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ABSTRACT

BRENT JACOB PUTHOFFCryptson-aChip: Developing arex vivoModel of the
Intestinal Crypts

Currently, stem cell behavior following injurynflammation, and viral/bacterial
challenge is difficult to studin vivo due to the inability to control variables, limited human
tissue resources, the prohibitive costs involved with animal studies, and/or the lack -of cross
species infection by specispecific microbes. The goal of this thesis is to developxavivo
model d the gut epithelium and underlying mesenchyme to facilitate studies that are not
possible due to these technical, ethical, and financial constraints. Microfabricated well arrays
that mimic intestinal crypt dimensions demonstrated that PDLA, polystyeste,1002F
promote proliferation of gut myofibroblasts more rapidly than PDMS. Methods were
developed to enhance crypt seeding into microwells and standardize the isolation of epithelial
tissue. Advanced-B imaging technigues using mufihoton excitatiofMPE) and Imaris
were also developed. These studies are a stepping stone in the development ofan-a&rgan
chip for the intestine, and provide proof of concept for intestinal tissue engineering with
microfabricated scaffolds
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CHAPTERL1
INTRODUCTION

In recent yearsthere has been significant interesthia development aéx vivoliving
models of organ systems of theaman body[1, 2]. Animal models, especially rodent, have
been astandard for biomedal research, howevéechnical,ethical,and financialkconstraints
limit the types of research that can be performed. eXnvivoorgan model would not
completelyreplace animal models, but could be used aspplement foresearchers to gain
a better understanding of organ deyghent and response to stimulRrevious work has
shown the ability to create orgam-a-chip models using cells from the luntiver, and
gastrointestinalGl) tract[3-5]. Many of these models, especially those of the GI tdachot
recreate the microanatomy of the organ as they are essentadiyodayer of cells plated on
a chip The goal of this work was to develop ex vivomodel that recapitulated the anatomy
and physiologyf thecryptsand underlying mesenchymétheintestine.

With the recent interest and potential benefifs orgaron-a-chip models the
NationalInstitute of Healthrand the Defense Advanced Researcheets Agency (DARPA)
have made the development of these models a priority by allocating more than $100 million
dollarstowards their development. These agenbi@mge seforth guidelinesfor orgaron-a
chip models developed with these research dollare ribdelsshouldbe modular, that is,
important componentshould be interchangeable to allowsgantegration with other organ
ona-chip systems Techniques to create the models shouldebsily repraducible The

models should remain viable for four weea&sallow scientificallyrelevant analysis. Finally,



the orgarona-chip models should allow seamless integration with various imaging
modalities.

Organon-a-chip modelsoffer researcherseveral benefits over animal models. First,
the models give resedmers theability to tightly control variables. In a mouse model,
cellular signaling, gut microbiota, the immune response, and other factors can influence
experimental results. By tightly controlling these variables, researcherpirgamint the
moleculeor signaling pathway that caused experimental outcome, which is particulary
useful if that outcomes promising Tight variable controis especially powerful for studying
stem cell genetics, as Wnt signaling or the gradients of mitogens and morplkagebs
very carefully controlled, allowing the analysis of the proliferation and differentiation of the
stem cell population.

Ethical sentimentand FDA guidelines also prevent most researchuwman patients
However, small issue samples could be eadted expandedn vitro, and seeded onto a
supporting layer to create &x vivosystem. Rather than interpreting and extrapolating the
results from an animal model experimentgearnvivomodel composed of human tissue would
allow researchersto more accurately study the responeé the human tissue to
pharmaceuticals, carcinogeins,pathogenienicrobes

With the current emphasis on individualized medicine,eanvivo could be an
additional safeguard employextior to the administration of aew treatment to a patient.
Biopsies of dseased tissue could be excigemim a patient and cultured as multige vivo
models. Each model could then be subjected to a unique pharmaceutical combination, and

the results used to help identify an effective treatment regimen for the patient.



The primary barrier®f pharmaceutical development and approval coultbivered
as these modelwould reduce the time and cost associated i currentlarge format
screening processf novel nanoparticles or pharmaceuticalbie ex vivosystemcan be
compartmentalized allowing the study of a dozen or more pharmaceuticals simultaneously.
Labor and material costs can be reduced by minimizingtithe, space and expensive
reagents reqred for these screening procedures. Screening with an ex vivo human tissue
model also gives researchers the ability to testriphceuticals earlier in the three phase
clinical trial schedule.The majority of the drugshownto be safe in animal models falil in
phase Il clinical trials, therefore, testing the pharmaceuticals on a hamaivo model

could eliminate some of the unsuccessful
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drugs earlier and save overall dry A
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(A) View of a crypt villus unit. Cells are
The intestinal crypts arel born in the crypt, migrate to the villus tif
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intestiral epithelial layer, villi, are fingelike protrusionswhich extend into the lumen and
absorb nutrienttom foodingested by the organism

The intestinal epithelium is maintained by a pool of stem cells at the base of the crypt
called crypt base columnar cells (CBCs)also referred to amtestinal epithelial stem cells
(IESCs). The CBCs tpically divide asymmetrically tagenerate more rapidly dividing
transitamplyfying (TA) pogenitor cells locatechbowe the IESCsin the crypt These
progenitor cells commit to one of four distinct cell types: the enterocyte (absorptive), goblet
cell (mucousproducing), enteroendocrineEE, hormoneproducing), and Paneth cell
(artimicrobial-peptideproducing).Paneth cells migrate toward the basd the crypt, while
the other cells types migrate up the length of the villi, where they are sloughed off into the
lumen. This cell division, differentiatiorgnd transit process is very rapid, and regenerates
the entire intestinal epithelium every73days. Underlying the epithelium is a layer of
myofibroblasts, which support the epithelium through extra cellular matrix (ECM)
production and extrinsic signaliri6, 7].

In previous studieswe haveshown the ability to isolate IESQssing a Sox3®xtra
green fluorescent proteiftc GFP reporter mouse model devetgpin our lab in which the
stem cellshave a fluorescence level characterized as Sox9EFH&fter isolation, the
IESCs have been successfully cultuiadvitro into crypt/villusl i ke units ter med
which consist ofall four cell types of the intestinal epithelium. There are a few limitations,
though, of then vitro model. The success rate, as defined by enteroid formation divided by
plated cells, has been quite low. The enteroids also form into irregular enshagezs that

hinder their studyFigure 2)



This low culture efficiency and thg
uneven and inconsistent shape of the enterq
creates the necessity to develop tools that wa
allow foramore representative and functioea
vivo model of the epithelium A supporting

layer, called a scaffoldcan be employed for

more systematic placement of the epithel

tissue. Pevious studies have shown that multig Figure 2. Enteroid cultured in 3-D
protein matrix. Crypt buds are around th¢

layers can be cultured on these scaffol{ outer surface of the enteroids and the dark
area in the center is the pseudolumen
allowing the directed differentiation an| where apoptotic cells are sloughed off.

