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ABSTRACT

DEVELOPMENT AND UTILIZATION OF A MACAQUE-BASED MAMMOSPHERE

CULTURE TECHNIQUE FOR BREST CANCER RESEARCH

Human breast cancers are thought to commonly arise from progressive neoplastic
changes to the adult stem cells within the normal mammary gland. Research in this area of breast
carcinogenesis currently relies heavily on the acquisition of mammary gland stem cells from the
tissues of rodents and humans. While a great deal of information has been gained utilizing these
models, there remain large gaps in our knowledge of breast cancer due to certain limitations with
these species. The relevance of rodents as models for human breast cancer has been brought into
guestion by notable differences between rodents and humans with regard to genetics, biology and
mammary gland carcinogenesis. In contrast, the utility of human-derived samples is limited by
ethical concerns and by the restricted availability of mammary tissues from women.

Macaque monkeys are closely related to humans phylogenetically and these animals
develop mammary gland tumors that are comparable to human breast cancers. Furthermore,
mammary gland tissues can be easily collected from any demographic of animal. Despite their
potential, only minimal breast cancer work has been undertaken in the macaques to date and
research techniqgues common to both rodents and human are lacking for these species.

This dissertation describes the optimization of a commonly-used mammary gland stem
cell isolation technique, mammosphere culture, for the rhesus maddgeaed mulatta) and
provides validation as to the reliability, relevance, and usefulness of this assay for human studies.

Data obtained from this research demonstrated that the mammosphere culture technique is highly



reproducible between homologous macaque tissue samples. This work also found that mammary
gland biopsies collected from different anatomical locations on the same monkey share
comparable mammosphere-forming ability and mammosphere-differentiation ability

(collectively, the mammosphere potential). Finally, these initial studies identified macaque
mammospheres to have proliferative and differentiating properties that are nearly identical to
those described for human mammospheres.

This dissertation also describes a series of macaque studies performed using the
optimized mammosphere culture technique. In the first study, mammary gland tissues were
obtained from female macaques in different reproductive demographics and the mammosphere
potential of these animals was compared. The results suggested that the mammosphere potential
of nulliparous mammary glands is significantly greater than that of multiparous mammary glands
and that this difference is likely due to greater ratios of mammary gland stem cells within the
nulliparous mammary gland. These data also suggested that there are differences in the
mammosphere potential of mammary glands collected from animals at different stages of the
reproductive cycle. An additional study comparing the mammosphere potential of young-
multiparous and multiparous macaques collected during the menses stage of the menstrual cycle
supported the parity-related findings of the first study. Data from the second study also identified
significantly larger ratios of senescent cells in the mammosphere cultures of multiparous
macaques as compared to young-nulliparous macaques. Finally, a study comparing the effects of
ionizing radiation on mammospheres derived from young-nulliparous and multiparous macaques
was performed. This last study found that stem cell-like cells of the young-nulliparous mammary
gland were more resistant to the lethal effects of ionizing radiation than were those of the

multiparous gland.



The findings of these three studies are notable in that young-nulliparous girls are known
to have a higher susceptibility to radiation-induced breast cancer than are multiparous women
and these studies provide the first direct evidence as to the potential mechanistic reasons behind
this observation. Specifically, as macaques appear to be relevant models for the study of the
human breast, these data suggest that the increased susceptibility of young-nulliparous girls to
radiation-induced carcinogenesis could arise from: 1) higher number of mammary stem cells
within the breast; 2xdecreased predilection of these stem cells to undergo senescenceaand 3)
decreased sensitivity of these stem cells to the lethal effects of ionizing radiation.

In summary, macague mammospheres appear to be relevant models for the study of the
human breast. Use of this model allows for the study of mammary gland tissues from some
demographics of interest (e.g., prepubescent individuals) that are impossible to investigate
utilizing human tissues. The mammosphere culture techniques and data described in this
dissertation serve as a foundation toward the use of macaques in future breast cancer research
projects and other study data from this dissertation has provided novel insight as to the increased

risk of radiation-induced breast cancers in young women.
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Chapter 1. Review of the Mammary Gland, Breast Cancer, and Breast Cancer-Research Models

Introduction

Breast cancer remains a prominent cause of morbidity and mottalitymen in the United States despite
advances in diagnosis and treatmdiis chapter reviews the backgrouwmhuman breast cancer in addition to
informationon the development, morphology and physiology of the mammary glseaichof these topics relates
to contemporary theories on breast cancer carcinogenesis. It providesobadkgn radiation-induced breast cancer
and introduces some current technologies and animal models that aretri@eharongoing study of breast cancer.
Finally, this chapter outlinemy research interests and describes how | have incorporated the lise of t
aforementioned technologies and research maakelshis dissertation on breast cancer carcinogenesis.

Mammary Gland

Human mammary gland mor phology. The mature human breast consists of approximéit&lg5 lobes
that originate and radiate out from the nipple as illustrated in Figurkeeke lobes are embedded within abundant
fibrous and fatty tissue stroma. At the most basic anatomic level, theofabedactating breast are composed of
large numbers of glandular alveoli and branching ducts and ductatdsittietion to produce and transport milk
respectively. Each lobe generally functions as a distinct glandular uniathélveoli, ductules, and ducts that
comprise an individual lobe feeding into a single secretory porénwtith nippletto 214

At the microscopic level, the glandular portion of the breast can be subdandeatkescribed utilizing a
variety of anatomical terms to denote functionality and/or location. With relevatitis ttiscussion, the structural
components of the breast will be divided into the following subustiisting with the most externally located
structures and proceeding inward extralobular ducts, intralobular duetbotar ductules and alveoli (Figure
2). Likewise, the stromal component of the breast will be divided into titeédbular stroma and interlobular
stroma for this review (Figure 2).

The extralobular ducts are tubular structures that are lined by 1-2 layersraheolio low cuboidal
epithelial cells, known as the ductal epithelitih?!* The ductal epithelial cells, in turn, overlie a basal layer of
myoepithelial cells and a basement membrane which is surrounded by itarktboma. Interlobular stroma is

similar to dermal stroma, and is best characterized as a poorly-cellular strom@sedmpmarily of adipose tissue,



B - Fibrofatty tissue of the breast
<mea® - Mammary gland lobes

Thoracic wall

Figure 1. lllustration of the gross anatomy of the human breast fromnieeiar (A) and lateral (B) views
demonstrating the radial distribution of the glandular lobes from the nipglhardistribution of the fibrofatty

tissue within the organ.

Intralobular duct
Intralobular ductules

Extralobular duct I
A R b &
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Intralobular stroma (green) Alveoliwithin lobules

Figure 2. lllustration of the subgross anatomyasfindividual breast lobe. Constituent parts of the mammary gland
lobe include secretory pore, extralobular ducts, intralobular ducts, intralobulaleduantd alveoli. Lobes are
subdivided into lobules which are invested within an intralobular strorean(giThe fibrofatty material comprising
the bulk of the breast (yellow) is interlobular stroma. Inset is the distibof lobes within the breast (from

Figurel).



loose fibrous connective tissue, collagen and elastin fib&f& Most of the tissue comprising the non-lactating
human breast is interlobular stroma.

At the level of the lobular subdivisions, both the lobules and the ductahsy®come enveloped within a
highly cellular form of stroma that lacks a fatty component, andhikiceferred to as intralobular stroma (Figure
2). Endothelial cells, leukocytes and large numbers of fibroblasts comprisalkhef the cellular components
within the intralobular strom#&?2 24 The junction at which the ducts are invested in intralobular stroma ®ihie
where the ducts are considered to be intraloluuets. Besides being invested in intralobular stroma and being
slightly smaller in caliper than the extralobular dutie intralobular ducts are essentially indistinguishable from the
extralobular ducts under standard microscopic examination. In the pasteemb femalemost of the intralobular
ducts are further subdivided into the highly branched, thinly-lumetmadtures known as the intralobular ductules,
which eventually terminate as clusters of spherical alvAblihe microscopic level, the ductules generally have
smaller lumens than ducts and are lined by only a single cell layecta @pithelium, but otherwise have a layer of

myoepithelium ané basement membrane similar to what was described earlier for the ducts @itré*

‘ R - ductal epithelium
\ [ ] =alveolar epithelium

1 = myoepithelium
I - hasement membrane

Figure 3. Cellular composition of the mature ductule and alveolus. Note the contactabfe¢iodar luminal cells
with the basement membrane through the gaps in the myoepithelial cell layer.

The alveolar lumens are lined by a single layer of cuboidal to columnbelggditells, called alveolar
epithelium, which overlie a basal myoepithelial cell layer and basement menginaifer, to what is seen in the
ducts/ductules. Unlike the ducts and ductules, however, the myoepitheBabfcitle alveoli frequently have small
gaps between adjacent cells allowing for areas of direct contact betwedvetblar epithelium and the basement

membrane (Figure 3}0 21422



The functional unit of the breast is the considered to be all of the alveolduetad components within the
intralobular stroma of one lobule and this structure has collectivelytbeaad the terminal duct-lobular unit
(TDLU). In the non-pregnant, parous female, the majority of TDLWdain around 40 alveoli that are situated on
numerous intralobular branching ductules and ditéf4 219221 These have been referred to as Type 2 TDLUs or
Lobules type B by different investigators® 219221 |n contrast to mature parous females, the breasts of mature
nulliparous females are primarily composed of TDLUs that are less develdp immature TDLUs are
recognized to have shorter ducts, smaller numbers of intralobular duetutetypically havd 0 or fewer alveoli
per lobule. These TDLUSs have, in turn, been referred to as Type 1 TDhbiglels type 1, or terminal end ducts
(TEDs)110 214219221 An example of a TED is illustrated in Figure 2.

While the aforementioned patterns of breast development are accuratalijes, it is also important to
understand that marked variat&in glandular development can occur between breasts, and even between
lobes/lobules within the same bred3tvelopmental homogeneity within the breast has been primarily corredated
the number of full-term pregnancies a woman has undergone and, to @&kssgradvanced ad¥.?14219220Tg
that multiparous women tend to have less developmental variability betweéndikidual lobes of their breasts
than do nulliparous women and, likewise, aged nulliparous womendss/eariability than do younger nulliparous
women.

Human mammary gland development and physiology. The mammary gland sunique organ in that the
majority of morphologic and physiologic development occurs outsitteeofvomb, with the most significant of
these changes taking place throughout puberty and pregnancyhitaah mammary gland begins development in
uteroasaplacode of ectodermal cells that extend thin ductular structures intodbdying mesenchyme to form
the breast budf® 214 Shortly after parturition, the breast bud comes toasatollection of short, blunt-ended ducts
with only small numbers of branching ductules and alveoli; similaistolbgical appearance to what was described
of the TEDs in the adult breasf.?

To this point, he development and morphology of the male and female breast bbhdmams are identical
and remairso until puberty. In males, the breast tissue typically never progresgead this stage and eventually
undergoes glandular regression due to androgen secréfiétfdn females, the onset of puberty begins to
transform the epithelial ductular structures of the immature mamnsrg @to the individual lobes of the mature

breast, while the fibroblastic components of the breast bud begifieiedtiate into the intralobular and



interlobular stroma of the adult mammary glahét® 224 222 With increased amounts of systemic estrogen, the
fibrous and fatty tissues of the interlobular stroma are the firsponemts of the female breast to expartusis
followed shortly thereaftdoy extension and differentiation of the glandular components of thsthrea the
apical aspects of the adolescent TE®E* The invasion of the glandular network into the fibrofatty stroma and
extralobular branching of the ducts are primarily driven by syistesirogen while intralobular ductular branching
and alveolar formation are largely driviep systemic progesterog@’6 108 110214 221 |n conjunction with expansion
of the ductal elements of the breast, a glove of hormonally-respdngalobular strom# also formed around the
individual TDLUs This stroma, in turn, produces additional paracrine factors recognibedessential for
complete maturation of human TDLW$.?14 Continued development and maturation of the female breast is
recognized to occur for at least 10 years following the onset of puberty

Even after puberty, other recurring morphological and physiologieaiggs occur within the constitutive
cell populations of the breast in accordance with the various states mknstrual cyclén the typical 28-day
menstrual cycle (with onset of menses denoted as Day 0), the menses stage3)Daygeferally recognized to be
the stage with the lowest proliferative activity in the mammary ¢téa#.214272 In contrast, the stage of the
menstrual cycle with the highest proliferative ability remains a subjetghidte At least one study suggests the
highest proliferation rates occurs in the early-follicular (proliferative) stégfee cycle (Day 3-7)8 while other
studies have identified the late-follicular stage (Da$” 2*4and the luteal stage (Day PBY7%24272t0 have the
highest amount of cellular growth. While these results appear to cochtvad another, it is proposed that most of
the confusion generated by this research has occurred due to measreidifferent epithelial cell
subpopulations within the mammary gladtiln short, whats evident from the combined results of these studies is
that both the alveolar and ductal epithelial populations of the human mamlaadyundergo profound proliferative
changes throughout the menstrual cycle. Further support as to a cydimmarithin the mammary gland
epithelium is provided by observations that the number and patterhsofrtmunoreactive for sex hormone
receptosis highly variable with the stage of the menstrual cycle. Per this parathetearly-follicular stage of the
cycle has the highest number of estrogen receptor (ER)-positive epitiedialhile the late-follicular stage of the
cycle has the highest number of progesterone receptor (PR)-positivaiapdblls?t 214

Pregnancy is another period of significant change to the mammad gliah the most notable

modifications occurring in nulliparous females undergoing affitsterm pregnancy. In nulliparous women,



pregnancy-associated breast development first begins with the tranttforofdarge numbers of TEDs into Type 2
TDLUSs 110214 217,218 221 Thjs occurs through the extension and branching of ductulethimiatralobular stroma and
through alveolar formation due to rising concentrations of progestdrates, as systemic levels of prolactin
increase, the Type 2 TDLUs differentiate into their lactating phenotype, kas\wabule type 3/4 or Type 3
TDLUSs through the proliferation of small ductules and alveolar epitheliuredkdgenesis)Ultimately, each typical
Type 3 TDLUs will contain 80 or more alvedfil08 110214 219-221\whjle differentiationof the TEDs and Type 2
TDLUs occur to some extent in all pregnancies, these processes do naardyrthroughout the breast
Consequently, not all available TDLUs within the breast are utilized for lacetidsome TEDs are maintained
throughout each pregnancy, although with each successive predearcyand fewer TEDs are present within the
breast® 108 110 214 At weaning, the systemic prolactin levels drop and the breast undergolesiamvof large
numbers of alveoli and intralobular ductules through apoptosis, pyiages, and desquamation of cells into their
respective lumens. Following involution, the majority of Type 3 TDLUs typicdsume a Type 2 TR
morphology?o 214 221

Céllular constituents of the mammary gland. The bulk of the mammary glansicomposed of
populations of terminally-differentiated myoepithelial and luminal epithelial tediisare thought to be highly
limited in their proliferative capacityHowever, within the breast there also exist at least some persistent llyd hig
proliferative cells, as confirmdaly the dynamic ability of the mammary gland to repeatedly lactate and involute
through multiple pregnancié$® 2° These proliferative cells are recognized to be populations of adult stem cells an
progenitor cellg39 185 208

Per the most-widely accepted definition, adult stem cells are multipoteliterative cells that are capable
of both symmetrical and asymmetrical cell division (FigureTtiyough symmetrical division, adult stem sell
produce two exact copies of themselves and thereby maintain ortprtivagroliferative capacity of the organ
Through asymmetrical division, adult stem cells produce one stem dedih@daughter-cell. The daughter-cells, in
turn, undergo either partial differentiatitmserve as proliferative progenitor cells or terminal differentiation to
serve as the individual functional units of the oréfar3® 146 243

The existence of an adult stem cell in the mammary gland, the mammargglandell (MSC), has been
firmly established for both rodents and humans utilizing in wsashodologies. Specifically, murine transplantation

studies have produced fully functional glands fragingle mammary gland céif 243 while human X-chromosome,
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Figure 4. Symmetrical and asymmetrical division of the mammary gland stem cell antbffased cellular
hierarchy present within the glandular cells of the human breast. Nimetdgll populations have been identified.
gene-inactivation studies of the breast have established that individual TDLUs atdrctmigin26? In addition, in
vitro work has further substantiated the existence of MSCs. In thebess individual proliferative cells obtained
from the rodent and human mammary gland have been demonstragedatoatle of producing large, mixed-
colonies composed of ductal epithelium, alveolar epithelium and myoepitheliumgnden as cell cultured.39
230,243

In addition to MSCgsa variety of other proliferative cell populations, the progenitor cells (P@egg, &lso
been identified to exist within the mammary gland. While the exact numberrganization of these cell
populations is still debated, current research suggests that there are no lfige thique mammary gland PC-

types which can be arranged into a hierarchy as depicted in Biguté® 2432704271 One of these PC populations,



known as multipotent progenitor cells (MPCs), is able to produce mixediesloomposed of ductal epithelium,
alveolar epithelium and myoepithelium similar to those seen with the MB{ike the MSCs, however, this
population is unable to self-renew and is therefore more limited inaliégpation capacity. As such, MPCs form
only small outgrowths when transplanted into cleared rodent mamitaagy-fat pads or when plated as cell
cultures. Another of these PC populations has been shown to béecaijfaibmingbilineage colonies composed of
both ductal epithelium and alveolar epithelium. These cells are referred to as thed-a@siricted progenitor cells.
The remainder of human PCs are more restricted in their colony-fpahilities and only produce a single
differentiated-cell type, that being either alveolar epithelium, ductal epitheliumyagpithelium. These three PC-
types, in turn, are collectively referred to as lineage-restricted progenitor cells.

There is evidence that while MSCs appear to be responsible for initiating degakipment and
maintaining the proliferative capacity of the mammary glandPtpopulations likely contribute to the bulk of the
routine glandular proliferation. This is proposed to be the case, iIM8@s are estimated to make up only 0.01-
0.03% of the cells within the human breast and therefore appear ttmallimdistribution to account for all of the
diffuse proliferative changes that occur with pregnancy and throtigh®menstrual cycl&? 243 270 Other research
suggests that while MSCs are currently recognized to be long-lived dblis the mammary glandt is likely that
in vivo these cells persist, for the most part, as non-proliferative nellstate of cellular quiescende® 139 208 238
243 270, 271, 282

Breast Cancer

Breast cancer incidencerate and classification. Theterm “breast cancer” is frequently used to describe
multitude of different benign and invasive neoplasms affecting thetbadw®ugh for clinical and epidemiological
purposes the use of the term breast cancer is often reserved to nefee timvasive forms of the dise&8é.
Accordingly, the use of the terrfbreast cancérin this review will be limited to refer to the more refined definition
of invasive diseasé\s men account for only around 1% of all breast cancer cases worldeidegimuch less is
known about the disease in men and, as such, this review of willéotpsn mammary gland disease as it occurs
in women?1% 213

As per the National Cancer Institutes-Surveillance, Epidemiology and End REKLIKSEER), it &
edimated that within the United States approximately 1 in 8 women will beasag with breast cancer during her

lifetime and 1 in 35 will die as a direct result of the disé&sduman breast cancers are frequently classified by



their histological appearance, their hormone-receptor status, and as tervaneatbt they overexpress the Human
Epidermal Growth Factor Receptor-2 (HER-2) gene. More than 99% oistisohically-confirmed cases of breast
cancer within the United States over the last decade have been diagnosed as ca@iem3d%s of these
carcinomas have, in turn, been characterized to be of an epithelial (luminadfygeewith only a small percentage
classified as myoepithelial (basal) in origin. Of the luminal carcinomas, approxiriagéyvere identified s
infiltrating duct carcinomas, 11% were mixed infiltrating duct-lobular carcawand 8.5% were lobular
carcinomasThe remaining 9.5% of carcinomas were classified amamber of other small categorigs?7°
Around 70% of human breast cancers have been identified to berrallyaresponsive neoplasms, possessing
either ER, PR or, more typically, both16% 192270 Notably, breast cancers that lack hormone-receptor expression
tend to be more clinically and histologically aggressive in nature thanmgudamonstrating ER and/or PR
positivity. Finally, overexpression of the HER-2 genes has been iderntifeggbroximately 30% of human breast
cancers and, when found, is frequently associated with morevaviasms of the diseage? 20
Breast cancer cellular composition. Human breast cancers, like most other solid tissue tumors, are

frequently comprised af phenotypically and/or genotypically heterogeneous mixture of neoplastigmedft 6
270280 While most breast cancers contain large numbers of neoplastic cell types thatgakl@otsignificant
independent proliferation, these tumors also typically contain at least a smaditjpopof cancer cells that are
highly proliferative® 62 198 271 280 |nyestigations into the proliferative cell populations of breast cancersihauen,
shown that the bulk of the proliferative neoplastic cells are fairly liniitedeir ability to differentiateThis has
been best demonstratedtransplantation experiments where the tumors formed I3 fiieliferative cells were
identified to be composed of only one (or a few) of the cellayfipand within the original cance® 44 62 6872 146
However, there are also other, smaller populations of proliferative cells idéntithin most breast cancers that
have the ability to produce tumors in mice which fully recapitulated afieoheterogeneous cell types found within
their tumorsef-origin. In light of these proliferative and multipotent differentiatiopatalities, this last cell
population has been termed the cancer stem cells (CSE%¥8 299

Cancer stem cellsin breast cancer. Cancer stem cells are currently of great interest to breast cancer
research for a number of reasofsst, as per their proliferative and multipotent differentiation capabilities
CSCs are proposed to represent the archetype cell for their respective eadceo that, are thought to be the

primary neoplastic cell population responsible for the overall growth andenairce of the cancers from which



they are derived .36 88 72105 Second, in that research has suggested that many CSCs are resistahorage-
dependent apoptosis (anoikis) and could be capable of survivinggiesatis in vivg it is also proposed that CSCs
play a significant role in cancer metast&8i¥’ Third, as there are data to suggest that CSCs are more resistant to
the effects of irradiation and/or chemotherapeutics as compared to theliffenentiated cells of the breast cancer,
the CSCs have been likewise proposed to be the primary cell poputsjmmsible for cancer recurrerfce.58 174
198 282 293 299 Finally, there are breast cancer studies which have correlated an incegimsetiCSCs ta higher
(more malignant) histological grad&7® 8419271 |n short, this information suggests that increased knowledge of
the CSCs in general is likely to be benefit@mbard developing effective preventative, diagnostic, prognostic and
therapeutic methodologies for breast cancer patients in the.flitutkat, identifying the normal mammary gland
cell populations which most-commonly give rise to the CSCs and elugjdag mechanistic changes that govern
the formation of the CSCs is likely to provide valuable insight towlaede goald3 8 72 79 105 196 237

Although the origin of the mammary gland cancer CSCs is currenkgown, there is evidente suggest
that CSCs often arise as a result of neoplastic transformation of the MS@snen it has been demonstrated that
ductal carcinomas most frequently arise within the TEDs of the breastptiie-tlgpe known to contain the highest
numbers of MSC$" 154216 220 Rodent studies have likewise identified the terminal end buds (TEBsn#tomical
structure of the rodent mammary gland with the highest concentratidS@s, to be the primary site of
carcinogenesi§’ 115220 222223 Agjs further described in thBreast cancer risk factors section below, lifestyles
associated with decreased numbers of TEDs/MSCs (e.g., multiparity) atyldiéeassociated with a decreased
time-of-retention of undifferentiated-TEDs/MSCs (e.g., early age at first full-teegnancy) are also both
associated with a decreased risk for developing breast cancer. Additiopattsapan MSC-origin to the CSCs is
the finding that MSCs and the breast cancer CSCs share a nurob#rsafface markers that are not readily
identified on most of the more-differentiated cell types within the normal naayngtand® 62 72 84 108 128 147,153 270
Finally, the finding that MSCs and breast cancer CSCs tend tosiholar patterns of expression in cell signaling
pathways such as Notch, WNT, hedgehog, Bmi-1 and TGF-beta alsocle#nce to the proposal that MSCsaare
common cellef-origin for the CSC: 27 72 84,123 152-154230, 282

Neoplastic transformation of the MSC has, in turn, been proposeddiwe an initiation event followed by
sequential promotion and progression stages as is classically described foltigtaga process of carcinogenesis

of more differentiated celR? Critical to the discussion of MSC carcinogenesis, however, is that thalncetular
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fate of MSCs is recognized to be highly dependent on paracrine commumigdtidhe glandular and stromal cells
of the immediate niche. That is to saignaling factors excreted by the cells of the niche determine if MSCs will
remain quiescent, undergo symmetric cell division, or undergo asymmieision with differentiatior?® 123 139270
As such, while genetic mutations to the MSCs are thought to be the mostrikating event toward neoplastic
transformation, it has also been proposed that initiation of the MSCs couldsadgsesult of genetic and/or
epigenetic alterations occurringthe cells constituting the nich8tudies which have demonstrated the
transforming effect of the aberrant niches on both CSCs and normatetle are highly supportive of this
position3°

Regardless of how initiation occurs, the initiated MSCs are hypothesizdtbte éme of three main
carcinogenesis pathwayis?4 133 158 160 203 260 1) gnjnitiated MSC may produce daughter-cells that are capable of
undergoing terminal-differentiation down only one line of itstipotent capabilities; 2dninitiated MSC may
produce daughter-cells that are incapable of undergoing complete termiedrditition down any lineage; or 3) an
initiated MSC may undergo only symmetrical division. Examples of the fatpne-neoplastic and neoplastic end-
products for each of these pathways are provided below. Collectively, hinesgathways are thought to be able to
account for essentially all of the phenotypical manifestations of breast e&nités currently known to occur in
humans. The fact that MSCs are generally recognized to be long-livedgeradditional support to these
hypothesized carcinogenesis pathways, as significant periods of timelikelyldbe required for the initiated MSC
to acquire the multiple changes needed to achieve complete carcinod&fesis.

Per the first pathwaya MSC is initiated in such a way that when it undergoes asymmetrical diaisipn
one type of terminally-differentiated cell is produced, regardless ofthdsrof the tissue. Additional alterations to
the initiated MSC, or its niche cells, over time could promote the initiated td@€quire other neoplastic
properties, such asloss of contact-inhibition, which would thereby result in tumor formatibine MSC progeny
Further alterations to the MSC or niche could then lead to the productioltsofitle an increased neoplastic
potential and so on. In this scenario, clonal-cell aggregates fronpescieoplastic/neoplastic step of the MSC
carcinogenesis process accumulate within the tissue leading to a breastoammzsed of a highly heterogeneous
cell population. As such, this pathway provides a means by which to adoothre well-established biologic

continuum of benignancte-malignancy that is frequently identified within many breast carfctr®’ 105 146 160 209
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238 280 This proposed mechanism also helps address a common guestionwasdtie Bex hormone-receptor negative
MSCs and MPCs might be able to produce breast cancers that are predgrhisrantinally responsive.

Per the second pathwayMSC is initiated in such a way as to produce daughter cells that are unable to
undergo complete terminal differentiatioks with the first pathway, additional alterations occurring to the initiated
MSC or the niche over time could then lead to tumor formation, althoufisiscenario the neoplasm would be
comprised of PCs or PC-like cells with more proliferative poterisithesetumors could theoretically be derived
from any PC population within the cellular hierarchy, this pathwayacaount for the variation in histologic
appearance, sex-hormone status and biological aggressiveness thaetwsts breast cance®&milar to what
was described above, further alterations occurring within the initiated d1&€he over time could ultimately
result in the developmenf PCs with greater neoplastic potential and to the formation of a breast cangwised
of a highly heterogeneous cell populatiévhile all of the alterations leading to breast cancer in this pathway could
occur within a single MSC, another possible outcome is that one céttiallg-transformed PCs derived from the
MSC could, itself, become further alteréwl this instance, the PC would then ultimatieézome the celbf-origin
for the CSC within the breasthis is mentioned as a possibility in that some breast cancer GSE€dden
observed to have variable expression of the MSC-associated cell-surface 18&Rér<D29, CD44, and CD133,
and the early PCs (e.g., MPCs and luminal-restricted PCs) haveiogased as a possible alternative oéll-
origin 2% 79 114 123 196

Per the third pathway MSC is initiated in such a way as to only undergo symmetrical celiaivis
Additional mutations to the MSCs or the niche could then promote the gewetb of MSC-rich tumors while
further malignant transformation could ultimately result in the formatioa CSC with only marginal differentiating
capabilities. In this pathway all of the neoplastic transformation could a6thin a single cell, although it is
equally possible that any one of t&ls in the pools of identically-initiated MSCs could ultimately become a breast
cancer CSC. With increased numbers of initiated stem cells, the thirdgyathght be expected to produce tumors
with higher rates of promotion and progression than tumors origingtinough the first two pathwayAdditionally,
in that the CSCs of this scenario have minimal potential for differentidtionght also be anticipated that the
aggressive and metastatic potential of cancers originating via this pathwhlyheogreater as well. This is stated as
such, in that that most of the neoplastic cells originating by the ththdvay would be CSC-like cells and

theoretically retain anchorage independence and the capacity for markestatiohf similar to that of the MSC
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Finally, it is plausible that breast cancers derived directly from the MSCs weuttble likely to be sex hormone-
receptor negative. Consistent with these lines of thought, highly aggresd rapidly metastasizing breast cancers
have frequently been identified to contain higher ratios of CSCs ard treast cancers are commonly negative for
sex hormone receptofs’® 196 297

Breast cancer risk factors. Only 5-10% of breast cancers diagnosed within the United States have been
identified to be hereditary in natu#¥.Mutations within the breast cancer susceptibility genes BRCA-1 and BRCA-
2 are the two most commonly identified genetic alterations in people asdnigyestimates, can increase the risk of
breast cancer in women by as much as 40 percent over those afiehal gepulatior” 2°7 Of note here though, is
the fact that BRCA-related breast cancers are much more likely to havespithgtal phenotype and/or lack sex
hormone receptors than are non-hereditary forms of the di§e'33é?’

With regard to the most-common (hormonally-responsive), non-it@ngdbrms of breast cancer in
women, there are a number of factors that have been associated withease in the lifetime risk for developing
the disease. These factors include: increased-age at first pregnancy; nullipadyitytezearche; late menopause;
total-attained-number of menstrual cycles; oral contraceptive use; estrogen-progdsbenaone therapy following
menopause; total-attained age; obesity; and exposure to radigtié/nd 82 112 131 132 140,162 164 175 199, 220, 224 258 294
297 Furthermore, primiparous women have also been estimated to happrarimate 10% higher long-term risk of
developing breast cancer than multiparous wofé&hOf all these factorsncreased-age at first pregnancy is
widely recognized to be the most significant risk factor related to the devatbdnbreast cancer in the general
population of women within the developed woflgf, 6% 130 140 172 220 270

While the details of just how each of these risk factors plays intgtiraacer carcinogenesis is currently
unknown, it is notable that many can be directly linked to prolongpedsexxe to sex hormones. To expand on this
point, the risk factors of early-menarche, late-menopause and total-attaiméayof menstrual cycles, all increase
the number of endogenous sex hormone fluctuations that a wompernesces over her lifetim®n the other hand,
oral contraceptive use and hormonal therapy in post-menopaoisedn both have the potential to artificially
increase the total-attained-number of menstrual cycles through exogeackhianisms. Irrespective of the source,
sex hormones are recognized mitogens that are known to contribugenbaltgnant transformation of DNA-
damaged celld’ 38 130 213 Thjs occurs as sex hormones directly, or indirectly, stimulate cetisrease their rates of

proliferation to such a point that some mutated cells are able to bypass the safedaiards of DNA repair and/or
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avoid apoptosié? 69 8892103 115 116 Throygh this process, the misrepaired or unrepaired DNA mutatiens th
becone “fixed” within the genome leading to formation ofinitiated” cells. Sex hormones can also contribute to the
progression of carcinogenesis by stimulating the initiated cells togratikf and produce pools of mutated progeny
which, along with the origing}-initiated cell, are then available for further neoplastic transformatfon.

The data above also suggest that maturation of the breast through pyegspacially an early-life
pregnancy, is likely to reduce the overall risk of breast cancer formatiwomen.These human data are supported
by numerous studies in rats and mice which have also demonstrati#ddiye effet of pregnancy on the
mammary glandin these experiments the mammary glands of parous rodentgdamds that were experimentally
“matured” through the use of exogenous hormones, were shown to be less suscejitibleffects of chemical
carcinogens than were the glands of nulliparous anitha 176 220 234 249,256 Although just how pregnancy confers
protection remains uncertain, some hypotheses propose that the réskicgcht least in part, due to decreds
numbers of MSCs within the bre&st> 213 215270 Ag previously discussed, the nulliparous breast is comprised of
large numbers of TEDs which are proposed to contain large numbers af'f43t6 22° During a woman’s first
pregnancy the majority of the TEDs within the breast are recruited to teyvilifédrentiate into a lactatiat
phenotype. With each successive pregnancy, more and more TERSraited from the reserves, leading to
smaller numbers of MSCs within the breast as a whole. While the r&tidS@s between nulliparous and
multiparous women have not yet been directly compared, some studiesngerfarmice have demonstrated
significantly more functional MSCs in nulliparous mice as compared to mualtipamimal$® Likewise, studies in
the rat have also documented that cells obtained from the parous magtenariave less overall potential for
proliferation than do those acquired from nulliparous glands andastgythat lactation may decrease the numbers of
MSCs in the mammary gland of this species as ell.

Radiation-induced Breast Cancer

lonizing radiation as a carcinogen. Exposure to ionizing radiation is a well-established cause of breast
cancer in womef 35 47 135 142 213 271 Historically, the majority of the carcinogenic effects of radiation on mamym
gland cells have been thought to occur as a result of direct genetic d&Pri&¢&> More recently, however, it has
been appreciated that epigenetic modifications of the genome also play into therdentlofomany radiation-
induced cancer¥: 66 115 159,160 261, 271 These epigenetic changes are found to occur through the direct exdosure o

DNA to radiation but also can result from cellular signaling between radiatiected and unaffected cells within
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the same microenvironment through a process that has been termed-thegetedbystander effect”.*8 66 159 160
226

Regardless of which type of radiation-induced damage is initialtpisesl, exposures to ionizing radiation
followed by, or in conjunction with, factors that promote cellular peadifion are now understood to be
significantly more oncogenic than are exposures to ionizing radiation ‘@fgii&24° This is supported by
epidemiological studies which have identified an increased risk of breast sanganen who were exposed to
radiation and were likewise identified to have elevated levels of endogemonsnes!® Additionally, rodent
studies have also demonstrated that the incidence of radiation-induced ngaomwas could be increased if
irradiation of animals was followed by exogenous hormonal stimul&ffdrhe exacerbation of radiation-induced
damage through increased proliferation is believed to occur by tlkeersanhanisms as previously described in the
Breast Cancer Risk Factors section above.

lonizing radiation and risk factorsfor breast cancer. Utilizing data obtained from the medical
establishment and atomic bomb survivors, it has been well-establishedethak tbf developing breast cancer afte
radiation exposure is inversely correlated with age?” 135142257 The population of females most frequently
reported to be at the greatest risk are those individuals who were expoadiition at less than 20 years of age.
Likewise, the linear dose response to ionizing radiation has also been detkttonire most pronounced within this
same demographic of woméH.

In addition to a decreased-agkeexposure, other risk factors have also been identified to be significant
with respect to the development of radiation-induced breast disease in himzarsicular, women who are
exposed to radiation and then remain nulliparous or give birth to theicHitd latein-life are known to be at
greater risk than are similarly-exposed women who undergo adiir$¢fm pregnancy at a younger ageé> 4% 172
213 A decreased risk of radiation-induced breast cancer has also been datgfyemssociated with both multiparity
and prolonged lactation where radiation exposure occurred at a youngcgéhanthe multiparity or the
prolonged lactation-history occurred before a woman reached 20ofeays!**

Interestingly, these risk factors for radiation-induced breast cancsingltar in nature to many of those
described for the hormonally-responsive breast cancers in the geneiatipapés such, a role for MSCs in
radiation-induced disease is also possible in that, with age, and wiitls@ecessive pregnancy, fewer and fewer

MSCs are thought to be present within the br&a£° 282 Furthermore, as previously described with hormonally-
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responsive breast cancer in the general population, the risk factors el $enib also implicate exposure to sex-
hormones as critical to the development of radiation-induced disease. Tad#etpthese risk factors could be
interpreted to suggest that the incidence of radiation-induced breast cancezléenbwith: 1) the number of

MSCs present within the breast at the time of exposure; 2) the duratioredbti which MSCs are maintained as
undifferentiated cells following irradiation; and 3) the number of pralifee events (e.g., menstrual cycles) a
woman undergoes following irradiatié#f. 222 In support of a MSC-origin to radiation-induced breast cancer, one rat
study has demonstrated that radiation-induced mammary cancers imsatsommonly arise in the TEBs, an area
known to be high in MSC¥.In support of the idea thatreduction in the MSC numbers is related to a decreased
risk of mammary gland cancer, another rodent study has showrothadrally-induced terminal differentiation of

the mammary gland immediately following irradiation resulted in a decréasiddnce of tumor formatiott>

While it cannot be said with certainty that MSCs are theafetlrigin for most radiationnduced breast
cancers, there are aspects of MSC biology that make them an attractive candigiateHisvinypothesis. MSCs are
currently thought to be long-lived and havkigh proliferative potential. The longevity of these cells provides the
intrinsic means by which further progressive and promotional oncogesitseof the initiated cells could occas
radiationinduced breast disease is appreciated to often takes decades to maniféstitSdie high proliferative
potential of the MSCs, in turn, provides the intrinsic methods by whightioas could be fixed into the genome
and then passed on to progeny.

Additional information to suggest that MSCs may be common oéltsigin for radiation-induced breast
disease comes from studies lookatghe response of these cells to irradiation. Research utilizing human breast
cancer cell lines and mouse mammary cell lines has shown that the MS@4,asseme MPCs, are more resistant
to radiation-induced death, apoptosis, and senescence than are thtbffeimetiated cell types within these cell
cultures?” 40,125 198 293 These results have been used to propose that MSCs are more resistdathaltaffects of
radiation than are other cell populations of the breast and therefore rerékmly to accumulate radiation-induced
mutations Finally, as previously discussed, MSCs are known to be highly influenitedegard o proliferation
and differentiation by the cells comprising their niclies that, it has been proposed that MSCs may be more prone
to carcinogenesis through non-targeted, bystander effects originatmgrfadiated niches than would other, more-

differentiated, cells of the mammary glaifcf’ 123 139270
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Animal Modelsin Breast Cancer Research

Historical perspective and future needs of laboratory animal modelsfor breast cancer research.
Relevant animal models of human breast cancer are crucial to understhedingplex interplay of genetic,
epigenetic, and molecular alterations that lead to the neoplastic transformatiomminyagland cells. To date, the
bulk of this work has been accomplished through the useate models and, to a lesser extent, rat models. The
importance of the rodent contributions to the overall understanditg afllular mechanisms associated with
mammary gland cancer cannot be overstated. However, the relevance obdentebased research findings to the
human condition have been brought into question based on two magn:i4$ the distant phylogenetic relationship
between rodents and man; and 2) the fact that the majority of spontgrectisiring rodent mammary gland
tumors do not morphologically or physiologically resemble the mostrmmforms of breast cancer in woméh.
100, 255

With the creation and use of genetically modified animals and othemgpaitary research techniques,
investigators have been able to produce mammary tumors in robl@nése more representative of the human
disease. However, the failure to recognize molecular changes in htirabhave been identified as critical toward
the initiation and/or progression of mammary cancer in some genetically-atieredontinues to raise concerns as
to the overall utility of these models toward the study of human braaseg 10

While rodens will almost certainly remain essential toward the study of breast cdhearse of adjunct
animal models are likely to prove useful in areas of research where thé mambis have shown to lack relevance
Consequently, the ideal adjunct breast-cancer animal models wogld ltdoser phylogenetic relationship to
humans, they would have a reproductive morphology andglbgg more similar to women, and they would
develop spontaneous mammary gland disease that is more representatimambineast dysplasias and cancers

Genetics and relatedness of nonhuman primate animal models. The rhesus macaquilécaca mulatta)
monkey has been found to share ~93% of its total genetic sequence iaghtitymang? Furthermore, the rhesus
macaque is identified to have ~97% average orthologous similatityrtans at both the nucleotide and amino acid
sequence level$n contrast, the orthologs of humans and laboratory mavesrfusculus) share only ~85% and
~88% average nucleotide and amino acid sequence similarity, respetRrelif.

The rhesus macaque and cynomolgus macaddaeata fascicularis) are closely-related nhonhuman

primate species and both have been widely utilized in reproductive physiekarch.25 122 166 189 190 244 279
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These two monkey species can interbreed to produce fertile offspdrizyaome genetic analyses demonstrate
only 0.34-0.40% sequence divergence between their gerf§higss is notably similar to the 0.31% sequence
divergence that has been identified to exist between the Chinese-origimdéamddrigin rhesus macaque-
subspecies, and is likewise similar to the 0.40% variation that can exigtemeindividual human®® Due to their
marked interrelatedness and the fact that the morphology and physibthgyrbesus and cynomolgus macaque
mammary glands have been identified to be nearly identical, the generic term “macaque” will be utilized throughout
the remainder of this review when referring to mammary gland irgfoom pertinent to both specighk3s 29!
Differences between the twgpecies will be directly stated, where known to exist, and the generic term “macaque”
will not be utilized herein to refer to other species of monkey from the déaceca.

Morphology of the human, macaque and rodent mammary gland. At the gross anatomic level, humans
and macaques both have one pair of mammary glands overlyirtgptha, twith the bulk of the glandular tissue
within each mammary gland located cranial and lateral to the rifpRledents, by comparison, have numerous
pairs of mammary glands organized into chains along the ventrum teatldsom the thorato the pelvis, with the
largest of these glands located adjacent to the inguinal area.

At the subgross level, the macaque and human mammary glandearagain similar while, as before,
both are conspicuously different from those of rodents. In haraad macaques, each mammary gland is composed
of multiple lobes that are largely independent of adjacent lobes with each lobeicimatimg to the external
environment through its own individual duct and secretory gfdrecontrast, mice are described to have unilobular
mammary glands as there is less physical and physiological separationnbiteveelividual lobules and all
ductules within a single mammary gland converge into a single lagedor to joining the secretory pot®.

