cytokeratin ratiand roundness. Conversely,
maximum thresholds were set for CD45 intenditgwever, leukocytes and CTCs shared

a size rangef 35-900 pnf (in pixels)
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2.2 Cancer Immune Response
The interaction between the immunestgm and cancer, as manifested by rogue

leukocytes in leukemia, was first discovered in the-¥8 century by the German
pathologist Rudolf VirchoW®. Over the past 200 years, a wide body of literature has
emerged that supports numerous relationships between the immune system and cancer.
The implications of this immune response to twspecific cytokines range from
inhibiting to promoting tumor growit and are collectively known as immunoeditfig

The predominant evidence for immunoediting derives from genetically mutated mice
with absent, dysfunctional, or altered immune system components. A comprehensive
review published in 2011 referred dozens of such studi8% In brief, mice lacking
components of the adaptive immune system including T cells, B cells, and NKT cells
were more susceptible to carcinogaduced sarcomas. In contrast, mice with
upregulated T cells and eosinopHilad reducedarcinogenesis. Additional studies have
also ben conducted on immunocompromised mice whem@rigenesisvas observed to
develop spontaneously in the absence of mitigation mechanisms inherent to the immune
system®”. Thetypical immune response to unchecked tissue growth is direct atiitr

by cytotoxic T cell and indirect modulation of angiogenesis factors by humoral and

cytokine signalin{f’.

Animal studieshaveilluminated the adétation mechanisms of these responses
and suggested cofactors that have been subsequently investigated for several cancers to
determine prognosi¥. NKT cells abundant in human gastric or colorectal carcinoma
elicited a favorable prognost§'*’. On the other hand, infiltration of other immune cell
components, such as mast cells, was unfavorable in Iamgnocarcinonjréz.
Epidemiobgical evidence based émmunosuppressiodue to infection (e.g. AIDS) or

organ tansplant medication corroboratée: animal data with corresponding increases in
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cancer prevalencE*", Functional impairment of T celland accumulation of myeloid

suppressor cells in circulati@ticitedthe ability to evade antumor regulatio>**’,

Recent ancer mmunotherapydevelopments reflect our growing understanding
of the role of the immune system in cartt&rCurrent approaches either activate
suppressnolecules and celisf the immune system to reject candermunization is one
example of immune system activation, and the first therapeutic cancer vaccine to receive
US FDA approval(2010) was SipuleucelT, indicated for castratioresistant prostate
cancet™. The vaccine contains autologous PBMCs activated with a recombinant antigen
that is prostate specific and stimulates therapegriamulocytemacrophage formation.
Monoclonal antibodies constitute a second therapeutic'tlaskemtuzumab (Campeth
1H) typifies an activation approach that targets COaod lymphocytes to initiate an
augmented immune response and is indicated for leukemiaze€®ly, Bevacizumab
(Avastin) exemplifies a suppression approach that binds vascular endothelial growth
factor (VEGF) to inhibit angiogenesis and is indicated for colon, kidney, lung, ovarian,
and breast cancer3.he potential therapeutic role of an ibiory antibody against
ADAMS8 was introduced in2.1.1, and theearly animal studies constituted a major
component of this thesis work and will be presented in Chépter
2.3 Elastic Scatteringof Biological Molecules

Differences in elastic light scattering intensity are the basis for our cell type
discrimination approach. The general theory, relevant scattering regimes, and the

refractiveindex ranges dbiological molecules will be discussed in this section.

Light scattering phenomena arise froine wave nature of lightinteractionof a
propagating wave with a substanct different refractive index than the surrounding
medium yields aattering event with a new propagation vector. In the case of elastic

scattering, there is notnaoverall energy transfer but only mossiblechange in the
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direction of the momentum vectdherefore, the incidence and propagation vectors have
equal magnitde, and the wave retains the same frequency. Conversely, inelastic

scattering increases or decreases the frequency of the scatter&d wave

In the cae of elastic scattering, thglane electric field of the incident wave
induces dipoles in the electrons of the substance. The oscillations of these induced
dipoles reradiate the new scatteraghericalwaveso r 6 w a which eut detéction
system in the far field, perceives as a superposition of scattered .lihe induced
dipoles oscillate in a space constrained by the dimensions of the particle. If the particle is
small relative to the incident wavelength, then the dipoles are exposed to eqsiligse
of energy and the oscillations are in phase. As the particle size incleaseseger there
is a greater probability for nemniform dipole induction, and interference occurs among
the reradiated waveletwith variable magnitude at different anglef observationThree
scattering regimesmathematically approximate the relationship between scattering
intensity andrncident wavelengthRayleigh, RayleighGans, and van de Hulgthere is a
fourth approach, Mieheory, whichprovides exact numericalokitions by applying