1%

expansion of stem cel[8]. Microfabricationtechniquesvere usedn the poduction of the
scaffolds as they areapable of highspatialresolution which allows the recreation of the
intricate architecture of thendogenoustestinal epitheliunj9].
Thesis Overview

The following chapters detail thrmethodology and experimerttsat wereperformed
in the development of aex vivo model of the intestinal crypthapter 2 details the
considerations and experiments involved in selecting a scaffold material and determining the
geometry of the scaffold that promotes monolayer formation. Chapter 3 presents our work to
characterize and optimize the isolation and caltaf epithelial cells from murine mouse
models. This work is necessary for the reproducibility of éxevivo model, allowing
guantitative scientific study and analysis. Chapter 4 describes our work to develop novel
imaging and modeling of thex vivosysem.Chapter 5 includes conclusions and suggestions

for future work.



CHAPTER2

SCAFFOLD DEVELOPMENT

INTRODUCTION

The establishment of a favorable environment and rfchthe IESCds essential to
generatingex vivointestinal epitheliatissue. This niche is thought to consist of the IESCs
themselves, paneth cells also located at the base of the crypt, and the underlying
myofibroblasts. Extrinsic signaling between these cell types generally consided
necessary for the proper expansion ofithestinal epithelial lay€e6, 7, 10]. Reaeating this
stem cellnicheex vivorequiresdetermining the properties that are essential to generating a

consistent and persistent monolayer of myofibroblasts on the scaffold.

An important consideration in generating this niche is determining a scaffold material
that will allow proper adhesion and proliferation of the myofibroblasts and epithelial cells
To generate the complex architecture of the intestine, microfabricatiorchvaaenfor its
high spatialresolutioncapabilities allowing replication of thghysical structure of then
vivo environment[11]. Microfabrication is atechnique that was developed out of the
microprocessor industry and allows the formation -& 3tructures at the micron scale and
can be fabricated with techniques including soft lithography, photolithography, and chemical

etching.



Four scaffold materialswere consideredbased on their compatibility with
microfabrication a) polydimethlysiloxane (PDMS)b) polystyrene c) Poly (DL-lactide
(PDLA); and d) 1002F PDMS is often used for microfabricatiotue toits ease of
manipulation and optical clarifyl2]. Polystyrenas frequentlyusedin tissue culture because
of its low cost, optical clarity, chewal inertness, and cell adhesion properties when
chemically functionalized[13, 14]. Techniques have recently been developed to allow
polystyrenefabricationvia soft lithography, making it more attractive for microfaltion
prototyping and researdi5]. PDLA has been FDA approved for implantatitherefore,it
is often selected as a scaffold material for tissue engineering applicatibms. fourth
material studied 1002F is a photoreactive materiand, thus,photolithography can be
employed for its fabricatiorPhotolithography allows the fabrication of features as small as
10 um in diameterwhich some of the designs presented in this work requixeRFis also
less autefluorescent than the one commonly used S8 [13], making it more desirable for

our application sincanaging compatibility is a kegequirement of thex vivomode.

After successful development of the scaffold architecture, the mesenclayasl
that is,the myofibroblast monolayeneeded to be established. An extra cellular matrix
(ECM) component, bovine gelatin, was seeded onto the scaffold to facilitate adhesion of the
myofibroblasts. The age of the pups used for myofibroblast harvest was also considered.
Murine embryonic fibroblasts (MBFare often used as feeder cells for stem adtuee in
vitro as they provide the correct sighng for single stem cells. Thisesearch, however,
focused on the seeding of intact crypts, not single stem cells. For the intact crypts, the goal of
the culture is more focused on retaining viabilifythe epithelial cellsrather than proper

proliferation and differentiatiorof the stem cells To facilitate thiscrypt homeostasjs



myofibroblasts from 4 to -6ay old pupswere utilizedas they are more developmentally
mature. Myofibroblasts from this agegs have successfully been used in previous small
intestine tissue engineering applicatiph6] and they also eliminate the need to sacrifice the

mother, whichcan reduce mouse costs

Another critical parameten developig the scaffolds the size of wells for thex
Vivo crypts. Isolated murine crypts averagepb in crosssectional diameter and 190n in
length (data not shown). Ideally, an intestinal scaffold would contain synthetic microwells of
the same size; prewvis studies have noted, however, that fibroblasts obstructed the openings
when cultured in wells less than 20t in diametel{8]. The diameteof the wellswere
variedto determine a size that would: a) allow a consistent monolayerryg b) allow the
diffusion of key nutrients to the tissue within the wells; and c) allow epithelial tissue to seed

into the biological scaffold.

The surface of the microfabricated scaffolds is substantially increased by the array of
synthetic crypt microwlls. Both Table 1 and Figuredgpict the increase in surface area of
the scaffolds over a flat surface when varying the depth and diameter of the microwells. This
increasein surface area i®f utmost importance when considering the number of seeded

myafibroblasts required to generate a consistent monolayer.

Table 1. Saffold surface areaincreasefor varying diameters and depths of microwells.

Diameter of Microwell (um)=| 100 150 200
Depth of Microwell (um)= 100] 150) 200 100] 150] 200 100] 150 200
Spacing (OD to OD) (um)=| 25 25 25 25 25 23 25 25 25

Surface area of one microwell (sq. um)=| 39.270| 54.978] 70.686] 64,795 88357 111,919 94.248] 125,664] 157,080

Surface area of flat surface (sq. um)=[ 15,625 15,625 15.625| 30,625 30,625 30,625 50,625 50,625 50,625
Surface area of microwell surface (sq. um)={ 47.041| 62,749 78.457 77.749| 101.311] 124873 113457 144873 176289

Microwell surface area relative to flat surface (%)= 301 402 502 254 331 408 224 286 348




The diffusion of key 600
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nutrients into the submm | § . | Diameter of
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especially  glucose  andFigure 3. Graphical representationof the scaffold surface
area increase.

glutamine, to  maintain
cellular homeostasigl7]. Comsol, a differential equation modeling software, was used to
verify that both glucose and glutamine diffused into the microwells at a sufficient rate to
promote equilibrium. Due to the large increase in surface area of the scaffolds and the
additional number of fibroblasts required to create a monolayer, we also calculated the total

amount of nutrients that would be consumed by the myofibroblasts in culture

The microwells also had to be of sufficient diameter to allow epithelial tissue to seed
into themfollowing myofibroblast seeding. Single intestinal epithelial stem cells (IESCs) and
intact crypts were considered as potential options for seeding onbdotbgical scaffolds.