At the microscopic level, there are also distinct differences in the rodent gland @eredro those of the
human and macaqd@2®® In particular, while macaques and humans have large distinct clustevedalf at the
distal aspects of the TDLdJrodents lack TDLUs and instead have small glandular arrangements &a@lwreolar
buds located over the entire ductal systédi® Furthermore, the prominent intralobular layer of fibroblastic cells
that surround and provide critical molecular signals to the TDLUs of hsiarashmacaques is not present in rodent
species?® 37 Finally, the cytokeratin profile and hormonal expression of the ma@agliBuman mammary gland
are also identified to be highly similar to one anathdrile rodent glands have been specifically noted to be

substantially different with regard to these paramefets53 55 263
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Development and physiology of the human, macaque and rodent mammary gland. Studies looking
into the development of the macaque mammary gland have identified the respomdiéerating and
differentiating cells to exogenous hormones to be nearly identical to thts=fmiman, whereas there are notable
differences to the mammary gland development in flides one example, the role of prolactin on the mammary
gland in humans and macaques appears to be almost wholly limitedimititition and maintenance of
lactogenesis, while in mice, prolactin is known to be essential to early deesitgrsteps of the glarié? 134 27°
Additionally, the expression of ER and PR within the cells ofiineloping macaque mammary gland are nearly
indistinguishable from what is currently known to be the case foramd#?é 110 288

Even beyond the developmental stages, there remain stark differerwesrbite mammary glands of
rodents as compared to those of humans and macdduess proposed to be in large part due to the marked
physiologic variations in the type of female reproductive cycles that é&dsteen rodents and those of humans and
macagques$* 27° Specifically, mature rodents undergo a 4-5 day estrus cycle tlwoughich they retaia
functional corpus luteunAs a result of the intact corpus luteum, rodents also maintaiffisagrtilevels of serum
progesterone throughout their entire cyélemans and macaques,contrast, both share a 35-day menstrual
cycle in which the corpus luteum undergoes regression in the absegregmdincyResultantly, the progesterone
levels in these species tend to fluctuate to a greater extent than in fddehaglditionally, macaques and women
are known to have equivalent serum levels of circulating estrogen Huatudne phases of the menstrual cycle and
both have been labeled ‘@sigh-level estrogen secretdr@ Female rodent levels of systemic estrogen, on the other
hand, are generally considered low, reaching just 10-16% of the sengent@tions found in macaques and
humans-’® 252 Finally, the proliferative responses of the macaque mammary glandrimadological estrogen and
progesterone compounds is essentially identical to what is known to oeeomien and provides yet another
example of the similarities in mammary gland physiology between tine?* it 289-291

Consistent with the similarities between the human and macaqueluepve cycles and sex hormone
levels, macaques have been identified to have profound proliferative dyafigeto both the ductal and alveolar
mammary gland epithelium throughout the menstrual c¥.This is in contrast to those of the rodent estrus
cycle where proliferation is currently recognized to be almost entirely limitéek talveolar epitheliur®®” Further
analysis of the macaque mammary glands have also demonstrated signifieesmictis in the expression of ER

and PR throughout the reproductive cycle expression that are similareaé¢posted to wometi.

19



With regard to lactogenesis, the morphological and physiological changes tinaitnate macaque
TDLUs throughout pregnancy, lactation, and involution are essentially identicabedhbumangs 2°* In contrast,
most changes to the rodent gland during lactogenesis are focusecabrethar bud structures and are more limited
with regard to ductal proliferatiott.?%! Further research has also shown that the increase in glandular tissue and
volume of milk produced, on a pbodyweight basis, is highly similar between humans and maca@sker
studies have identified the composition of milk from humans aathues to be highly similawhile the milk mice
produce is known to be substantially higher in proteig?®

Spontaneous mammary gland disease in nonhuman primates. A number of case reports and reviews
have documented the occurrence of spontaneous mammary gland lesimasiéty of nonhuman primates with
most describing hyperplastic and neoplastic changes remarkably similar tadthatgfeed in human$.15 59 93 98 113
161,180,240 284 291,296 Rhesus macaques and cynomolgus macaques account for mosechtes, with a variety of
baboons (genuBapio) and lesser numbers of other monkey species making up the rend@ititeereports. The
numbers of cases identified for each species is largely in line with phutapity of theseanimals as research models
and, as such, macaques are not necessarily thought to be predispoaatmary gland disease over other monkey
species.

With regard to macaques in particular, a number of reports have also nhoteduhence of spontaneous
ductal hyperplasias similar to those found in humans. While spontaneogsanalieoplasms in the macaque
mammary gland have been documented more frequently than haamplagias, this is thought to be due to a
reporting bias. This view is supported by the observation that hypaplafisihe macague mammary gland have
been identified with much more frequency than have cancers wbepsgof older study-animals were
systematically examined for such lesidfig’>?25¢ Specifically, the occurrence of ductal dysplasia, to include both
the common and atypical form, has been reported to be around 3%&milgumacaques in one study, and ranges
between 6-40% in breeding-aged macagtié®: 26 2°1 The variation in the data obtained from the older monkeys is
due, in large part, to the fact that while some studies examined onlytastelegic slides of the mammary gland
for evidence of hyperplasia, other studies evaluated entire mammary gdantsla-mount preparations. Research
projects examining human breast tissue from age-demographicsrafn that are analogous to the aforementioned
macaque studies are rare. However, one project utilizing reduction mammopgkastyg fidentified ductal dysplasia

to be present in ~20% of womé&hin comparison, the occurrence of spontaneous mammary glapthsias in
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rodents is highly variable with regard to the rodent strain examined @lilc humans and macaques, the
dysplasias in these species tend to be alveolar in GFigfih.

The majority of the spontaneously-occurring, macaque mammanrg géncers identified in the literature
were classified as infiltrative ductular carcinomas (IDC) (n=17) and ductal car@iimositu (DCIS) (n=11), while a
smalker number (n=3) were classified as lobular carcinoma in situ (L&IB)!13 143240291 There was also a single
case of squamous cell carcinoma arsihgle case of malignant myoepithelioma of the mammary gland described,
while the remainder of the cases were reported simply as either car¢imod)ar adenocarcinoma (n=1). These
findings are consistent with those of the human disease, indhdy all of the cancers were classified as
carcinomas, and also in the fact that ductal disease predominated overdiadae in these animals. This is in
contrast to findings in the mouse and rat, where alveolar (lobular) carzénand fibroadenomas are the most
common spontaneous tumors of the mammary gland, respecfivéiyo” 255

Additional findings from macaques that correlate well with the human wleltade an increased incidence
of mammary gland lesions with age, and the observation that metastasisnmary cancer to the lymph nodes is
common?® 60113 143 240 291 Of note here is that while the incidence of mammary gtamder in rodents is also
identified to increase with agehe lung is the primary site of mammary gland metastasis in rodémadly, in
some of the macaque case reports, the mammary gland carcinemsaseated surgically and/or medically. In these
cases, the treated macaques were noted todwinglar disease progression, recurrence and prognosis as might
have been expected of humans with similar forms of the diSg&s 24°

In the most exhaustive examination of spontangeascurring, macaque mammary gland cancers to date,
two D.V.M. pathologists and one M.D. pathologist jointly characterized tmemaay gland lesions of 35 monkeys
and identified a number of similarities between the macaque and hunditiaats2°* Akin to what has been found
in humans, some macaque mammary cancers demonstrated a contonmauatypical ductal hyperplasia to DCIS to
IDC. Furthermore, with regard to DCIS, four out of the five major rholpgical classes of human DCIS were also
identified within the 35 macaques examined here. The IDCs of these monkeys at¢tatedrwell histologically
with those seen in humans, were describable using human classificéiionesand ranged from low- to high-
grade morphology. Further examination of these lesions utilizing mohistochemical stains yielded even more
similarities between macaque and human mammary gland disease and intjusigjnificantly increased

expression of the proliferation marker Ki67/MIB1 in cancerous tissueshgperplastic lesion®) expression of
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sex steroid receptors in 60% of carcinomas; 3) expression of HER-Zim#€arcinomas4) selective loss of sex
hormone receptors and increased expression of the HER-2 in higheraarcinomas; and 5) loss of E-cadherin
expression in LCIS lesiortg3 250 291 Of note here is that, in contrast to these macaque findings, the vastynudjor
spontaneously-occurring rodent mammary tumors do not match ug/itbethe human classification schemes, are
hormone independent, and lack relevant HER-2 expression (otherféanransgenic animal modef¥)107 108 200

In addition to its othecontributions, the aforementioned study on spontaneously-ocgurtataque
mammary gland cancer was also significant in that it was the findispad report to propose an incidence rate for
mammary gland cancer in these spedigkile historically, mammary gland cancer has been considered a rare
disease of macaques, this group reported a 6.1% incidence rate based on dathfofmaia population of aged,
control animals located at a single institution. Although this number is linaarthe ~12% incidence rate of breast
cancer found within the general population of the United States, this nismba&greement with the 4-8%
incidence rate proposed to be the case for lower-risk populatiorsnoént’ The comparison of the incidence rates
in these macaques to those of the lower-risk populations of womemreassed to be appropriate that the
animals utilized in this study were not obese, and nearly all of &més®ls were either ovariectomized or
multiparous (all three factors associated with a lower incidence rate of taeasr in women)ro date, there have
been no other reports utilizing similarly aged-macaque populatiatstienge the incidexe rates proposed by this
group. The reasons as to the anecdotal underestimation of spontaimmousting mammary gland disease in
macaques prior to the publication of this paper are proposed to beaotah#l and include: 1) most macaques that
are utilized in research are young animals and therefore most are ngiaaliveiddle-age when the incidence of
mammary gland disease has been shown to be highest for these ;&@)imalsy of the macaques that are kept for
lengthy research projects are ovariectomized in order to minimize hormonahfioctu(an intervention that is also
likely to reduce incidence of mammary gland disease); 3) the vast majbnitacaques that are kept for long
periods of time are breeding-colony animals and the females indblesges are often multiparous and are very
young when bred for the first time (both factors of whichlikedy reduce their incidence of mammary gland
disease)and 4) historically, most macaques that are kept as breeding animalsinégergo exhaustive post-
mortem examinations to include a detailed inspection of the mammary gtafts.

Hormone-induced mammary gland disease in nonhuman primates. Numerous hormonal-replacement

studies in macaques have demonstrated equivalent physiological responses idethitified in women, while at
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the same time, many of these same studies have also produced labgeshof mammary gland lesions in the
macaqueé?l 52 54 55 59,83, 90, 244 251, 252, 265 266, 287, 289-291 Of the studies for which the data have been best characterized,
long-term hormone therapy in macaques has produced hyperplastic leiomeidence rates 3-4 times those
found in controlg>2 266 Other research has documented DCIS and ductal carcinoma incidence rates bétwéen 9-
in hormonally-treated animal®? 255 The fact that some of these studies utilized hormone doses similar to those
routinely prescribed to women, and that the macaque cancer incidence ratestoer@xceeded those of the
general human population, lends further credence to the proposalthhbreacaques may have lower spontaneous
incidence rates of mammary gland disease due to a decreased risk-expiusimgerplastic and neoplastic lesions
identified in these macaques were almost entirely ductal in psigitlar to what was described above in the
spontaneously-occurring mammary gland cancers of macatgditionally, when cancerous lesions were
identified in these animalsearly all of these were reported to be carcinofamlly, in these reports, most cancer
metastases were found within the lymph nodes and the majority of thenamgrgland cancers that were examined
using immunohistochemical techniques were identified EBR@ositivess 29!

Animal models of radiation-induced breast carcinogenesis. Of the numerous carcinogens utilize
toward the study of breast cancer in laboratory animals, ionizing radistmo® of the few that is also known to be
a significant cause of cancer in peofflddditionally, unlike most chemical carcinogens, ionizing radiation has also
been shown to produce a wide spectrum of pre-neoplastic and maligasnmary gland lesions in some animal
models that are comparable to progressive stages of human breast?di3&ais 115 151 174 185 232 264

Rodents have contributed greatly to the understanding of @mdiatiuced disease in general. However,
the use of these animal models toward the study of radiation-inducedntareast carcinogenesis is proposed to be
less than ideal for several reaséts*> At the forefront of these concerns is the fact that most radiation-induced
mammary gland tumoisf rodents are phenotypically different from the most common radiatéhreéd cancers of
humans. Similar to what was described for the spontaneously-occuamgiary gland cancers, rats frequently
develop fibroadenomas and adenocarcinomas of the mammary dlandnfg irradiation, while most mouse
models of radiation-induced disease develop alveolar-centric caAtsrsimilar to what was previously
described, only a very few strains of rodents routinely expressosexone receptors within their respective,
radiation-induced mammary gland tuméfs!'s 181 255 Radiation-induced breast cancer in humags;ontrast, is

most often identified to be hormonally-responsive ductal carcinomas.
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Another issue with the use of rodents in radiation-based research is that the tdetze rodent
demographics with the highest-risk of developing radiation-induced rasyrgtand disease is not entirely
consistent with the human findingss an example, some studies have reported adult rats to be more susceptible to
the development of radiation-induced mammary gland cancers than ageyamimald!® 213 This has led
researchers to speculate that there may be significant differences ifi gopuakations and/or molecular pathways
susceptible to radiation-induced disease between rodents and hdHHasmecifically, it has been proposed that
radiation-induced mammary gland carcinogenesis in the rodent species isdigetyated with the TE®-alveolar
transition phase of mammary development, while the ductular-expansion phae@mary development is
proposed to be the most radiosensitive phase in wohienpredisposition of the rodent alveoli to radiation
induction is further supported by studies in which pregnant atalftating rats were found to be significantly more
susceptible to mammary gland cancer development than were other demographinzalstts 213

One last issue with the use of rodents in radiation-based research ariséeefoiiservation that, unlike
humans, parity does not appear to be protective of radiation-induced magiarat disease in the rodé#t.?13
This informationis especially disconcerting in light of the fact that parity is well-recognizée frotective of
mammary gland cancers induced by a variety of chemical carcin®/gféri§? 115 176 220234 243 256 The fy||
implications of these findings are unknown, but again suggest thatetiffcell populations and/or physiologic
mechanisms may underlie mammary gland disease in rodents as cotogaretns

The rhesus macague has been used with some frequency in radiatiorebaasctif- 16 30 3764 78, 109 184
186,187, 204 241, 269, 286 292 glthough little is known about the long-term effects of irradiation omigeaque mammary
gland due to several factors. First, much of the macaque-based radiation resdatethas been focused on the
acute effects of high-dose, total body irradiation and, as per their désga,studies have not contributed any
information as to the long-term effects of radiation on the macaque agnghand® 184 Second, even where
macaques have been kept for lengeriods of time following exposure to high-dose, total body irradiatimre
are essentially no mammary gland cancers reported for these animals. ©ritieginterpretation of this
information, however, is the knowledge that much of this long-tiata was acquired from follow-up studms
macaques that surviveshinitial high-dose, total body irradiation experin@nf. 109286 292\yhjle other long-term
data has come from high-dose, total body irradiation research that concentretgi¢idnal organ systesother

than the mammary glands®* 186 187 |n short, the data as to the long-term radiosensitivity of the mammary gland
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may be confounded by the fact that information was only acquinedtfie individual animals that were most
resistant to the effects of acute, high-dose total body irradiation and alse fagt that none of these long-term
projects were mammary glamsgecific researchThis last piece of information being important as essentially
nothing is described in these studies as to the means by which the mammasyglemexamined for pre-
neoplastic/neoplastic disease and it is plausible that mammary lesions could meeedskmked ifathorough
gross dissection was not performed or if the microscopic examinattbe afammary glands was based ana
few histological slides rather than whole-mount sectiBislly, even where long-term macaque studies have been
performed using lower doses of radiation that may have been matecbeeto mammary carcinogene$igé 204
241269 there are only a few cases of mammary gland cancers repbftdchportantly though, most of these studies
utilized focused irradiation techniques that greatly limited secondary expimstite breast and there was essentially
nothing mentioned in these reports as to the means by which thesysgams, outside their own interests, were
examined for neoplastic growtpf¥,2+1 269

What is known about rhesus macaques and irradiation is that the acuteeaxgbese animals to high-
dose total body irradiation has been identified to be essentially identical to thheehafnan with regard to the
gastrointestinal and hematopoietic systé#i§? Furthermore, it has also been reported that the long-term, excess
relative risk for cancer development following X-irradiation is similar betwaenans and macaqués?® Finally,
while the numbers are few, there are at least two reports related to the develdpmanttary gland cancer in the
rhesus macaque following irradiation. In the first case report, a singhalanmas exposed to fractionated total-body
irradiation at 0.25 Gy every-other-week for over two years (20&y). The animal then developed mammary
gland ductal carcinoma with lymph node metastasis within a year of corgglesidiation®” In the second case
report, a single rhesus macaque was administered routine estrogen isjistthree year period prior to having a
radioactive silver (110Ag) disk implanted in the subcutaneous regitwe akin overlying the mammary gland.
Three years following the implantation, the animal developed a carcinosas€timamammary gland adjacent to
the site of disk. Of note here is that none of the other monkeys eirte¢hésl same estrogen trial study were exposed
to radiation and none of the other animals developed breast ¢&ncer.

In summary, in spite of their potential limitations, rodents continue thébprimary animal models
utilized for the study of radiation-induced mammary diseasew@ins due to the fact that no better animal models

have yet been identified. While information related to radiation-induced ragngtand cancer in macaques is
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minimal at this time, there is no definitive data to suggest that macaqumang glands are resistant to radiation-
induced carcinogenesis. To that, investigations into macaques as a radiagggliofihuman breast cancer are
warranted given the similarities between macaques and humans withteegargetics, reproductive physiology,
and mammary gland-disease and due to their similar acute and longe¢ponses to irradiaticf®
Acquisition of Mammary Gland Stem Cellsand Progenitor Cellsfor Research

Enrichment and isolation of M SCsand PCs. Due to the possibility that MSCs and/or PCs are common
cells-of-origin for breast cancer CSCs, there is currently much interestjiriringy these cell populations from the
mammary gland for study. Through the use of fluorescence-actis@liezbrting (FACS), many different human
and murine mammary gland cell populations have been isolated and exahfieasdrting of these cells has come
primarily through the use of a variety of cell-surface markemmehaCD24, CD29, CD31, CD44, CD45 and CDA49,
although a number of other cell-identifying qualities have also beeredtitiuch as: aldehyde dehydrogenase
activity; retention of the label bromodeoxyuridine; and efflux of Hee8B342 dyé. 2" 7% 96 127, 147,230 232 239 243 254
While several independent studies using different FACS-gating techniquepimgorted to isolate populations of
MSCs there have been major phenotypical and physiological discrepancies describeshbagils isolated by the
different groupg: 7 108 127,144 150,206 230 243 293 Based on these findings, it has been proposed that different
subpopulations of MSC-like cells may coexist within the breast andhdaubpopulations acquired using these
techniques likely represent different states of activation of the MSCs at theftisoéation?® 2°% Accordingly, there
is currently no consensus as to definitive FACS biomarkers for hamanrine MSCs and, at best, FACS can only
be said td‘enrich’ for MSC-like cells?*° While the use of these cell sorting techniques is usefidrd the isolation
of highly specific cell populations from the breast for study, it is abssiple that this level of specificity could
limit our understanding of breast carcinogenesis as a whole. This is &deraast cancer CSCs have been
demonstrated to exhibit a variety of surface markers and thus breest €8Cs may be derived from more than
one subpopulation of MSCs andeven some earlpC-populations’> 7 As such, if research becomes too focused
onjust one, or a few, subpopulations of proliferative cells then iitisedy possible that biomedical research could
miss out on relevant data toward carcinogenesis if the FACS-selected caditjpoys are not inclusive of all of the
MSC/PC-types that are readily susceptible to neoplastic transformation.

A cell culture method for the acquisitiofMSCs and PCs from mammary tissues th&ss limiedin its

selection of proliferative cell-types than FACS has been developed léeldyigo prove useful toward breast cancer
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research?! The ronadherent mammosphere culture technigeecafter referred to as “mammosphere culture’)
utilizes the stem cell properties of anchorage-independence, apoptosimcesisd high proliferation index to
isolate MSCs, and some less-differentiated (early) PCs, from the bli& ofammary epitheliurft:# In short,
primary mammospheres are created as mammary gland tissue is mechanicatigyanatically dissociated into
single-cell suspensions, and then placed into serum-free media withiow attachment cell-culture plates. In the
absence of serum and with no surface to attach to, the more-ditisdrmammary epithelial cell types in the
plates undergo anchorage dependent apoptosis (anoikis), while the MPE€amaneiarly PCs, persist and
proliferate to form free-floating spherical colonies. Secondary mammastagrthen be created from these
primary cultures by mechanically and enzymatically dissociating the primamymospheres back into single cell
suspensions, and then allowing the cells to form spheres once ageinnmfree media within ultralow attachment
plates This same process can then be repeated to create tertiary mammospdhemesrg as desired. The rationale
behind creating the secondary mammosphere cultures and later-stages ¢sitiiat some research suggests that
with each passage of the sphere-forming cells there are higherabMSCs in the cultures as the PCs undergo
senescence due to their limited proliferative abifity 15

Another possible advantage of mammosphere cultures over FACS-basedsnethatithe cell
suspensions used for mammosphere cultures do not require the aafdhtidibodies, reagents or dyes to obtain the
cellsof-interest. While most of these cell-markers are generally considered todwigate physiologic effects on
the cells to which they are appligtere are minimal experimental data to confinese assumptions. As such, there
is a possibility that at least some of these reagents could confoundesutly through unidentified alterations in
cell function?® 13°

Mammosphere culturesin research. The use of mammosphere cultures toward the isolation of MSCs and
PCs has been well characterized using human breast ti$g¢é¥. 155 185 226 270 | these studies, mammospheres
were routinely grown and examined as both primary and secoadlituyes. The identity of the cells comprising
individual spheres was largely determined by growing the cells in a vafietytare conditionsand then
examining the outgrowths for differentiation utilizing immunohistaotoal staining methodologie®ne study
found that aroun@8% of primary mammospheres obtained from humans were able to undeltitimaage
differentiation, and thus, were proposed to be of MSC or MPC ovigjiile the remaining spheres were identified to

be more lineage-restricted in natlitdearly all (around 98%) secondary mammospheres in this stugy wer
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identified to be capable of multi-lineage differentiatiddditional work demonstrated that when single cell
isolates were plated in low cell densities, the vast majority of primary anddseg@pheres in these cultures were
clonal in origin® 71 74 85These same studies, and others, further demonstrated that most rpasmemserived
from low-density platings contained, on averag8,sphere-reforming cells (the MSC) per sphere while the
remainder of the cells comprising these spheres appeared to lack charactdrd&Cs’ ’° Together, this
information suggests that dissociated cell suspensions produced betweggmang and secondary mammosphere
cultures provide a means by which highly-enriched populations ofd\3@ be obtaine.”

Mammosphere culture techniques have also been utilized to evaluate the murmamngtand with
some frequencyT he results from most of these studies are comparable to those of hwiteregard to: 1) the
ratios of the MSCs identified within the mammary gland (0.029)92) the clonal identity of low-density derived
mammospheresnd 3) the numbers of mislineage and lineage-specific sphere types found in primary and
secondary culture,138 146 147,172 236 243

Summary and Research Outline

Breast canceremainsa prominent cause of cancer-related morbidity and mortafityomen in the United
States and relevant animal models are still needed toward the study ofdhiedidacaques are more similar to
humans than are laboratory rodents with regard to genetics, mamiasadymorphology and reproductive
physiology. Additionally, macaques have been shown to spontanetays&iop pre-neoplastic lesions and
mammary gland cancers similar to thosdwumans whereas most rodent models do.famnally, the incidence rate
of mammary gland disease withtsome populations of research-macaques has been identified to be similaeto tho
of the low-risk human population in the United States

Mammary gland stem cells and, to a lesser extent PCs, continue toait&atibn as possible celts-
origin for breast cancer CSResearch animals that can provide MSCs and PCs that are most similaetofthos
humans are arguably the models most likely to advance the scighteareal propose, based on the cumulative
information provided above, that carcinogenesis studies utilizing madagived MSCs and PCs are likely to be
more relevant to human breast disease than are identical studies in which thahd3ICs are acquired from
laboratory rodents.

An ideal modeling system for breast cancer carcinogenesis wouldgataher factors, be one that could:

1) obtain cellssf-interest from a wide range of age-demographics; 2) allow longitudirdiéstwithin individuals
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and3) reduce the number of experimental confoundEng collection of mammary gland tissue from humans is
limited by ethical concerns and it is notable that the vast majority of tharhtissues utilized for research are
obtained as a byproduct of reduction mammoplasties. As such, collection afanagland from adolescent
femalesalife-stage of great interest to carcinogenesis research, is rarely perfordhieshgitudinal studies of
breast changes in individual women are all but impossitiiae clinical and family histories of women undergoing
reduction mammoplasty procedures are frequently incomplete and othetesmrsaizch as diet and lifestyle choices
(e.g., smoking), that may affect cancer risks are largely unkd®Rinally, as the different phases of the menstrual
cycle are appreciated to lead to significant morphologic changes in the eceflssing the human mammary
gland?8 97156 170,178 214 272t i5 plausible that variatioria the collection-time between individuals, with regard to the
phase of the menstrual cycle, could confound comparative stirdimntrast, mammary gland biopsies can be
easily collected from macaques at any age and biopsies carealsibected from the same animal at multiple time
points throughout its life. Furthermore, as the medical histories and pedignes@®animals are generally well
known, confounders such as numbers of pregnancies and familial histories af camd® accounted for while
other research variables, such as diet and lifestyle choices, are essentially net aasty, the timing of
mammary gland biopsy collection to specific stages of the menstrual cybke imacaques is easily accomplished
and, in theory, can further reduce variation between the biopsyesarBased on this information, | propose that
carcinogenesis studies utilizing macaque-derived MSCs and PCs havestidipoof producing more significant
data with regard to human breast cancer than identical studies in whichail@®€s are acquired from highly-
variable human tissue sources.

There are currently no published data to indicate that MSCs/PCs have yetdietmalifrom ay
nonhuman primate speciégherefore undertook an aim to develop and validatemmosphere culture technique
for the rhesus macaque with the goal of obtaining MSCs and PQsefdn biomedical researdidescribe this
process in detail in Chapterld Chapter 3, | describe a cytology method that | validated in the rhesaxoe to
aid timing of mammary gland collections to a specific stage of the maheyle.

As fundamental differences are known to exist between the nulliparousutigrous mammary gland, |
undertook an aim to quantify, characterize and compare the MSCs/PCs cdtlmetddth nulliparous and

multiparous macaques. | describe the findings from these studies in Chapter 4
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lonizing radiation is an established cause of breast cancer in wBmespite the fact that macaques have
beendescribed to be similarly susceptilifethe effects of radiatioashumansbasic data as to use of these animals
for studies on radiation-induced breast cancer is lacking. Therkfordertook an aim to examine the effects of
ionizing radiation a MSCs/FCs collected from both nulliparous and multiparous female macaques whildois
described in Chapter. 4

In conclusion, there is evidence to suggest that macaques are relevant anladalfardhe study of
human breast cancer and that use of these animals could open up aveeseasrofi that are currently inaccessible
using tissues derived from either humans or rod@ihies work included in this dissertation represents the
development of novel experimental techniques in macaques that are apptisaiotethe study breast cancer and
also provides baseline data on the macaque mammary gland that are essentalrintied use of these animals
in researchThis work also represents the first descriptive and comparative experipegfiisned on mammary
gland stem cell populations from any nonhuman primate species anddlibgdnformation gained from these

studies, serves as a foundation on which future nonhuman ptimestst carcinogenesis studies can be based
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Chapter 2: Development and Validation of a Novel M odel for Breast Cancer Research

Introduction

Breast cancer remains a significant cause of mortality for women innitedlStates with the majority of
these deaths attributable to recurrence or meta$tédidlost breast cancers are composed of highly heterogeneous
neoplastic cell populatiorfs? 68 73 270 Contemporary evidence suggests that a small subpopulation of filagtieo
cells within breast tumors known as the cancer stem cells (CSCs) reéphesarchetype cell for each cancer. In
light of their multipotent potential, the CSCs are considered to be the cell populasotikely responsible for
cancer recurrence and metast&gis52 73 74 146 280 299 Hypotheses as to the origin of the CSCs propose that these
cells frequently arise from mutations to the mammary stem cells (MS@&x anultipotent progenitor cells (MPCs)
that exist within the normal mammary glafid?® 209 260 This has sparked interest into the acquisition of these two
particular cell populations for study. While there are currently no methadsalale by which to obtain pure
populations of MSCs or MPCs, a number of cell markers and fuatt@says have been utilized to sort cells
obtained from mammary gland digests to enrich for these specific celbfiopg®” 79 84 96 147, 196 206 230, 243

A cell culture technique, commonly called mammosphere culture, has alsexteersively utilized to
obtain similarly-enriched cell populations from the mammary gland fraim fluman&’ 7+ 73 85 196 206 231 gnd
rodentst*’ 208 293 Briefly, single-cell suspensions obtained from digested mammarysgtaadlaced in specialized,
serum-free media and are cultured in ultralow attachment plates to take advatiegictfthat MSCs and some
MPCs are identified to be anchorage independent cell fgés&inder these conditions, the MSCs and some MPCs
proliferate as free-floating spheres (mammospheres). In contrast, the vast ro&jbetpther, more-differentiated,
mammary cell types acquired from the tissue digests undergo aramikl®ofage-dependent apoptosis).
Mammosphere studies have demonstrated that when these initial (primamy)osimeres are dissociated back into
single-cell isolates and allowed to proliferate under the same conditions, agcorammospheres are formed.
These secondary mammosphere cultures have, in turn, been identifeeddmposed of populations of cells that
are even more highly enriched for stem cell-like cells than are timagrimammosphere culturés.

Historically breast cancer research has relied heavily on rodent models fardpefsbreast cancer.
Rodents may not be ideal research models however, as spontaneously-ocamingrngland cancers in these

species rarely resemble the most-common forms of human breast ¥dfi¢&® Equally disconcerting is the fact
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that even when rodents can be manipulated through experimental technigexsldp dancers more representative
of the human disease, there still exist significant genetic, physiologicnamdhologic differences between humans
and rodent$? 1°° These differences have brought into question the relevance of diagaostizeatments

developed in rodent models that are to be utilized for human breast disease.lifemsatissues, typically obtained
as byproducts of reduction mammoplasties, have also been utilized witliregomency in the study of breast
cancer. However, there are limitations to the usefulness of the humeeddessues as well. These include the lack
of availability of samples and the fact that there is an inherent variabilitgbetindividual donors as a result of
environmental, genetic, and life-style differenée®ther limitations associated with the use of the human derived
tissues are the limited demographic age-range of the women undeamrgghitegion mammoplasty and, logically, the
inability to perform longitudinal carcinogenesis studies on the individualssttiees??

Rhesus macaquelslécaca mulatta) have mammary glands that are morphologically and physiologically
similar to human8® 288 Additionally, although female rhesus macagues do undergo a seasadigber
reproductive inactivity, during their reproductively-active times of the yesethnimals undergo a regular
menstrual cycle that is similar in length and form to that of the hudfimar? 63244267279 Recent investigations
suggest that some macaque species have breast cancer incidence rates simiaoftadhtagn human
populationg®! It was also reported in these same studies that the preneoplastic and neoplastcynuhamah
lesions of most macaques were comparable to those of humans. As macaquasmon research animals, large in
size and long-lived, they are likely to prove useful toward the stubyeafst cancer. Despite their potential, the
utilization of these animals in breast cancer research is still limited, in largdysatt the fact that little work has
been done to validate commonly used research techniques for these species.

This study describes the modification of the mammosphere culture teclmigise in the rhesus macaque
and also describes the first mammosphere studies performed using nopinunade tissues. One major aim of this
project was to optimize a mammosphere culture technique for the rhasague. The hypothesis being that viable
and reproducible mammosphere cultures could be obtained from this speai@sgdéils associated with this first
aim were to collect mammary gland weights for the species and also to investig#tier or not the mammosphere
potential was similar throughout the entire macaque mammary gland. A sea@rchim of this study was to
validate the rhesus macaque mammosphere culture as a relevant assay by sthibhthe human breast. The

hypothesis being that rhesus macaque mammospheres have morpholodicattioial characteristics similar to
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those described for human-derived mammospheres. A third major i stidy was to investigate what effect
that age, parity-status, and stage of the menstrual cycle may havenomoshere formation and function. The
hypothesis being that at least some of these parameters would have taonetiecnumbers and/or function and/or
morphology of mammospheres produced in this species.
Materialsand M ethods

Animal model. Biological specimens were collected from 41 female, Indian-origin, rheagaques.
Thirty-nine of these animals (Animal #s 1-39 in Table 1) origin&tau the breeding colony at The University of
Texas, MD Anderson Cancer Center, Keeling Center for Comparative Medicifeararch (KCCMR) in
Bastrop, TX. Throughout the timeframe of this project, the KCCMéRdling colony maintained an ongoing census
of approximately 600 adult female macaques. The KCCMR breeding colony Imaa tlesed colony since 1983
and no outside animals have contributed to the genetic lines since thatherealony has been documented
through serological means to be Specific Pathogen Free (SPF) for Cercopithepieeviigs 1, Simian
Immunodeficiency Virus, Systemic T-lymphotrophic Virus and Sinftetroviruses 1, 2, and 5 since 1991. The
final two animals included in this study (Animal #s 40 and 41lahle 1) were originally procured from an external
source and were maintained at the KCCMR, in a study setting outditk lmfeeding colony, for approximately 2
years prior to their euthanasia. These two animals were seropositive ¢opiflezcine Herpesvirus 1 at the time of
their death but were clinically normal and were SPF otherwise. Signalment aivdlirheslory were collected for
each study animal. A Body Condition Score (BCS) was also assigned tstedglanimal based on published BCS
parameters for the rhesus macaefiiEhe BSC was a consensus score agreed upon by at least two @dividu
(veterinarians and/or veterinary technicians) experienced in nonhumaatg@sork. Information pertaining to each
animal utilized in the study is presented in Table 1. The KCCMR is fully dtetldaly the Association for
Assessment and Accreditation of Laboratory Animal Care International (AAALACI) laadimals utilized in this
study were housed in full compliance with the recommendations prowvidedGuide for the Care and Use of
Laboratory Animals (ILAR). 82 All tissue collection methods used for this study were reviewed and approved
through The University of Texas, MD Anderson Cancer Center Instituthorialal Care and Use Committee
(IACUC).

Mammary gland biopsies. In vivo mammary gland biopsies were collected from a total of fourasim

utilizing techniques similar to those previously described in the macétjnebrief, the animals were anesthetized
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Table 1. Macaques collected for the mammosphere studies represented a wide range dglaomdpefinition of
table termsAnimal #: order processed in the stud®rocess. N=necropsy; B=biopsyAge: rounded to nearest
quarter yeanM (kg): Body weight in kgBSC: body condition score (as detailed in teg)ass (parity):
N=nulliparous; P=primiparous; M=multiparou&age (reproductive status per uterus/ovary histology): M=menses
phase; F=follicular phase; L=luteal phase; I=inactive phase; P=pregnant or peri-peu@yrigrolycystic ovaries.
Lact: (lactating,per gland histology for necropsies or per clinical evidence of lactatioricjpsibs): Y=yes; N=no.
Fibrous (qualitative amount of fibrous connective tissue within the mammary giatalogically): O=minimal;
1=mild; 2= moderate; U=unknown (histology not availablafants: number equals number of live birttdam wt

(9): average weight of each gland for necropsied animals or weight of Hmpsippsied animals in grams;
U=unknown. Animals listed as “opportunistic”” were euthanized as part of study that was unrelated to this project.

Animal #|Process [ Age (yr) | Wt (kg) | BCS |Class [Stage | Lact [Fibrous |Infants|Mam wt (g) Relevant reproduction history Cause of death/euthanisia
1 N 2.25 2.87 3 N | N ] 0 1.79 N/A opportunistic
2 N 17 9.68 [35| M P Y U 13 10.77 Dam and full-term fetus died at parturition parturition
3 N 14 5.76 3 M L N U 4 5.18 None trauma
4 N 13 8.95 M P Y 0 10 11.62 Dam died 1 day postpartum parturition
5 N 16.5 6.3 35| M | N 0 12 5.61 None cancer
6 N 2.5 2.8 3 N | N 0 0 2.14 N/A trauma
7 N 19.25 5.3 25| M | N 2 10 4.64 None cancer
8 B 19.5 6.12 [ 35| M U Y U 7 0.532 Biopsy 1 month post-weaning biopsy technique (alive)
9 B 4 5.25 3 P U N U 1 0.398 Biopsy 3 months post-weaning biopsy technique (alive)
10 N 22.5 6.26 3 M P Y 0 11 11.79 Dam died 1 month post-abortion cancer
11 N 4.5 5.6 3.5 P P Y U 1 U Dam died carrying second trimester fetus cardiac disease
12 N 11 561 [25| M | Y 0 7 9.53 Foster dam amyloidosis
13 N 14 499 | 25| M P Y 0 8 6.74 Abortion of second trimester fetus liver abscess
14 N 21.25 [ 579 [25| M | N 2 12 2.9 None cancer
15 N 17.5 6.32 | 35 M F N 2 12 6.46 None arthritis
16 N 22.5 5.5 3 M P Y 1 16 7.24 Dam and full-term fetus died at parturition parturition
17 N 6 4 2 P | N 2 U None arthrtitis
18 B 19.75 | 5.55 3 M U Y U 9 0.776 Biopsy 1 month post-weaning biopsy technique (alive)
19 B 22.25 | 589 (35| M U N U 11 1.012 Biopsy 5 months post-weaning biopsy technique (alive)
20 N 4.25 3.58 | 2.5 N L N 0 0 2.79 N/A enteritis/arthritis
21 N 12 9.23 4 M P Y 1 8 10.98 Dam died 1 day postpartum trauma
22 N 12.75 | 7.31 4 M P Y 0 8 13.42 Dam died carrying first trimester fetus trauma
23 N 21 549 [25| M F N 1 13 7.08 None cancer
24 N 19 6.01 3 M F N 2 12 4.36 None amyloid/arthritis
25 N 18 576 [ 25| M | N 2 12 6.12 None cancer
26 N 8 5.09 3 N F N 2 0 2.95 N/A opportunistic
27 N 3.5 4.44 3 N F N 1 3.22 N/A opportunistic
28 N 16 6.65 [35| M L N 2 7 6.84 None cancer
29 N 19 5.07 [25| M P Y 0 11 6.47 Dam died carrying first trimester fetus cancer
30 N 20 5.77 3 M | N 2 2 5 None liver abscess
31 N 8 6.8 35| M L N 0 2 8.12 None opportunistic
32 N 22.5 5.2 25| M | N ] 16 4.81 None opportunistic
33 N 16.5 6.25 3 M F N U 9 4.66 None opportunistic
34 N 17 5.6 3 M F N 2 7 5.92 None opportunistic
35 N 17 5.5 3 M M N 1 11 6.51 None amyloid/enteritis
36 N 18.75 12 5 M Cy N 0 8 U polycystic ovaries pneumonia
37 N 10.75 4.3 2.5 M | Y 0 6.15 None enteritis
38 N 19.75 6.45 3 M F N 1 13 7.8 None arthritis
39 N 8.75 4.4 25| M L N 0 4 4.73 None enteritis
40 N 4.5 5.05 | 2.5 N | N 2 0 3.31 N/A opportunistic
41 N 5.5 6.15 3 N L N 0 0 4.18 N/A opportunistic

and the skin of the chest was shaved and surgically prepped for teg propedure. Using aseptic surgical
technique, a 2-3 cm incision was made in the skin over the craniolateral aspeentdmmary gland. The
underlying mammary gland tissue was dissected free from the adjaddigssef structures and ligated with suture
at the proximal and distal ends. The biopsy was removed and plézeah iice-chilled solution of commercial

media (Complete Epicult-B Basal Medium [Human]; StemCell Technologies, Vanco@weGadhada)
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supplemented with 5% fetal bovine serum (Fetal Bovine Serum-Advantage; Atlantai¢itsioglowery Branch,
GA) (EB/FBS). The surgical rent in the mammary gland, subcutaneous asslgkin were closed with surgical
suture. Animals were recovered 3-7 days in the veterinary clinicebb&ng returned to their breeding groups.

Necropsy-derived tissues. Reproductive tract tissues and mammary glands were opportunistically
collected at necropsy from select animals that died or that were euthanized at th&KIDERS illness, trauma, or
that were euthanized as part of IACUC-approved research projects unrelatedtidthit)terine and ovarian
tissues collected at necropsy were immersion-fixed in 10% neutral bufferealifo(MBF) (LabChem, Pittsburg,
PA) for a minimum of 72 hours. Following fixation, the tissuesewoutinely processed for histologic examination
by the KCCMR Histology Laboratory and paraffimbedded sections were cut at 4 pm and stained with
hematoxylin and eosin (H&E; Poly Scientific R and D, Bay Shore, Nk§. uterine and ovarian morphology was
assessed by two boarded veterinary pathologists to collectively determipedki seproductive stage for each
animal (Table 1) using histologic parameters as previously deséfiBe#f’ For the collection of mammary tissue,
one or both glands were dissected free of the adjacent skin, muscle argddidigue and then individual glands
were weighed prior to further processing. A portion of the mamgland tissue was immersion-fixed in NBF and
processed for histologic examination, similar to that described for the mtieovaries. The remainder of the
mammary gland tissue was collected into an ice-chilled solution of EB/FBS and waeliftili studies involving
mammosphere optimization, validation, and characterization. Mammary tissues utilitesl itammosphere
culture techniques had the initial digestion processes begun within oneftdaath and the majority of these
tissues were processed within 30 minutes of death.

Optimization study design. While only animals with healthy-appearing mammary gland tissues wer
selected for inclusion in the study, there was a wide range of depfogwvariables (e.g., age, parity, reproductive
stage, disease state, etc.) across study subjects. In order to mihenminafounding effects of utilizing animals
from varied demographics to compare different mammosphere culture techaigutsn-subject approach toward
the optimization of the technique was performed. In this approach, multiplesligf homogenized breast tissue
(defined below) were acquired from one animal. A number of these &iguene then utilized to explore a single
modification to the tissue digestion or cell culture technique. For each memeiall of the variables associated with
the procedure remained constant except one (e.g., trypsin digestiorsbrttegt the most productive modification

of that one single aspect of the technique could be identified and incorpotattekifinal protocol. For most
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subjects included in the study, there were enough aliquots of martiesare acquired from a single animal to allow
for exploration of multiple modifications to the mammosphere culture priotalt@xperiments investigating the
mammosphere culture techniques were performed using at least two adiguatsimary tissue per modification
(e.g., two tissue aliquots from a single animal were utilized to expamie trypsin digestion-time of interest). Also,
other than the initial experiments conducted using Animal #s 1-4, eatification to the digestion/dissociation
technique was investigated using tissues derived from a minimum offferedt animals. As not all aliquots of
tissue could be processed simultaneously, intensive efforts weretonadate the processing order of the individual
aliquots in attempts to minimize any effects that tiofigorocessing may have on the outcome of the experiments.

An illustrative example of this within-subject approach is providdeigure 1.

Centrifuge speed

Homogenized
mammary tissue

» Trypsin digestion time

Aligquot 1 from 1 animal Aliquot 7 Vil
1 min
Aliquot 2 Aliquot 8 .
1 min
Aliquot 3 Optimal speed is determined Aliquot 9 Vil
to be 200 x g. Reattempt with 2 min
T A at least one more animal to DT
bl confirm results. ety Xl

2 min

200xg

Aliquot 5

I 350xg

Optimal time is determined to be 3 Aliquot 11

minutes. Reattempt at least twice 2 enin IX
more, including digestion times —
longer than 3 minutes in subsequent allguoriz X

animals, to confirm results.