Max wel | 6 s equat i onneidenton apylsiaenspher&tkav ef or ms

Consider a particle illuminated by a plane electromagnetic wageribed as
F FQ 2>  whereE, is the wave amplitude,is the imaginary unitwavenumber
k=k|=2 = /e,i s t h e rigahe pokitemvgdtohfrom the scattering event to the
point of observationangular frequency 2 f, andf is the frequency®. The incident
and scattered fids aretransverseto the scattering plaffé. Thus, these fields can be
decomposed into two orthogonal components, one parallel, and the other perpendicular to
the scattering plangefined by tle incident and scattered fieldehe decomposition of the
scatteringfield for incident (E) and scattered (Efields isa combination of the parallel

() and perpendiculgt)) componentsss follows inEquation2-1'%2.
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Equation2-1 General formulation foscattering event

(Ells) _ eritkret (Sz 53) (Elli)
Erg/ -ikr \Sy Si/\Ey

The scattered electric field with complex amplitudes is the product of three temms. T

first term represents thecattered wave in thiar field as a spherical, outgoing wava
spherical coordinates, the position veatas defined n terms ofscattering anglefl a n d

azimuthal angléi , as Sigue™h i n

Figure 2-2 Scattering plang
resulting from plane wave incide
on scattering particle. The incidg
wave is parallel to the-axis, thus
the azimuthal angle in zero. TH
scattering angl
and scattered planes are sha
relative to the zaxis. Theparallel
and perpendicular components
the propagation vectors are sho
relative to the respective plai&s

Scattering

The amplitude of the wave is inversely proportional to the magnitude of the @irecti
vector. The second term is tlseatteringamplitude or Jones matrix S. For all three
scattering regimes and for Mie theory, the elements of the S matrix are solved for
appropriate boundary conditions of electromagnetic field continuity. For examphe in
case of scattering sphere, theaBd S elements are zero. The third term is the complex
amplitudes of the incident electric field. Working from this general formulation, the
respective solutions are functions of the wavelength, characteristic dimeis$i

scattering particle, and refractive indices of particle and medium.
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The size of a scattering particle is parameterized by thedatie— where r is

the characteristic dimensi on, such as di amet e
incident light*. Measuredas a scattering system, a cell produces an aggregate signature

that s a combination of the individual regimes of the cell itself and varsibés

intracellular components. The refractive indices and size rangeepoésentative

subcellular components are showT able2-2.

Table2-2 Refractive index and size rangeshtsod cellcomponents.

Biological Component Refractive Index Size Range
Extracellular fluid 1.351.36 Surrounding cells
23 Contains proteins and solutes
Cytoplasm 1.341.375 (<100nm)
Nucleus 1.381.41 3-10 pmcontaining chromati*
Mitochondrion 1.381.42% Length: 14 ”Tﬂf]‘{‘zij Width: 0.9.7
Lysosome 1.6 0.2-0.5 pm**
PMN Leukocyte 1 47_1 6126 0 1_1 2 un.il27,128
Granules ' ' o
1 36129 7
Lymphocyte 1 36 6-15 unt
Monocyte 1.35%° 16-20 pnt’
Erythrocyte 1.41°" 6-8 unt’

Noting thedimensions angarametersn Table 2-2, the first regime, Rayleigh,
applies to particles much smaller thine incident light wavelengtlsuch as components
of the cytosal The fundamental assumption of this regime is that attessaxperience
the same magnitude of induced dipole and are in pfdmseelements of the scattering

matrix take the form shown Bquation2-2 for a scattering sphefd

Equation2-2 Jones matrix for Rayleigh scattering approximatiomfieosphere

Sy S3\_ .3 (cosf O
(54 51)_lk a( 0 1)

The polarizability is a function ofvolume V and relative refractive inden

between the particle and the surrounding meditinpon substitution of the Jones
matrix into the general formulation EBquation2-1, Rayleigh scatterings characterized
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by “hinvexse power lawWhen usingvisible light for scattering measurements
proteinsand small granules with a size of approximated) nm scattelight according

to this regime.