IESCs are smaller and, thus, have higher seeding rates than intact crypts. However, intact
crypts have higher culture efficiencies, shorter and less expensive isolation since cell sorting
is not required, and can be used with arguse model since stem cells do not need to be
isolated.With these considerations, the benefits of intact crypts outweighed those for single

cells, and this research focused on intact crypts.



MATERIALS AND METHODS

Scaffold Materials

Polystyreneused formicrofabrication in these studies was obtained and prepared as
previously describefll5]. PDLA was purchased from Purac (Lincolnshire, IL) and is sold
commercially as Purasorb PDL 05. PDMS was prepared from the Syl@drdsilicone

elastomer kit (Dow Corning, Midland, MI).

Formulation of 1002F photoresist

Microstrainers were manufactured with 1002F photoresist, which was formulated by
mixing 1002F resin, photoinitiator (triarylsulfonium hexafluoroantimonate salts)s@aent
( butyrolactone) as pwously described13]. The weight ratio of resin : photoinitiator :
solvent was 49 : .9 : 46.1 for formulation 10, and 64 : 29.6 : 6.4 for formulation 100.
Formulation 10 and 100 generated 1002F film thickness of around 10 and 100 pm,

respectively, when the spin coating speed was set at 2000 rpm.

Microstrainer Fabrication

Methodologyfor the fbrication of the microstrainers is describeda previous
publication[18]. Figure 4shows a detailed schematic of the fabrication process to theate
microstrainers, which was a twayer process. A002F film of 18um thickness was spin
coated on a cleaglass slide at 2000 rpm using 1002F photoresist (formulatip(Figure4-

ii). After baking at 95 C for 10 min, the film was exposed to UV light at a dose of 1000

mJ/cnt (Figure4-iii). The postexposure baking was performed in a @oven for 5 min

10



followed by a 120 °C hotplate for 5 min. Th
sample was then developed for 4%,sand baked
on a 120 °Chotplate for 60 minKigure4-iv). To
prevent trapping of air bubbles during the secq
layer coating step, the sample was treated with
plasma for 5 mind make its surface hydrophilig
A second 1002F layer afO0-um thickness wag
spincoatedat 2000 rpm using 1002F plooesist
formulation 100 Figure 4-v), baked at 95C for
60 min, exposed to UV light at a dose of 10
mJ/cnt (Figure 4-vi), postexposure baked at 9
~C for 10 min, and hen developed for 15 mi

(Figure4-vii). The film was solidified by baking i

on a 120 °C hotplate for 60 min. Finally, tl

A Microstrainer
N c:..::.::
ii _ m

LUV

il oo

viii
) HEN
1002F (uncured)

B 1002F (cured)

\'
R W o

Figure 4. Microstrainer array.

A: Schematic of the microstrainer arr
fabrication process. B: Brightfield imay
of the completed microstrainers. Scale
is 100 um.

sample was soaked in a soap solution overnight to facilitate release céabmdingilim

from the glass slideF{gure 4-viii). The solid bottom wells were fabricated with the same

processexcept thathe entire 1Qum thick bottom layer was exposed to UV light to create a

surface without any openings.

Mice/Genotyping

All mice used in this study were maintained on a l1zhlfght-dark cycle in

American Association for Accreditation of Laboratory Animal Capproved facilitiesCD-

1 mice were used famyofibroblast isolationSoxX9EGFP mice were used for intestinal crypt

isolation The Sox9EGFP mouse line contains genomic integration of a modified BAC

11



(RP32140-D18) with ~75.5kb upstream and ~151kb downstream sequence to Sox9. This
mouse line was initially created as part of BENSAT Brain Atlas Projectl19]. Frozen
Sox9EGFP mouse embryos were obtained from the Mutant Mouse Regional Resource Center
at the University of California at Davis and were reconstituted by transfer into foster mice.
This mouse strain was maintained atehezygotes on the GID genetic backgroundMice

bred normally and progressed to adulthood without any overt phenotypes due to the
transgene About 10 days after birth, tails were snipped and viewed under dlu@gscent

microscope fitted with filtergor visualizing EGFP to determine phenotype.

Intestinal crypt isolation

Ten cm of gjunal tissue from 6 to 10 week 0c8bx9EGFPmice was incubated in
PBS containing 4 mMethylenediaminetetraacetic acEDTA and 1 mM Dithiothreitd
(DTT) for 30 min at 4°C on a rotating platfornVilli were removedby light shakingat a
force of 1 to 2 times gravity for 10 back and forth cycldse Tissue was transferred into a
tube with PBS. Crypts were released by vigorous shaldrtg 4 times gravityat 2.5 to 3
back and forth shake cycles per second for two min@egts were thempassed through a
70 pm filter (Becton Dickensortp remove larger contaminating villsucrose was added to
a final concentration of 4% w/and the solution was pelleted 13g for 7 minto remove

debris and single cells.

Myofibroblast isolationand culture

Gut myofibroblasts were harvested fromtgl 6-day-old murine -1 pups. The
small intestinavas cut into 2nm x 2mm sections and rinsed of debris and fecal mattét at

C in anorbital shaker for two mirtes in DMEM with antibiotic§50 pg/mL Penicillin, 50

12



mg/mL Streptomycin, P/S). The intestinal fragments were allowed to settle and the
supernatant was removed. The wash procedure was repeated 8 times. Thelintestina
fragments were then minced torim X 1 mm segments with a new razor blade and added to

6 mL of DMEM with 0.3U/mL dispase (BD Biosciences, Franklin Lakes, NJ), 300 U/ml
collagenase (Sigma), and P/$0 ug/mL, 50mg/mL). Theresulting solution was placexh

an orbital shaker and allowed to incubate at room temperatu2é foin

After incubation, themyofibroblast isolatiorprocedure consists of a sequential and
repetitive dissociation of the same intestinal segmentsil16f DMEM with 10% FBS was
added to the solution and mixed by pipetting 50 times to break apart the intestinal fragments.
The fragments were allowed to settle for 1 imra 50 mL conical tuband the supernatant
was removed and transferred to a new tube. Fresh 10 mL of DMEM1GAhFBS was
added to the initial tube with intestinal fragments and the solution was again mixed 50 times
by pipetting. After allowing the fragments to settle, the supernatant was removed and
combined with the first supernatant. The initial fragmentewesuspended in DMEM and
10% FBS and both solutions were pelleted at 200g. Supernatants were removed and each
pellet was resuspended in 10mL of DMEM with 10%BS, P/S(50 pg/mL, 50 mg/mL),
Gentamicin(50 pg/mL, Sigma), and Glutamax (1X, Gibco). Botli selutions were plated
in a 10cm plate and the media changed for each of the first two days to minimize the chance

of contamination.