VI

3 min

350xg
Figure 1. Within-subject approach toward the optimization of the mammary glaedtiig and single-cell
dissociation. In this example 12 equally-weighted aliquots of homogemiaatmary tissue are obtained from one
animal. Six aliquots (#s 1-6) are utilized to investigate the effect that vasotsfugation speeds have on overall
production (all other procedural variables remained constant). The otladigsiats (#s 7-12) are utilized to
investigate the effect that variations in trypsin digestion time haveastugtion (all other procedural variables

remained constant). Each of these experiments were then repeatetisasggyfrom additional animals to

confirm/refute these results. The Roman numerals to the outside of each edjgresent a hypothetical processing
order for each aligout.

Mammary gland morphology and physiology is dynamic and couldwiinyanatomic locatiod® Based
on this possibility, homogenized mammary gland tissues, rathemii@idual mammary biopsies acquired from
various locations, were utilized in the optimization experiments in etimrinimize any confounding effects
associated with regionalization. The process of mammary gland tissugdwimaiion is described here in brief.

Mammary gland tissues were aseptically collected and trimmed of lymph nodes, rmandaacess adipose tissue.
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The remaining mammary tissue was minced into small pieces (approxi®aehy0 mm) in a glass petri dish

using scalpel blades. The minced mammary gland pieces were mixed weliiptatte evenly distribute the tissues
within the petri dish. Individual aliquots of predetermined weights were collécedthe homogeneous mixture

for use in the optimization experiments.

The metrics by which modified culture techniques were determined to be eithighamcement or a
diminishment of the process are detailed inRbgults section below. Once a modification to the technique was
identified to be advantageous toward mammosphere production, thisaatidiif was incorporated into the protocol
for all subsequent experiments. When modifications to the techniquendigated no appreciable improvement, the
procedural variation that produced the most rapid results or that was leastiastlyilzed the smallest volume of
enzymatic solution) was selected for use in the final protocol. This patteptimfzation was continued throughout
the study until such time that no relevant improvement in the succtssmiotocol could be readily detected.

Basic methodology. Animal #s 1-3 were utilized to establish the aseptic mammary gland collection
technique, weighing technique, and biopsy technique. Animal #s 2\&ate3lso cultured as mammospheres using
protocols and laboratory-prepared solutions as described for the recbheryan mammospherésThis was done
as a prooff-concept study to demonstrate that mammospheres could be readily redmardee rhesus macaque
mammary gland. Published protocols describing the initial digestion metiokigsrian and rodent mammary gland
tissue are highly varied within and between speti€&71 85 106 147 153 196 206 230, 243 Therefore, the six most-
commonly described initial digestion methods were explored using tissoesfrional # 4. In these experiments
multiple 800 mg aliquots of mammary tissue were placed in 25 ml dditloeatory-prepared enzymatic solutions
described above and processed as follows: 1) digestion in aluminum foil-c@estedrotated overnight (16 hours);
2) digestion in aluminum foil-covered flasks rotated for 8 hourdj@)stion in sealed flasks rotated for 8 hours; 4)
digestion in unsealed conical vials for 5 hours with physical agitatioly @@eminutes; 5) digestion in sealed
conical vials on a vial rotator for 2 hours; and 6) digestion in unseatddal vials for 2 hours with physical
agitation every 20 minutes. The cells derived from the various digestiorspescgrere then cultured as
mammospheres using methods as previously deschilféw: use of a mechanical grinder (Stomacher® 3500 series,
Seward Lab Systems Inc., Port Saint Lucie, FL), in conjunction witHigfesstive enzymes, was also explored as a

possible method for improving mammary gland digestion.
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Mammary gland digestion and single-cell dissociation. A number of different mammosphere protocols
originating from both the human and rodent literature were explored isttiig in efforts to identify the optimal
digestion and single-cell dissociation (digestion/dissociation) technique for thesnmacaque mammary gland.
Commercially-available, human-specific enzymatic solutions and medium were uidiz&itlmammosphere
culture attempts following Animal # 4. Modifications to the mechanical dmegtiocess, digestion times and
enzymatic solution concentrations were made throughout these experiroaréseh all tissues were processed in
the same order and utilized the same enzymatic solutions. The onptierde the prior statement is that Animal
#s 1-9 did not include a red blood cell-lysis step. The procedidal and enzymatic solutions utilized for all
digestion/dissociation experiments is outlined in the optimized primarynmaphere protocol provided in Figure
2. The cells were confirmed to be present aimgle-cell suspension, using techniques as previously desétibed.
Total cell numbers and cell viability were determined by the trypan blue exclassay using a 0.4% Trypan Blue
Solution (Sigma Life Sciences, St Louis, MO) and a hemocytometer. Clised from the digestion/dissociation
process were resuspended in a complete mammosphere medium (CMMMNVheoGsisted of a commercially-
available cell culture medium supplemented with heparin, hydrocortisoriatdmgne and penicillin-
streptomycin-amphotericin solution as detailed in Figure 2.

Human and rodent mammary gland digestion/dissociation protocols dftengeovide specific ratios of
tissue weight to digestion solution. As this information was critical togtienzation efforts here, a quantity of
mammary tissue that could be routinely acquired via biopsy from all daptigs of female rhesus macaques, 400
mg, was ascertained from the initial methodology and biopsy studieis préfect. In turn, the
digestion/dissociation optimization procedures undertaken in this projecperoemed utilizing homogenized
aliquots of mammary gland approximately 400 mg in weight, exceptendpecifically stated otherwise.
Experiments were performed to identify an optimal initial digestion timenfmaque mammary gland tissues and
also to identify any differences in digestion times that might exist bettheeamimals from the various
demographics. Only the duration of the digestion time varied in theséragpe&s and multiple digestion times
ranging from 2-6 hours were explored for each animal. Additionaraxents explored the effects of a number of
other variables on the protocol including: 1) addition of 5% fetal bovine SgB8) to the initial-digestion
solution; 2) centrifuge speed of the initial tissue digest; 3) trypsin expdise; 4) trypsin volume; 5) cell-screen

size; 6) use of red blood cell lysis solution; 7) DNase volume; 8) pipetteasid®) pipette brand.
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Rhesus M acaque Primary Mammosphere Culture Protocol

(300-600 mg of homogenized mammary gland processed in a Iioakvial)
Note: Technique can be modified to accommodate larger volumes of tissue as dasthiedelxt.

1) Add 300-600 mg of tissue to the initial digestion solution: 7 ml Complete Epi&iBasal
Medium (Human) (StemCell Technologies (SCT), Vancouver, BC, Canada); 0.7 ml
Collagenase-Hyaluronidaselution (SCT); 70 ul of 10*M Hydrocortisone solution (SCT); 70
ul 100 X Penicillin-Streptomycin-Amphotericin Solution (MP Biomedicals, Solon, OW)ul
100 X L-glutamine Solution. (GlutaMAX®; Life Technologies, Carlsbad, CAxp @ial and
agitate.

2) Loosen lid and place int®7°C, 5% CQ cell-culture incubator. Optimal digestion times
typically vary between 3.0-4.5 hours. At 20 minutes remoeevidd and inspect for
completeness of digestion (see text). If not digested, tighten lid aralighly agitate sample
back into solution, loosen lid and replace in incubator. Repeat agitation28arynutes until
digestion is complete.

3) Once digested, add 7 ml of 1 X HBSS (Sigma Life Science, St. Louis, M@) FBS (Fetal
Bovine Serum-Advantage; Atlanta Biologicals, Flowery Branch, GA) (HBSS/FBS) and
centrifuge at 200 g for 5 minutes. Collect the pellet.

4) Add 5 ml of37°C, 0.25% trypsin-EDTA solution (Life Technologies) to the pellet and pipet
up and down for 3 minutes using a 10 ml pipette (Fisher Scientific, sva/tMA).

5) Add 5 ml HBSS/FBS and centrifuge 35@%or 5 min. Collect the pellet.

6) Add 2 mI37°C, Dispase solution (SCT) and 200 ul DNase 1 (SCT) to the pellet and pipett
and down for 1 minute with a 10 ml pipette.

7) Add 5 ml HBSS/FBSfilter solution through a 70 pum cell strainer and flush strainer with
another 5 ml HBSS/FBS. Filter this solution through au#Qcell strainer (both Fisher
Scientific) and flush strainer with another 5 ml HBSS/FBS. Centrif@g&dxg for 5 min.
Collect the pellet.

8) Add 3 ml RBC Lysis solution (SCT) agitate pellet into suspension and het a3 minutes.

9) Add 5 ml HBSS/FBS and centrifuge 35@%or 5 min. Collect the pellet.

10) Resuspend pellet in 1-5 ml of a premade solution of complete mammosmdditen (CMM):
500 ml ofComplete MammoCult™ Medium [Human](SCT) supplemented with 1 ml Heparin
Solution (SCT); 5 ml of 16M Hydrocortisone solution; 5 ml 100 X Penicillin-Streptomycin-
Amphotericin Solution; 5 ml 100 X L-glutamine solution.

11) Confirm single-cell suspension and perform cell counts.

12) Plate the cells at the desired concentration using CMM in ultralow attachment plat@agCo
Corning, NY).

13) Seal the plate with paraffin tape (Parafilm M®, Fisher Scientific).

14) Incubate in a 3C, 5% CQ cell-culture incubator.

15) On day 3 of the incubation process, remove paraffin tape fraoreydlates. At this same tim
80% of the original media is exchanged for fresh CMM in 100k cult@red of fresh CMM is
added to each well of the 10k well cultures. No media is added or exchangieel Tk
cultures.

Figure 2. Optimized protocol for the digestion and dissociation of rhesus macagumang gland tissues into
single-cell suspensions and the initial plating protocols for the cells déroradhese processes. The optimized
conditions recommended within Figure 2 are based on experimental residtmded within the text.
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Following the optimization of the procedure for 400 mg of tissuéjesuvere then performed to expand
the use of this protocol to other weights of mammary tissues oRm experiments, the volume of the
digestion/enzymatic solutions utilized remained constant while the weights wfaimmary gland aliquots varied.

In other experiments, the volume of digestion/enzymatic solutions ieentif be optimal for the digestion/
dissociation of 400 mg of tissue was doubled, tripled, and quadrupldtfprocessing of 800 mg, 1200 mg, and
1600 mg aliquots of mammary gland tissue, respectively.

Primary mammaospher e cultures. Primary mammosphere cultures were produced using methodologies
similar to those previously describ&dn brief, on the same day (Day 0) the mammary gland tissue was digested,
aliquots of the single-cell suspension were diluted with CMM to created wdble cells/ml (1k) and 1 x £0
viable cells/ml (10k) suspensio(mllectively referred to as low-density mammosphere cultures). Other al@fuots
the single-cell suspensions were diluted with CMM to create a 2 widléle cells/ml (100k) suspension (high-
density mammosphere cultures). Five ml aliquots of each suspensioplateckinto individual wells of flat
bottom, 6-well ultralow-attachment plates (Corning, Corning, NY). The csflesisions were then grown for 7 days
in a 37C, 5% CQcell-culture incubator. The mammosphere-forming efficiency (MBEfined as the average
number of mammospheres (> 40 um in diameter) formed in each well divided by the number of viable cells initially
plated per well (expressed as percentage), was calculated for each of theéauspeoduced.

Unpublished studies performed in our lab have demonstrated that thieausendlitioned media can
promote the growth of rodderived mammospheres and therefore the use of conditioned media was also
investigated for macaques. Conditioned media, in this case, referringhtarfeelsa supplemented with media
obtained from previously-grown mammosphere cultures. Toward the eredtioconditioned media here, all high-
density mammosphere cultures (starting with Animal # 11) had 80% ofitieal media replaced with fresh media
on Day 3. For this exchange, the 5 ml of media and cells/spheres fromvalaalere collected into a single conical
vial (Polypropylene Conical Tube; BD Falcon, Franklin Lakes, NJ) and centriitg&@ixg for 1 minute. Four ml
of the supernatant was collected and refrigerate8CGafat later use (described below). Four ml of fresh CMM was
then added to the spheres/cells and each 5 ml aliquot was plated back intowadirgfla 6-well ultralow-
attachment plate and incubated until Day 7. At Day 7 the mammospheres and medigaivecellected and
centrifuged and the bulk of the supernatant was again retained. The supewi&eared from the high-density

primary mammosphere cultures on both Day 3 and Day 7 was combinechinifdged at 350 g for 10 minutes
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and then filtered with a 0.2 um syringe filter (Fisher Scientific, Waltham, MA). The filtered media collected from
each animal, hereafter termed “conditioned media-1” (CM1), was utilized in other aspects of the research project for
that same animal.

Optimization experiments performed on the primary cultures includedditjoadof 2 ml fresh CMM at
Day 3; 3) 80% replacement of the original media with fresh CMM at Day 3; amk3)f plastic paraffin tape
(Parafilm M®, Fisher Scientific) to seal the culture plates.

Secondary, tertiary, and quater nary mammaospher e cultures. Secondary mammospheres were created
from the 10k and/or 100k primary mammospheres as detailed intihezmgl secondary mammosphere protocol
provided in Figure 3. In briefrimary mammospheres were collected using a 40 pm cell strainer and transferred
into conical vials where they were dissociated into single-cell suspensingsausypsin-EDTA solution. As
before, single-cell suspension was confirmed and the total numbiabté eells was determined. Five ml aliquots
of 1k suspensions and/or 10k suspensions were then plated intduatiwells of 6-well ultralow-attachment plates
and grown for 7 days in a 3Z, 5% CQ cell-culture incubator. Tertiary mammospheres were created from some
10k secondary mammosphere cultures utilizing a similar approach. Lé&kegigternary mammospheres were
created using 10k tertiary mammospheres for some animals in the BhedylFE was calculated for each of these
suspensions.

Importantly, two independent assays have suggested that the vastyrodjouman mammospheres have a
single-cell origin (are clonal) when the spheres are derived from cultures afldted1§ cell/ml or less?! Likewise,
other studies have proposed that nearly all mammospheres are clonahimvbeg the cell cultures are plated a
densities of up to 1000 cells perZthTo that, the 6-well plates (surface area/well=9.2)and 96-well plates
(surface area/well=0.26 &mprepared as 1k cultures for this project were plated with a £ widlfle cells/ml
suspension at maximum volumes of 5 ml and 0.2 ml, respectively. THedertgties match, or are lower than,
those proposed to promote mammosphere clonality for human spheres.

Optimization experiments performed on these cultures included: 1) addittomiofresh media at Day 3;
2) 80% replacement of the original media with fresh media at Day 3; 3esupmtation of CMM with CM1; 4) use
of plastic paraffin tape to seal the culture plates; 5) timing of the primary rosphere incubation period; and 6)

trypsin concentration used for primary mammosphere dissociation.
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Rhesus M acaque Secondary Mammospher e Culture Protocol

(5-10 ml of 100k mammospheres or 30-60 ml of 10k mammospheres)
Note: The same protocol is also utilized for later generations of spheres (i.e., tquideynary, etc.)

1) Collect primary mammospheres on days 6-8 into a conical vial and ceetaf@ g for 1
minute. Remove supernatant.

2) Add 2 ml of37°C, 0.05% trypsin-EDTA solution to the pellet and pipette up and doing us
Pasteur pipettes with fire-polished tips for 10-20 minutes until dissociataamfsmed (see
text).

3) Following dissociation, add 5 ml of 1 X HBSS + 2% FBS (HBSS/FBS).

4) Filter solution through a 70 pum cell strainer and flush strainer with another 5 ml HBSS/FBS.
Centrifuged 350 x for 5 min. Collect the pellet.

5) Resuspend pellet in 1-5 ml of a premade solution of complete mammespéeium (CMM).

6) Confirm single-cell suspension and perform cell counts. If smatbeus of spheres persist, thq
solution can be passed through a 40 um cell strainer to remove the intact spheres. If large
numbers of spheres persist, the solution can undergo a second digpstion of 5-10 minutes.

7) Plate the cells at the desired concentration using CMM supplemented with conditiediad
(see text) at a 4:1 ratio (CMM/CM1) in ultralow attachment plates.

8) Seal the plate with paraffin tape.

9) Incubate in a 3C, 5% CQ cell-culture incubator.

10) On day 3 of the incubation process, remove paraffin tape franreydlate. At this same time,
2 ml of fresh CMM/CML1 is added to each well of the 10k well culturesmiddia is added to
the 1k cultures.

11) Replace plate in incubator and leave undisturbed until mammosphere harvesd-& day

Figure 3. Optimized protocol for the dissociation of rhesus macaque mammary maimenes into single-cell
suspensions and the initial plating protocols for the cells derived frese fprocesses. The optimized conditions
recommended within Figure 3 are based on the experimental results as déthitethe text.

Mammaospher e size and cellular composition. Images of mammospheres in media were obtained using
an inverted light microscope (Olympus IX51 microscope, DP70 camera andml@&r software Version 2002,
Olympus Corporation, Waltham, MA) and were measured utilizing imagiftggare (cellSens imaging software
Version 1.5, Olympus Corporation). Additionally, images of indigidzells in media that were derived from
dissociated 10k mammospheres and images of formalin-fixed, pasaffpended, intact spheres were obtained and
measured using a standard light microscope and its associated softwanp®BX41 microscope, DP25 camera,
cellSens imaging software Version 1.5, Olympus Corporation).

Mammaospher es derived from single cells. Studies have demonstrated that human mammospheres can be
produced from a single c€l.8°> Experiments were undertaken here to demonstrate that similar resultbeould
obtained for rhesus macaque mammospheres. Primary 10k mammospireréshimals were dissociated into

single-cell suspensions. Each of these suspensions were then dithfg@dtad into 96-well plates using CMM
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supplemented with CM1 at a 4:1 ratio (CMM/CM1) to obtain wells which @uediasingle cells. Eleven plates were
made for each animal and single-cell dilution was confirmed independbgrttiyo investigators. Only those wells
confirmed to contain single cells were included in the experiment. A seebofikl plates were made for each
animal using media that lacked CM1. All plates were sealed with paraffin tajederdays. On Day 7, the wells
were examined for mammosphere formation and the MFE of each sismpems calculated.

Two-dimensional mammospher e differentiation on collagen. In humans, the ability of low-density
spheres to differentiate into both the luminal epithelial and myoepithelial lineages hasbéeas evidence to
support a mammary gland stem cell and/or early progenitor cell doigfiese structure$.To demonstrate that a
similar differentiation capacity existed in the low-density spheres obtaioedtiie rhesus macaque mammary
gland, the spheres and media from some of the 1k and/or 10k asqinene cultures were harvested at Day 7.
Following collection, the mammosphere suspensions were centrifuged gtf80 1 minute. The media supernatant
was removed and the mammospheres were resuspended in 5 ml of colBMétE6R0 media (Mediatech,
Manassas, VA) supplemented with 5% FBS, 1% Penicillin-Streptomycin-Amphoterlciio8¢MP Biomedicall
and 1% L-glutamine Solution (GlutaMAX; Life Technologies) (RPMI/FBS). Thelypeneated mammosphere
suspension was transferred into a single well of a standard 6-well tisaue plate (BD Falcon) or the contents
were divided equally into the individual wells of a single multichamberedsbastide (Fisher Scientific). Prior to
deposition of the spheres into the plates/slides, the plates and chambered slidesthissel éxperiments were
coated with a bovine collagen solution (StemCell Technologies) asep@ntinfacturer’s instructions. These
spheres were then allowed to grow for 5-10 additional days if& 3% CQ cell-culture incubator. Cultured this
way, the spheroid colonies became adherent to the surface of the wells/slitles @aits of the spheroid colonies
underwent differentiation as the colonies spread over the surface of &sssésv At the end of the incubation
period, the media was removed and the adherent cells were prepared faratisnalith either crystal violet stain
(Sigma Life Science) using standard technique or immunohistochemical ifiet@pds as described below. Spheres
attached to the surface of the wells were assessed for bilineage (epithelialosmitimelial) differentiation. The
mammosphere differentiation-potential (MDP), defined as the number of bilindagresfwvell divided by the total-
number of spheres/well (expressed as a percentage), was the metric usaditp this assay.

Mammaospher e-derived colony for ming units. Previous mammosphere-based studies have investigated

the growth and differentiation-potential of single cells derived from theldt&so of primary mammospherés!%
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Similar, although not identical, experiments were performed here. For thesenexperl 00k primary
mammospheres were dissociated into single-cell suspensions as describedridiogeh growth above. However,
instead of plating these cells under mammosphere-culture conditioes|ltherere diluted with RMPI/FBS into 1 x
10 viable cells/ml suspensions. These suspensions were plated in collagen-taatizdd -well culture plates or
chambered slides as described above for the spheres. The cells were then inculistiedbed for 3-21 additional
days in a 37C, 5% CQcell-culture incubator. The resultant cultures were observed directly, staithecrystal
violet stain or fixed with NBF for approximately 30 minutes prior ¢l processed via IHC methods (described
below). Individual outgrowths containing more than 50 cells werateduas colonies and these colonies were also
assessed for bilineage differentiation. The colony forming efficiency (Cieihed as the average number of
colonies formed in each well divided by the number of viable cells initially pfetedvell (expressed as
percentage), was calculated for each of the suspensions. Additionatig|dhg differentiation-potential (CDP),
defined as the number of bilineage colonies/well divided by the total-numbeloofes/well (expressed as
percentage), was also utilized to quantify this assay.

Three-dimensional modeling of mammospher e growth and differentiation. Macaque mammospheres
were embedded within basement membrane extract (BME), as previously de&cTibiscassay was used to
evaluate the three-dimensional growth characteristics of the macaque sgih@lasto what has been undertaken
for human and rodent mammosphéere®: 7% 8 In brief, a commercial BME (BD Matrigel Matrix, High
Concentration, Growth Factor Reduced; BD Biosciences, Bedford, MA) waseaxbtaid subsequently diluted with
RPMI to standardize the BME to a 12 mg/ml protein concentration. Spheres aiadfnmedmammospheres
cultures were collected in a conical vial and placed in ice for approximately 15 mirhgegals were then
centrifuged at 80 g for 1 minute and the majority of the supernatant media was removed. A 100 ul aliquot of the
mammospheres in medias resuspended in 250 pl of ice-cold BME and then approximately 300 ul of the
BME-mammosphere suspension was pipetted onto the surface ofdad asliandard 6-well tissue culture plate so
as to form a convex round “bleb”. Frequently, multiple blebs were plated on the surface of the same well and
aligned so that the blebs did not make contact with one another. The blebthen warmed in 37°C, 5% CQ
cell-culture incubator until polymerized. Three ml of RPMI/FBS was add#tktwells to completely submerge the
blebs. The plates were then incubated for 3-28 additional dayaMCa5% CQ cell-culture incubator. The

RPMI/FBS was changed out completely every 6-8 days until the compddttba incubation process.
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Mammospheres in BME were observed and imaged directly within the platgsansnverted light microscope or
were prepared for histologic examination. Spheres were assessed fastgcpror absence of significant ductular-
like and/or alveolar-like structures extending from the malr body, hereafter referred to as “budding”. The
mammosphere budding-potential (MBP), defined as the number of bugltisges/bleb divided by the total number
of spheres/bleb (expressed as a percentage), was the metric used to qisatfath

For histologic examination of the BME-mammaosphere blebs, the media wasaeinom the wells and
NBF was added to the wells to completely submerge the blebs. After approyitnatair, the formalin was
removed and the blebs were carefully lifted intact from the surface ofdh using a flat chemistry spatula. A
single bleb was encased within 2% high melting-point agarose (Difco Agéde;NBib Medical Supplies, Franklin
Lakes, NJ) which, after solidifying, was embedded in paraffin fdoloigic processing. Paraffin-embedded serial
sections were cut at 4 um and placed on charged glass slides. The slides were prepared for visualithtid & E
stain or periodic acid-Schiff stain (PAS; American MasterTech, Lodi, CApustandard technique or IHC methods
as described below.

L actogenic differentiation of mammospher es and conditioned media-2. Human- and rodent-derived
mammospheres have been demonstrated to produce the milk protein, B-casein, under specific culture conditidhs.
196,230 Similar experiments were performed here on BME-encased mammospla¢resrén cultured in a media
supplemented with prolactin (#L4021; Sigma-Aldrich, St Louis, MO) as prslyiaescribed® However, also
crucial to the lactogenic differentiation of macaque mammospheres was the additisecohd substance to the
media termed “conditioned media-2”” (CM2). Conditioned media-2 was created using the adipose tissue, muscle, and
lymph nodes trimmed from the necropsy-derived mammary tissigflyBthese three tissues were minced and
homogenized on Day 0 in a manner similar to that described above forireanagland. An aliquot of this
material was mixed with an aliquot of the mammary gland homogenate feosartte animal at a ratio of
approximately 5:1. Between 1-2 g of this mixed homogenate wasgalaced in a 100 x 20 mm polystyrene cell
culture dish (Corning) with 25 ml of RPMI/FBS and incubated for Sdiay 37C, 5% CQ cell-culture incubator.

On Day 5, the media was collected and centrifuged at 350x10 minutes. The resulting supernatant was filtered
with a 0.45 pum syringe filter (Fisher Scientific) and was frozen at -80°C until needed for lactogenic differentiation.
As needed, the prolactin-containing media was supplemented with CM2 at a daficaofl then 3 ml of the CM2-

prolactin media was added to each well to completely submerge the mammosplarercpblebs. The CM2 was
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only utilized in an autologous fashion for these experiments, tHattls the CM2 and mammospheres were derived
from the same animal. The CM2-prolactin media was replaced every S8dayghout the incubation process.
Mammospheres were prepared for histologic examination (as above) apdga using IHC methods as described
below.

M or phologic comparisons. Following the optimization process, mammospheres were cultuned fro
animals representing a variety of different demographics and these spheres wertdbselifferences in
morphology. Specifically, these observations were made on free floptirges in media and also on spheres that
underwent two-dimensional and three-dimensional differentiation. Cdigsrs were also made on the colonies of
cells produce in the colony forming unit studies.

Quadrant and reproducibility studies. The mammosphere forming potential from different regions of the
mammary gland was examined and compared in a number of individorallanThese experiments were also used
to examine the reproducibility of the mammosphere culture assay slekperiments, entire mammary glands
were dissected from the animals and individual glands were divideduatvants (with the teat serving as the
guadrant convergence point) based on their anatomical origin: quadrant 1 = craniclai®ea] quadrant 2 =
caudolateral quarter; quadrant 3 = caudomedial quarter; and quadrant 4 = craniomedial 4adhere was
appreciably less mammary gland tissue caudal to the level of the teat in muasatissues from the medial aspect
of quadrant 2 and the lateral aspect of quadrant 3 were collected as one unit (quadrBimte®3nammary
biopsies were acquired from each of the quadrants 1, 2/3, andbdtliathe left and right gland (total = 18
biopsies/animal). Each biopsy was individually minced and processsegl the optimized mammosphere protocol.
The total number of viable cells recovered per mg of tissue weight (T\@@harMFE of primary mammosphere
cultures were used to assess the individual biopsies.

Immunohistochemical protocols. Plates, chambered slides, and histologic sections of paraffin-embedded
BME-mammosphere blebs from a number of animals were processeahifibdies to CD10 (putative bilineage
progenitor cell marker and myoepithelial cell markégmooth muscle actin (SMA; myoepithelial cell majikér
cytokeratin 18 (CK18; differentiated epithelial cell mark&rj! estrogen receptor-alpha (ER), progesterone receptor
(PR) and B-casein (BC) to assess differentiation of the spheres. These antibodies had hieaslpralidated for
use in nonhuman primates and each antibody was confirmed to workilizirgiformalin-fixed, paraffin-

embedded macaque mammary gland sections as positive controls. Secessegnt without primary antibody
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were utilized as negative controls. All formalin-fixed, paraffin-embeddeddisections utilized in this study were
deparaffinized in xylene and hydrated by graded alcohols to water as is staisttz@logjic procedure. Formalin
fixed plates and chambered slides were washed twice with 1 x PBS priocé&sging.

For CD10, endogenous peroxidase activity was blocked with 3% hydregexige in water followed by a
water wash. Antigen retrieval was performed with 10mM Citrate Buftérg®) (Polysciences Warrington, PA) in
a microwave oven. After cooling and a water wash, non-specific agtinding was blocked by incubating slides
with a blocking reagent (#BS966M; Biocare Medical, Concord, CA). Slides erained and incubated with CD10
primary monoclonal antibody (sc#80021; Santa Cruz Biotechnology, Dallagt®X)}:100 dilution for 1 hour at
room temperature (RT) and then buffer washed. Slides were incubateiatihylated rabbit-anti-rat IgG (Vector
Laboratories, Burlingame, CA) at a 1:200 dilution for 30 minutes at RTileen buffer washed. Slides were
incubated with streptavidin horseradish peroxidase (SA-HRP) (Biocare Medicadpi@, CA) for 30 minutes at
room temperature and then buffer washed. Slides were incubated 3tRfafinobenzidine (DAB) chromogen
(Dako Carpinteria, CA) and monitored for stain development. The slides vashed; hematoxylin counterstained,
dehydrated, cleared and coverslipped for viewing.

For the CK18, SMA, ER and PR staining protocols, the peroxidase blatgen retrieval, and non-
specific antibody binding blocking steps were identical. For the BC stainigcpl the peroxidase block and
antigen retrieval were identical but the non-specific antibody binding blockingvakepeplaced by a 15 minute
Tween and Albumin incubation as the blocking reagent contains caseim ahiltl interfere with interpretation of
BC expression. The remaining steps of each IHC procedure méargb that described for CD10 other than the
specific antibodies and developing reagents required for those profbeelseeagents and specific protocol
requirements for these processes are provided. The CK18 protocol inclu@&d:8jnonoclonal antibody
(#ab55395; Abcam, Cambridge, MA); 1:250 dilution; 1 hour RT; 2) bjtatted rabbit-antimouse F(ab)’(Accurate
Chemical and Scientific, Westbury, NY); 1:250 dilution; 15 minutes RT; ai®A3HRP; 30 minutes RT. The SMA
protocol included: 1) SMA polyclonal antibody (#ab5694; Abcam); 1:100 dilutidrour RT; 2) Envision plus
labeled polymer, anti-rabbit-HRP (Dako); 30 minutes RT; and 3) DABnaomdtored for stain development. The
ER protocol included: 1) ER alpha polyclonal antibody (#sc-542; Santa @itecBnology); 1:500 dilution; 2 hour
RT; 2) Envision plus labeled polymer, anti-rabbit-HRP (Dako); 30 minutesaRI 3) DAB and monitored for stain

development. The PR protocol included: 1) PR monoclonal antibody (#gab®3&dm); 1:100 dilution; overnight at
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4°C; 2) Envision plus labeled polymer, anti-MOUSE-HRP (Dako); 30 minutes RIT3)aDAB and monitored for
stain development. The BC protocol included: 1) p-Casein monoclonal antibody (#MA1-46056; Thermo Fisher);
1:100 dilution; overnight at°€; 2) Envision plus labeled polymer, anti-MOUSE-HRP; 30 minutes RT 33DAB
and monitored for stain development.

Statistical analysis. Significant results are expressed as mean and standard de\Baditistical
significance for all data was set at P<0.05. A univariate analysisiahear(ANOVA) with post-hoc Tukey HS
test was used to compare the mammary gland weights and the MFE of magtandrguadrants. Demographic
comparisons of the sphere/cell sizes, MFE, MDP, CFE, and CDP along withr #fitnptape study were performed
using a t-test (two sample assuming equal variances). Correlatitvesem the individual variables associated with
the optimally-processed glands were performed using the Pearselation coefficient. These assays, along with
the intraclass correlation coefficient (ICC) for mammary gland MFE and the @imcmponent analysis (PCA) of
the optimally-processed glands, were performed using IBM SPSSwe&iGPSS Inc., Chicago, IL) software.

Results

Mammary glands. The four tissue aliquots acquired through the in vivo biopsy tecamaqged in weight
from 398-1012 mg (Table 1). The remaining tissues in the stedy acquired via necropsy. On gross examination,
nulliparous mammary glands were typically organized into fairly distobes while the glandular tissue of
multiparous animals was more diffusely dispersed across the whatrak. Histologically, glandular tissue was
identified to be homogenously distributed throughout all lobes in nullipamiugals. In nonlactating multiparous
animals, the mammary gland tissue cranial to the level of the teat tended toehdgagbést and most
homogenously distributed glands while mammary tissue caudal to thefi¢helteat occasionally had glandular
regions that were interdigitated with fibrofatty tissues. Nonlactating multisaglands also commonly had
appreciably more fibrous connective tissue and interlobular stroma wighindividual glandular units themselves
as compared to nulliparous glands. The average weight of each mammdrwatadetermined for most necropsied
animals (Table 1). For animals with a BCS between 2.5 and 4.0, the aveigheaf the gland was calculated as a
percentage of total body weight (% TBW) and compared across demogr&thicstically significant differences in
%TBW were identified between nulliparous (0.069 + 0.003), nonlagtatinltiparous (0.093 + 0.006) and
lactating-multiparous (0.145 £ 0.010) animals. The lactating demographidéttpregnant, postparturient, and

nursing females. The nonlactating-multiparous and nulliparous demograpticeithanimals from all other
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aspects of the reproductive cycle (i.e., luteal, follicular and menses stageswdristrual cycle, and inactive
phase). No differences in %TBW were identified between the stages/phéseseydroductive cycle for
nonlactating-multiparous or nulliparous animals although only small atsvdd subjects per reproductive phase
were available for comparison.

Digestion/dissociation optimization. The results of the individual experiments are summarized in Table 2
and the optimized digestion/dissociation protocol obtained from this workvsded in Figure 2. The metrics by
which a digestion/dissociation technique modification was assessed includedallnumber of viable cells/mg of
tissue (TVC); 2) MFE of the tissue-derived, single-cell suspensiomgpyiMFE); and 3) MDP of 10k primary
mammospheres. Digestion/dissociation optimization was primarily guided by/giT that the higher the TVC
obtained using a particular modification, the higher the total number of mspheres that could be ultimately
recovered. With regard to MFE, it was found that tissue-derived, singjlesspensions from multiparous glands

typically produced less than one sphere per 5 ml well when plated as Hxypnrammospheres. As impractically

Table2. Summary of the digestion/dissociation optimization study results. For eacthke underlined black
variable(s) represent(s) the condition found to be most productive. Redifiderlined) variables were attempted
but not optimal Animal #: identification of animal (corresponds to the Animal # in Tabldijing: each number
represents the time (in hours) each aliquot of tissue was initially digegtedoNagenase solution. For Animal # 4
a variety of dgestion methods were explored with the “s” in 2s and 8s referring to “sealed” containers. Tryp (min):

time of the trypsin digestion in minuteSent (x g): numbers represent centrifuge speeds (expressed as gravity) used
in the initial collectionFBS: the addition or omission of fetal bovine serum to the digestion solutione¥:=N=No.
Cell screen: the use of 40 um (40), 70 um screen (70), or both (both) screen types. Grinder: the use or omission of a
mechanical grinder in tissue processing; Y=Yes; N=Ngp (ml): volume of trypsin used in mRBC lysis: the use

or omission of a red blood cell lysis solution; Y=Yes; N=Nissue mass (g): tissue volume in grams that were
digested similarly to a 400 g aliquot of tissBgette: entries denote where studies were performed looking at the
effect of different sizes and brands of pipettes (see text for refdiNaje: volume of DNase utilized in pl. Ratio

study: numbers are the volumes of tissue in grams. Digestion of ther&@0Dadiquot of tissue was explored using
both a 15 ml conical vial (888 and a 50 ml conical vial (889).

Animal #| Timing (hr) |Tryp (min) | Cent(x g) [FBS | Cell screen |Grinder|Tryp (ml)|RBC lysis | Tissue mass (g) | Pipette | DNase Ratio Study
4 |2,255,88s,16| 1,36
6 2,3456
7 2,3,4,56 80,200,350(Y,N size
10 3,3.5,4,45,5 80,200,350(Y,N|40,70,both| Y,N size
11 3,3.5,4,45,5 80, 200, 350 Y,N
12 3,3.5,4,4.5,5 40, 70, both 5,10 Y, N
13 | 3,3.5,4,4.5,5 40, 70, both 2,5,10
14 3,3.5,4,4.55
15 2,5,10 300, 500, 800
16 300, 600, 800 | brand
17 Y,N | 300,600,800 | brand |200, 400
19 brand |200, 400
20 3,3.5,4,45,5 80, 200, 350
23 800, 1200, 1600
25 800", 800 *°
28 1200, 1600
29 800"°, 800°°, 1200, 1600
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high numbers of 1k cultures would have had to be routinely platedtéorate MFE quantification, 10k primary
mammosphere cultures, rather than 1k cultures, were utilized to determimirthey MFE for study subjects.
Experiments directly comparing the primary MFE from 10k and 1tkias found that 10k cultures (multiparous
Animals#7=0.017, #10=0.014, #15=0.023; nulliparéusmals #6=0.388, #20=0.484, #26=0.222, #27=0)633
produced slightly higher MFEs than 1k cultures (#7=0.015, #10:20#15=0.020; #6=0.366, #20=0.448,
#26=0.200, #27=0.607). However, the individual 10k and 1k MFEegalere significantly correlated to one
another and both plating densities were found to be equally sensitive dindateafficient protocol modifications.
The use of 10k cultures was therefore deemed to be acceptable towarthtiEatpn process. Ultimately, there
was minimal variation identified in the MFE from any one animal, regardlgb® digestion/dissociation
modification, and this metric was only occasionally useful towattinigation here. There was even less variation
in the MDP from any one animal, regardless of the digestion/dissociatidficatian, and this metric was only
rarely useful toward protocol selection. The individual instances where the MK BHaP metrics were useful
toward the optimization of the digestion/dissociation processes are specificallgmadrbelow.

Basic methodology experiments utilizing Animal # 4 tissues suggested tratdigestion times of greater
than five hours decreases the TVC obtained from tissue and also logvétE Ehof the viable cells. Similar to what
has been previously describ€dthe overnight (16 hour) digestion process also produced larger rbsipleves
that were solely myoepithelial in nature and thereby decreased the MDP. Dttigffacts to the TVC and MFE
were also identified when the digestion process was performed within seatathers. Subsequent timing
experiments performed in 8 different animals (2 nulliparous, 1 lactatinggaious, 2 nonlactating-multiparous,
and 3 lactating-multiparous) did not identify a single optimal digestion tines, within a particular demographic
of animals. Instead, the optimal digestion time for individual animals miest cfnged between 3.0-4.5 hours.
Retrospective histologic examination of the mammary glands suggested thatdigegéon times are frequently
associated with higher amounts of fibrous tissues within the mangteard. Rather than corresponding to a
specific time, optimal tissue digests were identified to correlate well with g-tigtinct set of physical
characteristics. Specifically, at the digestion times that were most productive apgiedyi25-33% of the original
tissue volume was still present in the vials as thinly-glandular stranitsami$ material suspended within a
homogeneous, cloudy-chylous, light pink solution. Additionally, tlagonity of the solids within the optimally-

digested tissues generally took more than 10 seconds to fully settleliaxfithe suspension following agitation.
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Tissue digests collected prior to, or after, this optimal digestion poiststently resulted in lower TVC. Tissue
digests collected well after the optimal digestion point also tended to have ssdenrbHE and a few
demonstrated a decrease in the MDP similar to that described above fohtig igestion process.

Experiments performed looking at the addition of FBS to the initial-digestibution demonstrated no
appreciable advantage and, conversely, the addition of FBS was noted tioglouhe digestion process.
Centrifuge rates of 200 were identified as optimal for the initial tissue digest. Tissue digests ceattifig
80 xg produced lower TVC while those centrifuged at 35Phad a notably lower MFE. Trypsin digestion of the
tissue was identified to be optimal using 5 ml of 0.25% trypsin fomRit®@s. Smaller volumes or decreased
exposure times led to lower TVC while increased exposure times resulted infd@end MFE. Recovery of
single cells from the tissue digests was found to be most productivecetiewere passed sequentially through 70
pum and 40 um cell screens rather than when passed through either screen alone. The addition of a red blood cell
lysis step proved useful toward quantification of TVC and thereby ireneas MFE without appreciably affecting
MDP. A DNase volume of 200 pl was identified to be optimal for the standard sized tissue aliquots. Increased
volumes of DNase did not provide any advantage to TVC recovery except imwtesescells lysis was excessive,
such as overexposure to enzymatic solution or as a result of poor pipettinigtech

The use of a mechanical grinder toward mammary tissue digestiorowiasarporated into the final
protocol as this device created large amounts of cellular lysis and rdgafiected the reproducibility of the TVC
between samples. Tissues were found to be optimally dissociated in &ia stgp of the protocol when a 10 mi
pipette was utilized. The use of smaller pipette sizes (e.g., 5 ml) or the mggafipettes typically led to an
increase in cell lysis. Certain brands of disposable pipettes were also fouak&snthe incidence of cell lysis due
to the presence of jagged projections at the pipette opening. Finally, pipettinigtechas also identified to affect
the TVC and reproducibility. The optimal technique involved keeping thaf tige pipette at least 1 cm from the
bottom of the conical vials and pipetting at ssithan-maximum speed to minimize lysis of the cells.

Tissue-mass studies found that 300, 500, and 600 mg alidusu processed using the same volume of
digestion/enzymatic solutions as used for 400 mg aliquots yielded comparabl&MFECand MDP. In contrast,
800 mg tissue aliquots processed the same way had a substantial detiia In ratio studies, the volume of
digestion/enzymatic solutions that were identified to be optimal for 400 tigsaé produced comparable results

for 800 mg (processed in 50 ml conical vials) and 1200 mg tadgpets when the volume of digestion/enzymatic
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enzymes was doubled or tripled, respectively. However, when the volutigesfion/enzymatic enzymes was
guadrupled for 1600 mg aliquots or when the 800 mg aliquots precessed in a 15 ml conical vial, rather than a
50 ml conical vial, the TVC were appreciably lower than those identifieddm#paliquots.

Mammospher e culture optimization. A number of variables were explored to optimize the growth,
maintenance, and generational capabilities of the mammosphere cultures. The opgtithizecdonditions were
primarily guided by changes in the MFE and the resultant protocols for pgeiimary and secondary spheres are
presented in Figure 2 and Figure 3, respectively.

High-density primary mammosphere cultures (Animal #s 7 and 1@)identified to be most proliferative
when approximately 80% of the original CMM was replaced with frddM@n day 3. Conversely, the addition of
2 ml of fresh media at day 3 was found to be superior to the 80% negdigeement method for both primary and
secondary 10k mammospheres (Animal #s 7, 11, and 12)arand secondary 1k mammosphere cultures
(Animal #s 11, 12, and 20) were identified to be most proliferative wherhanges were made to the media
throughout their 7-day incubation process.