The second regime, Rayleigbans, pertains to particles with a scamparable
to the incident light wavelengtiThe assumptions of this regime are that infinitesimal
volume elements within the scagetbehave as induced dipoles (Rayleigh scetsgr
however, their cumulative far field interference follows the superposition principle,
which allowsfor phase variability. This variability manifests as oscillations in aldgg
plot of scattering intensityersus wavelengthn the case of incident visible light an
mitochondrion withsize of approximatelyone micrometer oscillations occur in the
purple and blue wavelengths before the scattering intensity decays according to the

Rayldgh inverse power lai#.

The final regime, van de Hulst, is relevant totigbes much bigger than the
incident wavelengti>. The approximate solutions are most accurate in the forward
scattering direction assuming a spherical scatteri¢h centeremanatingwavelets
Furthermore, this approximation uses the total scattering-sext®n and is valid up to a
relative refractive index of twdCell nuclei and whole cells with diameters greater than
one micrometeinterrogated withvisible light producepscillations throughout theésible
spectrum.Light scattering spectroscopy has been used to differentiate cancerous from
normal tissue regions as a function of the increased nuclear size observed in cancerous

tissued®

In contrast to the three regimes that vary according to the sthe statterer for
a given interrogative wavelength, Mi e theory
and is valid for asphereof any diameteqrelative to scattered light wavelength) and

relative refractive indexAs before, spherical polar coordinatifined inFigure2-2 are
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used with appropriate boundary conditions at the surface of the sphbpeigh original
solutions applied to scattegngenerated from a plane wavesngralized Loreniie
theory paranmterizes Jones matrix elements for scattering generated from a focused

Gaussian beaht.

The phase function of scattering is anisotropic ampalar plot generated using
Mie theory demonstratethe augmented relative intensity in the forward direction and
frequency of oscillations for larger particldhe phase functions of 0.1 (red), 1 (purple),
and 6 (black)um diameterparticles with a refractive index of 1.4 in a surrounding
medum of 1.36illuminated with 488nm plane wave light are shown Figure 2-3"*“.
With increasing particle size, theig a proportional increase in isotropic intensity and
frequency of oscillationsas approximatedby van de HulstFor all three particles,
forward-scatter (D) intensity is the most intense; however, the relative difference

between forward and backward insél is greatest for larger particles.

270

240 300

Figure 2-3 The phase
functions of 0.1 (red)
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In addition to influencing the oscillatory behavior of scattered light, particle size
also affects the scattering angle, as measured relatikie tocident vector. The intensity
of forwardscattered light (FSC) is proportional to particle Sz ight diffracts from the
interface of changing refractive indexes; thereforgremter surface area yields a greater
intensity in forwardscattered lighHt®. The intensity of sietscattered light (SSC) is
proportional to internal complexity and granularity Light refracts and reflects at any
refractive index differential interface. As appli¢o complete bloodtell counts, flow
cytometry discerns granulocytes from agranulocytes within white blood sced
populatiors based on increased intensity of SSC due to the presence of intracellular
granules containing refractive cytotoxic agents, & $e Figure 2-1 B**’. The reduced
scattering intensity observed from erythrocytes is a function of the relationship between
scattering and absorptioAlthough the constituent hemoglobin of erythrocytes is highly
refractive (n=1.4), the imaginary component representing absorption domarades

erythrocytes arighly colored(red)relative to leukocytes”.

As predicted by the three scattering regimes and Mie theory, light scattering
intensity is sensitive to incident wavelength, in addition to particle size. This additional
level of discrimination is the basis for our mudtavelemth backscatteringflow
cytometry systemThe interrogative wavelengths of 405, 488, and 633 nm light were
determined in light scattering spectroscopy measurements using white light
illuminatior®. The backwardlirection (156180) Mie theory phase functions of one
and sixmicrometer diameter pactes (n=1.4) within a surrounding medium (n=1.36)
illuminated by plane wave light are shownFRigure 2-4'**. As before inFigure 2-3, the
phase functions of the larger partic |m, primary axis) have oscillations while the

smaller particle X um, secondary axisipllows apower law.Furthermore, the maximum
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amplitudeof the phase functionof the larger particle is approximately one to two orders
of magnitude greater than that of the smaller parfithe aggregate measured scattering
signal is a superposition of all individual scattering wavelets, such as those emanating

from small intrackular organelles, the nucleus, and the membrane of the cell.