Cells were cultured at 8T in 5% CQ. After two weeks in culture, the Gentamicin
was removed. Media was changed eme 3-4 days until the cultures became confluent.
When the cultures achieved confluency, they were detached by trypsin, split into 3 equal

portions, and replated.Myofibroblasts were passaged at least three times before use to

13



eliminate norfibroblastic @lls. Cells were usetieforepassage 15, astrangormationto a
more muscldike phenotype was observearound this time.

Material Comparison

Plasmatreated polystyrengvas obtained from BDFalcon (Cat#353043 and used
without further treatmen®PDMS, PDLA, and 1002F were thinly coated on glass coverslips,
cured on a hot plate, and vacwgias plasma oxidized for 5 min. Gut myofibroblasere
pipettedonto fifteen samples of each material at 12,000 celfs/&neach time point after
the initial plating (1 hour, 24 hours, 2 daysd, days and 8 days three samples of each
material were rinsed withBS to remove nomdherent celland fixed with PRA. Nuclei
were stained with Blsenzimide(Sigma) andcells were counted in three separate fields of
view with fluorescenimaging Population doublingimes of the cell culturesverecalculaed

usingthe algorithm provided bittp://www.doublingtime com[20].
Statistics

All data are presented as the mean + SEM.

14



RESULTS

Gut myofibroblast proliferation is faster with PS, PDLA, and 1002F, than with PDMS

A critical component of tissue engineering is finding the correct scaffold material for
each particulatissue type. In developing tlex vivointestinal model, we hypothesized that
scaffold material cdd impact the development of thessue. We focused primarily on

proliferation rates of gut myofibroblasts @olystyrene, PDLA, 1002F, andDMS, which

are compatible with| o 22

microfabrication.

ry
(=]

To determine the

—&— Polystyrene
-a-PDLA
«+1002f
—+ PDMS

s

Nucleipersq. cm (000s)
©
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i 2
myofibroblasts on the foul tow. 2i0hs 20 aDay
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.

and 4 days after the initiall Figure 5. Proliferation of myofibroblasts is more rapid on
Polystyrene, PDLA, and 1002F than on PDMSAIl scale
plating. The material surface| pars are 200 um. AProliferation of myofibroblasts ove
time. B: Proliferation and development of the myofibrobl
monolayer on PDLA in culture. Nuclei were stained w|
Bisbenzimide and visualized with DAPI. C: Brightfield aj
DAPI overlays of the myofibroblasts in culeuon Day 4.
Myofibroblasts on PDLA, 1002f, and PDMS have form
conglomerates and much of the culture area is not covere
cells. Data are shown as means + SE (n=3)

numbers were counted at tim

points 1 hour, 24 d¢urs, 2 days,

had warped by day 8, whic
likely skewed the cells counts

therefore, cell counts at day

are not reported herg




Proliferation was the most rapid amolgarithmically linearfor myofibroblasts cultured on
polystyrene Cell doubling time wad.82 days for the first four daysThe number of
myofibroblasts doul#d on each of the first two day$pllowed by a sloweproliferationrate
likely due tocell contact inhibition athe MFs approachedonfluency Figure5A) [21]. The
fibroblast density also appeared ptateau around 30,000 cells/sq.qaata not shown)
Myofibroblast poliferation rates were slightly slower on both 1002# PDLA (3.56 and
3.50 days, respectivel@nd slowest on PDME!.29 days) The growthcurves were also not

as logarithmically lineafor MFs cultured on 1002F, PDLA, and PDMSdure5A).

Microwells with 10 um openings in their base facilitate incredserypt seeding

After verifying that several

materials were compatible with gu
myofibroblast adhesion an
proliferation, the dimensions of th
synthetic crypt microwells
necessary for myofibroblag

monolayer fomation and crypt

seeding was exploredAs stated
Q Microwell Ej Fibroblast

earlier, murine crypts average 4 Figure 6. Myofibroblasts seeded onto
microfabricated chips with arrays of microwells. A:
Microfabricated chips are approximatelycth x 2.cm.
B: Top view of the microwell arrays. C: Cressction
view of one of the micr
microwell. Myofibroblast cell nucleus in blue an
cytoplasm in red. E: Partially occluded microwell; op,
area is greater than the cresctional area of a vertica|
crypt. F: Fully occluded microwell.

pm in diameter therefore
microwells diameters would ideally
be near this size to recreate the

Vvivo environment. Preliminary
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experiments showed, however, that myofibastd spread over tlsirface of the chips and
occluded microwells with diameters of 50, 75, and 100 pm. To determine a microwell size
that would not be occluded by the fibroblaatel would allow crypt seedin@DLA chips

with arrays of microwedl were fabricatedvith diameters ranging from 13%m to 200pum
(Figure6 A,B,C). The chips werseeded with myofibroblasts at a density66f000 cells/sq.

cm and cultured for two days. Light microscopic examination revealed that many of the
microwells wereeither partially or fully occluded by myofibroblasts spanrtimg opening of

the wells(SeeFigure6 D,E,F for agraphic representatipn

Early experiments showed that very few of the intact cryptxessfullyseeded into
the microwells with solid bottomafter myofibroblasts had been seedéfe hypothesized
that openings in the base of the crypt would create a slight flow through the wells and
therefore increase the number of crypts settling into the wélenum diameter circular
openings Figure 7A) were chosensince they are small enough to prevemmainsit of
fibroblasts and crypts, but large enough to altber passage dfuids. This array of wel
with 10-um openings will be referred to @microstrainer§ and were fabricated with 1002F

as dacribed inthe Materials andvlethodssection

To determine if microstrainers would increase the number of crypts settling into the
wells, fibroblasts were first seeded in both microwells with solid bases and microstrainers at
a density of 30,000 cells/ém Intestinal murine crypts were seed2dlays after the initial
fibroblast seedingn a solution of DMEM at 1,00 crypts/mL. (Crypts often aggregated
when seeded at densities greater than 1,000 crypts/mL, preventimfydine settling into the
wells [datanot shown]) The crypt solution was pipetted onto the microstrainers and allowed

to settle for 15 minutes. This process was repeated until the total number of seeded crypts
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equaled half the number of microwelseeding more than thgtnumberof crypts would
have skewed theeeding efficiency by increasing the chance of multipigtsr settling in
one microwell. The probability of any given well containing 0, 1 or 2 crypts is defined by

the Poisson distribution:

oG Q
o)