Other experiments (Animal #s 12, 14, 15, and 20) demonstrateslffilementation of CMM with CM1
at a ratio of 4:1 increased the numbers of 10k and 1k secondanyospimeres an average of 16.2% and 28.4%,
respectively, within the 6-well plates. In studies performed using badacy spheres (Animal #s 13, 14, 15, and
20) grown in 96-well ultralow attachment plates (Corning), it was idedtthat the sealing of the plates with
paraffin tape between days 0-3 of the incubation process resultgggatar consistency in the MFE between
individual wells. Specifically, the MFE of the wells around the peripherggedf the plate was statistically higher
in paraffin-sealed plates as compared to plates incubated without the use of.daraffintrast, no statistical
difference in the MFE was identified in the centrally-located wells betwagaffin-sealed and unsealed plates. As a
result of the increased consistency, the overall MFE for each paraffad ggate was also statistically greater than
that of unsealed plates. Greater MFE-consistency between wells was also apprec@tedvibhen paraffin tape
was utilized to seal mammosphere cultures grown in 6-well culture platessé loé paraffin tape beyond Day 3
did not provide any appreciable advantage and, unexpectedly, seemed tourthibitdphere growth in some
cultures. No appreciable differences in the MDP, MBP or budding morphuleigyidentified for secondary
mammospheres acquired using CM1 and/or paraffin tape as compared to spu@ras derived from cultures

lacking these modifications.
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Viable cell recovery (VCR), defined as the total number of viable cells recoversdifeodissociation of a
mammosphere culture divided by the number of viable cells originally dtatéldat culture, was the primary
metric utilized to gauge the productivity of the dissociation process. ddsiem of primary, and later generational,
spheres into single-cell suspensions with trypsin required variablgngsnaf time ranging between 10-20 minutes
(typically 12-15 minutes). Dissociation of spheres was identified to be nuligiive at the time point when no, or
only very minimal, cellular material could be visualized within the Pastesttpipsed for this process. Dissociation
of primary mammospheres at Day 7 was identified to produce a 41gP# WVCR, on average, than sphere
dissociations performed at Day 10 (Animal #s 7-10 and 20). Of nagashtivat Day 10 spheres often failed to fully
disassociate even when pipetted for 20 minutes. In other experimentsga{4s 9 and 10), the use of a 0.05%
trypsin-EDTA solution for the dissociation process produceda Bigher VCR, on average, than when a 0.25%
trypsin-EDTA solution was utilized. No differences in secondary MFE oPMIas identified between the Day 7
and Day 10 dissociations although the use of a 0.25% trypsin-EDTf\osotlid appreciably lower the secondary
MFE as compared to disassociations utilizing a 0.05% solution.

Mammospher e culture validation. Tissues from 18 animals (Table 3) were processed using thezgatim
mammosphere protocols (Figure 1 and Figure 2). Differences in marnenegpotential were readily apparent
between the multiparous and nulliparous cohorts for most of the paramesenined in this study. Only three
nulliparous animals (2 follicular-phase; lluteal-phase) were available foracmop however. In efforts to
minimize the effects of a potential confounding variable (reproductive stags),of the comparisons made
between the nulliparous and multiparous animals below utilized only thealketed from the eight multiparous
animals that were in either the follicular phase (n=5) or luteal phase (n=3) oétistroal cycle.

The TVC, MFE of primary 10k mammospheres, and MFE of secorddanyammospheres (derived from
100k primary cultures) were obtained for 18 animals (Table 3). ThefoMBe follicular/luteal multiparous
animals (13.26 x fcells/mg + 3.23 x 10cells/mg) were significantly lower than those of the three nulligarou
subjects (17.49 x £&ells/mg + 2.62 x 10cells/mg). The MFE for primary 10k mammospheres (primary MFE) wa
0.024% + 0.003% for follicular/luteal multiparous animals and 0.446%@80Xor nulliparous subjects. The MFE
for secondary 1k mammospheres (secondary MFE) was 0.511% +90.fa8Jollicular/luteal multiparous animals
and 2.144% + 0.378% for nulliparous subjects. Both of the multigavtitEs were statistically lower than those of

the nulliparous MFEs.
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Table 3. Macaques of various demographics were processed utilizing the optimized saineneotechniques.
Animal #: identification of animal (corresponds to the Animal # in TabléAgg: rounded to nearest quarter year.
Class (parity): N=nulliparous; P=primiparous; M=multiparo@age (reproductive status): M=menses phase;
F=follicular phase; L=luteal phase; I=inactive phase; P=pregnant; Cy=polycystic oa@gotal number of

viable cells recovered (x $0per mg of tissue processeddMFE: primary mammosphere forming efficiency (MFE
%; see text) of a tissue-derived, single-cell suspension plated as 10K priamamosphered®MBP: primary
mammosphere budding potential (MBP, %; see text) of 10k primary maphaes2°MFE: secondary MFE of
primary 100k mammosphere-derived, single-cell suspension plated ahkasgcmammosphereZMBP:
secondary MBE of 1k secondary mammosphe&®4DP: secondary mammosphere differentiation potential (MDP,
%; see text) of 1k secondary mammospheCe&: colony forming efficiency (CFE, %; see text) of a 100k primary
mammosphere-derived, single-cell suspension plated at 3cell&well. CDP: colony differentiation potential
(CDP, %; see text) of the colonies obtained from the CFE.

Animal #|Age (yr)|Class |Stage| TVC [1°MFE|1°MBP|2°MFE |2°MBP|2°MDP| CFE | CDP
17 6 P | | 9.28|0.021| 61.7 |0.384| 56.7 | 92.8 | 1.93|14.7
20 425 | N L |15.26|0.484| 91.6 |2.186| 87.2 | 100 | 9.53|18.2
23 21 M F | 11.2 | 0.021| 65.3 [0.392| 59 | 96.1 | 2.07|11.3
24 19 M F |12.37|0.024| 67.4 |0.506| 55 100 | 2.55(13.2
26 8 N F |16.82]|0.222| 82.4 |1.746| 84.7 | 98.6 | 8.09|12.2
27 3.5 N F |20.38/0.633| 889 | 2.5 | 82.1 | 100 | 8.85|11.2
28 16 M L | 9.24 |0.023| 66.9 | 0.64 | 653 | 93.6 | 3.57|16.3
29 19 M P |17.46|0.084| 79.9 [ 0.972| 80.9 | 85.1 | 5.2|12.9
30 20 M | | 8.86|0.011| 67.2 |0.366| 44.3 | 95.2 | 1.76/10.9
31 8 M L |18.23| 0.02 | 71.2 |0.584| 72.9 | 100 | 3.04|12.2
32 225 | M | |11.79]0.019| 57.9 | 0.468| 52 | 97.9 | 2.42|13.7
33 16.5 | M F |15.16|0.027 | 62.6 | 0.478| 66.2 | 96.4 | 2.73|17.9
34 17 M F | 9.87 |0.025| 71.7 [ 0.592| 70.7 | 95.1 | 3.09|15.5
35 17 M M [15.32|0.017 | 42.7 | 0.302 | 38.4 | 88.6 | 1.59| 9.8
36 18.75 | M | Cy [22.73|0.059| 65.7 | 0.572| 72.4 | 88.6 | 3.1/10.3
37 10.75 | M | | 9.56 | 0.016 | 53.1 |0.396| 29.7 | 83.6 | 1.74| 7.9
38 19.75 | M F [13.26]0.022| 69 |0.486| 57.6 | 92.7 | 2.78|14.6
39 875 | M L |16.74|0.028| 75.2 | 0.406| 69.7 | 93.2 | 2.15|17.1

Representative images of Day 7, primary 10k mammospheres in culture neeeliacguired from three
multiparous (Animal #s 23, 24, and 28) and two nulliparous animaisn@rts 26 and 27) and the diameters of all
spheres > 40 um were measured (multiparous mean= 61.8 um + 23.0, range= 4094 um, [n=186]; nulliparous
mean = 68.0 um + 21.2, range= 40-174, [n=305]). The average number of indiviiial per sphere was calculated
using two different methods. First, single-cells in media that haddisgociated from Day 7, primary 10k spheres
were imaged and their diameters were measured (multiparous mean = 12.6 um = 2.0; [n=39]; nulliparous mean =

11.2 um + 2.1 [n=56]). As no statistical differences were identified between raudis and nulliparous animals
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with regard to their average sphere or cell sizes, these numbers wersezbarix the average sphere was
calculated to contain approximately 162 cells. Second, the diameter of indivadualif-fixed, paraffin-

embedded, Day 7, primary 10k spheres wastifled on H&E stained slides (multiparous mean= 83.4 ym + 31.0
[n=16]; nulliparous mean= 89.4 um * 33.6 [n=24]) and the number of cell nuclei present within each cross¥sectio
of the formalin-fixed spheres above were quantified. The diamegsobf sphere was then utilized to determine the
average diameter of the cells within each sphere (multiparous mean = 14.6 um + 1.4 nulliparous mean = 14.3 pm *
1.8). As above, the multiparous and nulliparous numbers were conanidetie average sphere was calculated to
contain approximately 214 cells per this method.

Generational studies produced quaternary mammospheres from 4 culhie@s processed using optimal
culture conditions (Table 4). Notably, the two animals that failed to peoduaternary spheres (Animal #s 25 and
32) were highly multiparous and both were in the inactive-phaseiofréproductive cycle at the time of tissue
collection. The secondary MFE of the luteal-phase multiparous animals (meaofMEB5% or ~1 mammosphere
forming unit (MFU)/202 cells plated) in this study was identified to be lower ttat of the nulliparous animals
(mean MFE of 1.65% or ~1 MFU/61 cells plated). Furthermore, the MFE for all amaltip animals decreased to a
greater extent through the three generations than did the nulliparous MFiasked decrease in the MFE for all
generations of spheres in both cohorts was also identified when CM1 was droitietle mammosphere culture

media.

Table 4. Generational study identified differences in the MFEs between nulliparousudtiparous animals.

Animal #: identification of animal (corresponds to the Animal # in Table 1). Animal7#snd 28 were cultured once
using the optimized culture conditions and once in media lacking CM1 (-@%gé& rounded to nearest quarter
year.Class (parity); N=nulliparous; M=multiparou§&tage (reproductive status): F=follicular phase; L=luteal phase;
I=inactive phaselnfants: number equals number of live birtt2SMFE: mammosphere-forming efficiency (MFE),
between primary 10k and secondary 1k mammosphere culBAk&SE: MFE between secondary 10k and tertiary
1k mammosphere culture®MFE: MFE between tertiary 10k and quaternary 1k mammosphere cultures.

Animal # |Age (yr)|Class |Stage | Infants | 2°MFE | 3°MFE | 4°MFE
25 18 M I 12 0.32 0.09 0
26 8 N F 0 1.41 1.01 0.94
27 3.5 N F 0 1.88 1.17 1.4

27 (-CM1)| 3.5 N F 0 0.92 0.36 0.3
28 16 M L 7 0.47 0.27 0.09

vyl 16 | M | L 7 0.29 0 0
31 8 M L 2 0.52 0.43 0.25
32 22.5 M I 16 0.38 0.21 0




The primary 10k mammospheres of Animal #s 26, 27, 31 andaB&vére utilized in generational studies
were also utilized in the studies examining the formation of secondanmuspheres from a single cell. On
average, 73% (range 66-83%) of the plated wells were identified to contain singl&oelér optimal culture
conditions, the two nulliparous animals produced 10 (# 26; MFE =1.31d@% 27; MFE 1.84%)
mammospheres (mean MFE of ~1.58%). Cultured the same way, two noularimals produced 4 (# 31; MFE
0.51%) and 3 (# 32; MFE 0.42%) mammospheres (mean MFE of ~0.47%).dMheed without CM1, the two
nulliparous animals produced 4 and 9 spheres (mean MFE of ~0.7&theamultiparous animals produced 3 and
1 spheres (mean MFE of ~0.26%). Notably, the MFEs for the secondangsji this study were similar to the
secondary 1k MFEs derived from the same four animals in thergiénal study, as reported above. Collectively
these data differed by less than 3%. This is significant, in that these 8raliggest that the majority of the
mammospheres derived from 1k cultures are likely to be clonal in origiiteiswhat has been described in human
mammosphere studiés® Spheres acquired from the animals in this study (n=27) were erioaBBtE and
allowed to undergo differentiation. These spheres demonstrated morphologidiamigopatterns and bilineage
staining properties at Day 21 that were similar to the small secondarydiespas described below.

Bilineage differentiation of spheres on collagen-coated plates was confirmedHGingethods for all
generations of spheres although the MDP was most often assessed usingiclgssthin in this study (Figure 4,
A-D). A minimum of 89 secondary 1k mammospheres were assasseach subject at Days 7-9 of the plating
process and the MDP for 18 animals is reported in Table 3. ThedsegdDP for follicular/luteal multiparous and
nulliparous animals were close in number, although statistically diffext85.9% + 2.86% and 99.5% * 0.80%,
respectively. Regardless of demographic, the majority of the spheretdbhed to collagen underwent a
significant morphologic change by Day 5 of the plating process. Tlsenithin the spheres themselves transitioned
from rounded cells with distinct margins to a more elongate, poofigedecell population. Additionally, most
spheres had two distinct populations of cells extending from their bpisieelial-like cells were clear and rounded
with distinct cellular edges and stained positive with CK18. Myoepitheliakkis, in contrast, were elongate-
spindle shaped cells with indistinct margins and were often refractile. Myekglitlike cells within the center of
the colonies typically stained well with SMA although the elongate cells withisptieres, directly adjacent to the
spheres, and along the leading edge of colonies generally stained more iM@hs€lp10 rather than SMA. In

most subjects, a small number of spheres produced only epithelial-likgoepithelial-like colonies around their
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Figure 4. Spheres and single cells plated on collagen-coated wells show bilineage differeridi®@econdary 1k
mammospheres on collagen-coated wells. A is a crystal violet stain of nggumene with epithelial (arrowhead)
and myoepithelial (arrow) differentiation at 4x magnification. B-D are immista¢hemistry stains at 10x
magnification: B=anti-cytokeratin 18 (CK18); C=anti-CD10; D=anti-smooth muscle ¢&flA). E is a crystal
violet stain of a bilineage colony formed from a primary mammosptheriged single-cell suspension. Epithelial

(arrowhead) and myoepithelial (arrow) differentiation of the colony at 10x magnification. Scale bars =200 pm.

-2

base while, less frequently, other spheres failed to produce any appreolabiegrowth. Small numbers of
individual epithelial-like cells, far removed from the base of the spheregdtpositive with ER and PR for all
subjects in which these assays were attempted.

The colony forming unit assay was identified to be optimally plated usint@ viable cells/35 mm well.
At this cell density, the numbers of colonies produced for both aullis and parous individuals allowed for the
acquisition of a reliable CFE estimate when 6 wells were plated. The CFE and C&R derived from the
dissociation of primary 100k mammospheres were obtained for 18 aniraale 3). A minimum of 256 colonies
were then evaluated for each subject between Days 10-14 of the platiegrNulliparous cultures were most
often evaluated around Day 10 as the colonies in these cultures were nunremeugligkly and tended to overrun
one another by Day 14. The CFE for follicular/luteal multiparous anir@al& £ 0.50%) was statistically lower
than nulliparous animals (8.830.72%). Bilineage differentiation of the colonies was confirmed using GK#i8
SMA IHC although the CDP was most often assessed using crystal téihealone. The morphology of the
epithelial-like and myoepithelial-like cells produced using this assay walauisto those described for the collagen-
plated spheres. However, unlike the colonies derived from the collagen-plagedsspnost of the colonies formed
here were uniformly myoepithelial-like in nature. Bilineage colonies (FiguEg #pically represented less than

15% of the total colonies and epithelial-like colonies were only rarely identifieddst snbjects. No statistical
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differences were identified in the CDP between the follicular/luteal multipadisulliparous subjects which
averaged 14.8% and 13.9%, respectively.

The ability of BME-embedded mammospheres to undergo buddisgavdirmed for all generations of
spheres. The MBP of 10k primary and 1k secondary mammosphefes doimals at Day 21 of the plating process
are reported in Table 3. A minimum of 48 spheres were assessedi@ubgect. Budding was subjectively
assessed by direct visualization of the BME-embedded spheres in culture &;igu€). Spheres observed to
produce no projections, or only small numbers of short ductidauptojections, from the main sphere body by Day
21 were counted as non-budding spheres. Spheres were classified as buliig@anf they were identified to
have any of the following characteristics: 1) small numbers of individuak#edgated ductular-like projections
(DLPs); 2) numerous DLPs of any length; 3) DLPs capped with kardike structures; or 4) secondary-body

formation (defined below). The primary MBP for follicular/luteal multiparangnals was 68.7% + 3.99% and

-

Figure 5. Spheres placed in BME underwent budding differentiation and, with the additiwolactin and CM2,
produced @-casein-containing fluid (milk). Images A-C are secondary mamhawsep in basement membrane
extract at 10x magnification: A=early budding; B=late budding with alveolar-liketsties (arrow) at the end of
ductular-like projections; C=late budding of mammospheres supplementegroléctin and CM2. This sphere has
a secondary body from which a ductular-like projection, capped witthv@olar-like structure (arrow) is evident.
Image D is antp-casein staining of alveolar-like structures, similar to those highlightexsige C at 20x
magnification. Scale bars = 200 um.
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87.6% = 4.73% for nulliparous subjects. The secondary MBP for flalituteal multiparous animals was 64.7% +
6.63% and 84.7% + 2.55% for nulliparous subjects. The primahgacondary MBPs for multiparous animals were
both statistically lower than those of nulliparous subjects.

The morphological assessment of the mammospheres, as described below, was bbse/ations made
using secondary 1k mammospheres although these observatioresgargally identical to those identified for the
primary 10k spheres. Most of the individual BME-encased spheres underawttt gnd differentiation over time.
At Day 0 of the BME-plating process (Figure 6, row A), spheres weieally composed of densely-packed,
rounded cells. Most cells within these spheres stained positive for CDI@lidlong the periphery of the sphere
commonly stained strongly for CK18. Staining with SMA was more varialievas usually weak or absent for
cells within these spheres. No cells could be definitively identified to iéygofor ER or PR in these spheres
although occasionally very weak staining for one or both of these reseye appreciated. Mammospheres that
were cultured for 7 days in mammosphere media, prior to beingstedvier BME-differentiation, typically had a
thin layer of PAS-positive extracellular material (matrix) between the ingiicells along the periphery of the
sphere at Day 0 of the BME-embedding process. When spherethfgEazame animal were cultured for 10 days in
mammosphere media prior to being harvested, the volume of PAS-pasiterial between the peripheral cells at
Day 0 of the BME-embedding process was subjectively more pronauHaisbservation is notable in that
mammospheres cultured in media for 10 days were consistently motante&idrypsin dissociation than
mammaospheres cultured for 7 days, as previously discussed abawa, ihis possible that an increased volume of
intercellular matrix within mammospheres over time could be associated viitbraased resistance to trypsin
dissociation.

By Day 5 of the BME-plating process (Figure 6, row B), the indiziatells within spheres had enlarged
and the cell numbers increased for many spheres as well. Cells were yypizadlangular with distinct margins
and the cells stained diffusely for CK18. Staining with CD10 usukthinished or was absent at this time point and
strong SMA staining started to become apparent in random cells thrathépheres. No cells were identified to
be positive for ER or PR in these spheres. Abundant PAS-positive materiaft@aapparent between the
individual cells throughout the sphere and this material also formed an&limsound the outside of the sphere.
Most of the spheres identified as non-budding spheres maintained this moypthotagghout the 21 day incubation

process. Rarely, some non-budding spheres would fail to untfésgaitial change or would only express CK18.
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Figure 6. The budding morphology of mammospheres over time often follovpeddictable pattern of maturation
that could be somewhat altered through the addition of prolactin and CM2. Setiiahs of secondary
mammospheres plated in basement membrane extract for 0-21 days (diffeegneitiods represented by rows A-
D) at 10x magnification. Sections from each time period were stainedhsitiatoxylin and eosin (H&E); anti-
cytokeratin 18 (CK18); anti-CD10 (CD10); or anti-smooth muscle actinA)SKow C: cavitation of the central
aspect of the sphere. Row D: numerous small ductular projections extéodintiie main sphere body and one
highly-cellular, expansive projection (arrow on H&E). Row E (marsphere was supplemented with prolactin and
CM2): vacuolated cytoplasm of the cells in the secondary body of tmosphere (arrow on H&E) that are
extending from the main sphere body. Scale bars = 100 um

Between Day 5 and Day 21 of the BME-plating process, most sphereasueahto proliferate and
differentiate. As early as Day 5, some spheres underwent a central cavitagime @irow C). In these spheres,
CK18 staining remained diffuse throughout the main sphere while SMAngtaitas most intense surrounding the
edge of the central cavity. Staining with CD10 was minimal to abseimé¢ im&in sphere body. Budding spheres
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typically had at least a few projections from the main sphere body yy Bkhough these varied in appearance.
Commonly, numerous thin branching DLPs originated from afasas of the sphere and this appearance was
referred to here as “coronal budding” (Figure 5, A and C; Figure 6, row D). In other spheres, only a few, elongate
DLPs were present (Figure 5, B). For both of these growth patterns,cetitialized lumen could frequently be
visualized within larger DLPs. Additionally, large, oblong-cylindricalwgties that lacked a lumen and that were
highly cellular along their leading edge, were also identified to be extendimgsitme spheres (Figure 6, row D).
With time, many of these larger projections expanded, to form cethdases confluent with, and nearly as large as,
the main sphere body. At this point, each of the large growths was referred to here as a “secondary body” and DLPs
were commonly observed to be originating from these formationsréFtg\C; Figure 6, row E). Lumen-containing,
alveolar-like structures that lay atop DLPs were typically identified in apprésiyn2-7% of the budding spheres
for most animals. The only notable exception to this being that in two @gnant animals (Animal #s 13 and 29)
alveolar budding was identified to occur in 9 and 13% of buddingrephin actuality, many of the individual
budding spheres exhibited a combination of the morphological grattierps described above and essentially
every possible combination of these variations was identified within the BME-plaltedes for each animal
examined. Other than for the alveolar budding mentioned above, no vaimatimrphological growth pattern was
appreciated to exist between the different demographics of animals. As mamnecsige has previously been
associated with variations in differentiation potenffdf3® sphere size was compared to variations in budding
morphology (cavitation, coronal budding, elongate ductal budding, alveofaation, and secondary-body
extrusion) in three animals. Small spheres (6@4@un in diameter) were never recognized to undergo cavitation or
produce secondary-body extrusions, but otherwise the other budgdiagons were identified with similar
frequency throughout spheres of all sizes. Finally, while the overall lpéifisecondary 1k mammospheres was
typically slightly lower than the primary 10k mammospheres, theibgdf secondary spheres was noted to be
subjectively, but consistently, more exuberant than that of the prgpaeres from the same animal.

Collectively, IHC-stained spheres derived from a number of animalesteghthat budding projections, as
a whole, tend to stain predominantly with CD10 in the early stdfgbe process. As these projections aged and
expanded, a diffuse SMA staining predominated these structures. CK18gsteasimsually only identified in fully
matured projections or within the older, more organized, regiong afdividual immature projections. Essentially

all budding spheres exhibited some regions of CK18 and SMA stainihtharefore budding was considered to be
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indicative of bilineage potential for this assay. Small numbers of celeidistal aspects of the mature projections
stained positive for ER, although no ER staining was ever obsefitiéd the main sphere body. No cells were
identified to be PR positive for any of the animals. In buddimggs, abundant, dense PAS-positive material was
identified between the individual cells and around the periphery of maist sphere bodies, secondary bodies, and
budding projections.

Lactogenic differentiation of BME-encased mammospheres was accomplighgdhasspheres from two
multiparous animals. These mammospheres were incubated in media containing ath€v2, as detailed
above. In these spheres, the cells comprising the alveolar-like formationsahdadumes of liquid material
present within the lumens of these structures stained positive for B-casein (Figure 5, D). No cells or material within
the main shere body or secondary body of these spheres were identified to stain positive for B-casein. Notably, the
spheres plated using this technique consistently developed a diffusedozssyappearance between days 7 and 21
(Figure 5, C). Histologically, the cells in these spheres and projectiorddeettified to have variably-sized clear
intracellular vacuoles (Figure 6, row E). Other than their vacuolar nature and the 3-casein staining of the alveolar
structures, the morphological variability of these BME-encased spheres reserobéedftipheres plated without
the use of CM2-prolactin. The other staining properties of these spheresmikxets those plated without the use
of CM2-prolactin with the exception that more cells within the maturgeptions stained positive for ER and there
were small numbers of cells identified to be PR-positive.

The quadrant studies were performed using four animals (Animal #3 28) 2nd 31) which provided 24
unigue mammary gland quadrants by which to assess reproducibility ofammosphere culture technique. The
intraclass correlation coefficient (ICC) for the three biopsies from each @fitheadrants was identified to be
0.778 for TVC and 0.914 for primary MFE. In three animatsstatistical differences in the MFE were identified
between any of the quadrants. In Animal # 30, however, althinagkl FEs for quadrants 1 and 4 were similar to
one another, the left and right quadrant 2/3 MFEs were significantly loaethbse of quadrants 1 and 4. Notably,
Animal # 30 was in the inactive phase of the reproductive cycle while the lotberanimals were actively cycling.

Principle component analysis (PCA) was performed utilizing 17 of theadsijpolycystic ovary Animal #
36 was not included) and the 11 variables listed in Table 3. Three plinoimponents were identified to represent
approximately 78% of the variance between the subjects. Principal nemd®C)-1 entailed Age, Class (parity

status), TVC, primary and secondary MFE, and CFE and accountef2®r of the variance. The TVC, primary
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and secondary MFE, and CFE for PC-1 were positively correlatecdbnétlanother. Primary and secondary MBP,
secondary MDP and CDP comprised PC-2 (~14% of the variance) andralbftables were positively correlated
with one another. Stage (reproductive phase) was the only variable ideitifl@43 (~12% of the variance). The

corresponding vector diagram of the PC-1/PC-2 data is provided ireRigu
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Figure 7. The mammosphere potential of macaques is stratified by parity status uamedtage and possibly
age. A: vector diagram of PC-1/PC-2 data from animals processed gttligiroptimized techniques. Numbers
within the vector diagram correspond to fhr@émal #s listed in Table 3. B: same vector diagram as “A” but with
colored-circle overlay to highlight the reproductive demographics. Reproductiagdephics are represented by
circles of different colors: menses phase = blue; follicular phase = yellow; luteal phasn=igactive phase = red;
pregnant = black; white = lactating; circles containing “N” are nulliparous animals.

Animals toward the right side of the vector diagram collectively tended to exhilgihartgrowth potential
(primary and secondary MFE and CFE) while animals toward the top dietipeam collectively exhibit higher
differentiation potential (primary and secondary MBP and CDP). The thiganous animals occupy the upper
right quadrant of the graph and are distinctly removed from the pidivgluals. The 8 year-old nulliparous
animal (Animal # 26) is positioned below and to the left of the youmgiiparous animals and, notably, is situated
well to the right of the similarly-aged, parous subjects within thta det (Animal #s 17 and 31). Most of the parous
subjects aligned within an elongated central cluster although the sole lactatiadjaminsole menses-stage animal
(Animal #s 37 and 35, respectively) are positioned well below the othrealniThe main cluster of parous animals
is somewhat stratified by “Stage” with the luteal-phase animals positioned higher than all but one of the follicular-
phase animal. Likewise, the follicular-phase animals are positioned hingimealt but one of the inactive-phase
individuals. The nulliparous luteal-phase animal (Animal # 20) is simifay$jtioned higher than the two follicular-
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phase nulliparous animals. Finally, there is also a weak trend for the thatatratified by age. In short, the
younger animals within each particular reproductive Stage tend to be locttedight of older animals.
Discussion

This work represents the first mammosphere culture technique forreajoged and optimized for use in
any species of nonhuman primate. This work further representdttabvialidation process of the rhesus macaque
mammosphere culture as an assay toward the study of the humanatmsbllected in these studies suggest that
the mammosphere potential of mammary glands is affected by the refpreditate of the donor and this
information could open up new avenues of research within mammodpdsrd-research as a whole. Likewise, the
novel culture modifications incorporated into the mammosphere protaqoalsqed here and the observations made
regarding the longitudinal morphologic development of the spheres alikalgdo be of general benefit to
mammosphere research. Finally, the mammary gland weights derivethfsowork and the data demonstrating the
physiologic homogeneity of mammary gland throughout a large pantitire organ could prove useful to a variety
of studies involving macaques.

The mammosphere culture technique in general has been criticized as a reseainhtessalye to the
numerous steps associated with its use, there is high potential for varialitie data obtained between individual
investigators?4 23! Information obtained throughout the optimization processes suggest that thisneiigicot
without merit. With regard to the digestion/dissociation of mammary tissysestioular, overt changes to the
protocol (e.g., duration of enzymatic digestions), as well as segnririgbr variations to the process, affected the
TVC obtained from homologous tissue aliquots. When this informaioansidered in light of the fact that the
possibility for “minor” modifications exists at essentially every step of the process (e.g., digestion vessel size,
centrifugation speed, pipette size, cell-screening technique, etc.) it can be appteatal®C data may not be
comparable between studies if a detailed standardized protocol is not followed. Aljbstuguich a protocol is
provided above, at least two other factors must also be taken into accourggaitth to the potential for TVC
variability. The first is that no universally-applicable time point was identifiee togtimal for halting the initial-
digestion step in all maque tissues. The other factor is that the physical appearance of what defines an “optimally-
digested tissue” is largely subjective in nature. As such, if marked differences in tissue digestion occur between
individual laboratories due to disparities in the perceived optimal processimgttislikely that there will be

significant variations in the TVC of homologous samples. Ultimately, gatednhal consistency may be the best that
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can be expected of studies requiring highly-reproducible TVCs (ueiestcomparing the mammosphere potential
between whole glands). Notably, the MFE was identified to be substantiallystabte in regard to most
modifications of the digestion/dissociation process than was the TMEfimding is significant because, unlike the
TVC which has limited research applications, the MFE is likely to be critical for mastmoaphere-related
studies.

Although MFE was not overtly sensitive to variations in the digestionklatson technique, there were a
number of potential sources of MFE variability identified in these studies.aCémthe issue of MFE
reproducibility is the standardization as to what constitutes a mammospbaeséstént with some previously
utilized standard®’ 147 all tightly-associated, frefleating, spheroid cellular growths, >40 um in diameter were
counted as mammospheres for this project. Growths composed of lagseljiated cells or growths that were
elongate-amorphous in shape were not counted as mammospheres.

Even more critical to MFE variability between samples, however, was the dig¢baethe MFE could be
influenced by a number of factors associated with culture condititwestirBt of these factors was plating density.
In one study, the single-cell suspensions derived from the mangisands of seven macaques were plated as 10k
suspensions and also as 1k suspensions. The average MFE of theurek fultthese seven subjects was identified
to be approximately 10% higher than that of their 1k cultures. Thsisre#tion is similar to those noted in previous
mammosphere studi@s’* 85 and in other types of sphere-forming assays (e.g.pnabiand prostate sphere
cultures)!®** In these reports, the increased sphere formation was suggested tasoacesult of cell aggregation,
with larger numbers of “aggregate spheres” expected in cultures plated at higher densities. Beyond cell aggregation,
however, is the possibility that the differences between the MFEssfdiktind 10k cultures may also be related to
the concentration of pro-mammosphere growth factors within thereutiedi#® As per this mechanism, the
stem/progenitor cells that are cultured in high-density plates wouldposexk to greater concentrations of cellular
growth factors and, in turn, would be more proliferative (i.e., hanigleer MFE) than would similar cells from low-
density plates. The observation that cells plated as 10k cultures, 1k culturesgindedis all consistently had
higher MFEs when they were supplemented with CM1 is evidence thatigfactor concentration can influence
the MFE.

Other potential sources of MFE variability were also identified to be associated witlg jglatiditions.

Early experiments identified notably smaller numbers of spheres whthicorner wells of the 6-well plates and
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within the perimeter (edge) wells of 96-well plates as compared to the cetierSealing the culture plates with
paraffin tape, as recommended in at least one mammosphere ptbessentially eliminated the regional
inconsistencies and, in turn, increased the average MFE. With the knowlatigeeth cells typically reside in

niches of the body with extremely low oxygen tensioH? the increased MFE and consistency within the sealed
plates is proposed to be due to the creation of a hypoxic environmerghtthhsuuse of paraffin tape. In support of
the proposal that hypoxia may be responsible for the increased mamneqgshiéeration, some research has found
that hypoxic environments promote the maintenance of stem cells ndéfertentiated state and thereby prompt an
increase in stem cell producti®®?.14% 195 205 Fyrthermore, other work has also demonstrated that hypoxia leads to an
increase in the clonal growth of mammary epithelial c8fi8eyond promoting the stem cells to remain in an
undifferentiated state, hypoxia may also promote mammaosphere prolifeératliese studies by reducing the
incidence of cellular senescence in the MSCs/MPCs. This proposal is bakedobservation that increased
oxygen tension has been associated with an increase in senescenariety of different cell cultures and that
increased senescence has been directly correlated with a decrease in tHenMREnmsphere culturés.

The other potential source of MFE variability related to plating conditions invtilegypes of plate used
for the mammaosphere cultures. Specifically, in a study of four diffeanimals, 96-well plates and 6-well plates
were both plated with 1k mammosphere cultures. The average MFE of thell98ates in this project was
identified to be ~41% greater than that of the 6-well plates. It was subsedglisodlyered that the cells within the
96-well plates, but not the 6-well plates, tended to aggregate in groups along the pefigemwells. A significant
concave meniscus was identified within the media of the individual wiethe ®6-well plates and is proposed to be
the cause of the peripheral displacement and aggregation of the cells. Dedpitettiat these cells were plated
within the recognized standards of clonal density, it was considereg tlikegimany of th&6-well
“mammospheres” were actually derived from the aggregation of individual cells rather than being a clonally derived
outgrowth

Collectively these observations suggest that mammosphere cultures that argegreicearly, but not
identically, have a high potential for variability. In efforts to decreasev#riability, a detailed macaque
mammosphere culture protocol has been developed and is described abogemBtetitwo recommendations
aimed at further increasing the reproducibility of this assay areralsmled here. First, whenever TVC

reproducibility is desired, similarly weighted aliquots of mammary gémdild be used for the comparisons, or at
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the very least, the ratio of tissue to enzymatic solution should be standamtizedio samples within a study.
Second, efforts should to be made within individual studies to rabdaaeriability of the subjective components of
the mammospheres process. This can be achieved by having eactiveustieg of the process assigned to a single
investigator or to a consistent group of multiple investigators who eabthag¢e the step and then come to
consensus. Specifically, this information pertains to: the decision asdortipeteness of the initial-digestion
process; the viable cell counts; and the mammosphere counts.

In line with these recommendations, the reproducibility experimentssipitbject were performed by a
single investigator and intensive efforts were made to limit any inconsisséndiee processing of the individual
samples. Additionally, the viable cell counts of the initial digests were pextbmririplicate and large numbers of
primary mammosphere wells were plated so as to increase the accuracyrohdrg MFE estimates for each
sample. Executed in this manner, the correlation between the individoples collected from each quadrant was
good for TVC and excellent for the primary MFE. The finding that W43 more varied was not unexpected as the
samples utilized for these experiments were biopsies and it is plausible that thef igitmslular and fibrous tissue
varied with location. In spite of the numerous potential sources of variatii@yMFE data collected in this study
demonstrated that the mammosphere culture assay can provide highly reliatdpraducible data if conscientious
efforts are made with regard to sample processing. These data also idémifidlE to be consistent within the
individual mammary gland quadrants of this species. Additional andlysed no statistical differences in the MFE
of quadrants 1 and 4 for any of animals and suggest that indiiyesiies taken from these quadrants are likely to
be representative of this region in general. This is significant, in thatdoel biopsies can be repeatedly collected
from quadrants 1 and 4 from the same animal over time therebyrajléov longitudinal, mammosphere-related
studies to be performed. The in vivo biopsies collected as part of this prejectound to provide ample, viable
tissues toward mammosphere culture and this information further ssipip@iuse of these animals in longitudinal
studies. Notably, all of the animals utilized for the in vivo biopsg@dares remained active breeder animals within
the colony and there was no appreciable decrease in milk productiorbadpkeed glands as assessed clinically in
subsequent pregnancies.

Data obtained from this study were compared against similarly procesaabtisells, and spheres derive
from humans in efforts to validate the rhesus macaque mammospiltere as a relevant assay toward human

research. A variety of data related to morphological parameters were collectdd/T&éor nearly all of the
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rhesus macaque mammary tissues fell within the TVC ranges reportadhfan breast (5.0 - 20.0 x>d&lls/mg}°®
suggesting that the mammary glands of these species are similar in celiytastmn. Macaque mammospheres
were found to be similar to those of humans with regard to: mémmesgiameter and sizeage (mean=75 pm;

range = 40+10 pm);%” mean diameter of the cells comprising the spherds (8n);°” and the numbers of cells

within each sphere (150-300 cells/sphétéjurthermore, undifferentiated macaque mammospheres were identified
to have strong epithelial (CK18) and weak myoepithelial immunostaininganes SMA; human=cytokeratin-14)
comparable to that of humafisPutative markers for bilineage progenitor célismacaque=CD10;

human=epithelial specific antig&hand abundant extracellular matetiabere also identified to be diffusely
distributed throughout the spheres for both species.

Data pertaining to the differentiation potential of the mammospheres were also congtaseshtihe two
species. In the only human MDP study that could be identified, htertzary mammospheres had comparable rates
of differentiation (100%} to those of the secondary mammospheres utilized in this studywriNan studies were
identified which directly evaluated the MBP. However, with regard to tdieensional culture techniques, the
macaque and human mammospheres shared similar properties with ref@rdaton of ductular- and alveolar-
like structures? 71 8 immunostaining with both epithelial and myoepithelial markéasgd secretion of B-casein-
positive material within the lumens of the alveolar-like struct(#é¥.Per the CDP assay, macaques were identified
to produce colonies with bilineage differentiation (immunostained with CKd&ahA) similar to what has been
reported for the humatt.*°¢ This parameter, however, was not entirely consistent between the two asctum
CDP was notably lower than what is described in the human studg1%’* While it is possible that there are
general differences in the types of cells that typically form maspimeres between the two species (i.e., more
human mammospheres may be derived from MSCs), it is proposed thistoisiance is more likely a result of
culture methodology. First, the media that was used in the human CDRstudined growth factors known to
promote stem cell maintenance while the media used in the macaque studies éallalar differentiation. This
probably accounts for at least part of the CDP discrepancy as similar variatimedia have been noted to alter the
differentiation ability of other sphere-forming ass&¥/sAnother point of consideration is that the single cells
utilized in the macaque CDP studies were derived from 100k primary mspheres while those in the human
study were derived from 20k primary mammospheres. This differemmgdstant in that most primary

mammosphere cultures have at least a small percentage of the “mammospheres” that are formed by cells other than
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MSCs/MPCs through the aggregation and subsequent proliferation of-pagiic progenitor cells and/or more-
differentiated cell type&: "* Formation of these “aggregate spheres” is known to be promoted through an increase in
cellto-cell contact and therefore high-density mammosphere cultures aedikety have higher percentages of
aggregate spheres as compared to low-density mammosphere cllungsermore, as the aggregate spheres often
lack cells with bilineage potential, it is also logical that high-density mammospHenesware more likely have a
lower CDP as compared to low-density mammosphere cultures. To thatesimexp utilizing mammary tissues
from two macaques found that the CDP of 100k primary cultures wlag%3ower, on average, than the CDP of
cells derived from 10k primary cultures. These results support the conttatatifferences in the cell-densities of
the suspensions used to create the CDP assays could have also contribetelistmepancy between the macaque
and human CDP values, as noted above.

The proliferative capacities of the mammospheres were also compared betwaenahe and macaques.
Notable here, is that none of the human studies utilized for these compdgasoribed the reproductive status of
the donors. However, with the knowledge that all the human samplessim $tudies were derived from reduction
mammoplasties and the mean age for reduction mammoplasties has beted tegdme around 38 years of &déit
is plausible that a large percentage of the tissue donors in these steidigsmavous individuals. This information is
important because most of the proliferative parameters in the macaque differfcbsitly between nulliparous
and multiparous animals. While the differences between macaque denicgeplidiscussed in more detail below,
what is important to the discussion here is that many of the compatisbusian data are made with reference to
the parity-status of the macaque.

In studies using comparable methodologies, the human primary MFE ¥8)848nd secondary MFE
(0.4%Y* were similar to those of the parous macaques but were substantially lawéndke of nulliparous
macaques. As with humans, macaques produced mammospheres that wereotapatjgpassaged over multiple
generations. Some of the human generational studies reported a marlked/lIBEswith each generatif> 19
which was similar to what was identified for parous animals. Interestiatilgr studies identified more consistent
MFEs/! or even increases in the MFEdetween the successive generations and this was comparable to data from
the nulliparous animals. Utilizing the secondary MFE values acquired fegetterational study and comparing
them to the average number of cells/sphere in the macaque, eachrpanom®sphere was calculated to contain ~1

cell capable of reforming a sphere (mammosphere forming unit (MFU)). thesg same methods, the nulliparous
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mammospheres were calculated to contain ~3 MFUs per mammosphere. These nurebarasigtent with the
ranges (1- 4 MFUs/mammosphere) identified in human stitliaghe current project it was also demonstrated that
macaque mammospheres could be derived from singly-plated cellsiw/iatilar to what has been reported for
human mammospher€s’! No human studies were identified that reported the CFE and therefore narismmg
could be made.

Collectively, these studies support the proposition that mammospheres dienmadacaques are
comparable to those of humans. While not all macaque data aligned perféciyery human study, there were
inconsistencies in methodology that may account for these discrepanciesopteapthat methodology is critical
to mammosphere potential is supported by the fact that data reported betweenahartammosphere studies are
varied, and at times contradictory to one another, where different métaeeldbeen used to process these cultures.
In turn, macaque mammospheres appear to be a relevant surrogate moartortammospheres where human
tissue is unavailable or toward areas of research that are not accessible usingisguas. Examples of studies
where macaque mammospheres might prove useful include investigatiotieieftects of carcinogens on the
mammary gland stem cells of young females and any longitudinal stuldg breast where repeated biopsies from
the same individual are required.