6 and 1 um Particles in Plane Wave

9.E-01 3.E-02
8.E-01 :
> - 3.E-02 >
Q 7.E-01 Q
[¢D) [¢D)
£ 6.E01 2E-02 2
o 5.E-01 o
o - 2E-028
E 4.E-01 E
3 3.E-01 1.E-02 3
2. E-01
© . 5.E-037
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0.E+00 " 0.E+00
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Backscattering Angle
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= . 1um405= - -1 um 488= - -1 um 633

Figure 2-4 Backscattering intensity plot from 18@Q0 for particles of one (seconda
axis) and six (primary axis) micrometers in diameters tfog three interrogativi
wavelengths of 405, 488, and 633 nm. In both cases of particles diameter, the re
index of the particle was 1.6 and that of the surrounding medium was 1.4.

The backward detection direction was chosen for purposes of sy&sign
translation to in vivo assessmemnd supporting studies demonstrating the ability to
resolve scattering from intracellular structdf&¥”. In general, backscattering from cells
and tissues follows an inverpewer as a function of interrogative wavelength. Different
cell types have characteristic power law exponents, thus suggesting that differences in

cellular composition produce variable aggregate scattering signaftheugh Mie
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theory accurately desceb phase functions from single particles, even more nuanced
approaches are required to model the cumulative effetiutifple scatering eventsand
interferingwavelets Whereagphotons emanating fromultiple scattering evenesxhibit
phase changes andeaejected with a polarizer in the detectipathway,interference
effects constitute the final detected sigrihite Difference Time Domain (FDTD) is a
grid-based differential modeling method that allows for refractive index changes in the
space andime domain§ By switching between solving for the electric and magnetic
fields in a given grid unit with varible refractive indices and boundary conditions, the
approach leapfrogs across the space to develop a transistgadly statenodel. A
second approach to modeling scattering contributions from multiple sources is based on
fractal organization of continusu refractive index fluctuation®'***44146  Fractal
organization has been observed irclear and cell mebranes, nuclear chromatin, and
mitochondrial network$®'*". Primary purposes of these analyses are to more accurately
characterize the higlequency power spectral density and providsight into the
topography of dominant scatées.
2.4 Fluorescence

Fluorescence signal was used in this thesis work as a positive identification of
labeled cellsand as a marker of rare autofluorescentlls. The two fluorescence

molecules were calcein AM ameen fluorescent protein (GFP).

A fluorescence event starts with absorption dnds followed by radiative
relaxatiort®. Incident light excites a ground state electron to a vibrational level in an
excited singlet electronic state. The energy of the incident wave musiffluéent to
excite the electron, which is equal to the energy difference between the two electronic
states as determined by principal quanta levels in atoms and molecular orbitals in

molecules. Nowradiative internal conversion reduces the position ofeteetron to the
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lowest vibrational level in the excited electronic state. Fluorescence occurs when the
electron returns to any vibrational level within the ground state. The internal conversion
process elicits the Stokes shift where the fluoregoleotonhas a longer wavelength than

the incident excitation light®

Biological fluorophores arendogenous and exogenours both cases and in the
context of visible light, the molecules contain extensive conjugated systems that possess
an energy gap of approximateiyo eV between the bonding and afitonding molecular
orbitals. Amino acids, enzymes and coenzymes, and prot@ires endogenous
fluorescence sources. Tryptophan, tyrosine, and phenylalanine are aromatic amino acids.
Flavin adenine dinucleotide (FAD) and reduced rni@hide adenine (phosphate)
dinucleotide (NAD(P)H) are cytosolic and immaitochondrial metabolic factos. Both
molecules have extensively conjugated aromatic struct@GfeB.is a beta barrel structure
protein that undergoes a proton transfer when exposed to bluavitbhteak excitation
and emission at 473 and 508 nm, respectivehe fluorescence proceemits a green
photon upn relaxationGFP was first isolated from jellyfish and is now used extensively

as a reporter molecule for transfection and transduction experiffients

Exogenous calcein AM (acetomethosg)acell-permeant dye that is commonly
used to determine eukaryotic cell viabilty In live cells, intracellular esterases
hydrolyze the acetomethoxy group ofetmo fluorescentdye, thusgenerating a
hydrophilic moleculewhichis trapped inside the cell and fluorescesbirading C&*, as

shown inFigure2-5.
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In contrast, dad cells lack active esteraskaye compromised cell membranasd do

not fluoresce via calceinHaving established the basis fbiological scattering and

fluorescentevents, the following section on confocal reflectance microscopy discusses

the optical techniques used for detecting such events.