Where k= number of cypts seeding into a well (in this stydycould be 0,1,2, etc.)

k! = the factorial of k

e = simple probability that one crypt will seed into a well (i.e., if 10 crypts are seeded
into an array of 100. remalndgkastantdorvargingl d be se

values of k. 8e Table Zor examples of k anAlvalues.)

e = base of the natural logarithm (e=2.71828...)

A= Zero crypts in well B = Single crypt in well | Two or more crypts in well

Number | Number Probability Probability Probability=
of crypts | of wells | k e (%) k e (%) k e 100%A-B

10 100 0 | 0.06 94.2 1 0.06 5.7 2, 3, 0.06 0.2

20 100 0 | 0.12 88.7 1 0.12 10.6 2, 3,012 0.7

30 100 0 | 0.18 835 1 0.18 15.0 2, 3,018 1.4

50 100 0 | 0.30 74.1 1 0.30 22.2 2, 3,030 3.7

75 100 0 | 0.45 63.8 1 0.45 28.7 2, 3,045 7.5

100 100 0 | 0.60 54.9 1 0.60 32.9 2, 3,060 12.2
Tabl e 2. Crypt seeding probabilities a‘s%kgoverne
Values are based on a 200 um diameter well with 25 um spacing. These dimensions create a surface
that i s approximately 60% open well and 40% int

the surface area of the crypt would need to be positionedeahe well to allow the crypt to settle

into the well. The percent chance that any one crypt would seed into a well is very near 60% for
vertical and horizont al orientations of the <cry
seeded crypts/of wells).
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The number of seeded crypts was assessed in four arrays of 100 wells using light
microscopy Figure7B). The number of crypts seeding into 125 and 150 um diameters wells
were not assessed as many of the wells were occluded by myofibroblasts and seeding
efficiencies were nearly zero (data not shownur results demonstrate that circular
openings in the base of the microwells nearly dalitite percentage of crypts that seed into
the wells compared to solid bottorfer 200 pm diameter well$7.8+0.5% vs. 3.8+0.5%,
P<0.01,Figure7C). Seeding efficiencies in the microstrainers for the 175 um diameter wells

were slightly lower than the 200 um diameter wells (4.8%1v8. 7.8+0.5% P<0.05 Figure

70).
A B
C 12 Microwell Diameter (um) 20 - Microwell Diameter (um)
m200 0175 m200 0175

-
o
L

crypts (%)
=

Wells containing ©
(&)}

Wells containing
crypts (%)

| i’ihhh

. . . ' 1Hour  2Day
Microstrainers Solid Bottoms Pre seed Pre-seed Pre-seed

o N A~ O [od]
! 1 1 ! L

Figure 7. Crypt seeding can be increased with openings in the base of the wells a|
shortening fibroblast pre-seeding times.Lettering above the bar graphs indicaf
values that are statistically significant (p< 05) when anal y z-test.
Scale bars are 100 pm. A: 200 um diameter wells with 10 pm circular openings
we |l | bases. These scaffolds are refe
crypts seeded into the microstrainggs.Seeding efficiency of crypts into microstraing
compared to flat bottom wells for 175 and 200 um diameter wells. D: Seeding effig
of crypts into microstrainers for various fibroblast-seeding durations. Data are sho
as means = SE (n=4)
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Shorter fibroblast seeding times increasrypt seeding efficiency

Although microstrainerancreasedthe number of crypts settling into the wells,
seeding efficiency was less than 8%uhe effidency should be approximately @bbased on
the geometry of the microwells, theumber of seeded cryptand thePoissondistribution
(See Table 2 Light microscopy showed that, as expectédd preseeded fibroblasts had
attached and spread, obstructing some of the 10 um openings, which likely limited the flow
rate through the wellsVe hypothesized thathorter preseed durations wouldesultin a
higherseeding efficiency.To test this hypothesishree separate conditiomgere evaluated
For the first two conditions, myifiifroblasts were seeded into the microstrainers at similar
densities(30,000 cell&cn?, but the preseed durationsrerevaried (i.e., 2days for the first
and 1 hour for the second In the third condition, myadbroblasts were only seeded along
with the crypts, ths it was thecontrol orii n o -spereed 0 condi ti on. I ntes
were seeded and assessed as described in the previous section. Our results show that seeding
efficiencies increase with decreased fibroblastgereding durations. Seeding efficiencies
were highest with he fa®e@pd econdition (15. 8NO0. 6 %, p<oO
theonehour preseeding (11.8+0.9%, p=0.0@hencompared to thewo-day preseed in the
microstrainers (7.8+0.5%;igure 7D). Seeding efficiencies in the microstrainers were lower
in the 175 ym than in the 200 um diameter well for allg®ed durations (No piseed,
8.8+0.6% vs. 15.8+0.6%, P<0.01; 1 hour-peed, 9.3+0.6% vs. 11.840.9%, P<0.05; 2 day

preseed, 4.8+1% vs. 7.8+0.5%, P<0.05; Figur®y
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Key nutrients fully diffuseinto the synthetic crypt microwells within 30 minutes

Due to the small geometry of the microwells, there was a need to confien theo
model would be continually supplied with the nutrients glucose and glutamine, which have
been shown in previous research to be necessary for intestinal epithelial homgbjtalsis
the referenced work, rat epithelial cells were found to metabolize 20 nmol glucose/(hr*mg
cell dry matter). Factoring in an average cell dry matter mass of 3 ng/cell and the molecular
weight of glicose, 180.16 g/mol, the metabolization rate converts to 0.26 ng
glucose/(cell*day). The study found the metabolic rate of glutamine to be 17 nmol
glucose/(hr*mg cell dry matter) by rat intestinal epithelial cells. With a molecular weight of

146.15, the ratabolic rate of glutamine converts to 0.18(ogll*day).