The morphological observations made on the macaque mammospheres sagtfastabsay produces
populations of spheres that are highly variable with regard to their indinddfexkentiation potential. Specifically,
by Day 5 of the differentiation process in BME, notable variations imthgphology of individual spheres became
apparent that persisted throughout the entire time spheres were maintained én \d(hile these variations might
have been predicted of the primary 10k mammospheres, with the knowhetdgeme spheres within primary
cultures are invariably of a non-stem cell/non-bilineage progenitor cell dagidiscussed above with CDP), it was
surprising to find nearly identical results in the 1k secondary sph&he 1k results were unexpected because
mammospheres plated at, or below, 1k have been proposed to be piioaglyin origin; and also because
secondary mammospheres are proposed to be comprised of cell poptitati@mse more homogeneous than those
of the primary sphered.8% Regardless, the morphological results of this study are consistanepiirts which
collectively propose that the mammosphere-forming cells obtained via thysaaesa actuality, a highly
heterogeneous population of proliferative bilineage cell t§p&s53 194 While this lack of specificity has incited

criticism from somé? %4 it could be argued that an assay that is broader in its selection of prokfemtitypes is
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likely to be useful toward cancer research. That is to say, as we do nobyethHe cellular origins of the various
forms of breast cancers, it may be preferable, at least initially, to collect a \aitksy \of proliferative cell types for
study rather than use assays that are too selective and risk migsmg@pulations of cells that are prone to
carcinogenesis.

Beyond budding variability, the morphological observations of macaquemapheres also identified
aspects of proliferation and differentiation that may prove useful towarceftesearch. First, if CD10 is truly a
marker of bilineage progenitor cells as previously suggéestin it appears that most macacque spheres in culture
are predominantly composed of relatively undifferentiated cells withiarglenof epithelial-like cells. It also
appears that as if the leading edges and less-organized areas of the bujeitigns are also predominated by
undifferentiated cells. Expression of SMA and/or CK18 was typically appreciated within the more matured
(presumed, based on cellular morphology) aspects of the buddiegtng and there were areas of some budding
projections that were negative for all three markers. Notably, ER sta@nth&R staining (following lactogenic
differentiation) were commonly identified to occur in the parts of thlimg projections that lacked CD10, SMA,
and CK18 expression. The significance of the expansive, highly-cedktiarsions that were associated with the
formation of secondary-bodies, and the secondary-bodies themselvdg)asva. Both of these structures
frequently had strong CD10, SMA, and CK18 expression with eachemagknonstrating distinct regions of
preferential staining. No ER or PR staining was identified within these wtescWWhether these structures are
representative of in vivo physiological processes (e.g., expansion ofrttiealeend ducts associated with
mammary gland development) or are artifacts of the in vitro platirgepsostill needs to be explored in future
studies.

Lactogenic differentiation of BME-encased macaque mammospheres was bslvednihrough the
addition of prolactin to the culture media, as previously descfitb¥823° but also required a novel modification to
the technique. Initially, a number of experiments that incorporated prolactit uagous stages of mammosphere
development failed to promote lactation in the macaque mammospheres. Basekhomwtbdge that the mammary
gland niche provides hormones and other growth factors that camer lactogenic differentiatiod” 145 226 277
CM2 was created and added to the media. The addition of CM2 was sucdestifiolliatinglactation (B-casein
staining) within the alveolar-like structures of the budding spheres but akxpectedly, induced intracytoplasmic

vacuoles within most cells of these spheres. Both prolactin and CM2 appeheedssential to lactation, as the
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addition of prolactin alone did not appreciably alter the spheres while the aadi@dh2 without prolactin resulted
in vacuolation of the spheres without lactation.

As to the reason CM2 was required for lactogenic differentiation in the macaopenospheres but was
not in the human experiments is unknown but it is proposedteldted to the differences in methodology that
were utilized to produce the mammospheres themselves. In the macadips gtedlLk mammospheres were first
grown in culture and then were encased within BME. In the hushalies,* 1% single-cell suspensions were plated
into BME which then formed into mammospheres. In an experimempaong the differences of the BME-encased
spheres produced by these methodologies, cells acquired from one sebgeased to produce mammospheres
using the human technique and also to produce mammospheres asimactque technique. Morphological
analysis of the two sphere populations after 21 days of incubatidifiesimilar immunostaining patterns but
found that the mammospheres derived from the macaque-method coatdeeskr and more angular population of
cells than those derived from the human-method. Furthermore, theespterived from the human-method had
notably more PAS-positive extracellular matrix within the main sphere thaatydid the spheres derived using the
macaque-method. While these investigations are only preliminary, the ingivaltions suggest distinct
morphological differences in the mammospheres produced ugsisg thvo methods and this may account for the
additional growth factors needed in the spheres produced using the mgatnique. Further studies investigating
the differences in the spheres formed using these two methodologies ameedarr

The nature of the CM2-induced vacuoles has yet to be elucidated but the histgbegiaape suggests
thatthe material is likely lipid. One mouse study has identified “oil-filled adipocytes” within “stromal”
mammosphere¥.However, these vacuoles were present without any stimulation and the priosg
mammospheres of this study may not be appropriate for comp#witiom secondary macaque spheres used’here.
In macaques, secretory fat vacuoles are commonly identified within novamaimary epithelial cel?é and one
study has identified myoepithelial vacuoles in the immature ducts of youmglanindergoing mammary gland
development® This last observation is of particular interest and further investigatiorhia possible in vivo
significance of the mammosphere vacuoles is warranted. In the futurgelaictaifferentiated mammospheres will
be collected as frozen samples, in addition to being preserved in formaliloytdor a more complete histological

examination of the vacuoles.
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Statistically significant differences were identified for most of the mamphere growth and
differentiation parameters between nulliparous and multiparous follicularfiteale animals in this study. These
results are similar to those of another study between nulliparousidtigamous macaques which compared the
mammosphere potential of biopsies that were collected from animals in the measesfuhe cycle (Chapter 4).
Consistent with these macaque data, other research has identified the mammargfgiatigparous mice to
contain significantly higher numbers of stem cells as compared to thisgiiparous animafs® Information
obtained from the PCA supported the parity-related differences in the meaaad furthermore suggested, albeit
weakly, that the phase of the reproductive cycle may also play aitbleeggard to mammosphere potential.
Although ultimately no significant differences in mammosphere potentia identified with regard to the phase of
the cycle, it should be noted that a major limitation of this study waswheumber of subjects available for
analysis from each of the various demographics. Regardless of thaf Eekistical significance to the trend above,
there is literature to suggest that mammosphere potential is likely to vary withabe of the reproductive cycle.
Specifically, there are significant differences in the proliferative capacity ofidltaque mammary gland in vivo
that are associated with distinct stages of the menstrual®yéfeddditionally, murine studies have found that
single-cell isolates collected from mammary glands at different stages of the eskeusasse significantly different
in vitro proliferative potentiat?* Based on this information, and the study trend above, it is profusteadditional
research into the effects of the menstrual cycle on mammospheres poterdiahiged.

While direct comparisons in mammosphere potential between the individual stélgeseproductive
cycle was not possible due to the low numbers of optimally-processedlaim the study, there were some
observations made with regard to reproductive stage that bear mentidmenfiyst is that, other than the lactating
animal, the menses stage monkey is the multiparous subject that wag fertieeged from the main cluster of
animals. Taken by itself, this observation is easily dismissed as indiviahigiion amongst animals. However, the
data obtained from this animal were found to be highly consistémtdata obtained from the biopsies of six,
similarly-processed, multiparous, menses-stage animals in anothg(Ghapter 4). In light of this information, it
is proposed that the macaque gland may have overall less mammospheial potémg the menses-stage than at
the two other stages (i.e., follicular and luteal stages) of the active menstrual cycle.

Other observations with regard to the reproductive cycle involve the ingttage animals. Little is

known about the inactive-phase of the macaque reproductive cycle @theh#t during this reproductive phase the
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blood levels of the sex hormones are typically very low. However, evee lligmone levels are variable as some
animals experience irregular or anovulatory menstrual cycles throughdnathize-phasé® 27° Consistent with a
low hormonal state, the inactive-phase animals included in this study tenkgee lower mammosphere potential
than the follicular- or luteal-phase animals. This was illustrated in the vectoaulidgrt is also exemplified in the
generational studies where the two inactive-phase animals were the onlysstitgiefailed to produce quaternary
spheres. Consistent with the reports of hormonal variability in the veaghiase of the cycle, the four subjects
comprising the inactive-phase cohort were also found to be more eliveng the vector diagram than were the
animals within the follicular- or luteal-phase cohorts. Furthermoreals@notable that an inactive-phase animal
was the only subject in the quadrant studies that was identified to haifecaig differences in the MFE between
any of its mammary gland quadrants. Per these observations, antenktioivledge that there is no stage of the
normal human reproductive cycle that correlates with the inactive phassetioé mammary gland tissues from
animals in the inactive-phase of the cycle should likely be avoided wdmeducible, human-relevant research
data are required.

Although mammary gland was acquired from only one pregnamtzdim the formal study utilizing the
optimized technique, a number of pregnant/early post-partum animalsitilieesl in the developmental and
optimization aspect of this project. The general observation for these sumgsdtsat there was little consistency as
to the mammosphere potential between any two animals in this partigpifaductive stage. This information is not
particularly surprising as pregnancy is a highly dynamic statedibhgr serves as a reminder that if tissues from
pregnant animals are to be utilized in studies, precise timing of the pregnaiitidely be required to maintain
reproducibility between subjects.

There was some study data which suggested that age may also play shele@ammosphere potential of
mammary gland cells. The position of the various-aged nullipardojisctsi on the vector diagram is particularly
supportive of this possibility, while the age-comparisons betwedtipamous subjects within each reproductive
stage are also intriguing. However, what must be appreciated with regard toltibanous animal-comparisons is
that breeding-colony monkeys were used as the tissue donors in dyisstlolder monkeys also tended to have
produced larger numbers of offspring (greater parity). Intshids essentially impossible to deduce from these data

what influence age may have contributed to the change in mammospterapéor the multiparous subjects.
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In review, parity status is almost certainly related to mammosphere potetitialrimacaque and there is
information to suggest that the reproductive stage and age may alsadefthe proliferation and/or differentiation
capabilities of the mammospheres as well. As such, demographic informaitictutte age, parity-status and
reproductive stage should ideally be obtained of every macaque dondouseinmosphere cultures to allow for
appropriate comparisons between subjects and between studies. Fuehérimproposed that if similar
information can be obtained from human and rodent donors utilizedefmmosphere cultures it is possible that
mammosphere data can be better standardized across species.

The results obtained from this study have a number of limitatioaddition to those previously
mentioned. First is the issue that the majority of the tissues utilized $qurthject were derived from animals that
were euthanized due to disease, trauma or as part of unrelated research studiesitAs possiple that any of the
factors associated with the death of these animals may have affectechihspdere potential of the mammary
glands utilized for this work. Future studies utilizing tissues collected dtimeally-healthy subjects will be
beneficial at validating the results obtained from this project.

Information provided above suggest that mammospheres derived frouftdtes are more likely to be of a
clonal origin and therefore may provide a more accurate, overall assesstheninammosphere potential for any
given single-cell suspension as compared to mammospheres derimetDkasphere cultures. To that, the
mammosphere potential of secondary, and later generational, macague mhenesg@s evaluated utilizing
mammospheres derived from 1k mammosphere cultures alone. Howeveantineosphere potential of primary
macaque mammospheres was most commonly assessed using magnesosptained from 10k cultures and this
fact constitutes another limitation to the interpretation of the data reported hereseltielOk-derived, rather than
1k-derived, primary mammospheres in this study was deemed necessavry feasons. The first issue, as
previously discussed in thResults section, was that large numbers of primary 1k mammospheres coulel not b
efficiently obtained from the mammary gland tissue-digests of multipanimals. The second, and more
problematic issue was that even when multiparous, primary 1k mammespvere obtained, these spheres were
small and ragged in appearance and they had minimal ability to underdorettaor differentiation as compared
to the multiparous, primary 10k spheres or the nulliparous, primaspléres. Experiments using macaque tissues
suggest that the decreased proliferation and viability of the multiparausitiknospheres is largely due to

insufficient concentrations of pro-mammosphere growth factors vittkiculture media. Specifically, when
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primary 1k mammosphere cultures from two of the multiparous masdguhis study were supplemented with
CM1 from another multiparous animal, these 1k cultures produced targerers of more viable-appearing
spheres. These CM1-supplemented spheres had MDP and MBP values that werdemgiadi/to those of the
primary 10k cultures from the same two animals. Additionally, in these £xperiments the difference between
the MFEs for the 1k and 10k cultures was identified to be only 52¥%emrthan the 13.3% when CM-
supplementation was withheld. This last finding is significant in that gestg that the use of 1k primary cultures
may actually underestimate the primary MFE potential for multiparous macanight of the similarities in the
differentiation potential between the primary 10k and 1k spheres, in conjumétiothe previous data that
demonstrated a significant correlation between the primary 10k and 1k khEEsse of 10k cultures was
considered to be acceptable, albeit not ideal, for the comparison studies here.

Notably, a number of experimental techniques aimed at obtaining viable priknargrdimospheres
cultures from these animals were considered prior to the decision to utiligertizey 10k cultures for this work.
Unfortunately, it was not possible to supplement the individual primacgltéres with their own CM1 at Day 0 of
the plating process as CM1 is not collected from the primary 100k sphemeswntil Day 3. Additionally,
experiments showed that supplementation of macaque primary 1k culttir€dM1derived from their own 100k
cultures at Day 3 of the incubation process only marginally ingatarammosphere viability. The possibility of
routinely using CM1 from other animals to improve the viabilitypofmary 1k cultures was rejected as the
biologically-active components of the CM1 may vary between subjedtsaand have confounded the comparison
studies. In that the deficiency in pro-mammosphere growth faettiris the 1k cultures is likely a direct result of
the ratios of proliferative to non-proliferative cell types within the mamrgkanyd single-cell suspensions,
consideration was also given to experimental techniques that could specifiraintrate proliferative cell types
(e.g., fluorescence-activated cell sorting (FACS)). However, this approacéisearejected as this would have
required the selection of specific cell phenotypes that may not be similarlyssed across the different
demographics of animals and, as such, could have confounded compasisorise overall mammosphere potential
between these populations. In short, culture supplementation with GiMthense of proliferative-cell
concentration techniques are both likely to provide further insight intméltaque mammosphere potential in
future research projects although neither approach was perceived to be s$apgbadrOk mammosphere culture

technique in regard to the initial assessment of the single-cell suspensions filenvdte mammary gland.
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There are some limitations to the interpretation of the morphologic studies BME-encased spheres as
the variation in budding morphology of these spheres was assutbedit@ to differences in the outgrowth
potential of single cells. As previously discussed, it is likely that at least a snwdhfsge of the spheres in these
studies were derived from the aggregation and proliferation of twmwoe cell typeg® 7% 231 Furthermore it is
possible that some spheres, the larger spheres in particular, could bertitibypf two or more spheres that
became adjoined during the mammosphere culture process. The factyHatgmbpheres were identified to form
secondary bodies is intriguing in this regard and it is plausible that fomwdttbis specific budding structure may
require the influence of two or more progenitor cell types. The pitoppothat secondary body-formation may be
dependent on the contributions of two or more cell types is suppgrtbe bbservation that no secondary bodies
were identified in any of the mammospheres that were derived fromla saligplated in a 96-well plate. The
results of the single-cell studies cannot be considered definitive, howasvarly a small number of spheres were
available for BME-encasement. Larger studies of a similar nature are warraimegstigate this proposition
further.

Data from the morphological comparisons of BME-encased mammosphénesstudy suggested that,
other than in a few early pregnant females, there was minimal variatioa differentiation-potential between the
different demographics of animals. There are limits to the interpretation efdhks however, in that the
characterization of budding morphology was based on a few overt feattihesbafdding spheres as a whole. Future
studies which utilize a greater number of parameters to assess différebadding morphology may identify
variations in morphology between the demographics that were not appréceted

Finally, the ability of the mammospheres to be formed from a single cedl,sustained generational
growth, and undergo bilineage differentiation was proposed as evidat¢keehmacaque mammosphere cultures
represent a population of cells that are enriched for MSCs. However, in vigplaatation of mammosphere-
derived cells into mice is generally considered the gold standard by whicltefteenrichment is validated.” 19
230231 A5 these experiments have not yet been performed, there are limitatibasnterpretation as to the stem
cell-enriched nature of the macaque mammosphere cultures in genetigls &re currently in progress to address
this deficiency.

The first major aim of this project was achieved as a rhesus macagquaasphere technique was

developed and demonstrated to be highly reproducible. The mammospieaitiapof the mammary gland was also
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demonstrated to be similar throughout a large, well-defined regidwe afrgan and the first reported mammary
gland weights were obtained for this species. The second major aira pfdfgct was achieved insomuch as the
comparisons between the human and macaque mammospheres did not identi@jycagjfferences that would
preclude the use of macagque mammospheres as models for human reseaitthmastwalidations of this kind,
however, minor differences were identified for some assays and are gutdpdse methodological in nature. Future
work is proposed to explore these discrepancies in more detail. Finally, the#jor aim was achieved in that
significant differences in mammosphere potential were identified to be assodidit@anity-status in the macaque.
Trends in the data, experimental observations, and comparisons vettstitiies suggest that mammosphere
potential may also be affected by the stage of the menstrual cycle and fiotkes proposed in this area. There
was minimal data to associate mammosphere potential with age although treesafh#ubjects available for these
analyses were low. The possibility that age could affect mammosphere potemtiad be excluded based on the
results of this study.

In conclusion, a mammosphere culture technique was optimized for the rhasaque. The resultant
protocols, along with outcomes of the individual optimization experimargsdescribed here in detail in efforts to
promote the use and advancement of this technique. The assay wastdaemito be highly reproducible and
small biopsies acquired from the cranial aspect of the mammary gland wededdumrepresentative of the region
in general. Rhesus macaque mammospheres were identified to have prapg@liietoghose of human
mammaospheres and, as such, are likely to be a relevant study model for #reldraast. A study utilizing tissues
from 18 animals demonstrated that the mammosphere potential of mammmaly iglékely affected by the
reproductive state of the animal and it is suggested that this informatioreberitdkconsideration when utilizing

the mammosphere culture technique in research.
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Chapter 3: Vaginal Cytology of the Rhesus Macaque

Introduction

Rhesus macaquellécaca mulatta) are widely used as models for the study of human reproductive
biology and disease as a result of their genetic, morphologic, and lplis&similarities to human¥ 3% 63 77,201 244
267.219 Of particular importance to the current study is the fact that the menstelmbégexually-active female
rhesus macaques is generally recognized to be comparable in length3&.d&%) and form (i.e., menstruation)
to that of women. Despite overall similarities, one notable difference betwesusrimacaques and humans is
breeding seasonality. Rather than being reproductively active yeat, ntn@sus typically only exhibit regular
ovarian cycling and sexual receptivity for one 2-6 month periodadiyid 63 77 94 274 278 279

Research studies that involve sexually-intact macaques may require monitdhiagwérian cycle in
order to synchronize the collection of study samples to one spdaijie sf the cycle. This is performed to
minimize the difference in sex hormone concentrations between the imaligitidy animals, as varying hormone
levels have the potential to confound data interpretafiét.2’° Ovarian cycle stage can be monitored with high
accuracy by to evaluating progressive changes in the serum levels of tw@reeres. Unfortunately, reliable
assessment of ovarian cycle stage in these animals usually requires that bldtettesl doom each subject2-
times per week over several months duratf@i®? 274 278 279 This degree of diligence is required as sex hormone
levels vary significantly between individual subjects and there are currendgtablished hormone concentration
standards that accurately identify one particular stage of the macaque cyaklarserial monitoring of sex
hormone levels is undesirable for large studies as it can be extremely labodaogsite the requisite number of
blood samples. Additionally, the results of hormone assays are oftéenmediately available. Finally, as both
physical and psychosocial stress can lead to disruption of the normaluegpre cycle in nonhuman primates
(NHPs)3 94 148 188 202 274 279t i3 plausible that the stresses associated with repeated blood draws inesamadd
confound reliable study data collection. Novel approaches toward the timing @fahian cycle that are less work-
intensive and that are less stressful to the individual animals and their soujas gre desirable and are likely to be
useful to many facets of research involving these sp&tiés.

Routine monitoring of vaginal cytology has been investigated as a lesfustneslsless work-intensive

means to evaluate and pinpoint stages of the ovarian cycle. Unfortunagglgugrattempts to demonstrate that this
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technique can accurately identify each of the six most commonlyediedtages of the macaque menstrual cycle
(i.e., menses, early-follicular, late-follicular, ovulatory, early-luteal late-luteal stages) have not been
encouraging. This is because studies have found that certain stagesattyue cycle are indistinguishable from
one another by vaginal cytology alone and, importantly, these “indistinguishable stages” tend to be the stages that

are typically of greatest interest to researchers (i.e., late-follicular, ovutatdrgarly-luteal stage¥)5% 124165173
177,183 201, 281 However, if a researcher is able to utilize tissue samples that are sypetirimnone of the other three
stages of the macaque cycle (i.e., menses, early-follicular, late-lutezd)stiagn the use of vaginal cytology t
manage synchronization of sample collections may still be a viable option.

Synchronization to the menses stage of the cycle via vaginal cytolagyaitractive option for research
projects that have no need for their study samples to be collected dunergledt follicular or luteal stage. This is
because previous work in macaques has suggested that the vaginal cyftthegyenses stage is distinct from the
other stages of the active cy&fe:’3 18 Furthermore, in that this stage is also associated with vaginal bleeding
(menstruation), daily cageside observations to inspect the perinetmariitnals, and/or daily vaginal swabbings
can serve as minimally invasive means by which macaques caaswenptively identified to be within the menses
Stage Of the CyC|é7.’ 165 183 202 244, 274 278 279

While the identification of vaginal-derived blood in regularly-cycling NH#s/ serve as a presumptive
diagnosis of the menses stage of the cycle, there are other causgisafhMaeding in these species that should be
ruled out if the research results might be affected by variable hormone levedebetudy animals. Anovulatory
cycles are documented to occur in many NHP species and these cycles canvagintirbleeding that is similar
in character to the menses stage of a normal ovulatory y€1é%5 173274 Anovulatory cycles are potentially
problematic for studies, in that the animals experiencing these cycles typicalyyfisbkfunctional corpus luteum
and therefore have hormone levels that are notably different from ovudatiimgls 63 292 274 278 279 Qther common
reproductive tract pathologies of NHPs such as vaginitis, leiomyomas, ovarignatysendometriosis, can also
potentially produce vaginal bleeding that might be confused with menstrd&biof? 126 183 283 298 Eing|ly, for any
female animals that are cohoused with sexually-intact males, there is alstetigapfor pregnancy-associated
vaginal bleeding to be confused with menstruation. This could presentissther non-pathologic gestational

hemorrhage (“spotting™) or early to mid-term abortiong’®
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Comprehensive vaginal cytology-studies are described in the rhesusumadagh utilized vaginal smears
prepared with Shorr stdthand hematoxylin and eosin (H&E) stdiffsalthough a review of the literature found that
most macaque vaginal cytology studies have utilized classical Papanicolaou (Pap} §thifP 177183 244 pgp
stains are also recommended in industry-standard guidelines as they rebaligephigh quality cytologie’$®
However, Pap stains are relatively time-consuming and complicated to pPegiat® and are therefore unsuitable
for certain research situations where short turnaround times are requiregisTt@mmsequently a need to identify a
rapid staining technique which can produce vaginal cytologies that are abiFagiagnostic quality.

Romanowsky-type stains are the most popular stains in veterinary métiéii€and are frequently
utilized to process the vaginal cytologies of d6d¥" 203 227-229gnd |aboratory rodents Additionally, at least one
specific Romanowsky-type stain has been reported to be equivalenttagsieal Pap stain with regard
interpretation of vaginal cytologies in the babd& modified procedure for Diff-Quik® (a Romanowsky-type
stain) has been demonstrated to produce rapid cytological specimenspafabl@ quality to those of Pap stains for
a wide variety of tissue types in domestic veterinary spétiés light of these previous successes, it is plausible
that the modified-Diff-Quik® (MDQ) staining might also serve as a meanghigh rapid and reliable vaginal
cytology results can be obtained for the rhesus macaque.

The current project evaluates the utility of a novel, rapid-staining (MDQ) taghfidg use in rhesus
macaque vaginal cytology. The first aim of this project was to use gai@ed vaginal cytologies to define the
cytologic parameters of the menses, follicular, periovulatory, and luteal sfatesweenstrual cycle in
reproductively-active rhesus macaques, with the hypothesis that MDQlhagiology can be utilized to accurately
and reliably identify the menses stage in reproductively-active rhesus macAquaditional aim of this project
was to identify the MDQ vaginal cytology parameters that were characterisiie dfesus macaque: 1) during the
reproductively-inactive period of the year; 2) when pregnant; 3) whdargoing anovulatory cycles; 4) following
abortions; 5) when affected by reproductive tract disease. The hypath#ssaim was that MDQ vaginal
cytology characteristics can be used to reliably differentiate the menses stage)famimals in the inactive stage
of the reproductive cycle; and, 2) animals with other potential causes oévagading. Successful completion of
these aims is expected to result in the identification of specific vaginal cyteémgyneters by which future tissue

collections in the rhesus macaque can be reliably and efficiently syrodmidioi the menses stage of cycle.
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Materialsand M ethods

Animal model. Biological specimens were acquired from a total of 53 female, Indigmprhesus
macagques. In vivo vaginal swabbings were collected from nine clinicallyhligakgnant animals that ultimately
carried their infants to term; and from five animals that had undemgspentaneous abortion. Additionally, vaginal
swabbings and ovarian and uterine tissues were opportunistically collengsgi@tsy from 39 animals of
reproductive age. These macaques were animals that either died or were euthaniegthess or trauma, or were
euthanized as part of other research projects unrelated to the current stufiyhé\pregnant animals, abortive
animals, and 37 of the necropsied animals originated from the bremdamy at The University of Texas, MD
Anderson Cancer Center, Keeling Center for Comparative Medicine ardiRle¢KCCMR) in Bastrop, TX.
Throughout the timeframe of this project, the KCCMR breeding catagiytained an ongoing census of
approximately 600 adult female macaques. The KCCMR breeding colerheba a closed colony since 1983 and
no outside animals have contributed to the genetic lines since that time. Tine lddoeen documented through
serological means to be Specific Pathogen Free (SPF) for Cercopithecine HerpesSimiarLimmunodeficiency
Virus, Systemic T-lymphotrophic Virus and Simian Retroviruses &and 5 since 1991. The final two animals
which provided necropsy-derived specimens were animals origirraltyieed from an external vendor, although
they had been maintained at the KCCMR for approximately 2 years@®oathanasia. These final two animals
were seropositive for Cercopithecine Herpesvirus 1 at the time of theirlidatiere clinically normal and were
SPF otherwise. Signalment and medical history were collected for each ofdpasitmals. The KCCMR s fully
accredited by the Association for Assessment and Accreditation of Laboratoryl Ad@nednternational
(AAALACI) and all animals utilized in this study were housed in full comgl@with the recommendations
provided in theGuide for the Care and Use of Laboratory Animals (ILAR).82 All tissue collection methods used for
this study were reviewed and approved through The University &sT&D Anderson Cancer Center Institutional
Animal Care and Use Committee (IACUC).

Vaginal swabbings and vaginal impression smears. In vivo vaginal swabbings from the pregnant and
abortive animals were performed as the animals were maintained under anesthe#{& @M veterinary clinic
for routine physical and ultrasound examinations. Ultrasound examinad®ntlized to diagnose animals as
“pregnant” and fetal measurements were utilized to estimate gestational age. Ultrasound examination was also

utilized to confirm the diagnosis of “abortion” in animals that had previously been diagnosed as pregnant. The
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gestational ages of the abortive pregnancies were determined from the rfabelfgrevious ultrasound
examination in which the dams had been determined to be pregnarabdittive animal swabbings utilized in this
study were all collected within 8 hours (range 1-8 hours) of thetliateghe abortive animals had been noted as
having bloody discharge from the vagina. Necropsy-derived vagisditsngs were collected within 1 hour of the
death of the animal with many of the swabbings collected immediately foljosvithanasia. Vaginal swabbings
were collected in a manner similar to that previously described for NfiPg24 136 173 177,183 A cotton-tipped
applicator (swab) was moistened slightly with 0.9% saline solution and théy geserted into the vagina until it
made light contact with the cervix and then the swab was retracted approxinzdtehat distance. The swab was
rolled against the vaginal walls with slight pressure to obtain a smear thegpresentative of the vaginal vault
midway between the cervix and vaginal opening. After removal, the waalbolled along a glass slide to create
multiple linear impression smears. A minimum of two swabs andssiiere prepared for each animal. The smears
were allowed to air-dry thoroughly at room temperature. The slides wegarpd for cytologic examination
utilizing a modified Diff-Quik® (EK Industries, Joliet, IL) protocH This technique used the same three staining
solutions as the standard Diff-Quik® technique but increased the exposucé pkdion to 20 dips/solution and
included an additional xylene step (5 dips) at the end of the procestherstieles had dried.

Necropsy-derived tissue collections and histologic assessment. The uterine and ovarian tissues collected
at necropsy were immersion-fixed in 10% neutral buffered formalinGham, Pittsburg, PA) for a minimum of 72
hours. Following fixation, the tissues were routinely processeddtmidgic examination by the KCCMR Histology
Laboratory and paraffiembedded sections were cut at 4 pm and stained with hematoxylin and eosin (H&E; Poly
Scientific R and D, Bay Shore, NY). The uterine and ovarian morpholagyagsessed by two boarded veterinary
pathologists who collectively determined the specific reproductive stagecfomaamal using histologic parameters
as previously describée.3* 267

Vaginal cytologic assessment. Review of the vaginal impression smears was performed by adobard
veterinary pathologist and two certified medical technologists. The meanc$t¢hecthree examinations was
reported for each parameter. Similar to previous stuthés 8 177 183 the vaginal smears were examined under light
microscopy to qualitatively assess the number of erythrocytes, ledaekpayd bacteria, and also the amount of
mucus and cell clumping present throughout each slide. Each of theseeaisawas then scored between 0 (lowest

number/amount) and 3 (highest number/amount) for each slide. Diffdreell-counts of 300 cells were also
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performed on the vaginal epithelial cells of the impression smelaisswhs done using a back and forth meandering
approach in a minimum of three separate regions per slide. Individualveedisclassified as either parabasal,
intermediate, or superficial cells based on morphologic parameters as prevencsiped for NHP vaginal
cytologies!® 5% 124 163 173 183 244 gnd as detailed in Figure 1. Similar to other macaque vaginal cytology stutfies,
maturation value of the vaginal epithelial cell population was calculated for each sebties: (Parabasal cell

number x 0.2) + (Intermediate cell number x 0.6) + (Superficial cell numb4)) /300 = Maturation Value (MV).

Figure 1. MDQ-vaginal cytology cellular morphology allows identification of distioell types. Image A are
parabasal cells. These cellhiave rounded edges, basophilic cytoplasm and contain a rounded, centraliead nu
composed of ropy to clumped chromatin. The diameter of the nudi¢husse cells is approximately one-third or
more the size of the cell diameter. Image B and Graall intermediate cells. These cells are round (Image B) to
ovoid and can have angular projections (Image C). The cytopladighdy basophilic to eosinophilic. The nucleus
is round to ovoid and has ropy to clumped chromatin. The diametes oftermediate cell nucleus is notably less
than one-third the size of the cell diameter. Image D and Eageintermediate cells. These cells have angular
margins, pale cytoplasm and ovoid nuclei with ropy to clumped ditiomSuperficial cells are keratinized cells
with angular margins. Image F isaperficial cell with a small pyknotic nucleus. Image G isuperficial cell with

a pyknotic nucleus surrounded by a perinuclear halo. Image Haisualeate superficial cell. MDQ-images at 100
x magnification were collected from animals in the menses stage of the myteb&ickground erythrocytes and
occasional polymorphonuclear leukocytes). Scale bars = 25 um.

Vaginal cytology comparisons and statistical analysis. As previously described, the histological
characteristics of the reproductive organs of necropsied animals, arttdbkeund findings of pregnant and
abortive animals, were utilized to define the reproductive stage of each shjelgtstihe MDQ vaginal cytologies
collected from animals in the menses, early-follicular, late-follicular, periovulagany-luteal, and late-luteal
phases of the active menstrual cycle were quantitatively and qualitativehacedtp one another. The MDQ

vaginal cytologies from menses stage animals were also quantitativelyaitdtiopely compared to MDQ vaginal

cytologies collected from animals in the inactive stage of the cycle, pregnamaigratortive animals, one
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anovulatory menstruation animal and one animal with polycystic ovariestiSsit®mparisons of the various
reproductive stages were performed using a t-test (two sample assgualyariances) through IBM SPSS
version 22 (SPSS Inc., Chicago, IL) software. Statistical significanadl fdata was set at P<0.05.
Results
Ovarian and uterine histological assessment. Results of the uterine and ovarian histological evaluation
for each necropsy-derived study animal are provided in TableeteTere 28 animals identified to be in a

reproductively active stage of the menstrual cycle at the time of their déatbe animals were classified into the

Table 1. Vaginal cytologies obtained from various demographics of rhesus macBegiedtion of table terms.
Animal #: order processed in the study. Asterisks (*) indicate the twy stoidhals that did not originate from the
KCCMR breeding colonyAge: rounded to nearest whole ye@tass (parity): N=nulliparous; P=primiparous;
M=multiparous.Sage (reproductive status per uterus/ovary histology): M=menses stage; Fe=folliagar(early);
Fl=follicular stage (late); PO=periovulatory stage; Le=luteal stage (early); LI=luteal &teje AO=anovulatory
menstruation; I=inactive phase; Cy=polycystic ovaé¥: calculated Maturation Value of the vaginal epithelial
cell population (see textiRBC: red blood cell/erythrocyte qualitative couWBC: white blood cell/leukocyte
gualitative countBacteria: qualitative bacterial cell countlumping: qualitative assessment of the amount of cell
clumping. Mucus: qualitative assessment of the amount of mucus present. For all qualitative cousts@ssesa
score of O=lowest number/amount and 3=highest number/amount. Animals listed as “opportunistic”” were euthanized
as part of a study unrelated to this project.

Animal | Age (yr) Class Stage Infants MV RBC WBC Bacteria |Clumping | Mucus | Cause of death/euthanisia
1 14 M LI 4 87.2 0 0.33 1.33 0.33 0 trauma
17 M | 12 33.6 0 0.67 1.33 2.61 3 cancer

3 19 M | 10 64.8 0 2 2.67 3 2.33 cancer

4 11 M | 7 99.7 0 1.67 3 2.67 2 amyloidosis

5 21 M | 12 100 0 1 2.33 3 0.67 cancer

6 15 M M 7 51.8 2.33 3 1.33 2 2 trauma

7 18 M FI 12 99.1 0 2 3 3 2 arthritis

8 6 P | 1 81.2 0 1 2.33 2 0.33 arthrtitis

9 4 N LI 0 90 0 0.33 1.33 1.67 1 enteritis/arthritis
10 21 M Fe 13 66 0 2.33 3 1 3 cancer

11 19 M FI 12 98 0 3 2 3 1.67 amyloid/arthritis
12 18 M | 12 74.4 0 2.67 1.33 2.67 3 cancer

13 8 N FI 0 99.6 0 2.33 2 2 1 opportunistic
14 4 N FI 0 100 0 3 3 3 2 opportunistic
15 16 M LI 7 71.2 0 0 2 1.33 2 cancer

16 20 M AO 2 88.9 2 0.67 3 2 1.67 liver abscess
17 11 M M 4 71.2 1.33 2 2.33 2.33 2 cancer

18 8 M LI 2 81.6 0 1.67 2 2 2 opportunistic
19 23 M | 16 98.8 0 2 2 1.67 2.33 opportunistic
20 17 M FI 9 99.2 0 3 3 3 3 opportunistic
21 17 M PO 7 99.6 0 1 2.33 1.33 1 opportunistic
22 17 M M 11 60.4 3 3 2.33 1.33 2 amyloid/enteritis
23 19 M Cy 8 100 0 3 3 3 2 pneumonia
24 11 M | 4 100 0 0.33 2.67 3 1.67 enteritis

25 20 M Fe 13 73.6 0 2 3 1.67 2 arthritis

26 9 M Le 4 97.6 0 0.67 2 1 1 enteritis
27* 5 N | 0 30.5 0 0.33 0.67 2 2 opportunistic
28* 6 N Le 0 99.5 0 0.33 2 0.67 1 opportunistic
29 13 M M 7 64.8 3 3 1.33 2 2.33 opportunistic
30 8 P M 1 72.6 3 2 1.33 0.33 1 opportunistic
31 7 N Le 0 74.6 0 0 3 1.33 2 opportunistic
32 9 N Fe 0 86.3 0 0.33 1 0 1 opportunistic
33 7 N M 0 55.3 3 2 1.33 0.33 2 opportunistic
34 7 M Fl 2 98.6 0 3 2 2.67 2.67 opportunistic
35 10 M Fe 2 96.5 0 2.67 2 2 3 opportunistic
36 12 M PO 2 99.3 0 2 3 3 0.67 opportunistic
37 M LI 2 75.3 0 1 3 0 2 opportunistic
38 6 N Le 0 98.9 0 2.67 2.67 2.33 3 opportunistic
39 6 N Le 0 99.4 0 0.33 2 3 1 opportunistic
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following cohorts: 6 menses stage; 6 late-follicular stage; 5 early-luteal stiage;lGteal stage; 4 early-follicular
stage; and 2 periovulatory stage. The histologic parameters use to defimbvideial stages of the active
menstrual cycle were similar to those previously descriBée?®” A brief summary of the defining characteristics
of each stage is provided. The menses stage animals had ovarian folliclesrénsmall or undergoing atrophy and
a corpus luteum (produced during the previous menstrual cycle) thalseamédergoing atrophy; the uterine
endometrium was undergoing hemorrhage with cellular degeneratiosi@ghing. The early-follicular stage
animals had several developing secondary and/or early-tertiary ovarian falhdeslargely-atrophied corpus
luteum; the endometrium was densely cellular, moderately thickened, aathedrelongate, straight, narrow
glands. The late-follicular stage animals had tertiary and/or Graafian folliclekeastbne ovary; the cellularity of
endometrium was less dense than the early-follicular stage, matkidtgned, and the glands often became
coiled/tortuous toward the end of this stage. The periovulatory stage suhiatba recently-ruptured Graafian
follicle in the ovary, that was either cavitated or blood-filled (corpus hdragicum); the cellularity and thickness
of the endometrium was similar to that of the late-follicular stage and ttdikdi/tortuous glands. The early-luteal
stage animals had a developing corpus luteum in one ovary; the celluldrityickness of the endometrium was
similar to that of the late-follicular stage and it had coiled/tortuous glaatisdhtained small amounts of
proteinaceous fluid. The late-luteal stage anirhats a well-developed corpus luteum in one ovary; the cellularity
and thickness of the endometrium was similar to that of the early-fallistage and it had coiled/tortuous glands
that contained abundant proteinaceous fluid.

There were nine necropsied macaques identified to be in the reproductivelyeimdese of the cycle at
the time of their death. The defining histological characteristic of these animalhe lack of follicle formation
and the absence of a corpus luteum in the ovaries. One necropsied maasgentified to be undergoing
anovulatory menstruation. Histologically, this animal lacked a corpus lutetime ovaries; the endometrium had
mild hemorrhage and sloughing of the surface cells, but the estdom was thin and densely cellular. One
necropsied macaque was diagnosed with polycystic ovaries by the preseaoeodus fluid-filled cysts
throughout both ovaries.

General findings of M DQ-vaginal cytology. The vaginal cytology findings for each of the necropsied
macaques are provided in Table 1. The MV, qualitative erythrocyte couatitative leukocytes counts, qualitative

cell clumping volumes and the identification of specific cells types (e.g., parablisatiegenerate cells) were
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found to be the most useful parameters for the identification of spedfistnual cycle stages and reproductive
states. The qualitative bacterial count was highly variable within all cohorts ovamlitative of any particular
stage or state, and therefore is not discussed further in this reppdqualitative assessment of mucus volume was
also highly variable within most of the cohorts, was of minimal diagnoslity, and therefore is only discussed in
the few states/stages where this parameter was determined to statisticdlbasigiihe leukocytes identified

within the smears of this study were almost exclusively polptmamuclear cells (neutrophils) except where
specifically mentioned otherwise below.

M DQ-vaginal cytology and comparisons acr oss stages of the active menstrual cycle. Summaries of the
changes to the vaginal cytology throughout the menstrual cycle of the rhesaque are provided in Figure 2. The
vaginal cytology of the menses stage was the most distinctive stageaafitte menstrual cycle due to the presence
of abundant erythrocytes. The stage was also unique in that the megises cytologies were the only cytologies
of the active cycle in which degenerate epithelial cells were present. In additiepi@sence of the occasional
degenerate cell, the epithelial cell population of the menses stage was charactdrighchbynbers of intermediate
cells, moderate numbers of parabasal cells and small to moderate numbeesfaiaiugells. In that similar ratios

of vaginal epithelial cells were only identified in the early-follicular stagginal cytologies, the menses stage had a

Menses (n=6) Early Follicular (n=4) Late Follicular (n=6)
MV =62.7 (51.8-72.6) MV = 80.6 (66-96.5) MV =99.1 (98-100)
WBC = 2.5 (2-3) WBC = 1.83 (0.33-2.67) WBC = 2.72 (2-3)
RBC=2.61(1.33-3) RBC=0 RBC=0
Clumping = 1.39(0.33-2.33) Clumping=1.17 (0-1.67) Clumping = 2.78 (2-3)
Occasional degenerate cells Parabasal cells without RBC Nearly all superficial cells

Late Luteal (n=5) Early Luteal (n=5) Periovulatory (n=2)
MV = 81.06 (71.2-90) MV = 94 (74.6-99.5) MV = 99.45 (99.3-99.6)
WBC=0.67 (0-1.67) WBC=0.8(0-2.67) WBC=1.5(1-2)

RBC=0 RBC=0 RBC=0
Clumping = 1.07 (0-1.67) Clumping =1.67 (0.67-3) Clumping =2.17 (1.33-3)
Intermediate cell numbers high Predominantly superficial cells Nearly all superficial cells

Figure 2. MDQ vaginal cytology identified morphological characteristics that were distinsefeeral stages of the
rhesus macaque menstrual cycle. The flow diagram represents the progiessges in the vaginal cytology
throughout the menstrual cycle. Each box is titled with the Stage oftheeand the individual parameters utilized
to characterize the stages are provided in rows below the title. The final dewaath Stage describes other
features common to that stage. For each parameter, the mean score foraddl iamrthat Stage are provided, as are
the ranges (in parentheses) where applicable. Paranmdiérsalculated Maturation Value of vaginal epithelial cell
population (see textyMBC: white blood cell/leukocyte qualitative couRBC: red blood cell/erythrocyte qualitative
count.Clumping: qualitative assessment of the amount of cell clumping. For all qualitative countsfestsss
score of O=lowest number/amount and 3=highest number/amount.
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MV that was significantly lower than every stage of the active cycle exuvegtatrly-follicular stage. The menses
stage was even further distinguished from the two luteal stagesafdiedan that the qualitative leukocyte counts
of the menses stage were significantly greater than those of eitherlyhkies or late-luteal stages.