2.5 Confocal Flow Cytometry

The confocal design of the backscattering light detection systémimizes

scatteringsignal from outof-focus light in the flowing samples Whereas standard

detection systemeollect scattered and fluorescent light inside and outside of the focal

plane, confocatletection systemachieve depth resolution by blockingt-of-focuslight

from thedetectos. As illustrated inFigure2-6, the light sourcéransmits through a beam
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splitter andis focusedinto a point on the sample by an objectleas Scatteringand
fluorescent photons propagating within the collection angle of the leneféeeted by
the beam splitter anfdcusedonto a conjugate plane that aligns with a pinhole in front of
the detectorQur flow system continugsly measures signaitensitypassing through the

confocal pinhole

Splitter -
o |

< % |
-‘ -
\ Focal || il Outof i
Plane || i Focus |
I -

- Corifocal

Detector

Figure 2-6 Schematic of confocal arrangement where focal plane and slit are corj
planes and unfocused light is blocked from reaching the detector, thus achieving
discrimination.

In our optical system, the objective is responsible for illuminationcatidction
Thelateral resolutiont, and axial resolutiorg, of the light microscoparedescribed by
the Abbe equation, as shownHkauation2-3 and Equation2-4, as functios of emission
wavelengtha; refractive index of the sample and numerical aperture (NA) of the

objectivé*®
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Equation2-3 The xyresolution of an ~ Equation2-4 Axial resolution near the focal

objective as a function of the emissio plane of the slit as a function of the emissit

wavelength and numerical aperture  wavelength, refictive index of the sample,
(NA) of the objective and NA of the objective

The numerical aperture is definedia® 1 30 E Twheren s the refractive index of the

2 z=10.95
= 0.61—
r=06l7 n

sample andlis half of theacceptancangle Although a higher NA allows for additional
light collectionover a wider angular rangéhe size of the confocal slit is a practical
limitation that balances transmitting focused light while blocking unfocused light. The
optimal diameter of a slit, D, is equal to the full width at half maximum of the Airy figure

arnd can be approximated IBguation2-5*

Equation2-5 Optimal diameter of confocal slit as a function of emission wavelength,
system magnifiation, and NA of the objective.

1.2AM
D=

NA

The magnificationM is specified for each objective from the sample to the imaging
plane. The NA of our objective was selected to allswfficient working distance to
interrogate the middle of 30-70 um (height) channel above a millimeter of microscope
slide glassOur midrange 40x 0.6 NA objectivédhas aworking distance of 2:4 mm

The theoretical resolution and slit diameter values are showabte 2-3 for the three

wavelength system.

Table2-3 Theoretical resolution and slit diameter valuestif@threewavelengthsystem
using a 40x 0.6 NA objective.

Resolution Lateral r (um) 0411 0.496 0.644
Axial Z (um) 2.6 3.2 4.1
Slit Diameter D (um) 45.0 54.2 70.3
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Experimental measurements of these same parameters are disouSteghter3. The
primary design goabf a confocal systers to minimize outof-focus light Sources of
noise include ambient light, spherical eafations arising from refractive index
mismatches between objective glass bimdogical molecules, and absorption evehist t
attenuate scatteririgtensity.
2.6 Microfluidic Design and Processing

The microfluidic devices used in this work were created using soft lithogeaphy
fusion bonding techniquewhichhave roots in the microelectronics industry but are now
widespread in microbiology and flow applicatibis The fabrication process is

illustrated inFigure2-7 with images of the final device.

Figure 2-7 Fabrication of a PDMS layer incorporating microstructures. The first
steps correspond to the fabrication of a rigid master via photolithography while t}
two steps are the soft lithography process. Channels are embossed into the PDM
the curing process. Channel dimensions are dictated by the mask and photolithd
process.

The materials of silicon, photoresist, and glass reflect the microelectronics origin

of the technologyThe first four steps entail the photolithography procekerein a
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