To verify the diffusiona differential equationBuid modeling software, Comsol, was
employed. The convection and diffusion feature in Comatlich solves the diffusion
equation(given below) was selectedbr this study A transient analysis was rium Comsol
with a duration of four days sinaeediain the culturess normally changed every 3 to 4

days. The values entergdo Comsol are given in Table 3
0'QQQO N ME & q,T—%e—e— s nO0 ROt o
0

Where:u (r,t)=density of the diffusing material at a location ra and time t

D@, r) is the collective diffusion coefficient

n represents the vector differential operator del
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Table 3. Comsolinput parameters.

Comsol input Value Basis for chosen value

Diffusion coefficient 3x10™° m%s | Diffusion coefficient of glucose in water is 6x10
m?/s at 25C. This value was halvefbr a
conservative estimate of glucose and glutamine i
DMEM andMatrigel.

Beginning concentration| 25 mol/n? | 4500 mg/L glucose in DMEM.

of glucose [6 mol/m?] | 4mM Glutamine in DMEM supplemented with
[and glutamine] 2mM GlutaMAX OR No Glutamine in Advanced
DMEM/F12 with 6mM GlutaMAX added

Uptake (flux) of glucose | -4.910° Assuming 30,000 cells per sang the # of cells in
[and glutamine] within | [-3.4x10°] | each 200 m well works out to 28. An uptake per

microwells mol/(m?*s) | cell of 0.26 ngglucose/(cell*day) [calculated abovg
was also factored in.
Height of media layer 1.27 mm Based on 10 ml of media in a 10 cm culture dish

Comsol modeling with the given parameters showed that the concentrafions
glucose and Igtamine should stabilez in the cultures within 30 minutes (data not shown).
The diffusion rate varies with the temperature of the fluid, the viscosity of the fluid, and the
size of the particle of the diffusing molecule. All else being equal, smaller particles diffuse
more rapilly than larger particles. Because glutamine and oxygen are smaller molecules than
glucose (molecular weight 146 and 32 vs. 18®jrtdiffusion in DMEM is more rapithan

glucose (data not shown).

Supplementing tutamine concentrations mape necessarfor proper intestinal epithelial

homeostasis

In addition to the diffusion of key nutrients, the total consumption of glutamine and
glucose in culture was considered. To determine whether the amount of nutrients provided to

the ex vivocultures was suffient for proper homeostasis, the total amount of each nutrient
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supplied and also metabolized was calculated. Oxygen was not a concern as it is in constant
supply in the atmosphere provided to the cultures. For glucose and glutamine, the previously
calculaed values of 0.26 ng glucose/(cell*day) and 0.18 ng glutamine/(cell*day) were used
for the consumption calculation. To calculate the total number of oe#sbolizing
nutrients both the number of myofibroblasts and the epithelial cells in one sq. time ex

vivo culturewere estimatedAssuming 30,000 myofibroblasts/sq.cm for a Slatface Figure

5A) and a 350% increase in surface area for wells with 200 um diameter, 200 um depth, and
25 um outside diameter spacing (Table thg number of myofibrolists in one sg. cm is
105,000for theex vivocultures. To calculate the number of epithelial cells, the number of
crypts and the number cells in each crypt were estimateslnumber of 200 um diameter
wells with 25 pn spacing in one sg. cm is 1600. Assig 250 cells per crypt in a mouse

[22], the number of epithelial cells in one sq. cm is 400,00@.rate of nutrient consumption

calculated as 13@00ng glucose/(sq. cm.*day) and,900 ng glutamine/(sqg. cm.*day)

To calculate the quantity of nutrients supplied to the culture, the concentration of the
nutrients and the volume of the media were determiesl.stated in Table ,3the
concentration of gicose in the media used in this stugy4500 mg/L and glutamine &

mM, which converts to 877 mg/L of glutaneinNext,the volume of media supplied to one

sq. cm of theex vivoculturewas estimatedVe assumedO mL of media is addkto a 10 cm

culture plate with @urface area of 78.5 émirhe volume supplied to one sg. cm is calculated

as 0.127 mL. The amount of glucose and glutamine supplied to one sq. cm of the culture is
then calculated as 572,000 ng glutamine and 110,000 ng glutamine. Using the consumption

rates/sg.cm calculated aboygucose would be exhausted in 4.4 days and glutamine in 1.2
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days. These figures suggest the amount of glutamine supplied to the cultures should be

increased to avoid the necessity of changing the media daily.

DISCUSSION

This chapter presents experimeatsiducted irthe developmentf a3-D biomimetic
scaffold that promotes a monolayer of myofibroblasts and allows the seeding of intestinal
crypts into synthetic microwells. The ability of several materials to facilitate adhesion and
proliferation was firs characterized. Our experiments showed that myofibroblasts cultured
on polystyrene, PDLA, and 1002F, proliferated more rapidly than on PDMS. During the
culture, he myofibroblasts formed aggregates of ¢elkmving portions of the scaffold
uncovered fo severaldays on all materials except polystyren€his cell aggregation was
most pronounced on days 2 to 4 after initial cell seedindikely limited cell proliferation
(Figura 5 A,B,C). Following this initial aggregation and slowed proliferatiothe
myofibroblasts began dividing to fill intervening opening spacEgufe 5B). Cell
aggregation could be the result of the scaffoétoming more hydrophobic after plasma
oxidation as PDMS has been shote lose charge stability within a few hoJ3]. Future
studies could explore more advanced ECM coating techniques that promote retention of the
scaffold naterialhydrophlicity . The commercially treated polystyrene was found to promote
proliferation more logarithmically linear and more rapid than the other materBISLS,
PDLA, and 1002F were all treated in the lab with plasma oxidation and ECM coating. To

imporove upon the proliferation of myofibroblasts on scaffolds manufactured in a lab setting,
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oxidationand ECM coatingtrategies may need to be standardized and more technologically

advanced.

Myofibroblast proliferation was slowest and aggregation momtouncecon PDMS
than onall other materials, therefore this material was elimuhate a possible material for
theex vivoscaffold. Myofibroblast proliferation &s similar on PDLA and 1002kherefore
the proliferation rate does not need to be a cdeamation when choosing betweendbevo

materials.