Early-follicular stage vaginal cytologies had MVs and qualitative leukocytatsdhat were statistically
similar to every other stage of the active cycle. Despite this fact, early-folliadaral cytology was distinct from
the vaginal cytology of all other stages of the active cycle due to the presencalldo moderate numbers of
parabasal cells in the absence of erythrocytes.

Late-follicular vaginal cytology had statistically higher cell-clumping vathes did the vaginal cytologies
of the menses, early-follicular and late-luteal stage. The late-follicular stage walsséilsct from these three stages
in that the late-follicular vaginal cytology was comprised of high numtfessperficial cells, very few intermediate
cells, and almost no parabasal cells. These differences resulted in late-follicultindfiviere statistically greater
than those of the menses and the late-luteal stages; and late-follicular MVs wleckiseeypically greater,
although not significantly, than the MVs of early-follicular vaginal cygads.

In contrast to the comparisons of the previous three stages, the latddoll@ginal cytology was
essentially indistinguishable from the vaginal cytologies of the pdétony and early-luteal stages in that all these
stages were dominated by superficial cells that frequently formed large clDiffpeentiation between these three
stages was also confounded by the fact that the MVs and cell-clungirgg\for these stages were also statistically
similar. Although the early-luteal stage had statistically lower qualitative Igtéaounts than did the late-follicular
or periovulatory stages, the ranges of this parameter betweemdbesthges markedly overlapped one another.
Likewise, although the periovulatory-stage had statistically lower muduses than did the late-follicular stage,
the mucus volume values overlapped between the two stages. As peerddésimilarities between the these
stages, and the fact that leukocyte counts and mucus volumes couldela@dapon for precise stage
identification, the vaginal cytologies from the late-follicular, periovulatoryg, early-luteal stages were all classified
within a single, cytologicallydistinct “periovulation phase”.

The late-luteal stage vaginal cytology had a MV, and qualitative leukocyte cthattaere significantly
lower than those of the late-follicular stage. However, the late-luteal saggelcytology was most
distinguishable from the vaginal cytologies of the periovulation phase,ghses stage and the early-follicular

stage by the presence of high numbers of intermediate cells that ofededcequ exceeded, the numbers of
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superficial cells. The general lack of parabasal cells in this stage wasefisddarsdifferentiating the late-luteal
stage from the early-follicular stage (the stage with which thduétat stage was most likely to be confused).
lllustrative examples of the histologic and vaginal cytology findasgociated with the menses stage, early-

follicular stage, periovulation phase, and late-luteal stage are provided in Figure 3.

Rmig’ "} ‘j
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Figure 3. The MDQ vaginal cytology is distinct for three stages and one phase fgdbus macaque menstrual
cycle. Column 1 is histology of the ovary at 4 x magnification (scak5&00 pm). Columns 2 and 3 are histology
of the uterus at 4 x (scale bars = 500 pm) and 10 x (scale b@6spn® magnification, respectively. Column 4 is
images of the typical MDQ vaginal cytology for each stage at 50 x nigagioh (scale bars = 40 pnow A:
Menses stage of the cycle. A1-A3: Ovarian and uterine histology as previously described in the téx¥/aginal
cytology contains abundant erythrocytes within a mixture of parabasal,tantédiate cells with only small-
moderate numbers of superficial cells present; there is typically moderatekedmambers of leukocytes
(neutrophils predominately) preseRow B: Early-follicular stage of the cycle. B1-B3: Ovarian and uterine
histology as previously described in the text. B4: Vaginal cytology lackisrecytes and consists of a mixture of
parabasal, intermediate and superficial cell types; low to moderate numbers of leukopyesantRow C:
Periovulatory phase of the cycle (collectively, the late-follicular, periovulatory, and early-luteal stages). C1-C3
Ovarian and uterine histology as previously described in the text. C4: Vagiokigy is composed almost entirely
of superficial cells and these cells often form large clusters (clumpindgfpdgte numbers are highly variable
throughout this phas&ow D: Late-luteal stage of the cycle. D1-D3: Ovarian and uterine histology as previously
described in the text. D4: Vaginal cytology contains abundant intermediate cells whigmfig@utnumber the
superficial cells; parabasal cells are rare; leukocyte numbers are typically low.
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M DQ-vaginal cytology from animalsoutside of the normal active-menstrual cycle. Vaginal cytologies
collected from the nine rhesus macaques identified to be in their annual period of sexual inactivity (“inactive (I)”;
Table 1) varied widely in their cytologic parameters (MV=300B: WBC=0.33-2.67; Clumping 1.0-3.0).
Importantly, however, erythrocytes were notably absent from all of tleggeal smears. Consistent with these
findings, the vaginal cytologies obtained from animals in this ¢aheembled every stage of the active-menstrual
cycle except the menses stage. Inactive-phase cytologies were also distirtbefraanses stage cytologies in that
the inactive cytologies had statistically lower quantitative leukocyte counts amstica#lyi greater amounts of cell
clumping.

The single animal identified to be undergoing an anovulatory menstruationdl # 16) had a qualitative
erythrocyte count that fell within the ranges of the menses stage aniomlefulatory cycles. However, the
gualitative leukocyte count (0.67) of that vaginal cytology was lower thanfghg true menses stage vaginal
cytologies. Furthermore, the cytology of the anovulatory menstruatiomal had high ratios of superficial cells that
resulted in a MV that was greater in value (88.9) than any of the cigslfsgm the menses stage animals.

The vaginal cytology from the polycystic ovaries-animal (Animal #128) no erythrocytes. Additionally,
the vaginal cytology of this animal was consistent with the periovulptiase of the cycle with a MV (100) and
qualitative cell clumping value (3.0) that were greater than any of theemestaye animals.

M DQ-vaginal cytology of pregnancy and abortion. Vaginal cytologies were collected from nine
pregnant animals. Six animals were in their first-trimester of pregremtyhree animals were in their second-
trimester of pregnancy. The results of these evaluations are presenteatén4-igrythrocytes were notably absent
from all of the pregnant animal vaginal cytologies. The mucus voluche@atitative leukocyte counts of pregnant
animals were significantly lower than the mucus volume (mean=1.8e&ah@-2.33)) and leukocyte counts of the
menses stage animals. While at least a few parabasal cells were identified in all of the prégaanyologies,
the ratios of the vaginal epithelial cells were highly variable between thédadisubjects. A summary of the
predominate cell types for the nine pregnant animals is as followsoXiyst¢trimester vaginal cytologies were
predominated by parabasal cells; 2) four first-trimester and two sédomaster vaginal cytologies were
predominated by intermediate cells; and 3) one second-trimester vaginagjgytas predominated by superficial

cells. Consistent with these findings, the MV of the second-trimpstgnancies was significantly higher than the
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MVs of both the menses stage animals and the first-trimestergmeigs, while the MVs of the menses stage and

the first-trimester pregnancies were statistically similar.

First trimester pregnancy (n=6) Second trimester pregnancy (n=3)
MV = 56.53 (34.4-71.6) MV = 78.6 (70.8-85.4)
WBC = 0.22 (0-1) WBC = 0.44 (0.33-1)
RBC=0 RBC=0

Clumping = 1.44 (1-2.33) Clumping =2 (1.33-2.67)
Low mucus levels = 0.72 (0-2.33) Low mucus levels=1.0 (1.0)
Basal or intermediate cells predominate Intermediate or superficial cells predominate

Figure 4. The MDQ vaginal cytology of pregnant macaques is distinct from thealagytology of menses stage
macaques. Theeft Box is the collective findings of the vaginal cytology from six first-&ster pregnancies. The
Right Box is the collective findings of the vaginal cytology from three seconakesier pregnancies. For each
parameter, the mean score for all animals in that trimester are provided, agangéisgin parentheses) where
applicable. ParameterstV= calculated Maturation Value of vaginal epithelial cell population (see Y4B}
white blood cell/leukocyte qualitative couRBC: red blood cell/erythrocyte qualitative cou@tumping:
gualitative assessment of the amount of cell clumping. For all qualitative cosessfiaents a score of O=lowest
number/amount and 3=highest number/amount.

Vaginal cytologies were also collected from five animals that were identifieaveundergone
spontaneous abortions. Four of these animals were in their fingstieér of pregnancy and one animal was in its
second-trimester of pregnancy. The first-trimester abortions (Fijurad qualitative erythrocyte counts, qualitative
leukocyte counts and cell-clumping values that were statistically simitaose of actively-cycling menses stage
animals. However, first-trimester abortive vaginal cytologies did have somueeeshat differentiated them from
menses stage vaginal cytologies. First, the MV of abortive vaginal cytologies was aighifiigher than those of
the menses stage. This was due to the fact that abortive vaginal cytologies wieigtetb by superficial and
intermediate cells with only small numbers of parabasal cells identified. Secondntbers of degenerate
epithelial cells were subjectively greater in abortive smears as compared meeaes Simird, the overall cell
staining qualities of the abortive vaginal cytologies was generally poailyrimacrophages/foamy macrophages

were commonly identified in the abortive vaginal cytologies while these celks rare in all other vaginal

cytologies, including those of the normal menses stage.
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Figure5. The MDQ vaginal cytology of first trimester-abortive macaques is distincttheraaginal cytology of
menses stage macaquisage on left is representative of vaginal cytology as identified in four first-trimester
abortions at 50 x magnification (scale bars = 40 um). There are lardeerasiaf neutrophils and degenerate cells;
large to moderate numbers of erythrocytes; and moderate numbers ophaagers. Intermediate and superficial
cells are the prominent vaginal epithelial cells identified and these cells tend to biajmahg as compared to
vaginal cytology derived from other animals. TRight Box is the collective findings of the vaginal cytology from
four first-trimester abortions. For each parameter, the mean scoredaimadils in that trimester are provided, as are
the ranges (in parentheses) where applicable. Paramdiérscalculated Maturation Value of vaginal epithelial cell
population (see text)MBC: white blood cell/leukocyte qualitative couRBC: red blood cell/erythrocyte qualitative
count. Clumping: qualitative assessment of the amount of cell clumping. For all qualitative counts/asgessme
score of O=lowest number/amount and 3=highest humber/amount.

The vaginal cytology of the sole second-trimester abortion also had qualgagihrocyte counts (3.0) and
a cell clumping value (1.33) that fell within the ranges of the vagitalogies of the menses stage of the cycle.
However, this vaginal cytology was different from those of the eestage animals in that it had a qualitative
leukocyte count (1.66) that was lower than any of the menses stgigahcytologies and it was also dominated by
superficial cells which resulted in an extremely high MV (98.9). Finallypatih the second-trimester abortive
animal had much smaller numbers of macrophages than did theifiraster abortive animals, the numbers of
macrophages in the second-trimester vaginal cytologies was still subjegtieater than what was seen in those of
the menses stage vaginal cytologies.

Discussion

This is the first study to directly compare reproductive tract histology agicial cytology from various
stages of the reproductive cycle in the rhesus macaque. This is alsetthufly to utilize a Romanowsky-type
stain (MDQ) for the evaluation of vaginal cytology in any macaque specieglyi-this study is the first to explore

the possibility of using MDQ-stained vaginal cytologies to definitivegntify the menses stage of the ovulatory

menstrual cycle (hereafter referred to simply as “menses stage”) in the rhesus macaque.
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There is currently no “gold standard” method by which macaques are determined to be within a specific
stage of the active reproductive cycle. Previous macaque studies that exdminaginal cytologies of multiple
menstrual-cycle stages identified their study subjects to be withirfispeprroductive stages through the use of one
or more of the following diagnostic methods: hormonal as¥dysjarian laparotomy examinatiéal’’ rectal
palpation®3 155 and timed-collection practices (based on paired-menstruation ¢feftes}? 183 244 The current
macagque study, by contrast, is the first to utilize established histologic paramétersepiroductive tratt 3% 267 to
define the stage of the vaginal smears collected from various stapesagtive menstrual cycle. Given the
accuracy with which these cytologies were able to be characterized to a speo#tcual cycle stage, the cytologic
descriptions of this report are likely to serve as a resource by whick figtginal cytology studies investigating
specific stages of the macaque cycle can be compared. One potential limitétieseadata however is that all the
vaginal smears of the active menstrual cycle were collected from animals that therézmad due to disease,
trauma or as part of a research protocol of unrelated to the current studyoféhavéfle the cytology descriptions
as a whole are thought to be highly representative of the individual stagew/fiich they are derived, it is
plausible that some of the individual animals within this study cowd hdividual cellular characteristics, as
reported in Table 1, that contradict the results of other vaginal cytologdjgstu

The MDQ stained vaginal cytologies of this study identified overall relative chantestaginal
epithelial cell populations throughout the menstrual cycle that were highly calohp#m the changes identified in
previous macaque studies that utilized P&p*/* 18 Shorr-1° 6 and H&E-stainet® vaginal cytologies. Specific
observations regarding the individual stages that were made in both et stidy and previous studies included:
1) cell clumping was most prominent in the late-follicular st4dé* 2) the late-follicular, ovulatory, and earl-luteal
stages of the active cycle were essentially indistinguisiablé’ 83 3) the menses stage was distinct from other
stages as per the presence of erythrodjt€';18 4) the menses stage had the lowest mean MV of all st&gés;
1835) the early-follicular and late-luteal phases were cytologically distinct tienother stage;and 6) the early-
follicular and late-luteal stages had mean MVs that were nearly identical in‘value.

Only one previous vaginal cytology study was identified to contajrirdformation that varied, to any real
extent, from the what was observed in the MDQ sfidy.that Shorrstained study, the MVs obtained from both
follicular and both luteal stages were identified to be slightly lower (Seiigistage) than the MVs reported in the

current study. A review of the data suggests that the MV discrepategen these two studies is likely related to
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differences in the Shorr and MDQ stains with regard to their cutedftpfor the differentiation of the intermediate
and superficial cell types. However, it is also plausible that at least some the dédfaréime MVs may be
accounted for by a cell-characterization bias that potentially existed between the twchrgeaaps conducting
these studies. Regardless of the MV differences, the Shorr and MOi€ssuigie comparable with regard to the
general, as well as several specific, cytologic changes throughout the cycle, as detaded ab

It warrants mentioning that all of the Pap-stained vaginal cytolagijest® 17% 183 and one of the Shorr-
stained studié8 used for comparative purposes in this report were performed in cigusmacagueMacaca
fascicularis, a.k.a.Macaca irus) monkeys. The use of cynomolgus data was deemed necessthey Rap-stain
comparisons of this report in that there are no rhesus Pap-staiah@gology studies identified which have
compared more than two stages of the menstrual cycle. The comprtkerMDQ-stained rhesus macaque
vaginal cytologies to the Pap-stained and Shorr-stained cynomolgusuaaeaginal cytologies constitutes a
potential limitation to the comparative value of this report. However, this cpgsses comparison is proposed to be
both appropriate and relevant for two reasons. First, cynomolgus macagaes ieproductive physiology that is
identified to be “nearly identical” to that of the rhesus macaque.?”® Second, all of the macaque vaginal cytologies
studies that were reviewed for this report identified similar changes to thelvagithelial cell populations across
the menstrual cycle, regardless of the cytology stain-type and regaridlessiacaque speciésbs 124165173 177,
183 244

Collectively, the information presented in the comparative discussions algpessthat MDQ-stained
vaginal cytologies are equivalent to Pap-, Shorr-, and H&E-stained vagiokigies with regard to their ability to
identify and differentiate the individual stages of the macaque menstrual cycle.

The results of this study, as well as other studies, suggest that the presencelahiaérythrocytéd 1'%
183 and occasional degenerate c&lts vaginal cytology are highly specific parameters that can be ud@btmse
the menses stage in actively cycling macaques. The results of the cugralso found that these same two
parameters can be used to distinguish the vaginal cytologies of thesnsémge from those of pregnant animals, and
animals within the inactive phase of the reproductive cycle. However, casiticarianted in utilizing either of
these two parameters as the sole means of diagnosing the mensgiwstatigt: 1) degenerate cells were not
identified in every menses stage vaginal cytology of this study; 2)recyttes were associated with the vaginal

cytology of anovulatory menstruation-animals in this, and a preffaiady; 3) erythrocytes have previously been
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reported in the vaginal cytologies in some pregnant anifiadsd 4) erythrocytes and degenerate cells were
associated with the vaginal cytologies of the abortive animals in this study.

Collectively this information suggests that the presence of erythroaytesginal cytology (with or
without the presence of degenerate cells) is a sensitive, though nonspeaifig, of identifying animals in the
menses stage of the active cycle. As such, every vaginal cytologyniogtarythrocytes is a potential menses stage
cytology, however other vaginal cytologic parameters must also be assesseda@ndlonor-animal related
information must be known before a menses stage diagnosis can be maaieyvaifipreciable degree of certainty.
At a minimum, all menses-like vaginal cytologies (MLVCs) must be evaldatdde presence of macrophages and
must have their MVs assessed. Donor-related information that is importaetdocurate characterization of
MLVCs includes the age, reproductive history, and menstruation cycliattgrps of the donor as well at the date
on which the vaginal smears were collected.

In this study, macrophages were only rarely seen in the mensexgtalpgies but were readily identified
within most abortive animal cytologies. As such, it is suggested that MCMidentified to have more than the rare
macrophage should be diagnosed as menses stage. For MLVCs that are questionable as to whether there are “rare”
or “low” numbers of macrophages present on the slide, the use of additional vaginal cytology parameters mag prov
helpful in differentiating between abortive and menses stage cytologies.iGplciiny MLVCs with poor staining
characteristics and/or the moderate to high numbers of degenerate cellmshbedjiven a diagnosis of menses
stage, as data from this study suggest that both of these features arensisterttonith abortive animal vaginal
cytologies. Finally, this study and a previous study have foheickthe mean MV of menses stage cytologies is
lower that the MVs of most abortive cytologies and some anovulatory matistr cytologie$® Given this
information and the findings of the current and previous stddié& it is suggested that no MLVC with a MV
greater than 75 should be diagnosed as menses stage.

While some anovulatory menstruation cytologies can be ruled out asrbeirggs stage based on their
high MV values, there have been other anovulatory menstruation cytologit#dddn have MVs and vaginal
epithelial cell populations that were similar to those of menses stage afii@alen the potential similarities
between the vaginal cytologies of some menses stage and anovulatstyuat@on animals, the use of other
diagnostic modalities, such as serial hormone analysis, would likelfyldmmefit in differentiating these two

reproductive states. However, as previously discussed, the use of suctisnetimt always a viable option for
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every research project. For research situations where the use of additionastitagindalities is limited, a

practical means of minimizing confusion between anovulatory menstratébthe menses stage cytologies is to
only collect vaginal smears from the animals that are most likely to begaioigiovulatory menstrual cycles.
Donor-related information is important to this process in that pregimases have found: 1) between 93 to 97% of
the vaginal bleeding-events that occur in mature, reproductively-schesilis macaques during the breeding season
are associated with ovulatory menstrual cy¢feg8 2) anovulatory cycles occur most frequently in rhesus
macagques during the inactive phase of the §%and 3) anovulatory cycles are commonly associated with macaques
that have irregular menstrual cycling patterns or have prolonged intervals hetwvesecutive menstrual evefits.
71.278 279 Based on these findings, it is proposed that MLVCs can be diagnosed ambas®s stage cytologies with

a high degree of certainty if the vaginal-swabs are obtained fresushmacaques during the middle third of their
breeding season and the animals used for these studies meet certainTnigsgacriteria include: 1) the study
animals must be undergoing regular menstruation events (~25-35 dhysiiion); 2) parous study animals must
have recently produced offspring; and 3) nulliparous studpaleimust be of an age (~43 months&dwhere

most animals are expected to be undergoing regular ovulatory menstrual cycles.

Although no erythrocytes were identified in the pregnant animal ahgjiologies of this study,
gestational-associated spotting is occasionally identified in pregnant macagaeggranidus study has also
reported erythrocytes to be a feature of some pregnant macaque cytbfoghgs information, in conjunction with
the finding that the vaginal epithelial cell populations of some pregnhant anirhbls study resembled those of
menses stage animals, makes it plausible that spotting-pregnant animals couldi®edoaith menses stage
animals if vaginal cytology is used as the sole means of diagnosis. Itafoteesuggested that any animal
producing a MLVC should undergo a thorough physical exam to inthedese of diagnostic modalities (e.qg.,
ultrasound examination) which can ensure study animals are nogpteand can also rule out reproductive tract
disease with a relatively high degree of accuracy.

The only animal identified to have a reproductive tract disease in this(giigrigystic ovaries), had a
vaginal cytology that was wholly inconsistent with that of the menses #agevious report of another macaque
with polycystic ovaries also reported comparable vaginal cytology findlhgsthat no other reproductive tract
diseases (i.e., leiomyomas, endometriosis, and vaginitis) were idemiifieid study and there is no literature as to

the expected vaginal cytologies of animals with these conditionsfimétide conclusions can be made as to the
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ability of vaginal cytology to differentiate menses stage animals from animetseaffoy reproductive tract disease.
It therefore remains possible that macaques with hemorrhagic fomegrotiuctive tract disease could produce
vaginal cytologies that are consistent with those of the menses staat,Taothorough physical examination is
suggested to be the likely best method of ruling out reproductive tractedfse@asny animals producing MLVCs.

In summary, this is the first study to provide descriptions of hegcaque vaginal cytologies from six
histologically-defined menstrual cycle stages and three histologically-deépeaductively inactive states.
Descriptions of vaginal cytologies were also obtained from pregnant animabamide animals in this study.
While all of these descriptions have provided additional information to the fieldiegcriptions of the
histologically-defined menstrual cycle stages are proposed to be the mdatasigfor future studies as per the
accuracy with which each stage was able to be characterized. Comparisensuwfent study results to those of
previous vaginal cytology studies identified the MDQ-staining technique to ladbleapf producing macaque
vaginal cytologies that are of equivalent diagnostic utility to those prodisieg the Pap-, Shorr-, and H&E-
staining techniques. As MDQ-staining requires less processing time tlhha diher three staining methods, this
finding is likely to be of benefit to any future vaginal cytology stadidere a decreased time of vaginal cytology
processing is desired or required. In support of the two hypatiodsleis study, the menses stage vaginal cytologies
were found to have characteristics that made them distinct from the vagoiabees of: 1) all other stages of the
active-menstrual cycle; 2) inactive phase animals; 3) pregnant animals; #yeabammals; 5) an anovulatory-
menstruation animal; and 6) an animal with reproductive disease. Thesgdinaliong with the results of previous
vaginal cytology studies, were then utilized to formulate a systematic apgypachich the menses stage animals
can be readily distinguished from animals in other reproductive stéages/ Ultimately, the results of this study
suggest that the menses stage of the rhesus macaque menstrual dyel@eatified with a relatively high degree
of accuracy when MDQ vaginal cytology is paired with certain piecagaimation regarding medical and

reproductive history.
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Chapter 4. Proliferation, Differentiation, and Radiosensitivity of Mammary Epithelial Cells Derived from
M ultiparous and Nullipar ous Rhesus M acaques

Introduction

There is evidence to suggest that many breast cancers may arise as a resplasfio alterations to the
mammary stem cells (MSCs) and/or the multipotent (bilineage) progenito(MelSs) that exist within the normal
mammary gland?® 74 133 146 158 160,203 260 | efforts to facilitate research into this area of breast carcinogenesils, a ce
culture technique known as mammosphere culture has been developed. Thestectimique is capable of
obtaining highly enriched populations of MSCs/MPCs from mammilarndgissues through the formation of free-
floating, spherical cell colonies (mammosphefég}. 73 85 147 196 206 230,231, 243

Beyond simply enriching for MSC/MPCs, mammosphere cultures aanumber of additional properties
which make them useful toward other aspects of mammary gland redéastht has been demonstrated that when
single-cell isolates are plated at low cell-densities in a mammosphere culture, thessglieres in these cultures
originate from the clonal proliferation of a single MSC or MPBEL 85 147230243 | tyrn, mammosphere-forming
ability has been utilized as a metric by which to estimate the ratio of MSCs/MR@srimary gland tissues as well
as in cell cultures of mammary gland oright3% 243 Second, mammospheres of a MSC or MPC origin are capable
of forming in vitro and in vivo bilineage-outgrowths comprisedoth epithelial and myoepithelial componefits.
206230243 |y this way mammosphere cultures provide another means by whicsiljootrain and study the two
principle cell populations of the mammary gland. Finally, most clonallyeénmammospheres contain only a few
MSC/MPC-like cells capable of future mammosphere production (refertestécas mammosphere forming units
(MFU)) while the bulk of the cells that make up these spheres are moreygieaity-restricted mammary gland
cell types such as lineage-specific (epithelial or myoepithelial) progenitor celimargkoliferative cellgl 206 23¢
243 This cellular arrangement is similar to the hierarchical organization of theahorammary glari® 139243270 271
and, therefore, intact mammospheres can potentially serve as an in vitro resedethynwhich to study the
physical and molecular interactions of the various cell populations compttigingammary gland: 206 230 243

Macaque monkeys have mammary glands that are developmentally, moigdityipgnd physiologically
comparable to those of humati€® Macagues have also been identified to spontaneously develop preneoplastic
and neoplastic mammary gland lesions that are highly similar to thosenaing®! In that further understanding of

macaque mammary gland tissues is likely to be of benefit toward breast

emeeech, the mammosphere culture
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technique has recently been optimized for use with tissues obtainethratresus macaquiacaca mulatta)
(Chapter 2). The optimization study found that macaque mammospheres celisavith MSC/MPC-like
properties and also identified these spheres to have morphologic and physicéwgitteristics that were
comparable to mammospheres derived from human breast tissues.

Exposure to ionizing radiation is an established cause of breast cancenémhiy 47135142 213 271 gty
obtained from the medical establishment and atomic bomb survivors tvas e the lifetime risk of developing
breast cancer after radiation exposure is inversely correlated wifrPagfetss 142257 The population of females
most frequently reported to be at the greatest risk are those individualser@xposed to radiation at less than 20
years of age. Other studies have also found that women who are@tpoadiation and then remain nulliparous, or
who give birth to their first child late in life, are at greater risk of depintpbreast cancer than are similarly-
exposed women who undergo a first full term pregnancy at a yoaggér 3> 14172213

These relative-risk findings are of great interest with regard to thébfgmsese of MSCs in radiation-
induced breast cancer. This is because the overall numbers of MSE€bredbkt are proposed to decrease with age
and with each successive pregnancy, as the MSCs undergo terminal difieretittaughout breast maturatiéi.

282 Collectively, the relative-risk data and MSC observations have been ateztpo suggest that the risk of
radiation-induced breast cancer may be associated with the number ofp&S€st within the breast at the time of
irradiation and/or the duration of time for which MSCs are maintained adenadifiated cells following irradiation.
An alternative interpretation of these data, however, is that with age aneljoapcy the breast may undergo
biological alterations, even beyond those of M8fitinal differentiation, that render “matured” MSCs and/or

MPCs less susceptible to radiation-induced neoplastic ctfadtfe.

Identifying the mechanisms behind the increased sensitivity ofgyouliparous females to radiation-
induced breast cancer could ultimately also lead to insights into bregisbganesis as a whole as it is known that
women who undergo an early-life full-term pregnancy also have aygdeaiinished lifetime risk of developing the
most-common spontaneous forms of non-hereditary breastréatic® 130 140 172 220,270

Given the similarities in the risk factors for radiation-induced andtapenus breast cancers, in
conjunction with the knowledge that MSCs/MPCs are suspected to play albboda#t carcinogenesis, a logical
first step toward understanding the parity-related risk factors associakelreatst cancer is to look for differences

in the numbers, functionality, and radiosensitivity of the MSC/MPC popuaktioyoung-nulliparous and
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multiparous females. While ideally this work would be performed ugimgam breast tissues, studies of this nature
are extremely unlikely as most human tissues are obtained as byprodectsation mammoplasties and young-
nulliparous breast tissue is seldom collecfedithough rodent tissues can be easily collected from any
demographic of animal, comparative studies using rodent tissues are hot tdaathere are significant
developmental, physiological, and morphological differences known to exigtdrethe mammary glands of
humans and rodent$ 56 100 129 253 279 Additionally, it is appreciated that the most common, spontaneous and
radiation-induced forms of mammary gland neoplasia in rodents are dgwedifferent populations of mammary
gland cells than are most human cané®d 1% 18125 As such, rodent studies comparing differences in the
nulliparous and multiparous mammary glands may not fully modelatgar mechanisms behind human breast
carcinogenesis. Moreover, it has been proposed that data obtained from nadieatcstuld even confound our
understanding of some aspects of the human diséase®

In light of the aforementioned limitations to human and rodent mamtisanes, an animal model known
to have mammary glands highly similar to those of humans, thesrhestaque, was utilized in the current study to
compare the mammosphere potential between the nulliparous and multiparousary gland. For these
comparisons, in vivo mammary gland biopsies were collected from saéiparous and seven young-nulliparous
animals with the biopsy procedure for each animal synchronized to daéng the menses-stage of the menstrual
cycle. The synchronization of the biopsy procedure to one particular $tdgernenstrual cycle was undertaken
here as previous macaque work has suggested that the mammosphere potketghafl may be affected by the
stage of the menstrual cycle (Chapter 2). Following collection, the tissuepnoeessed as mammosphere cultures
and then comparisons were made between the proliferative ability, differentiafiabilities and the
radiosensitivity of the cells derived from the young-nulliparousranltiparous mammary glands

The first major aim of this study was to quantify the numberetis capable of forming mammospheres for
both the young-nulliparous and multiparous mammary glands. Tgwhesis being that the young-nulliparous
mammary gland would have a greater total number of cells with marheresforming ability than would the
multiparous gland. The second major aim of this study was to conmgapeoliferative and differentiation
capabilities of the cells comprising the nulliparous and multiparous mapiraes. The hypothesis being that the
mammospheres derived from the young-nulliparous mammary glamd te composed of cells with greater

proliferative and differentiation abilities than would mammospheres derivedffi@multiparous gland. The third

119



major aim of this study was to compare the effects of irradiatiagheproliferative and differentiation abilities of
the cells derived from the nulliparous and multiparous mammospherelyptthesis being that the cells derived
from the nulliparous and multiparous mammospheres would demorsstraiiicant differences in their proliferative
and/or differentiation abilities in response to irradiation.

Materialsand M ethods

Animal model. Study animals were selected from approximately 600 adult and juvieniien-origin
female rhesus macaquéddcaca mulatta) within a breeding colony at The University of Texas, MD Anderson
Cancer Center, Keeling Center for Comparative Medicine and Research (KC@&R&jtiop, TX. The KCCMR
colony has been a closed colony since 1983 and has been documentgl faerological means to be Specific
Pathogen Free (SPF) for Cercopithecine Herpesvirus 1, Simian ImmunodefiéiamgySystemic T-lymphotrophic
Virus and Simian Retroviruses 1, 2, and 5 since 1991. In vavommary gland biopsies were collected from seven
multiparous and seven nulliparous animals. All subjects were giveysicahexam and were identified to be
clinically healthy and in a nonlactating state prior to their inclusion into thg.slicstudy animals had a Body
Condition Score (BCS) that ranged between 2.5 and 3.5 out of a maxioouenof 5, as determined by the
consensus of two veterinarians utilizing published BCS parameters finethies macaqui&. The multiparous
females used for this study were housed in single-male/multi-femagn{hbreeding groups. The nulliparous
animals used for this study were group-housed exclusively witdr females. The husbandry of all animals utilized
in this study was in full compliance with the recommendations provid#tiGuide for the Care and Use of
Laboratory Animals (ILAR)*¥2 and the KCCMR is fully accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International (AAALACI). All tissue collectifmghis study were
reviewed and approved through The University of Texas, MD AndersoceC€&enter Institutional Animal Care
and Use Committee (IACUC).

Mammary gland biopsy synchronization and collection. Biopsy collections were begun during the
approximate midpoint of the breeding season for this colony and equdy bias collected during the presumed
menses stage of the menstrual cycle. All study animals had observable vaginabtieeetipreted as
menstruation) occurring at the time of the biopsy procedure ancheanhl had the mammary biopsy procedure
performed within 1-3 days of the onset of vaginal bleeding. faginal cytology slides for each study animal were

prepared for examination utilizing a modified Diff-Quik® (EK Industrigsjet, IL) protocol?° The cellular
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morphology was confirmed to be consistent with the menses stageroétistrual cycle as previously described
(Chapter 3).

All of the study animals had also been identified to undergo repeatedirosmcycles at intervals
consistent with those described of ovulatory menstrual cycles in thesnmesaque (25-35 day$)?’* This was
done in efforts to decrease the possibility of acquiring mammary gksmeks from animals during an anovulatory
menstrual cycle. The multiparous animals utilized in the study were obgerkiade had at least one prior episode
of vaginal bleeding that occurred less than 33 days (range 27-32pdiaysp the date on which the mammary
gland biopsy was collected. Similarly, the nulliparous animals used ituidhe \were observed to have had at least
two consecutive episodes of vaginal bleeding separated by less than 8adgg<28-34 days), prior to the date on
which the mammary gland biopsy was collected. A physical examination an@uittdasxamination was also
performed on each study animal to further ensure that no othemadxteiinternal causes of vaginal bleeding (e.g.,
trauma, reproductive disease, pregnancy, early-term abortion) were present.

In vivo mammary gland biopsy collection was performed as previaeslgribed (Chapter 2). In brief,
each animal was anesthetized and aseptic surgical technique was utilized to collentaymgland biopsy from
the craniolateral quadrant of the left mammary gland. The biopsy was plaaedte-cold solution of commercial
media (Complete Epicult-B Basal Medium [Human]; StemCell Technologies, Vanco@weGadada)
supplemented with 5% fetal bovine serum (Fetal Bovine Serum-Advantage; Atlantai&itspglowery Branch,
GA) and then immediately transferred to the laboratory for procegsimignals were recovered for 3-7 days in the
veterinary clinic before being returned to their breeding groups.

Initial processing of mammary gland tissues. All biopsies collected for the study had the initial digestion
process begun within 30 minutes of collection (Day 0). A general owatiitiee procedures and work flow from this
study are provided in Figure 1. A small portion of the biopsy was collatte@6 neutral buffered formalin for
histologic examination and the remainder of the biopsy was weighedsi®&dpss than 600 mg were processed as a
single sample while biopsies greater than 600 mg were divided into two Bimikgighted aliquots and processed
separately. The mammary tissues obtained from each study animal were digestsd@mated into single-cell
suspensions (Figure 1, A) utilizing optimized protocols and materialdekto those previously described for the
rhesus macaque (Chapter 2). A standardized ratio of enzymatic solutiond¢oneght was utilized to process all

tissue aliquots. For the mammary gland biopsies that were larger tharg@ittirhad to be initially processed as
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Senescence
assay

Clonogenic
assay

Viability assay

Figure 1. Schematic illustration of experimental procedures. A) Mammary glane tisgasted into single-cell
suspension. B) 1 x f&iable cells/ml plated and grown as spheres for 7 d&yiOK). C) Resultant 110k spheres
counted and then plated in basement membrane extract (BME) and grdWindfays; after 14 days spheres were
evaluated for budding morphology. D) 1 x*Mable cells/ml plated and grown as primary spheres for 7 days (1
100K). E) Conditioned media-1 collected from tHel@Ok cultures at Day 3 and Day 7. PXLDOk spheres
dissociated back into single-cell suspensions. G) Irradiated and non-irradiisgolated at 1 x £viable cells/ml
and grown as secondary spheres for 7 da{/kj2 H) Resultant 2Lk spheres counted then plated in BME and
grown for 14 days; after 14 days spheres were evaluated for buddipdpology. 1) Irradiated and non-irradiated
cells plated at 1 x TOriable cells/ml and grown as secondary mammospheres for 4 days; affeitlvehspheres
were assessed for viability. J) Irradiated and non-irradiated cells plated &8 8ialdle cells/well and grown as
colonies on collagen-coated plates for 14 days; after which the survival fracantofvell was assessed. K)
Irradiated and non-irradiated cells plated at 1 %vi@ble cells/ml and grown as secondary spheres for 2 days; after
which the cells were assayed for senescence. Additional details for eadsfaesay are provided in the text.

two separate aliquots, the cells derived from each digestion/dissociatioegvae®e combined into one vessel prior
to cell counts or further processing.
The cells obtained from the digestion/dissociation process were resuspendethiplete mammosphere

media (CMM). The CMM consisted of a commercially-available cell culture mediumg@te MammoCult

Medium [Human]; StemCell Technologies, Vancouver, BC, Canada) supplemertidtepérin solution and
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hydrocortisone (both StemCell Technologies), penicillin-streptomycin-amphotsoicition (MP Biomedicals,
Solon, OH) and L-glutamine solution (GlutaMAX; Life Technologies, CarlsB#g,as previously described
(Chapter 2). The cells were confirmed to be presentsawggée-cell suspension, using techniques as previously
described? Cell viability and cell counts were performed in triplicate for each samgileg the trypan blue
exclusion assay (0.4% Trypan Blue Solution; Sigma Life Sciences, St. MD)sand a hemocytometer.

Primary mammaospher es and conditioned media-1. On Day 0, the single-cell suspension created from
mammary gland digestion/dissociation for each of the 14 animalsilgesidvith CMM to create 1 x Yviable
cells/ml (10k) suspensions and 1 ¥ ¢i@able cells/ml (100k) suspensions. Five ml aliquots of the 10k ssigmen
(Figure 1, B) and 100k suspension (Figure 1, D) were plated intadhadiual wells of flat-bottom, 6-well
ultralow-attachment plates (Corning, Corning, NY). A minimum of six wielise prepared for each suspension.
The edges of the 10k and 100k plates were sealed with paraffin tape (Parakishbt, Scientific, Waltham, MA)
and plates were placed in a°@75% CQ incubator. At Day 3, the paraffin was removed from all plates and 2 ml o
fresh CMM was added to the 10k cultures while the 100k cultures haoapptely 80% of original media
replaced with fresh media. The “conditioned media” removed from the 100k cultures was retained for later use as
described below. The unsealed 10k and 100k plates were replaced in the manthatibowed to grow undisturbed
for 4 more days. On Day 7 the bulk of the cultured media wes again collected from the 100k suspensions and
retained. The cultured media collected from the primary 100k mammosioineDes/ 3 and on Day 7 was combined
and processed into conditioned media-1 (CM1) (Figure 1, E) thrmarghifugation and filtration as previously
described (Chapter 2).

On Day 7, the average number of primary 10K (k) mammospheres (> 40 um in diameter) formed in
each well was determined for all 14 animals. The mammosphere-formicigrefy (MFE), defined as the average
number of mammospheres formed in each well divided by the numbiatbté cells initially plated per well
(expressed as percentage), was also calculated for each of the suspeodicreddpiT he intact®10k spheres were
then collected and encased in a standardized 12 mg/ml protein concentration efrlbasembrane extract
((BME): BD Matrigel Matrix, High Concentration, Growth Factor Reduced; BD @&#ees, Bedford, MA) (Figure
1, C) using techniques as previously described (Chaptéh2)BME-encased spheres were submerged in 3 ml of
RPMI 1640 media (Mediatech, Manassas, VA) supplemented with 5% FBS gli{dmine Solution and 1X

Penicillin-Streptomycin-Amphotericin Solution (RPMI/FBS) and incubated for 14 day®ay 21, the
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mammosphere budding potential (MBP), defined as the percentage of intimalnanospheres that underwent
“budding” differentiation, as previously described (Chapter 2), was calculated for each animal (Figure 1,C).
Mammospheres in direct contact with other spheres or in contact with the lodttioenwell were not included in
these counts. The same previously described parameters (Chapter 2) wetikzaldaaicharacterize the
morphology of each budding sphere as well.

Also on Day 7, the average diameter aftihlliparous and multiparous mammospheres (> 40 um) in the
primary 100k (2100k) mammosphere cultures was determined from representative sampiepy©IX51
microscope, DP70 camera and DP Controller software Version 2002, ceit#ayisg software Version 1.5,
Olympus Corporation, Waltham, MA). Th€1DOk mammospheres from 12 animals (6 multiparous and 6
nulliparous) were collected using a 40 um cell screen (Fisher Scientific) and then dissociated into single-cell
suspensions (Figure 1, F) over a 20 minute period using 0.05%ntiyP3 A solution (Life Technologies) and
techniques as previously described (Chapter 2). Viable cell recovery (VCR), dasitteel total number of viable
cells recovered from the dissociation of a mammosphere culture dividke bymber of viable cells originally
plated for that culture (expressed as percentage), was calculated etk hammosphere cultures of each
animal.

Irradiation. On Day 7, the single-cell suspensions derived from the dissociatibe #fl00k
mammospheres were diluted into 10k suspensions using CMM supéehveith CM1 at a 4:tatio (CMM/CM1).
Five ml aliquots of these single-cell suspensions were placed into 15 coaisal he vials were then either mock-
irradiated (0 Gy) or irradiated with 2 Gy, 4 Gy, 8 Gy or 20 G¥Xehy radiation using a cabinet X-ray irradiator
(RS 2000 X-ray Biological irradiator,160 kV at a dose rate of 268 cGy/naid;3durce Technologies, Inc.
Suwanee, GA). Irradiation occurred within 1 hour of the time the were initially dissociated.

Secondary mammospheres. On Day 7, CMM/CM1 was used to dilute a portion of the 0 Gy and 4 Gy
irradiated, single-cell suspensions into 1 % di@ble cells/ml (1k) suspensions. Five ml aliquots of each suspension
were plated into the individual wells of 6-well ultralow-attachment plates (Flgugg for 12 study animals (six
from each cohort). A minimum of 1 plate (6 wells) was prepareddoh radiation dose. The plates were sealed
with paraffin tape and placed in a°87 5% CQ incubator. Paraffin was removed from the plates at Day 10 and
otherwise the cultures were allowed to grow undisturbed for 7 dape iincubator. On Day 14, the average number

of secondary 1k @k) mammospheres (>40 um in diameter) formed in each well, and the MFE, were determined
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for each animal and then these spheres were then encased in BME, as daBoxibddr the L0k cultures. The
BME-encased Ak spheres were incubated for an additional 14 days prior to being evdbratedding
differentiation and budding morphology (Figure 1, H).

Viability assay. On Day 7, 200 pl aliquots of the 0 Gy, 2 Gy, 4 Gy, 8 Gy and 20 Gy irradiated, 10k
suspensions were plated into the individual wells of a flat-bottom, d6sralow-attachment plate (Corning)rfo
12 study animals (six from each cohort). For each animal, a nnniaf 8 wells were plated with each radiation
dose. These plates were sealed with paraffin tape and were allowed to gistwrbad for 72 hours in a 32, 5%
CO; incubator. On Day 10, 2@ of 10X alamarBlue® cell viability reagent (Life Technologies) was added to the
cell suspensions and the plates were incubated overnight i€as CQ incubator. The fluorescence intensity
(570 nm excitation/585 nm emission) of the individual wells was odxdaime following morning using a plate
reader (Victo?V multilabel counter, PerkinElmer Life and Analytical Sciences, Shelton, CT)ré~igu).

Clonogenic assay. On Day 7, RPMI/FBS was used to dilute a portion of the 0 Gy, 2 Gy, 8 Gy and 20
Gy irradiated, single-cell suspensions into 1k suspensions. Three ndtal@f each suspension were plated into the
individual wells of standard 6#€ll culture plates (Sigma-Aldrich) for 12 study animals (six from eaatiort). Each
of these plates had been previously coated with a bovine collagen saBigarCell Technologies) as per the
manufacturer’s instructions. For each animal, one plate (6 wells) of O Gy, two plates of 2 Gy, four plates of 4 Gy,
eight plates of 8 Gy, and eight plates of 20 Gy irradiated cells were culturede(Eig). The plates were then
placed in a 37C, 5% CQ incubator for 14 days. The original media was exchanged for fredlaron Day 14 and
the wells were examined for colony growth and differentiation onbathl7 and Day 21. On Day 21, the cells
were fixed with a formalin solution and stained with crystal violet stagn{&tAldrich) or immunostained with
cytokeratini8 (CK18) or a-smooth muscle actin (SMA) using methods and reagents identicak iheviously
described (Chapter 2). Growths were scored as a colony if an indeperugnbfycells was composed of 50 or
more cells. The total number of colonies/well was determined for each subjibcadizdion doses. The colony
forming efficiency (CFE), defined as the total number of colonies/well diviigettie number of viable cells initially
plated/well (expressed as a percentage), was also calculated for each radiatiohedivgbvifiual colonies were
further qualified as being epithelial colonies, myoepithelial colonies, or bilineage {oniaposed of both
myoepithelial and epithelial cells) using parameters as previously desdcibapitér 2). The total number of

bilineage-colonies/well, in addition to the bilineage-colony forming effici€h&FE), was calculated for each
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subject at all radiation doses as well. Finally, the colony differentiation-potential) (@&fhed as the number of
bilineage-colonies/well divided by the total number of colonies/well (expressedcasiage), was also calculated
for each radiation dose.

Senescence assay. On Day 7, two 3 ml aliquots of the 0 Gy, 4 Gy, and 8 Gy irradia@dsuspensions
were plated into the individual wells of 6-well ultralow-attachment plates $tudy animals (five multiparous and
four nulliparous animals). These plates were then sealed with paraffin tapead in a 37C, 5% CQ incubator.
On Day 9, the two wells for each radiation dose were collected into a simigalogal and centrifuged at 80gx
for 1 minute. The supernatant was removed and the cells were fixed and stained for -galactosidase expression using
a staining kit (Senescence B-Galactosidase Staining Kit; Cell Signaling Technoldggnvers, MA) as per the
manufacturer’s instructions. Following an overnight incubation in a 37°C, 5% CQ incubator, the cells and solution
were placed into a dual-chambered, cytospin apparatus (Double cytology ftindeér Scientific) and centrifuged
at 200 xg for 8 minutes. Individual cells and cells that were part of 2-cell cluster8-aetl clusters were then
scored for the presence (senescence) or absence of blue dye ittétl dytoplasm (Figure 1-K). No clusters of 4
or more cells were evaluated in this process. Two cytospin prepanagoascquired for each animal at each
radiation dose. Both preparations were each reviewed independently byavded veterinary pathologists. The
percentage of senescent cells reported for eaokpily preparation was the average of the two pathologists’ scores.

Cytokine analysis of conditioned media-1. Conditioned media-1 was collected from five nulliparous and
five multiparous animals and was frozen&iP€. On the day of the assay, the CM1 was thawed and vortexed. The
concentration of the cytokines GNUSF, IFNy,IL-13, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12 (p40), MIP{a,
MIP-1pB and TNFa were assessed using a cytokine assay kit (Nonhuman Primate Cytokine kit; Millipore Corp.,
Billerica, MA). The assay was run overnight according to the manufacturer’s instructions and analyzed using the
Luminex 200 system (Bio-Rad Corp., Hercules, CA). Acquisition gatee get at 8,000.5,000. Sample volume
was 25 ul and all samples were run in duplicate. Manufacturer supplied cytokine standards were run on each plate
and 50 events per bead were acquired. Mean fluorescence intensityalyaednsing the BioPlex manager
software version 5.0 (Bio-Rad Corp.) and concentration values weeeageth using a standard curve. The
minimum detectable concentrations in pg/ml for each cytokine was as $olleWy, TNFa and 1L-8 (0.1); IL-8
(0.2); IL-2, IL-6 and IL-10 (0.3); IL-R and IL-13 (0.4); IL-8 (1.8); MIPka (3.5); MIP1p (4.5); and IL-12p40

(10.5).
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Statistical analysis. Significant results are expressed as mean and standard de\SBaditistical
significance for all data was set at P<0.05 unless otherwise indicated. Dimgxtresons of differences between
multiparous and nulliparous parameters were performed using aanANDVA. Comparisons within the
individual cohorts and across different radiation doses were performmeglaugépeated-measures ANOVA. All
statistical tests were performed using IBM SPSS (version 22) software.

Results

Mammary gland biopsies. All 14 biopsies were identified to consist of grossly and microscopically
normal-appearing nonlactating mammary gland tissue. The multiparossdsioyere thicker than the nulliparous
biopsies and this difference was subjectively identified to be the result of inceasadts of adipose, fibrous
connective tissue and interlobular stroma within the multiparous gl&ahdanorphological differences identified
between the two cohorts in this study were similar to what has beeoysly described (Chapter 2). Due in large
part to the heterogeneous nature of the glandular tissue distribution inlthmmus macaque mammary gland
(Chapter 2), the biopsy weights often varied greatly between the amaliip subjects (Table 1). Despite the
variation, the weight of the average multiparous biopsy (725.8 mg ZP8@s statistically greater than that of
nulliparous animals (456.3 mg = 75.4). No correlation was identifegadleen the biopsy weights and any of the
metrics utilized to assess the mammosphere proliferation/differentiation potential M\BFE VCR, CFE and
bCFE) for either cohort.

The body weight of each study animal was used to extrapol&tgmoximate-whole mammary gland
weight” for one gland in each animal (~Mam wt (mg);Table 1). This calculation was based on data previously
obtained from the same breeding colony which identified the mean weights individual mammary glands in
nulliparous and nonlactating-multiparous rhesus macaques to be er@é8tage of total body weight (%TBW) and
0.093 % TBW, respectively (Chapter 2). Utilizing this measurement, thegevbiapsy weight of the nulliparous
animals was found to represent a slightly greater, though nonsigtifiexoentage of the approximate-total
mammary gland weight for these animals (14.8%) as compared to the averageneighsyf the multiparous
animals (12.3%).

The time required for the biopsies to obtain the optimal digestion point initlaédigestion step of the
process varied by subject. Nulliparous digestion times ranged fr&iB367 hours and multiparous digestion

times ranged from 3.33 to 4.33 hours. The mean digestion weresfound to be slightly, although not
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Table 1. Macaque, mammary biopsy and initial-digestion data for parity colAmitsal #: order in which the

animals were processed for the studlgrity (reproductive status): M=multiparous; N=nulliparolrfants. number

of live births recorded for each animabe (yr): age of the animal (in year8ody wt (kg): total body weight of the
animal in kg.~Mamwt (mg): approximate weight of one whole mammary gland (in mg) for eachahbased on
calculations as described in the teéBiop wt (mg): weight of the biopsy (in mg) collected for each animal. Asterisk
(*) denotes that sample was divided into two similarly-weighted aliqutgeocessed separately through the initial
digestion and dissociation steps Gland: weight percentage of the biopsy as compared to the approximate weight
of one whole mammary gland:ibrous (qualitative amount of fibrous connective tissue within the mammapgshio
as determined histologically): 0=minimal; 1=mild; 2= moderBigest time (h): time in hours required for the

initial enzymatic digestion of the biopsy sample to obtairf‘tpeimal digestion point”, as described in Chapter 2.

TVC (Total Viable Cell count): number of viable cells/mg of mammary tissue idehtif the single-cell digests.
%VC (Percentage of Viable Cells): percentage of viable cells to nonviable cells identifiedsimgle-cell digests.

Animal # [Parity | Age (yr) |Infants|Body wt (kg) | “Mam wt (mg) | Biop wt (mg) [ % Gland | Fibrous | Digest time (h) | TVC %\V/C
1 M 6.58 2 5.41 5030 1222* 24.2 1 3.67 9625 90.2
2 M 7.58 2 5.96 5540 487 8.7 0 3.33 16,428 | 95.1
3 M 13.67 9 8.31 7730 525 6.8 1 3.67 8788 84.4
4 M 11.58 6 6.01 5580 788* 14.1 2 4 15,291 | 93.7
5 M 20.83 13 6.39 5940 588 9.9 2 4.33 12,755 94
6 M 13.92 9 8.04 7470 873* 11.7 1 3.67 10,423 | 86.2
7 N 3.83 0 4.65 3210 348 10.8 1 3.67 13,948 | 88.6
8 N 3.67 0 3.64 2510 427 17 1 3.33 14,066 | 90.3
9 N 3.83 0 4.44 3060 480 15.7 0 3.33 19,062 | 96.5
10 N 3.83 0 4.08 2810 447 15.9 1 3.67 16,051 | 89.7
11 N 4.75 0 4.91 3390 567 16.7 2 3.67 21,146 | 92.1
12 N 3.83 0 5.37 3700 397 10.7 1 3.33 20,592 | 92.3
13 M 14.00 9 5.83 5420 598 11 2 4 16,327 | 92.2
14 N 3.92 0 4.53 3130 528 16.9 2 3.67 15,221 | 90.1

significantly, longer for multiparous biopsies (3.81 £ 0.32 hpasscompared to nulliparous biopsies (3.52 £ 0.18
hours). When the data from both cohorts were analyzed collectively,sedrdaestion times were significantly
correlated with greater amounts of fibrous tissue, increased age cegmbed number of infants (Table 1). There
was no correlation identified between digestion time and biopsy weigbgtween digestion time and any of the
metrics utilized to assess the mammosphere proliferation/differentiation potenéehé& cohort.

The total number of viable cells/mg of tissue (TVC) obtained from thestian and dissociation of the
nulliparous mammary gland biopsies (17,155 + 3060) was statistigzaliyer than the TVC of the multiparous
glands (12,805 £ 3257). The percentage of viable cells to nonviabl€%&i3) that was initially obtained from the
tissue digests was similar between the two cohorts with nullip&M ranging between 88.6 and 96.5% (mean
91.4%) and multiparous %VC ranging between 84.4 and 95.1% (me&%% )90 here was no correlation identified
for the TVC or %VC values for either cohort with regard to time of digestiegree of biopsy fibrosis, or weight of

the biopsy sample (Table 1). Notably, the three large multiparousiésojinat had to be processed as two similarly-
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weighted aliquots had TVCs and %VCs that fell inside the range of the otinenédtiparous animals that were
processed as a single aliquot.

Primary mammospheres. Nulliparous animals produced statistically greater number81®kl
spheres/well (270.6 + 78.8 [meahMFE =0.541%]) than did multiparous animals (8.7 + 3.8 [m&dviFE
=0.017%]). Nulliparous animals also had a statistidaigher MBP of the 1.0k spheres (AIMBP =65.7 + 5.3%) as
compared the multiparous animal§ (ABP =49.6 + 10.3%). The morphology of theldudding spheres in this
study was similar to those previously described for non-pregnant femaakques (Chapter 2) and there was no
variation in the morphological growth patterns of the spheres identifedeen the two cohorts.

The average diameter of the nulliparo@500k mammospheres (60.7 + 20.2 pm; range 40-122 pm [n
=354]) and multiparous®100k mammospheres (54.7 & 18.5 um; range 40-148 um [n =231]) were not statistically
different from one another. Although the confluent nature of th6ak mammosphere cultures prevented accurate
guantification of the spheres, the nulliparo@QDk cultures were subjectively more-densely populated when
observed under the microscope. This observation was supportedfingihg that the VCR of the nulliparous
1°100k mammospheres (31.3 + 4.0%) was statistically greater than the ta&Rrobiltiparous 400k spheres (16.4
+1.0%).

Secondary mammospheres. As presented in Figure 2,A, the nulliparous animals produced statistically
greater numbers o2k spheres/well than did the multiparous animals at both the 0 Gy (nulkp@tde68.2 +
24.0 [mean 2MFE =1.36%]; multiparous (M) =17.8 £ 3.1 [meahMFE =0.36%]) and 4 Gy (N =40.0 £ 10.6
[mean 2 MFE =0.80%]; M =11.0 + 1.8 [mear? BIFE =0.22%)]) radiation doses. The average numbefld 2
spheres/well in the 0 Gy radiation-dose cultures was statistically highahtsnof the 4 Gy radiation-dose
cultures for both nulliparous and multiparous animals. However, there veatistically significant interaction
identified between the radiation dose and cohort, indicating that the nullipai@usudtiparous animals both had
similar rates of change (similar slopes) between the 0 Gy and 4 Gy radiesies.

As presented in Figure 2,B, there were no statistically significant differences behgerulliparous and
multiparous animals with regard to the MBP &fR2spheres 2MBP) at either the 0 Gy (N =45.3 + 7.5%; M =36.6
+11.3%) or 4 Gy (N =35.9 + 9.9%; M =31.2 + 4.5%) radiation dosest€lWas a significant decrease in the 2
MBP between the 0 Gy and 4 Gy radiation doses for both nulliparousaltigarous animals, although as before,

the rate of change between the 0 Gy and 4 Gy radiation doses Was Isgtween the nulliparous and multiparous
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Figure 2. Secondary 1k (2k) nulliparous mammospheres have significantly greater MFE, but not & do
2°1k multiparous mammospheres at 0 Gy and 4AGWumbers of 2Lk mammospheres produced by the
multiparous and nulliparous single-cell suspensions exposed to 0 @y@Gydradiation. The x-axis represents the
multiparous and nulliparous mammosphere cultures that were derivedifigieacell suspensions exposed to 0 Gy
and 4 Gy irradiation. The y-axis represents the number of marherespformed/well for six multiparous and six
nulliparous animals. The mammospheres derived from these expenmegatthen utilized for the experiments
described in Figure 2,BB, Percentage of the basement membrane extract (BME)-encdkadd@nmospheres

that underwent “budding” differentiation for multiparous and nulliparous animals. The x-axis represents the
multiparous and nulliparous, 0 Gy and 4 Gy mammospheres obtaimedhe Figure 2,A experiments that were
encased in BME. The y-axis is the percentage of the BME-encasa@sjdentified to have undergone budding
differentiation after 14 days in culture for six multiparous and six rauthps animals.

subjects. The budding morphology of tiespheres was similar to those previously described for non-pregnant
female macaques (Chapter 2) and no variation in the morphological growth paftdre spheres was identified
between the two cohorts or between the 0 Gy and 4 Gy radiatsms dor either cohort.

Viability assay. Figure 3 shows the results of the cell viability assay for the nullijgaaiad multiparous
cells plated under conditions that promoted mammosphere formation. ies wrere based on the percentage of
fluorescence absorbance of the samples within the wells. An increasmibarice for this assay is correlated with
greater numbers of viable cells. The 0 Gy culture wells for each suwemormalized to 100% absorbance and
then the percentage absorbance for the 2 Gy, 4 Gy, 8 Gy, dag @ammospheres culture wells was calculated

based on the values obtained for the 0 Gy samples. Both cohorts demoumssigtéficant decrease in the

percentage absorbance (i.e., decrease in the number of viable cells)cWithoeaasing radiation dose. However,
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there were no statistically significant differences in percentage absorbancieiddmiween the nulliparous and

multiparous animals for any radiation dose and the slopes of the two aianesimilar.
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Figure 3. Nulliparous and multiparous mammosphere-derived cells have similar radiatioval curves when
grown under mammosphere forming conditions. Radiation responsesafrgingle-cell suspensions exposed to
increasing doses of radiation and then plated under conditions thaitptotine formation of mammospheres. The
X-axis represents the multiparous and nulliparous mammospheresultrived from single-cell suspensions
exposed to 0 Gy, 2 Gy, 4 Gy, 8 Gy, and 20 Gy irradiatibine y-axis represents the percentage of viable cells
present at each radiation dose for six multiparous and six nulliparanalanThe percentage of viable cells for this
assay was based on the average fluorescence absorbance of the samples at eactoadiai@ompared to the 0
Gy dose of radiation which was normalized to represent 100% cell viability. Ersordmesent + one standard
deviation.

Clonogenic assay. Culture viability for this assay was confirmed by the observationltieat tvas a
general increase of the colony sizes in the 0 Gy, 2 Gy, 4 Gy, agd:8l@res for subjects between the tenth and
fourteenth day of the plating process. Figure 4 shows survivadstov the nulliparous and multiparous cells plated
under conditions that promoted the formation of adherent cell colonies. Rotaheolony survival curves (Figure
4,A), the total number of colonies/well present at the 0 Gy dose of radiatieadb subject was designated to be
100%. The total-colony survival fraction, defined as the total number afieslovell for a particular radiation dose
divided by the total number of colonies/well at the 0 Gy dose (expresseegaeatpge), was calculated for each

subject at the 2 Gy, 4 Gy, 8 Gy, and 20 Gy radiation doses. The curiesideym this assay were typical of
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radiation survival curves and both the nulliparous and multiparousanéfamonstrated a statistically significant
decrease in the total number of colonies/well with each increasing radiatioT esewere, however, no statistical
differences identified between the nulliparous and multiparous total-celomival fractions at any radiation dose
and the slopes of the two curves were similar.

For the bilineage colony survival curves (Figure 4,B), the number oéadi-colonies/well present at the
0 Gy dose of radiation for each subject was designated to be 100% andvihial fraction of bilineage-colonies
was then calculated at each radiation doses, as above, for each subject. Singlésted-colony survival fraction
results, there were no significant differences identified between the nulliperdusaultiparous bilineage-colony
survival fractions at any radiation dose and both cohorts demonstraggidtically significant decrease in the

number of bilineage colonies/well with each increasing radiation dosede®@vGy and 20 Gy. Unlike the total-
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Figure 4. Nulliparous and multiparous mammosphere-derived cells have similar radiatioval curves when

grown under conditions that form adherent colonies. Radiation respanss ofi single-cell suspensions exposed to
increasing doses of radiation and then plated under conditions thaitptbtine formation of adherent colonies. For
both graphs, the x-axis represents the multiparous and nullipsetwesiltures derived from single-cell suspensions
exposed to 0 Gy, 2 Gy, 4 Gy, 8 Gy, and 20 Gy irradiatigrthe y-axis represents the total number of cell
colonies/well present at each radiation dose divided by the total number of ceiéshl@ll at the 0 Gy dose of
radiation (total-colony survival fractionl, the y-axis represents the number of bilineage-cell colonies/well present
at each radiation dose divided by the number of bilineage-cell colonies/wal@3i dose of radiation (bilineage-
colony survival fraction). Both graphs are expressed as a logarithmiofunéradiation dose. Error bars for both
graphs represent + one standard deviation.
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colony survival fraction results, the numbers of bilineage colonies at@eradiation dose were slightly elevated,
although statistically equivalent, to those of the 0 Gy radiation dosetioicbhorts.

Although the total-colony survival curves were similar between the colioetsnean CFE for the
nulliparous animals (0 Gy =5.1%; 2 Gy =2.80%; 4 Gy =0.51%; 8 Gy =0.06 2@y =0%) was statistically
greater than the mean CFE of multiparous animals (0 Gy =2.0%; 2 Gy =1.12¢4;@20%; 8 Gy =0.012%,; and
20 Gy =0%) at all radiation doses other than 20 Gy. Likewise, the mean bCtRE faulliparous animals (0 Gy
=0.45%; 2 Gy =0.47%; 4 Gy =0.13%; 8 Gy =0.047%; and 20 Gy =0%) was statistically ¢ineatdre mean bCFE
of multiparous animals (0 Gy =0.28%; 2 Gy =0.28%; 4 Gy =0.06%; 8 Gy =0.009P20a8y =0%) at all radiation
doses other than 20 Gy.

The percentage of colonies/well with bilineage potential, the CDP, was identifiadytavith radiation
dose and also by cohort (Table 2; “% Bilineage (CDP)”). Specifically, the CDP was statistically greater with each
increasing radiation dose within each cohort and there were statically signifitargntes in the CDP identified

between the multiparous and nulliparous cohorts at the 0 Gy, 2 &8, @y radiation doses. Additionally, the rate

Table2. The ratio of bilineage colonies varies significantly with increasing dosesliaftion within each cohort

and also between the multiparous and nulliparous cohbuse: radiation dose used for each clonogenic assay
plate.Parity: M =multiparous; N =nulliparou$s Myoepithelial: percentage of total colonies/well identified to be
composed of only myoepithelial-like celf Epithelial: percentage of total colonies/well identified to be composed
of only epithelial-like cells% Bilineage (CDP): percentage of total colonies/well identified to be composed of both
myoepithelial-like and epithelial-like regions (the CDP). The numbettseithree previous columns represent the
mean percentage of colonieste standard deviation. Superscript “a” (%) indicates a statistically significant

difference in the CDP within the same cohort between radiation doses. Superscript “b” (?) indicates a statistically
significant difference in the CDP between cohorts at the same radiatioiN@3/MCDP: the mean nulliparous
CDP value (NCDP) of one particular radiation dose divided by the mean nultsp@DP value (MCDP) of the

same radiation dose, expressed as a percentage. NA =not applicable.

Dose Parity % Myoepithelial % Epithelial % Bilineage (CDP) NCDP/MCDP

0Gy M 84.7+3.1 1.3+0.7 14.0 + 3.4°° NA
0Gy =N 90.4+2.5 1.0+ 1.0 8.6 £2.2°° 61.43
26y M 73.3+4.1 2.0+1.3 24.7 £3.2°° NA
2Gy | N 81.5+2.3 1.9+1.2 16.6+1.7°° 67.21
4 Gy M 67.2+4.4 2.5+1.0 30.3+4.5° NA
4Gy | N 71.1+4.3 2.6+1.0 26.3 +3.7° 86.80
8Gy M 35.4+6.0 3.0+2.5 61.6 +7.7°" NA
8Gy =N 27.2+3.7 3.2£16 69.6 +3.4°" 112.99
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(slope) of increase for the nulliparous CDP was identified to be statistigalyer than that of the multiparous CDP
between the 2 Gy and 4 Gy radiation doses as well as between the 4 &@wamddiation doses (Figure 5).
Consistent with this last finding is the observation that althougimilitiparous CDP was greater than the
nulliparous CDP at the 0 Gy, 2 Gy, and 4 Gy radiation doses, the niFs @ the cohorts become more similar in
value with each increasing radiation dose, until, at the 8 Gy radiation @ose#n nulliparous CDP exceeded that

of the mean multiparous CDP (Table 2; “NCDP/MCDP” and Figure 5).
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Figure5. The slope of the nulliparous CDP curve is greater than the slope otittigamous CDP curve between 2
Gy and 8 Gy irradiation. The x-axis represents the multiparous dlifghnous cell cultures derived from single-cell
suspensions exposed to 0 Gy, 2 Gy, 4 Gy, and 8 Gy irradiatibthean plated under conditions that promoted the
formation of adherent colonies. The y-axis is the percentage of bidiredgnies present within each well for each
cohort. The values on theayis correspond to the “% Bilineage (CDP)” in Table 2.

Senescence assay. A minimum of 132 cells per subject were evaluated for B-galactosidase expression at
each radiation dose although for most subjects there were enough cel$ prethe slides to allow each radiation
dose to be evaluated using a total 400 cells (200 cells per each cytegnation). As illustrated in Figure 6, the

percentage of B-galactosidase-positive (senescent) cells was statistically higher for mulsighasunulliparous
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animals at the 0 Gy, 4 Gy, and 8 Gy radiation doses. There were, homestatistically significant differences in

the percentage of senescent cells between any of the radiation doses faobibher
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Figure 6. The mammosphere-derived cells of multiparous animals contain greater fagrescent cells than do
the mammosphere-derived cells of nulliparous animals, regardlesdiaiion doseThe x-axis represents the
multiparous and nulliparous mammosphere cultures derived from sialflsuspensions exposed to 0 Gy, 4 Gy,
and 8 Gy irradiation.The y-axis is the percentage of cells that stained positive for f-galactosidase expression, two
days post-irradiation.

Cytokine assay. Of the 14 cytokines evaluated in this study only interleuk({ii-8) and interleukin-8 (IL-
8) were identified to be present in the CM1 in concentrations adequate for arfdigsi®incentrations of both 16.-
and IL-8 were statistically higher in the multiparous CM1 (IL-6 =12218 pg/ml; IL-8 =233.8 + 49.4 pg/ml) as
compared to the nulliparous CM1 (IL-6 =7.8 £ 2.1 pg/ml; IL-8 =04233.4 pg/ml).

Discussion

This work compares the proliferative and differentiation potential of the cell pop@atitirin the
mammary glands of young-nulliparous and multiparous primates. Marheraspulture methodologies were
utilized for this study as mammosphere forming ability has beealated with the MSC and/or MPC composition
of mammary glands in humans and rod&m¥ 243 and the MSCs/MPCs are of particular interest due to their

potential role in breast carcinogenedig® 133 146 158 160,209,260 |ndjvidual cells derived from the mammospheres in
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this study were identified to have both mammosphere-forming ilinddge-colony forming potential. It is therefore
considered likely that the macaque mammosphere cultures are enriched for V&QGkevery least, MPCs.
However, in that no xenotransplantation or FACS-based studies have yet bgeted by which to estimate the
percentage of macaque mammospheres that are of a MSC and/or MPC origitivitieal cells capable of
mammosphere formation and/or bilineage-colony formation in thiy $taxde been intentionally referred to using
the more generic term of “mammosphere forming units” or “MFUs”.

The results of a previous research project suggested that mammary glaodisgehulliparous rhesu
macaques have greater numbers of MFUs, and that the mammospheresfaemvbdse MFUs have greater
mammosphere potential (proliferation and differentiation capabilities), than dootheselactating-multiparous
macaques (Chapter 2). However, it is notable that most of the mammaity gksed in that project were
opportunistically collected from animals euthanized due to illness, trauraa part of unrelated research projects,
and it is possible that the conclusions of that project could have bee@urdeafl by factors related to the cause of
death in these animals. Furthermore, in that the tissue collection protieasioitial project occurred over a time
span of several years, it is also possible that the results of that prajiechawe been influenced by slight variations
in tissue processing techniques that unknowingly occurred betwegmividual samples. The current research
study was undertaken to reexamine the mammosphere potential betweenaudlgrad multiparous cohorts using
a study design aimed at reducing the number of potential confouretiadples. Specifically, the current project
utilized a synchronized, in vivo biopsy procedure to collect tissuelsarfgy the mammosphere assays. This
approach allowed for the acquisition of mammary gland tissues froitatlynrhealthy monkeys rather than relying
on tissues derived from animals that were euthanized for health or resgatell-reasons. This study design also
allowed for the acquisition of mammary gland tissue over a relatively strdotpf time (six weeks) which was
thought to likely improve the between-subject consistency with regaing techniques and enzymatic solutions
utilized to process the individual samples. Finally, this approach allowedef@ollection of mammary gland
tissues from a defined stage (menses stage) of the menstrual cycle.

While the current study design minimized many of the potential variables that negd@deunded results
in the earlier project, there were still some limitations associated with thig/lmolsction process that merit
discussion. The first limitation is that, per the study design, it was nsibfm$o randomize the subjects included in

this study. This was due to the fact that one criterion for inclusion wagaich animal had to be actively
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reproductively cycling at the time of the collection process. As such, animaalsad not yet begun to cycle
regularly or multiparous animals that were already pregnant by the middke lmfetbding season were excluded
from the study. In essence, this study design selected agdmsalsathat tended to cycle either early or late in the
breeding season. Randomization of subjects was further skewed most of the multiparous biopsies were
collected earlier in the study than nulliparous biopsies in efforts to enstithiéhe would be enough regularly-
cycling multiparous subjects available for inclusion in the study. Whisdeemed necessary as the multiparous
females, unlike the nulliparous animals, were housed with breeding malestamaet passing week greater
numbers of these animals became pregnant. Six of the seven multipausiss were therefore obtained during the
first two weeks of the biopsy collection process while six of thersewlliparous animals were collected between
the third and fifth weeks of the collection process. While it is possibtealifferences in the timing of the biopsy
procedures over the 6-week collection period could have influenced the rspher® potential between individual
animals, this was considered unlikely given that the biopsy collecti@egs@ccurred at approximately the
midpoint of the typical 24-week breeding season for this colorp@&tive of the proposition that there was
minimal variation in the mammosphere potential of the colony subjectstmvérweek collection period is the
finding that the one multiparous biopsy (Animal #13) and the one ndlisdsiopsy (Animal #14) that were
collected during the sixth week of the study had cell-isolation valugs ¥VC and VCR) and mammosphere
potential values (e.g., MFE and MBP) that were comparable to those of the other antimgilsrespective cohorts.
A second limitation related to the current study-design is that, althougtseffere made to collect
biopsies only from animals in the menses stage of an ovulatontromrcg/cle, it is possible that some incidences
of vaginal bleeding could have been menses associated with anovulatoryp&yclés!73 274 This possibility is
important in that animals undergoing anovulatory menstrual cycles oftersé&aw®rmone levels that are markedly
different from animals undergoing an ovulatory cylé%% 244274 278 279 |n that differences in sex hormone levels
have been associated with variations in mammary gland physioldgy@mphology® ?*4it is possible that some of
the outlying data obtained from these studies could have resulted frosetbétissues collected from animals
experiencing an anovulatory cycle. Although the ovulatory status afdudil menstrual cycles in macaques can be
confirmed by analyzing the blood sex-hormone concentrations iefdndl animals 2-3 times per week over several
months duratio%? 274 278 this approach was not attempted here. This is because over 600 aréneat®msidered

as candidates for inclusion in the study and it was logistically unfeasibtuire the requisite number of blood
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draws required for sex-hormone monitoring. Additionally, the neutemoval of female animals from their
breeding groups for multiple blood draws/week was undesirable as saessemted with this process is likely to
have decreased the fecundity rate of the breeding colony as a¥whotdé 188 202 274 279

Anovulatory cycles do occur in macaques but have been reported to represéetwabn 3-8% of all
menstrual cycles occurring during the breeding season in regingely-sound, actively-cycling females that are
housed under conditions similar to those of the KCCIR® As to the question of reproductive soundness, all of
the multiparous females included in the study had delivered a live infdm breeding season prior to the onset of
this project; and all of the nulliparous animals included in the study Wareage at which ovulatory menstrual
cycles are expected to be occurring in the vast majority of individuatetawnder conditions similar to those of
the KCCMR?® The reproductive soundness of most animals was likewise confoynedollow-up analysis which
found that all of the study animals that remained part of the breeding cé®ayifnals total; three multiparous and
one nulliparous study animals were sold prior to this analysislupeal offspring during the breeding season
immediately following this project. Based on this information, in additiothe information collected on each
subject as to their cycling status and vaginal cytology, it is considesdd tilat most of the animals included in this
study were undergoing ovulatory menstrual cycles at the time of mangtaziy collection.

In the current study, the mean biopsy weight of the multiparousagsimas found to be significantly
greater than those of the young-nulliparous animals. While the usefofrgispsy weight as a sole metric by which
to compare the mammary glands between the two cohorts is questionalielitidual biopsy weights were
essential measurements toward calculating the TVC for each mammary. ifopsystent with previous
comparisons made using mammary tissues from luteal/follicular-stage read@hapter 2), the TVC of the
nulliparous glands in this study were significantly greater thagetbfthe multiparous glands. These results, in
conjunction with the histological observations of the biopsies, suggdshehnulliparous mammary biopsies in this
study contained larger ratios of glandular cells to stromal elements thére didiltiparous mammary biopsies.

The current study also identified a statistically higHfavlEE in young-nulliparous subjects as compared to
multiparous subjects; a finding that is once again similar to thosewibps experiments (Chapter 2). Additionally,
the young-nulliparous subjects were identified to have a statistically High@dk VCR than multiparous subjects.
Collectively, the $MFE and VCR data suggest that the nulliparous biopsies have greater rateglahtfular

cells that are capable of mammosphere formation as compared to multipasiss.
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Possible limitations with regard to the accuracy of thdRE data of this study warrant discussion at this
time. The 2MFE calculations for this study were based on mammosphere cultures platedrathigithan 1Kk, ckl
densities. This is important in that while most mammospheres deriveddoemtrand human cell cultures plated at
1k densities (or lower) originate from the clonal proliferation of alsiMBSC and/or MPC2? 7% & there is little
information as to frequency of clonal sphere formation in mamneseptultures plated at higher (i.e., 10k)
densities. As such, it is possible that some of the spheres produciedl@ktcultures may not have been true
mammospheres butthar “aggregate spheres”. Aggregate spheres being defined here as spheres derived from the
aggregation and subsequent proliferation of two or more lineageisg@oenitor cells and/or more-differentiated
cell types rather than being spheres formed through the proliferation gfe8iSC or MPC alone. The presence
of aggregate spheres is a potential study confounder in that if aggregate sphesentepsubstantial percentage of
the spheres in a mammosphere culture this can lead to an overestimét®M&C/MPC populations within the
single-cell isolates being evaluated. In previous macaque studies (Chapteri@)exmeriments performed using
four representative animals from the current study, the mdRE of 10k primary cultures was identified to be
higher than those of 1k primary cultures by around 10.0% ar3d4l Yespectively. In turn, it is possible that
presence of aggregate spheres in the 10k cultures may have led to overestiofidtiotMFE in this study.

However, what must also be appreciated is that the use of 1k density repinemgocultures toward MFE
calculations has been found to be problematic for primary mammospheresdiuwived from multiparous
macaque glands in an earlier project (Chapter 2). As previoushtedptite primary 1k cultures from multiparous
macaque glands produced extremely low numbers of small, podigyetiifiating mammospheres which
confounded attempts to accurately quantify the MFE or budding potenties# cultures. Equally important is that
this same project also found that the 1k cultures may actually undeesthe true MFE of the multiparous
mammary gland by as much as 8% if the 1k cultures are not providedgraitth factors (CM1) obtained from
other mammosphere cultures. When the above observations as to the possiloeek#fSEmations of 10k cultures
and the possible MFE-underestimations of 1k cultures are considered in té@ralgmears likely that 10k
mammosphere cultures provide estimates of the &#MI-E of cell isolates to within 3-11% of their actual values.

In spite of the imperfect nature of the 10k mammosphere assagntfguhe P MFE, it is proposed that
the study data above still supports the conclusion that the mammary gigmdsg-nulliparous menstruating

macaqgues have significantly greater ratios of cells with mammospheréigddtean do the glands of multiparous
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menstruating macaques as per the marked differences in the téBBR<s between the two cohorts. Additionally,
the P MFE results are supported by similar findings of a second metric, the Which also was used to assess the
primary mammosphere potential of the biopsies. Future research studies, uiil@ngypes of assays aimed at
guantifying the IMFE, are likely to prove useful toward further refinement of thdFE estimates in individual
macaque mammary glands.

The number of cells with mammosphere forming ability (CMFA) withach biopsy can be estimated
using the TVC, 1MFE, and the biopsy weight obtained from the individual subjectsefthpse estimates, the
mean CMFA of the young-nulliparous biopsies (41.2 XcIs) is approximately 24 times greater than that of the
multiparous biopsies (1.7 x 10ells). However, the relevance of the biopsy-CMFA as a metric for comparis
between the cohorts is uncertain as the mean biopsy weight of theurrmuBmnimals represented a slightly greater
percentage of the mean approximate-total mammary gland weight as cotoptieetdiopsy weights of multiparous
animals. In attempts to account for any discrepancies in the representative nttareiahsy-CMFA, a whole-
gland CMFA for each animal can be extrapolated using the TM@FE, and the approximate-whole mammary
gland weight for each subject. As per these calculations, the mean CMFA ofittgerydliparous glands (29.3 x
10* + 11.5 x 10 cells) is approximately 23 times greater than the mean CMFAeahtitiparous glands (1.28 x40
+ 0.33 x 10 cells) for the study subjects. Collectively, the results of the biGdsFA and whole-gland CMFA
analyses suggest that the mammary glands of young-nulliparous ahawalstatistically greater numbers of cells
with mammosphere forming ability than do multiparous animals.

In that the biopsy-CMFA and whole-gland CMFA data were both calculaiad the $MFE for each
animal, there are inherent limitations to the accuracy of these results, iasiglsedtiscussed. In addition to this first
limitation, however, it must also be appreciated that the whole-gland CMtaAnds extrapolated using an
approximate mammary gland weight for each animal and that the wholé-@MFA was also calculated with the
assumption that the’lMFE was equivalent throughout the entire gland. In defense of using eoxiapgte
mammary gland weight to determine the whole-gland CMFA for this stuitiyat: the mammary gland %TBW
calculation used in this study was derived from data collected from arongitgating from the same breeding
colony; the variation in the mammary gland %TBW for each cohort was ®diiome standard deviation
representing less than 6.5% of the value of the mean %TBW for either ofdltohorts); and the %TBW was

identified to be significantly different between multiparous and nullipaaoimsals in this colony (Chapter 2). In
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support of the assumption that tHfeMIFE is equivalent throughout the entire gland, is the fact that previous
experiments found no significant differences in tAMEE of breast biopsies obtained from different quadrants of
the mammary gland that were collected from atyieycling monkeys during the breeding season (Chapter 2).

The validity of the whole-gland CMFA data reported for the multiparaimmals in this project is also
supported by the finding that these CMFA ranges are in agreemerhavitthole-gland CMFA obtained from a
menstruating multiparous macaque that was processed in a previou€lsbiddy 10 cells) (Chapter 2). While only
a single menstruating monkey was obtained in that study, the glarld-CMFA data from this animal are
particularly valuable in that actual weight of the mammary gland was kaodjnalso, because the tissues used to
calculate the whole-gland CMFA of that subject were obtained from thootighe entire gland. While the above
arguments favor the inclusion of the whole-gland CMFA data irrdipisrt, it is the opinion of the author that the
whole-gland CMFA be considered only a rough estimate and cautia@rrianted in its interpretation.

In spite of the acknowledged limitation to the accuracy of these CMFAcsdtris proposed that the vast
divide in whole-gland CMFA and biopsy-CMFA values between the tworte®hee of sufficient magnitude to
reasonably conclude that the mammary glands of young-nulliparcsnegting macaques have significantly
larger CMFAs than do those of multiparous menstruating macaques. Additimiessn which large numbers of
whole glands are collected and analyzed for mammosphere potential in mergmatkeys will prove essential
to further refining the quantification of the whole-gland CMIeA this species.

The PMBP, 2 MFE (at 0 and 4 Gy), CFE (at 0, 2, 4 and 8 Gy) and bCFE (at0ar&] 8 Gy) were
significantly greater for the young-nulliparous animals as comparthe tmultiparous macaques. These results are
similar to those previously found using non-irradiated tissuagesl/follicular-stage macaques, although in that
project the 2MBP was also identified to be significantly greater for nulliparous fent@leapter 2). While 2MBP
for the animals in the current study were not found to be significdiffgrent between the cohorts, the meén 2
MBP of nulliparous animals (0 Gy= 45.3%; 4 Gy= 35.9%) did trend higharttteemean 2VIBP of multiparous
animals (0 Gy= 36.6%; 4 Gy= 31.2%). Collectively, these data suggest theaspheres and sphere-derived cells
obtained from young-nulliparous glands have a greater proliferativdifiexentiation potential over time, and/or
throughout subsequent plating processes, as compared to the spheres andespeet cells obtained from

multiparous glands.
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The CDP was also found to be significantly different between the nulliparad multiparous cohorts
although prior to attempting interpretation of these results it is perhaps tesedview background information
related to the CDP. Previous work using human and rodent tissuesihdgHat most primary mammospheres of a
MSC/MPC origin contain between 1-4 MFUs per spHéfé® 243 Moreover, the vast majority of the cells
comprising these mammospheres are of more-restricted phenotypeas $inetage-specific progenitor cells and
non-proliferative differentiated cells, which are incapable of independent msphiere formatioft 230243 |n
addition to being capable of forming mammospheres, the individual MFUs déivedlissociated mammospheres
have also been shown to have the ability to form bilineage adhereniesoldren plated in permissive
environments such as that of the clonogenic asa&ysln contrast, the mammosphere-derived cells that are of
more restricted phenotypes are incapable of independent bilineage colony foranatithese cells either form
colonies of a single phenotype or fail to form colonies at all. Notably, gagrepheres (as previously described) as
well as spheres which are derived from the proliferation of linageHspprogenitor cells frequently lack any
MFUs® and therefore the cells obtained from the dissociation of these sphesasihawal ability to form
mammospheres or bilineage colonies.

In light of the above information, it can be appreciated that if single-cell isalatéved from
mammosphere cultures of two different cohorts are compared, the cdthatievgreatest ratios of MFUs will also
be the cohort with the highest CDP. There are three potential ways trattamremight have a CDP that is larger
than that of another cohort. First, if one cohort has some inherent mechgnigricb it can maintain greater
numbers of MFUs per primary mammosphere than does the other colBostptifid result in a larger CDP for that
cohort. Second, if the two cohorts have similar numbers of MFUs per manhenesut one cohort produces
smaller mammospheres (comprised of lesser numbers of cells) on avenagjeet other cohort, this would also
result in a larger CDP. Finally, if a large percentage of the “mammospheres” in one cohort originate from a source
other than the clonal replication of MSCs or MPCs (e.g., aggregate sphmatidon, it is expected that this cohort
would have a lower CDP than a second cohort in which more of the wggheres were derived from
MSCs/MPCs.

In the current study, the mean multiparous CDP was identified to miéicaigtly higher than the mean
nulliparous CDP for the 0 Gy and 2 Gy cultures; a result consistenthgithend seen in an earlier experiment

using non-irradiated macaque tissues (Chapter 2). Given that there igifiosigdifference in the mean
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mammosphere size between the two study cohorts, and previousumatadjes suggest that that primary
mammospheres of multiparous subjects typically contain smaller numbdisUs (1/sphere) than nulliparous
subjects (3/sphere) (Chapter 2), the most plausible interpretation of thdteisethat a greater percentage of
primary 100k multiparous mammospheres are derived from MSCs and@s BPcompared to primary 100k
nulliparous mammospheres. Mechanistically, these CDP differences couldfabeurulliparous lineage-specific
progenitor cells have a greater ability to proliferate on their own to foeade-specific mammospheres than do the
multiparous lineage-specific progenitor cells. Alternatively, these CDP diffesszould occur if the primary 100k
nulliparous mammosphere cultures have a greater propensity to foregate spheres than do the primary 100k
multiparous mammosphere cultures.