Experiments were also conducted to determine the dimensions of the microwells that
would allow 1) the formatim of a monolayer of fibroblast®) crypts to seed into the
microwells and 3) the diffusionof key nutrients into the microwellsSThe experiments
conducted in this studgemonstratethat microwells of 20um diameter and depth met the
criteria for crypt seeding and nutrient diffusioghortening fibroblast seeding times and
creating small opengs in the bottom of the wellwere also shown to enhance seeding
efficiencies. Theoretical seeding efficienciewere also calculatedased onmicrowell
dimensons, cryptdimensionsthe number of seeded cryptnd the Bisson distribution.
Comsol analysis showed that glucose and glutamine readily diffuse into the wells. Total
nutrient calculations showed that glucose supplied to the cultures is sufficient for four days,
but the amount of glutamine should bkevatedby increasing either the condeation of
glutamine or the volume of the media added to the cultdresse experiments and the
seeding efficiency characterization are applicable teotab-chip, orgaron-a-chip, and
tissue engineering applications which involve seeding cells or celjlamerates into

confined spaces.
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CHAPTERS3

OPTIMIZATION AND CHARA CTERIZATION OF CRYPT ISOLATION

INTRODUCTION

We have recently shown the ability to culture IESRwitro into enteroids which
consist of all four cell lineages of the intestinal epithelif#4]. This culture system is a
powerful tool that can be used to study the signaling pathways responsible for proliferation
and differentiation of IESCs, study the etfeof various parmaceuticals oapithelial tissue
at the cellular level, and expand epithelial tissue for subsequent transplamitatipatients
whoseintestinal epitheliunhas been damaged by necrotizing enterocolitis, cancer, or other

diseases sometimes requiringestinal tissue resection

In the creation ofhisin vitro culture primaryepithelialtissue is isolated from murine
or other animal modelsMany labs, including oursuse a chelation step to isolate the
epithelial tissue and this procedure has been studied exteng@el¥6] Despite previous
work, the quantityand viabilityof isolated tissués highly variable In addition, the isolation
of IESCs has only been accomplished wegently, and the downstream potency of the stem
cell population has not been fully characterif2d. Standardizing the isolation and culture
of epithelial tissuand IESCswill facilitate the establishment gfuantitative assay® allow

morestatistically relevant scientificonclusions
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Our strategy was to approach this standardization as a workflow engineering problem
and to optimize each step of the proceBlseisolaton stepwas first examined. The isolation
procedure entailsicubating the intestinal tissue in EDTéllowed by a crucial step in which
the tissue is shaken by hatw remove the epithelidayer from the basement membrane.
This hand shaking stegearly introduces variability to the isolation procediyg studying
the force and frequency of the shaking pthoe, we sought toharacterize the amount and

viability of tissue isolated, anahinimize variability.

If whole crypts are desired, followgrrelease from the basement membyémetissue
is rinsed and is ready falownstream useSome research studies, however, require single
IESCs.To isolate the stem cell$ollowing isolation, the epithelial tissue is dissociated to
single cellsto allow cell sorting. Typicallydispasehas been usefr dissociation, however,
recent workfoundthattrypsin providedthe best balance of dissociation efficiency, viability,
and antigen retentiofor neural celld28]. In the work presented hereidispase and trypsin
were compared for their ability to dissociate epithelial tissue to single cells while maintaining

the integrity of important cell surface receptors CD24 and CD44.

IESCs must beeparated from the intestinal tissue by FA@GiIag to allow single cell
culture Tissue from é&SoxEGFP reporter gene mouse modehs usedor the isolation. In
previous work, we demonstratédh at 61 owd designatetSex9EGFBY, Snark 9 |
cells that are enriched for IESC gene markers includimd, Olfm4, andAscl2[24]. By
design, FACS is meant fareserve the viability o€ells, however we had recently learned
that hematopoietic cell viability could be increased by chang&@S parameters such as
the nozzle size.We sought to determinehetherthe viability and culture efficiency of

IESCs was affected by FACS.
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MATERIALS AND METHODS

Mice/Genotyping

All mice used in this study were 6 to 10 weeks old and were maintained on ahlijhf

dark cycle in American Association for Accreditation of Laboratory Animal @pproved
facilities. C57BL/6J mice were used for the majority of the experiments arel pwecured

from Jackson Laboratories. Sox9EGFP mice were used for the FACS optimization

experiments.

Tissue Isolation

For all experiments, mice were drop anesthetized in isoflugemke sacrificed by
cervical dislocation. The small intestine was removed by cutting at the pyloric sphincter and
immediately proximal to the cecum. The first 2 cm distal to the pyloric sphincter was
designated as the duodenum, which was removed andd#idcaThe next 10 cm segment
(from 2 to 12 cm distal to the pyloric sphincter) was designated the jejunum. This segment

was collected and used for all experiments in this study.

Removal from basement membrane

To begin the epithelial isolation and remowsucus, intestinal tissue was first
incubated for 20 min on ice in Dulbeccobs
mM ethylenediaminetetraacetic acid (EDTA) and 1.5 mNhiothreitol OTT). The tissue
was transferred to a 15 mL conical tube eambg 6 mL of DPBS and 30 mM EDTA and

incubated at 3T for 10 min. Tubes were then shaken by hand along their long axis. The
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frequency and acceleration of the sleakere measured using the accelerometer in the Apple
iPhone. Using Context Logger, adrapplication available online, tlobaracteristics of the
shakingprocedure could be viewed in rdahe and uploaded io Microsoft Excel. See

Figure 8for examples of the various shaking alternatives tested in this study.

To assess the amount of epithletissue removed, the remnant intestinal tissue was
Swissrolled and fixed in optimal cutting temperature (OCT) compound (Sakura Finetek
USA, Inc, Torrance, CA). Tissues were sectioned and stainedBigitenzimide (Sigma)
and an epithelial cell adhesi molecule (EpCAM) antibody preconjugated to Alexa Fluor
647 (Biolegend, San Diego, CA). The entire section was then imaged and analyzed using
Image J. The crypts and villi were often removed in continuous sections; therefore, the
percent of epitheliatissue removed was measured by summing the length of the sections
removed along the longitudinal axis of the intestinal tissue and dividing by the total length of

10 cm.

Separation of crypt cells from villus cells

Due to the relatively small population ofypt cells in the intestinal epithelium, it is
sometimes necessary to enrich for either crypt or villus cells. Two different methods of
accomplishing this were compared: filtering, and mechanical separation by scraping. In the
filtering method, after maoving the epithelium from the basement membrane, the epithelial
tissue was passed through a 70 um filter (BD Faleatt) the goalof collecting the villi in
the filters and allowing the crypts to pass through. In the scraping method, the intact
intestire was first cut into 5 cm segments and everted on to a pasteur pipette. The everted

intestine was incubated on ice in a DPBS solution containing 10 mM EDTA and 1 mM DTT
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for 5 min then laid flat on a petri dish and each mucosal side was scraped verglgelitht
a cover slip to remove the villi. Each of the preparations were then dissociated to single cells

and analyzed by flow cytometry to determine the corresponding percentages of crypt cells.