The results from other studies potentially provide some insight as to efiticese two mechanisms is
most likely responsible for the CDP differences identified above. Prexdsaarch using mammosphere cultures
have found that an increase in cell-plating density is associated withraase in the formation of aggregate
sphereg? 85 Additional experiments conducted using macague tissues also founaathsingle-cell isolates
derived from 100k mammosphere cultures had CDP values that were ~31%Hamwérose derived from 10k
mammosphere cultures when each were plated at identical cell-densities in a étoasgey (Chapter 2). The most
straightforward interpretation of the macaque CDP experiments, and oredbasistent with the aforementioned
mammosphere studies, is that there are greater ratios of aggregate sgsergsmphigh-density (100k)
mammosphere cultures. Of final importance to this discussion is h&P8 results of the current study found that
nearly twice as many nulliparous, as multiparous, cells survivee ihG8k primary cultures over a 7 day period.
This last piece of information is remarkable in that although the 10@lapr mammosphere cultures of both
cohorts were initially plated at identical cell densities, the nulliparous cultures hedtargotal number of cells in
their culture plates, as compared to the multiparous cultures, within justdajevef the plating process. Viewed
another way, the nulliparous 100k cultures were essentially higherydplagihgs than those of the 100k
multiparous cultures. In light of the above information and these findirigplausible that the cells of the
nulliparous primary mammospheres cultures formed aggregate sphereater gatios than did the cells of the
multiparous primary cultures. While it also remains possible that the Cl#Petliffes between the cohorts could be
due to an increased potential of the nulliparous lineage-specific progenitdoagtisally proliferate as spheres,

there are no study data or literature in direct support of this mechaniemo$sibility of aggregate sphere
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formation as the primary mechanism responsible for the differences indébtiied in this study will be explored
as part of future research projects.

The 2 MFE, 2MBP, cell viability, survival fraction and budding morphology data utilttedompare the
radiosensitivity between the nulliparous and multiparous cohorts geddumixture of expected and unexpected
findings. As anticipated, the MFE, 22 MBP, cell viability and total-colony survival fraction values decreased
significantly with each increasing radiation dose for both cohortsla8iyn there was a significant decrease in the
bilineage-colony survival fraction values with each increasing radiatianlitsveen 2 Gy and 20 Gy for both the
nulliparous and multiparous subjects, as was expected; although theabsaveadioresistance of the bilineage
colonies to the 2 Gy radiation dose by both cohorts that had not been prddmsédnexpected, however, was the
finding that there were no statistically significant differences in radiosehshigtween the nulliparous and
multiparous cohorts for any of the aforementioned metrics. Finallye whevious experiments (Chapter 2)
suggested that there would be no appreciable differences in the boddislyology of the spheres between the
cohorts, the fact that there were also no differences in budding ologgtbetween the 0 Gy and 4 Gy-irradiated
spheres within either cohort was surprising.

Similar to the other metrics, the CDP data also identified changes within eachingheponse to
irradiation. In particular, the CDP was identified to be significantly increasédeaith increasing radiation dose
between 0 Gy and 8 Gy for both cohorts. One mechanism to [yosstiount for this observation is that irradiation
could have stimulated the transformation of linage-specific progenitoracellsr non-proliferative differentiated
cells into bilineage-competent progenitor cells (dedifferentiation). Thoged is not completely unprecedented as
radiation has been identified to drive dedifferentiation of hematopoietic cell popslativivd® 6% 168 and has also
been shown to reprogram breast cancer cells into breast cancer stam\dlb 2> While the slight, nonsignificant,
increase in the bCFE between the 0 Gy and 2 Gy cultures for the nulSgarbort offers some support for
dedifferentiation, the significant reduction in the bCFE of both cohorts adadition doses beyond 2 Gy does not.
Collectively, these study data and the fact that there is no literature identifieddivkictty supports the rapid
dedifferentiation of normal cell populations under in vitro conditions makesihianism appear unlikely.
Furthermore, based on the current understanding of dedifferentiation as it appligdstep principle of

carcinogenesi¥* it appears doubtful that a single dose of radiation administered to a papofatiormal

144



mammary gland epithelial cells would be capable of consistently dedifferegtéatough cells over just one cell-
culture generation to cause the profound CDP changes identified atutthis

A more simplistic mechanism, and one that can account for the CDBeshiarboth cohorts throughout all
radiation doses, is that the MSCs and/or MPCs may be more radioresistaretti@more phenotypically-
restricted cell populations in these cultures. A comparison of the total-colomyasaurves and bilineage-colony
survival curves, whose data are derived from the same clonogenicaagbayCDP metric, are supportive of this
proposal. Prior to discussing this comparison, however, it isrianptcto first understand a few specific aspects the
survival curves themselves. First, the vast majority of the coloniegfbimthe clonogenic assays were comprised
of a single phenotype of cells and therefore most of these colonies vedyalkkived from the more
phenotypically-restricted cell phenotypes. In turn, it can be appreciatedahatiation-induced changes identified
in the total-colony survival curves were largely dependent on the radiosensifithiy more-restricted cell
phenotypes within these assays. In contrast, only the colonies dcogtadith epithelial and myoepithelial cells were
guantified in the bilineage-colony survival curves. As such, itoeaappreciated that the radiation-induced changes
identified in the bilineage-colony survival curves is mostly dependetiteoradiosensitivity of the MFUs within
these assays. The finding that total-colony survival fractions wereisagrilf lower than the bilineage-colony
survival fractions at the 2 Gy, 4 Gy, and 8 Gy radiation doses fordodorts (Figure 4,A and 4,B) suggests that
there is an overall greater radioresistance of the MFUs as compared to the motggtedly restricted cell types.
In addition to these results, there is also abundant literature in support odghbeifion that stem cells/early-
progenitor cells (i.e., MPCs) are more radioresistant than are other prolifealtipepulations in mammary gland
epithelial culture® 4% 175293 gnd breast cancer cell lin&83 198 275 282 299

Unlike any of the previous metrics, the CDP data identified significant differemcadiosensitivity
between the cohorts. Specifically, the slope of nulliparous CDP respoinseltation was found to be significantly
greater than that of the multiparous CDP between the 2 Gy and 8 i@yoradoses. These differences are
especially intriguing when it is appreciated that the trends of the bilineageyalovival curves largely mirrored
the CDP changes but those of the total-colony survival curves did sttty these observations collectively
suggest that the CDP variability between the cohorts is primarily diliféoences in the radiosensitivity of the
MFU populations of the cultures and, furthermore, that the MFUs of nullipatdnjiscts are more resistant to the

effects of increasing radiation doses than are those of the multipalbjestsuPrevious work with mammary
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epithelial cell line¥> 4% 175293 and breast cancer cell life§ 198 275 282 299 hgye suggested that gradients of
radiosensitivity are likely to exist between the stem and progenitor cellgiimms. In turn, it is plausible that the
CDP differences of this study could occur if the mammosphereresitd the two cohorts were comprised of
different ratios of the same proliferative cell populations and/or if therepweliéerative cell populations that were
unique to the mammosphere cultures of only one of the two cohorts.

There is at least one aspect of the study data which supports the propositioa tivatdohorts vary in
regard to the proliferative cell populations that comprise their secondargnospheres cultures. Specifically, when
the 2 MFE data of each cohort is compared to other mammosphere-potential metricsheithiaspective cohorts
there are notable differences between the nulliparous and multiparoestsubpr the nulliparous subjects, tle 2
MFE demonstrated a statistically positive correlation with thBP at both 0 Gy and 4 Gy irradiation doses.
Stated another way, the individual nulliparous cultures that producedetitegfrnumber of secondary
mammospheres also had the highest number of mammospheres capabtingf,even when exposed to 4 Gy
radiation. This suggest that most nulliparous secondary mammospheneaterigpm a highly radioresistant
population of cells with good differentiation potential; a finding consistetfit wiat might be expected if most
nulliparous mammospheres were of a MSC origin. The multiparous sjbjgcontrast, had no significant
correlation between the RIFE and 2 MBP at 0 Gy and had a statistically negative correlation betweer MER
and 2 MBP at 4 Gy. As the secondary multiparous mammospheres were lestecingih regard to
differentiation potential and radiosensitivity, it is plausible that the cellular arfgime multiparous mammospheres
is more heterogeneous in nature than that of the nulliparous spheres. Sittied\aay, the multiparous secondary
mammosphere properties are consistent with what might be expected if tmes®smheres were frequently
derived from an assortment of progenitor cell populations of variable esditigity rather than being of a primary
MSC origin.

While it is possible that the differences in radiosensitivity between the nullparal multiparous subjects
could be entirely due to variable ratios of proliferative cell populations commmthiacohorts, it is also not
unreasonable to think that there may exist novel progenitor cell populafihits the multiparous macaque
mammary glands as a result of the maturation/lactation pré@dassupport of this contention, studies have found
that parous rodent glands contain a mammosphere-competent populatioreafé proliferative cells, termed

parity-induced mammary epithelial cells (PIMECs), which are not present witHiparous rodent gland4.172 273
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As to date, there have been no studies which have attempted to look for apanityamduced cell population
within monkey mammary glands, it remains a possibility that a RINMEe population could also exist in the glands
of parous macaques. The potential existence of macaque PIMECs, #lotigevprospect that these cells could
contribute to CDP radioresistance-differences between the nulliparous #ipraus subject®° warrants
investigation and will be explored as part of future research projects.

As to why some of the clonogenic assay-derived metrics (CDP and bilineage-sotaival curves)
suggested differences in radiosensitivity between the cohorts, bitteE2 2 MBP, cell viability or budding
morphology metrics did not, is potentially due to the different culturditons used for these assays. Specifically,
the fact that the latter metrics were all derived from cells grown as secondary mamrasspitder presumed
hypoxic conditions (paraffin-wrapped culture plates) could have confoundegktlits of these assays. Previous
experiments have found that normal mammary é&llas well as breast cancer-cell litésgrown under conditions
that promote mammosphere formation are more radioresistant than are tleek@meulations grown as adherent
(monolayer) colonies. Additionally, other studies have shown that hypoxilitioos can increase the
radioresistance of cancer cells in Vi%%'%3 210 246 35 well as increase the radioresistance of cancer cells grown as
spheroid colonies in vitrd\: 212 247. 248 Finally, there are data from the current study that also support thesjtimpo
that cells plated under hypoxic mammosphere culture conditi@MKE) are less affected by irradiation than are
cells plated under adherent colonies in normoxic conditions (CFE/bCFE). In particalaurrent study found that
while the average 4 Gy MFE values were around 60% of the value of the average 0 ®B¥E, the average 4 Gy
CFE and bCFE values were only around 10% and 25.2% of value of theeaQ@eB3gCFE and bCFE, respectively.
In light of this information, it is proposed that differences in radisisigity between the mammary gland-derived
cells of the two cohorts likely exist, as supported by the CDP datthdiuhe detection of these differences in the
2° MFE, 2 MBP, and cell viability assays are possibly being obscured by radiatiotidgiwulture conditions.

As there were no differences in the budding morphology identified beteaerts, or even between the
individual radiation doses within either cohort, it is proposed that there mayitaibins to the sensitivity of this
metric even beyond those imposed by the mammosphere culture amnditigarticular, it is possible that the
BME-medium used for the MBP assay may artifactually limit the differentigtidential of the spheres to only a
few morphologic manifestations and/or the parameters currently bs@ugto qualify the budding morphology of

spheres may lack the specificity required to appreciate subtle differencesbehs cohorts.
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Xenograft experiments, in which cells derived from primary mamnersgtare irradiated and then
immediately transplanted into the fat pads of immunodeficient mice, are likeéyaa effective method for
determining whether mammosphere culture conditions and/or the uséEohidium are obscuring the detection
of differences in radiosensitivity between cohorts. Pilot studies usinggxaft transplantation to compare
multiparous and nulliparous macaque mammosphere-derived cells é&veddés in radiosensitivity are currently
funded and underway.

Senescence, as generally defined, is a permanent, non-proliferative state théifiesidke proliferative
somatic cell populations undergoing certain types of str&%s%° A number of cellular modifications are associated
with the senescent phenot§pé® 1*% 21t and some of these changes have been exploited toward the identification of
individual cells and cell cultures undergoing senescence. On a general levelestoelts are known to increase
their secretion of IL-6 and IL-8 as part of a senescence-associated sednetwiype (SASP). The SASP has been
proposed to be a physiologic alteration that senescent cells undergo tormibgitanon-proliferative cellular state
and also to promote their own in vivo clearance through the stimubatiior activation of inflammatory cefis3”

211 Additionally, senescent cells are also known to have an increase stseoe-assaited p-galactosidase

activity. While this alteration is of undetermined mechanistic importantteeteenescence phenotype, the
intracellular accumulation of B-galactosidase has been used to distinguish senescent cells from other non-
proliferative cell populations such as apoptotic cells or cells within the quieswsggof the cell-cycfet? 137211
Immunohistochemical assay kits aafe of identifying intracellular B-galactosidase have previously been utilized to
detect senescence in cells within intact mammosp¥eesswell as in individual cells acquired from the
dissociation of mammospher&s.

In the current study the CM1 obtained from multiparous primary masphase cultures had significantly
higher concentrations of IL-6 and IL-8 as compared to the CM1 derigedyfoung-nulliparous primary cultures.
Likewise, theB-galactosidase assay performed on non-irradiated (0 Gy) cells deriveth&@arly secondary
mammosphere cultures identifiehalactosidase staining in a significantly larger percentage of multiparouagells
compared to the cells of young-nulliparous animals. Collectively these dagesstigat cells derived from
multiparous mammary glands are more prone to undergo senescenaeetbalts acquired from young-nulliparous

glands. Moreover, the cytokine analyses suggest that the senescence diftmetroesof the cells obtained
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directly from the mammary gland whilketp-galactosidase assay suggest that these differences also persist in the
cells comprising the mammospheres as well.

Senescence is reported to occur in vitro when cell cultures undergo stresseswheh cells are not
provided with the proper substratum, when media exchanges aragad)@r when cultures are maintained in
environments with inappropriately high oxygen levél£!! In that the mammosphere cultures of the two cohorts
were processed identically and no correlation was identified between the seneseteicseand any of the biopsy
parameters (e.g., biopsy weight, digestion time, %VC, etc.), it is consigidikely that in vitro stresses played a
significant role in the increased incidence of senescence in the multipaionads.

An increased incidence of in vivo senescence of various cells types hgsdséevely correlated with
advancing age in mice, monkeys, and hunt¥hs’ As increased age was found to be statistically positively
correlated with B-galactosidase expression in the multiparous individuals of this stuslyossible that age may be
the primary factor related to the differences in senescence identified beheetvo cohorts. What must also be
appreciated here, however, is that the biopsies used in this study w@nedlfrom animals in an active breeding
colony and age is also significantly positively correlated with parithé multiparous subjects. This information is
important as increased parity was even more highly associated with B-galactosidase expression (P<0.01) than was
increased age (P<0.05) in the multiparous subjects. While no literature iceemtiéed in support of the proposal
that increased parity is associated with an increase in cellular senescerds, ltkewise no evidence to the
contrary. In turn, it is possible that with each pregnancy the macaquearg gland may undergo some form of
maturation that increases the overall susceptibility of these cells to enter the semetate upon being stressed.

It is interesting that increased senescence was highly correlated with ingraggeih the multiparous
macagues of this report given that the numbers of rodent PIMEC®&wsuysty described, were also identified to
increase with each successive pregnahéy? 273 Although no PIMEC-like cells have yet been identified within
parous macaque glands and none of the aforementioned rodent studiesftmany differences in senescence
between the parous and nulliparous mammary cells, it is tempting wapethat parous macaques might also have
a PIMECHike population that is prone to undergo senescence which could account for the differences in -
galactosidase expression between the animals of the multiparous cohorbsEitidify further validates the
previously mentioned need for investigations into the potential existerRiI®&C-like cells within the parous

macaque mammary gland.

149



An increased incidence of senescence in human mammosphere-derivedscptisviously been
associated with a decrease in the MFE of mammospheres céltlitds.finding is of importance as it suggests that
the differences identified in the MFEs between the two cohorts ofttiig & not necessarily due to a difference in
the numbers of MSCs/MPCs between the cultures. Rather, this inforreatigasts that the MFE differences of the
cohorts could be due, in part or in whole, to a propensity for the MB8Xs of multiparous cultures to undergo
senescence with a greater frequency than those of nulliparous cllf@sunately, none of the assays performed
in this study were capable of determining if the MFUs, or the moferdiftiated cell types, were the population of
cells most prone to senescence. However, this information is crucial tetamdiéng the full implications of the
MFE differences identified between the cohorts and future experimigiggg technologies such as Fluorescent
Activated Cell Sorting (FACS) are warranted to help determine the specific proliéecativpopulations most
prone to senescence in each of these cohorts.

The lack of a significant increase in f-galactosidase expression within either study cohort in response to
increasing doses of radiatiovas unexpected. This is because B-galactosidase assays had previously been utilized to
compare the incidence of senescence within various populatiorenainesphere-derived céfland had also been
utilized to document increases in cellular senescence associated with expasnizing radiation in a variety of
cell types!?® 125 The lack of significant findings was most surprising, howeineihat pilot experiments using
multiparous macaque mammospheres suggested that notable incr@agakaeiosidase staining would likely be
evident at radiation doses greater than 4 Gy. In retrospect, it appears as if thejmaist of the senescent-prone
cells in the current study were stimulated into senescence prior to irradiatoigh the stress of the mammosphere
dissociation process (background senescence). Furthermore, in thavaiseno appreciable trend identified
between irradiation angtgalactosidase expression in the multiparous cultures of the current study, it isdéitv
the results of the pilot experiments are best accounted for by random sanmgtierv. Compared to the multiparous
cultures, the nulliparous cultures showed less variation in the levels of sendseteveen individual subjects and
had an overall lower incidence of background senescence. Likeleasltof these two properties, there was an
appreciable, though nonsignificant, trend fegalactosidase expression to increase with increasing radiation dose
within the nulliparous cultures (Figure 6). While the trend of nuléparcultures is consistent with the proposition
that irradiation can stimulate senescence within mammosphere-derived callgehenental design of this study

was suboptimal for comparing radiation-induced senescence in mamenespExperiments which utilize confocal-
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microscopy imaging to evaluate intact, size-matched, irradiated mammosphédiledyate be more effective at
evaluating differences in radiosensitivity between the cohortshaise techniques will be attempted in future
studies.

Ideally, this study would have been able to identify differences in the oweaimosphere potential,
senescence, and radiosensitivity as a function of both age and pafiastudately, the use of tissues from breeding
colony animals confounds this distinction as age and parity are luighislated. In only one assgitgalactosidase
expression, was there any difference noted between age and paritythéthiltiparous cohort. Additional
information crucial to deciphering the individual roles that age and parityplagyn mammosphere potential,
senescence, and radiosensitivity will have to come from future studies @agniawvariably- aged nulliparous
animals; 2) parity-matched animals of different ages; 3) and age-matched graatoudliparous animals. As these
data are currently lacking, the most that can be definitively stated at this itimegard to age and parity is that
there are appreciable differences in the mammary gland-derived cells oltig-nulliparous and older
multiparous macaques.

The first aim of this project was achieved and, as expected? MEH, VCR, and CMFA data showed that
during the menses-stage of the menstrual cycle the mammary glarasgfnulliparous monkeys contains larger
ratios and larger numbers of cells capable of in vitro mammosphere famrtieio do the multiparous mammary
glands. It is possible that the ability of the nulliparous cohort to foeatgr numbers of mammospheres than
multiparous cohorts is simply due to increased numbers of MFUs wlithiglands of these subjects. This
conclusion is consistent with the results of some rodent studies whiehdeatified nulliparous mammary glands
to have significantly greater numbers of MSC-like cells than thosendfgy-aged parous animat8 23> However,
there are also some study data to suggest that there may also be innatecddfar the proliferative cell types that
constitute the MFU populations between the two cohorts. In turn, fstiutdées are needed to determine: 1) if a
PIMEC-like proliferative cell population exist in parous macaque glands; 8 iroliferative cell populations of
the two cohorts are made up of different ratios of the same typeslitdnative cells; or 3) if equal ratios of same
proliferative cell populations exist between the two cohorts, but the multipsifeus are more prone to undergo
senescence than are the nulliparous MFUs.

The second aim of this project was likewise achieved. Specificall’thie-E and CFE/bCFE study data

demonstrated that the cells derived from primary mammospheres of-pallipgrous monkeys maintain a higher
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proliferative potential in subsequent cell-culture assays as compared to theredld fom multiparous
mammospheres. Additionally, thé MBE study results demonstrated that the primary mammospheres deoived f
young-nulliparous primates have greater in vitro differentiation potent@rapared to the multiparous
mammospheres. Although the @BE was not significantly different between the cohorts, there was aftetite
nulliparous subjects to have greater numbers of budding mamarespds compared to multiparous subjects.
Future studies utilizing greater numbers of subjects and/or xenotnatagigla experiments may prove useful to
determining whether nulliparous secondary mammospheres routinely maistaiistically greater differentiation-
potential (2 MBE) over time as compared to multiparous spheres. Future studies to exfeoendds in the MFU
populations between the two cohorts, as mentioned above, are also likebyigepraluable insight into the
mechanisms behind the variation in mammosphere potential and differentiatio

The third aim of this study was achieved as there were significant diffsren@liosensitivity identified
between the cohorts as per the CDP metrics. These CDP results were atsteduppsimilar, although
nonsignificant, changes to the data from the bilineage-survival coloay. &3rally, the analysis of the CDP, CFE,
and bCFE data for both study cohorts indicated that the MFUs are likely monesitant than are the other,
more-phenotypically restricted, cell types typically obtained from the dissoctdtinammospheres. Collectively,
the results of these experiments suggest that greater ratios of therydlijpeyous MFUs are capable of continued
proliferation in the clonogenic assays following irradiation, as compared touliparous MFUs. Unexpectedly,
there were no significant differences in radiosensitivity identified/&en the cohorts in any of the assays that
utilized intact mammospheres or which examined cells that were maintained m@himosphere culture
conditions following irradiation. As previously discussed, the lack éémdinces in radiosensitivity between the
cohorts in these latter assays is likely to have been a research artifact refageclitture conditions in which these
particular experiments were performed. Xenotransplantation studies will be ubedtiture to reexamine the
radiosensitivity of the mammosphere-derived cells between the tvastso

Differences in the overall incidence of senescence were also identified bete¢@n dohorts of this
study. The increased incidence of senescence in multiparous cellplikgdgl at least some part in the decreased
mammosphere production, proliferation, and differentiation rates of the maligpaohort. The increased incidence

of senescence of the multiparous cells is perhaps most intriguinighthio that senescence has been proposed to be
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a mechanism by which the body minimizes tumorigenesis of initiated &&Ils7 21 and at least one study has
associated increased senescence with a decreased risk of mammary canderd<i

In summary, the MSCs and MPCs (MFUSs) of the human breast are thoughcommon cellef-origin
for breast cancers. Human mammosphere cultures have previoushytitized to study the MFUs and, recently,
macaque mammosphere cultures have been demonstrated to produce plerea@nd MFUs which are
comparable to those described in humans. The current study identified a wdaifferences between multiparous
macaques and young-nulliparous macaques that are of potential interest to breastsaaceh with regard to
parity-related risk factors. First, multiparous macaque mammary glandsdeetified to have lower ratios and
numbers of MFUs than young-nulliparous macaque glands. Secomuotiferative and differentiation potentials of
the multiparous mammospheres were identified to be lower than thosengf-galliparous mammospheres. Third,
the MFUs derived from multiparous mammospheres were identified to baawdwsensitive than the young-
nulliparous MFUSs, as per some assays. Finally, the multiparous manenespltures were identified to have
higher rates of senescence than the mammosphere cultures of young-mglqanares. Collectively, the findings
that young-nulliparous mammary glands have increased numbgoteotial cellular targets (MFUSs) for
mutagenesis, and that these cells are more prone to proliferate (i.e., lddende of senescence) following their
removal from a homeostatic niche (i.e., mammary gland or mammesploerafter irradiation, could be reasonably
expected to make nulliparous subjects more susceptible to radiation-ircdueeds as compared to multiparous
subjects. This expectation is consistent with what is known to lmagleein humans and, as such, the data from this
study has potentially provided the first direct insight as to the cellular msafgaresponsible for the increased risk
of breast carcinogenesis in young nulliparous women exposedatigadin addition to these findings, the current
study is also novel in that it demonstrated, for the first time, the feasanilityutility of the macaque mammosphere

model toward breast cancer research.
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Chapter 5: Research Summaries, Ongoing Studies, and Future Directions

Introduction

The overarching goal of the work comprising this dissertation was to davakepmethods by which to
explore parity-related risk factors in breast carcinogenesis. Viewedjtheobroad lens, this project can be
considered an overall success. However, when inspected at a more refindtideselre numerous questions and
limitations related to the study results that have yet to be overcome. The mswdtasions, and limitations for
each aspect of this research project are provided in detail within their resgazpters. It is the goal of the current
chapter to provide a summary of the research advances achieved throughmajet and, where applicable,
address the setbacks to the research process. The ongoing studies riieteebttx will also be discussed, as will
the plans for future experiments utilizing the methods that were devdlop@d project.

Research Summary

The first arm of this project sought to modify, optimize, and validaestablished in vitro research model
(mammosphere culture assay) for use in the rhesus maddgcacé mulatta). This task was undertaken in that
while both rodent-based and human-based mammosphere research hdtvatedro the general knowledge of
breast biology and carcinogenesis, there remain critical questions as to theseofspsetsch that are arguably
best explored using nonhuman primate (NHP) models. The initial work ofrtjecpproduced an exceedingly-
detailed macaque mammosphere protocol that was demonstrated to bedpgidyicible. Through the
optimization process, two novel modifications, the use of conditioned medlilaypoxic plating conditions, were
identified and added to the classical mammosphere protocol. Experiments shatwedivo mammary gland
biopsies collected from macaques could be utilized for the production of matmenesultures and also
demonstrated, through mammosphere culture results, the physiologieftogip homogeneity of biopsies
collected from throughout the rhesus macaque mammary gland. Finaliysttexer reported rhesus macaque
mammary gland weights were collected in this project.

Following this initial work, macaque mammospheres were validated to have simiterties to the
mammospheres identified in other species. Specifically, it was shown that macaquesphers®m 1) could be

generated from a single cell; 2) have the ability to replicate over several genergtleng Bilineage (epithelial
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and myoepithelial) potential; and 4) contain cells that, on their own, ha\mlitheage potential. In short, this work
suggested that the macaque mammospheres contain mammary stem cdlklike ce

Macague mammospheres were also validated to be relevant models for huratrebeaach by
demonstrating that rhesus macaque mammospheres are comparable to honmeasphares. Most significantly,
macaque and human mammospheres were shown to be similar withteedgrsize of the spheres; 2) numbers of
mammary stem cell-like cells per sphere; 3) immunogenic staining tgrproliferative potential; 5)
differentiation potential; 6) bilineage potential; and 7) lactogenic potential.

Another arm of this project utilized the optimized macaque mammospheregnmaxplore the
proliferative and differentiation potential (collectively referred to as mammospheréiaiptehmammary epithelial
cells acquired from rhesus macaques of various demographics. Thihegglstudies it was demonstrated that cells
derived from the nulliparous animals have an overall greater mammospitemégd than do cells derived from
multiparous animals. While not as definitively conclusive, there were afeoeti€es in mammosphere potential
noted between animals in different phases of the reproductive cycle. Fihaflg studies also produced a few
results to suggest that age may also play a role with regard to mammqspketal.

An additional aspect of these demographic comparisons was a study to Iddfefences in the
morphological manifestations of mammospheres suspended in basemenaneeextract. Other than in a few
pregnant animals, there were essentially no appreciable differences identifiechbimology between the cohorts.
However, this study did produce a highly-comprehensive reviewths tmorphological and physiological
transformation of mammospheres over time. Through this work aemmhinovel observations related to
mammosphere growth and differentiation were identified that are likelyreldeant and useful to mammosphere-
based research across all species. Finally, a novel conditioned media (creatétbustimgnal elements of the
mammary gland) was also utilized in these experiments, and where it wastshioevcapable of altering the
morphological and physiological growth potential of the spheres.

In that the results of the earlier studies suggested that the mammosphere pétmaiialqpe mammary
glands is directly associated with the phase of the reproductive cycle, tharthiof this research project sought to
identify a minimally-invasive method by which to synchronizeugssollections. Specifically, a novel rapid-staining
technique for vaginal cytology was evaluated for its ability to definitivelytifjethe menses stage of the ovulatory

menstrual cycle. The results of this study found that, on its owgimalacytology lacked the specificity required for
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the accurate diagnosis of the menses stage. In spite of this setback, tloh teeesture collectively suggested that
synchronization of tissue collections to the menses stage could be achi#veslatively high accuracy in study
animals that: 1) are regularly-cycling; 2) have vaginal bleeding duringibgeselason; 3) are clinically healthy
otherwise; 4) produce a vaginal cytology that is consistent with theemstege. Beyond identifying a supportive
role for vaginal cytology in the synchronization of tissue collectidris,study was also determined to be a success
in that it showed a rapid-staining technique could produce vaginal cytologtesete equivalent in their stage-
diagnostic abilities to those of more labor-intensive stains.

The final arm of this project utilized the cumulative information gaineih fitee previous work to perform
a study comparing the mammary epithelial cell populations of young-nullgparaimultiparous animals with
regard to mammosphere potential and radiosensitivity. The impetussferdrk was that young-nulliparous girls
are appreciated to have a higher lifetime risk of breast carcinogenesis fglionaifiation as compared to parous
women. This study found that, as compared to multiparous macacguesathmary epithelial cell populations
derived from young-nulliparous animals had: 1) greater proliferation fpalte2) greater differentiation potential; 3)
lower overall rates of cellular senescence; and 4) less radiosensitivity. Theseveoliedings were taken to
suggest that the mammary glands of young-nulliparous macaques liggvenlambers of mammary stem cell-like
cells than do the glands of multiparous macaques. Given that marstearygells, and progenitor cells with
mammary stem cell-like properties, are thought to be commondfetiggin for many breast cancers, the findings
of the young-nulliparous macaques were concluded to be consistentagithaha population at an increased risk
of breast cancer initiation. Importantly, this conclusion is similar to ghaiown to be the case in young-
nulliparous girls. In short, it is suggested that this study mag pewided the most informative insight, to date, as
to the possible mechanisms (i.e., increased numbers of cellular targeaséttresistance to cellular senescence)
involved with the increased risk of radiation-induced cancers ingroutiiparous girls.

Ongoing Resear ch and Future Directions

The research performed as part of this dissertation utilized rhesus macaque massmesyexclusively.
However, it was always considered likely that the techniques and gerieraidtion acquired from this project
would also be applicable to other closely-related primate species as well. The initialafesgtant-funded
research project aimed at investigating the protective effects of phytoestomgeyrsomolgus macaqu&lacaca

fascicularis) mammary glands have supported this proposition. In short, theraand his collaborators from the
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primate research centers of Wake Forest University and Bogor Agriculturarsity (Indonesia), have found that
the mammary gland weights and the rates of mammosphere growth/diéféoerof the cynomolgus macaque fall
within the parameters identified for the rhesus macaque. With the wedtiollection and processing of samples
from this ongoing project, it is expected that the staining characteristiecs ofammospheres will also be
demonstrated to be similar between the two species. In short, it appears awiththés and parameters developed
for this study are likely to be useful to a wide range of projects imgMHPs.

The initial successes of the macaque mammosphere project have subsequanthel@adocurement of
additional grant funds for use in future macaque mammosphere studiesofitiase funds have been targeted
toward further validation of the macaque mammosphere model. The validatigesswill involve
xenotransplantation experiments in which mammospheres, and mamnesdphieed cells, will be placed in the
cleared-fat pads of immune-deficient mice with the goal of producingsheacague mammary outgrowths in the
mice. Xenotransplantation experiments are currently considered to be the “gold-standard” by which mammospheres
are confirmed to contain mammary stem cells. Although the data fremrthject collectively supports the proposal
that the bulk of proliferative cells responsible for the formation of maEatammospheres are mammary stem
cells, the author of this dissertation has taken a conservative apprahelil refer to these proliferative cell
populations as mammary stem cell-like cells and/or mammosphere doumits (MFUS) until such time the
xenotransplantation studies can be completed.

Additional funds from the current grant award will be used toward macagunmosphere
characterization. This process will involve the use of fluorescent-activdtebiting (FACs) modalities to identify
cell-surface markers associated with the mammosphere-derived cellsurpbeeof these experiments is twofold at
this time. The first goal of these studies is to attempt to identify cell surfakensénat have previously been
identified in the mammosphere cultures of other species. Identificatioas#f fpecific cell-surface markers in the
macaque mammospheres would further validate this model, and especiatlyesodli-surface markers identified
to be characteristic of human mammospheres can also be identified in the nmaaaguespheres. The second goal
of these studies is to characterize and compare the cells obtained from ydlipegeus and multiparous macaque
mammosphere cultures. Any difference identified between the two cohdkedystd be of some benefit to the
overall understanding of the mammary gland maturation process. Howeeepecific objective of this study will

be to look for a proliferative population of cells in the multiparousucedt that are equivalent to the parity-induced
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mammary epithelial cells (PIMECSs) identified within the mammary glancgafys rodents. In the studies
mentioned above, which directly compared the multiparous and young-rligpanimals, there were some data to
suggest that the cell populations responsible for mammosphere formagidre mariable between the cohorts and
the existence of a PIMEC-like population in the multiparous animals was$ed as a possibility to explain the
observed differences.

The remaining funds from the current grant award will be utilized to expauide previous research which
looked for differences in radiosensitivity between the mammary epitheliglopaulations of multiparous and
young-nulliparous macaques. In the initial study, differences in radioséygsiare identified between the two
cohorts in some of the assays in which the irradiated cells were allowaddanyo differentiation on collagen-
coated plates. However, in that same study there were no significant differentiéisddestween the two cohorts
when the irradiated cells were maintained under culture conditions that pramartadosphere formation. While
these observations have been proposed to be an artifact of the mammosibinereonditions, what is still not
known, is if the results of the collagen-coated plates are actually represerftétivénovivo differentiation-
potential of mammary gland cells. In the upcoming studies, xenotransplamtbiticadiated cells, as well as
xenotransplantation of mammospheres derived from irradiated cells, will béouseskss differences in the post-
radiation proliferation and differentiation potentials between the multiparougoang-nulliparous macaques.
These studies will additionally look for neoplastic features (breast carcinogemidisiis)the mammary gland
outgrowths and these results will likewise be compared between the cohorts.

The genetic and morphologic similarities between humans and macacaedition to the fact that
macaque mammary tissues can be readily obtained from essentially evegrafghiwof animal, endow macaque
mammosphere cultures with the potential to provide information about certainsaspleast biology and
carcinogenesis that is difficult, or even impossible, to assess utilizing leithem or rodent mammosphere assays.
Furthermore, given the fact that in vivo biopsies can be utilized fornephere cultures, and the mammosphere
potential of biopsies has been recognized to be homogeneous througlgtanthét is plausible that the
mammosphere potential of individual animals could be monitored overtinmegh the collection of multiple
biopsies. This within-subject longitudinal comparison is an especiallytateatudy-design here in that this
approach can minimize the confounding variables that are often associatedimgth genetically diverse research

model such as the macaques.
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In light of this potential, future macaque studies on breast carcinogenesisraezest and could be
designed so that individual animals have multiple biopsies collected at specific time Ploéntsammosphere-
cultures derived from each of these biopsies could then be exposed to radragiootier carcinogen). After a
period of in vivo or in vitro growth, the cells collected from difiet time points could be compared to look for any
differences in their susceptibility to undergo breast carcinogendsselomparisons could be performed across
different stages of the menstrual cycle or across different phases of thauciwe cycle (i.e., pregnancy,
lactation). Furthermore, studies of this nature could also be perforrmakttor differences in the susceptibility of
the mammary epithelial cells to undergo breast carcinogenesis in nulliparitiparity and multiparity.

Other future projects of interest involve studies into the use of conditioedidi to alter mammosphere
potential, and/or possibly alter the susceptibility of the mammospheres tbdae@isogenesis. Two different types
of conditioned media were utilized in the experiments of this dissertatioditiomed media-1 (CM1) was
mammosphere media that was collected from first-generation mammosgteevesat high densities. The CM1
was utilized in an autologous fashion in the previous experimentsriwtedhe growth of low density, second-
generation mammospheres. Conditioned media-2 (CM2) is a conditionedthadisas made from the stromal
elements of the gland that were collected from necropsied animals. Thav&MZRilized in an autologous fashion
in the previous experiments to promote lactational differentiation of thenmapheres suspended in basement
membrane extract. The previous studies on cellular senescence have identifiedsiglifferences in the cytokine
levels of the CM1 between multiparous and young-nulliparous animateeAsammosphere potentials of these
two cohorts have also been identified to be significantly different, it isiplaukat if CM1 acquired from the
nulliparous mammosphere cultures was supplemented into the multipanousasphere cultures that there might
be alterations to the mammosphere potential of the multiparous cohort. Inigainespts related to these types of
studies could simply look for differences in proliferation anéedéntiation potential in the mammosphere cultures
of one cohort (e.g., nulliparous) to which CM1 from another cafeogt, multiparous) had been added. Additional
studies could also be performed using FACS to look for up-regulatidoven-regulation of cell-surface markers
that coincide with the addition of the “foreign” CM1. As there are a multitude of cohorts that could be used for this
process (e.g., menses stage-nulliparous animals, luteal stage-raultipaimals, lactating primiparous animals,
first-trimester pregnancies, second-trimester pregnancies, etc.) the numbssibfe permutations for these studies

are seemingly endless. Similar experiments could also be perforroedhtthe addition of foreign CM2 to the
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mammospheres suspended in basement membrane extract. It is considerduhtikietpigh this process,
information related to the changes of the mammary gland epithelioogthout growth, development and lactation
would be identified which could enhance the scientific knowledge of mammany bialogy in general.
Furthermore, these same types of studies could also be performed expedisd to radiation (or another
carcinogen) to identify if the CM1 or CM2 from any particular cohort is proteofizarcinogen-induced neoplastic
alterations. This work is particularly intriguing, in that if a cohort bandentified to have CM1 and/or CM2 that i
protective, it may be possible to identify the molecular mechanisms respdositiiese actions and utilize it as a
preventative or therapeutic treatment for cancers.

In closing, the cumulative work comprising this dissertation is coresiden overall success in that it has
established a basic foundation for future NHP mammosphere work and hasmadidiiitentified novel information
related to macaque biology, mammary gland biology, and possiblst lma@inogenesis. The results of the initial
macaque mammosphere study have been deemed worthy of additianaidiisupport by a granting body and
further validation, characterization, and investigation of the mammospheasevefiegin in the near future.
Finally, even prior to the publication of these results, this work has éasjivestigators to undertake the use of
mammosphere methods in their research. It is my sincere hope thabtheatidn contained in this dissertation will
continue to motivate others to explore the use of these novel research neflatgl® mammary gland related-

studies.
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Appendix

Abbreviations and Definitions of Termsfor the M etrics Utilized to Gauge Mammospher e Potential

bCFE (bilineage-colony forming efficiency): used to assess the abilityngfescells to form bilineage colonies
(containing both myoepithelial and epithelial components) of greater thati$0rceollagen-coated plates (two-
dimensional bilineage proliferation). Calculated as the average number of @lic@agies formed in each well
divided by the number of viable cells initially plated per well (expressed as percef@agtls project bCFE was
only evaluated on cells obtained from the dissociation of primary nospimeres.

Biopsy-CM FA (numbers of cells with mammosphere forming ability in individiapsies): used to assess the
number of cells within each biopsy that are capable of forming nuspimeres in mammosphere culture. Calculated
using the TVC, 1MFE, and the biopsy weight obtained from the individual subjects.

CDP (colony differentiation-potential): used to assess the differentiation abilitiesomie® formed by single cells
on collagen-coated plates (two-dimensional differentiation). Calculated as the ndriieeage colonies/well
divided by the total-number of colonies/well (expressed as percentage). Footbit CDP was only evaluated on
cells obtained from the dissociation of primary mammospheres.

CFE (colony forming efficiency): used to assess the ability of single tefts'm colonies of greater than 50 cells
on collagen-coated plated (two-dimensional proliferation). Calculated as the averdgr pficolonies formed in
each well divided by the number of viable cells initially plated per well (expiless percentage). For this project
CFE was only evaluated on cells obtained from the dissociation of prim@mnmospheres.

MBP (mammosphere budding-potential): used to assess the ability of ulimdimmospheres to produce ductal
and alveolar outgrowths (budding) from the main sphere boéy whspended in basement membrane extract
(three-dimensional differentiation). Calculated as the number of buddiegesptivided by the total number of
spheres (expressed as a percentagthin a single “bleb” of basement membrane extract. For this project MBP was
evaluated on spheres obtained directly from the single cell isolates derived fromamagland tissues {MBP)

as well as from spheres obtained from the single cell isolates derivegrirmary mammospheres®RIBP).

MDP (mammosphere differentiation-potential): used to assess the bilineage diffenetlittes of individual
mammospheres on collagen-coated plates (two-dimensional differentiation). Calasl#techumber of bilineage

spheres/well divided by the total-number of spheres/well (expressed asraqugekeor this project MDP was only
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evaluated on secondary mammospheres.

M FE (mammosphere-forming efficiency): used to assess the mammospimaiegf abilities of single cells plated
under mammosphere culture conditions. Calculated as the average number of mammospheres (> 40 pm in diameter)
formed in each well divided by the number of viable cells initially plated pér(expressed as percentage). For this
project MFE was evaluated on cells obtained directly from the dissociation ahargrgland tissues {MFE) as

well as from cells dissociated from primary mammospheradEE), secondary mammosphere$NB-E), and
tertiary mammospheres(MFE).

TVC (total number of viable cells/mg of tissue): used to assess the nuinednle cells obtained from the
digestion and dissociation of mammary gland tissues and mammospheres. Calsitaféide trypan blue

exclusion assay as observed using a hemocytometer.

VCR (viable cell recovery): used to assess the number of cells recoveredhé aiisdociation of intact
mammospheres. Calculated as the total number of viable cells recovered fabgsdlo@ation of a mammosphere
culture divided by the number of viable cells originally plated for that ulexpressed as a percentage). For this
project VCR was utilized to quantitate the number of cells obtained frewishociation of primary mammospheres
to estimate the numbers of mammospheres produced in the 100k cultltesampare the effectiveness of the
mammosphere dissociation process at Day 7 and Day 10 of primanyosatmere growth.

Whole-gland-CM FA (numbers of cells with mammosphere forming ability in one mamigland of individual
animals): used to estimate the number of cells that are capable of formingasgheres in mammosphere culture
within one mammary gland of individual subjects. Calculated usingWi& T° MFE, and the approximate-whole

mammary gland weight for each subject.
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