Dissociating to single cells

If intestinal epithelial cellsre to be analyzed by flow cytometry, dissociating them to
single cells is necessary. In the standard protocol, dispase (Collaborative Biomedical,
product discontinued) is added to HBSS at 0.3 U/mL and the cell preparation is indobated
this solutionfor 10 min Trypsin (TrypLE Express, Invitrogen) was also tested for its ability
to dissociate the epithelium to single cells and avoid cleaving important cell surface receptors
such as CD24nd CD44. Cell fractions from fiw&/T mice were split in halfrad dissociated
by incubating for 10 min in either dispase or trypsin. Dissociation to single cells was
evaluated by counting with the aid of light microscopy and by flow cytometry. For the visual
counting, cells from three separate samples were countéer un Zeiss Axiovert 40C
microscope. Four separate fields of view were counted for each sample to ensure accurate
numbers. Doublets were counted as two cells, and multimers with three or more cells were
counted as three and a half. The percent ofsioglls was then calculated as the number of

single cells divided by the total number of counted cells.

For flow cytometry, cells were analyzed under side scatter height versus side scatter
area. Single cells fell along a narrow diagonal line in tlog pind the percentage of cells in
this population was recorded. Cell fractions were also stained witiCBx24 preconjugated

with Pacific Blue (Biolegend) and arfiD44 preconjugated with APC/Cy7 (Biolegend)
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antibodies and evaluated by flow cytometry fbeir corresponding percentages of cells

expressing the target surface receptors.

FACS

The final step in the systematic evaluation of this protocol was to evaluate the
survival rate of epithelial cells after FACS. After dissociating to single cells, were
filtered through a 40 um filter and rinsed with HBSS. Cells were then resuspended in
Advanced DMEM/F12 (Gibco), with supplements as described in previous work (Gracz,
2009). Cells were stained with propidium iodide (PI, Invitrogen) and sort€éd®B\s. Dead
cells and lymphocytes were excluded by side scatter versus forward scatter, and doublets
were excluded by side scatter height versus side scatter area as previously described. Cells
positive for Pl were then excluded and the Pl negative wadl® sorted into Advanced
DMEM/F12 media with the previously stated supplements and allowed to incubate on ice for

90 min. Cells were stained with Pl again and analyzed by flow cytometry.

Statistics

The data are presented as the mean + SEM.

RESULTS

The removal of epithelial tissue from the intestinal basement membrane can be

standardized

One critical and highly variable step in epithelial isolations is the removal of the

tissue from the basement membrane of the intestine. After an EDTA soak, theigissue
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typically shaken by hand ia 15

mL conical tube to release th
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were tested classified as low (1| Figure 8. Accelerometer readings, yield, and viability
of epithelial cells isolated by various shaking
times gravity 1G), intermediate| alternatives.  Although the accelerometer recor
acceleration along three axes, the acceleration depict
(2.5G), and high (>2.5G) (Figurd along the long axis of the tube and is the |
measurement. A: Low shaking force B: Intermedi
8 A,B,C). The intermediate anq shaking force C: High shaking force D, E: Yield a
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high shaking forceremoved a| ghaking alternatives. An asterisk (*) indicates values
are statistically significant when compared to f{
intermediate force (P<0.05). Data are shown as mea|
SE (n=3)

similar number of cells (29.2+5.(

x10° vs 35.6+3.9 x16, p=0.37,

Figure ). Thecells isolatedvith the intermediate and high shaking force also had similar
viabilities (82+1vs. 874 p=0.23, Figure B), however, a larger percentage of crypts and villi
were dissociated to single cells and cell aggregaitds the high shaking forceShaking

forces slightlyabove 2.5¢g therefore are not detrimental to cell viability, and can be

employed if intact cell preparations are not desir&haking with less force (Figur@C)
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produced fewer cells than thietermedate force (6.7+1.1 x1®vs. 29.2+5.0 x19 p<0.05,

Figure @) and cells were also less vialfE8+2 vs 82+1, p<0.05, FigurdR

The suggested frequency of the shake, between 2.5 and 3 back and forth cycles per
second, was chosen to promote a natural rhythmic motion and organically produce the
intermediate force This frequency also allows for 75 to 90 shake cycles ise8Onds. fis
number of shake cycldas suggestedor its ability to remove a large portion of the crypts,

about 80 to 85%.
Mechanical scraping of the intestine facilitates crypt enriched fractions

IESCs constitute less than 1% of total epithelial cell preparations; therefore, sort
times can sometimes be several hours. Sort times can be reduced by generating a cell
preparation with a larger percentage of crypt cells, i.e. a crypt enriched preparaio
determine whether crypt enrichment is possible and reproducible, two methods were studied
and compared to a total epithelial cell preparation: a filtering method, and mechanical
separation of the crypts from the villi with a glass cover slip. Simgene intestinal crypts
are on average 45 um in diameter, the hypothesis for the filtering method was that passing
the cell solution through a 70 um filter would filter out the larger villus cell aggregates while
allowing the crypts to pass through. Dhgithis experiment, light microscopy demonstrated
that a | arge percentage of t-hel epsthbeitab t
of one villi and several attached crypts. Therefore, while filtering out the larger villus pieces,
the cryptswere also filtered out. To quantify these findings, cell preparations were analyzed
by flow cytometry and compared to the standard total epithelial cell prepar&m®EGFP

intensity was used to identify crypt cells, as nearly all of the GFP celtésimmouse model
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are localized to the crypts. Sox9EG¥Rand
SOX9EGFP"P" fluorescent intensities mar

IESCs and transit amplifying cells, respective

A
and both cell types are located in the cryptse 1
, | ;
analysis paralleled owvisual observations and 1 ﬂ—‘
0

Percent of crypt cells
-
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confirmed there was a trend toward -d
B
enrichment of crypts with the filtering metho 300
% 250
versus the total epithelial preparatiq 23 ,, |
55
(2.18+0.75% vs. 2.45+0.75%) “ﬁ ] |
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was everted and soaked in a 10 mM ED]
Figure 9. Yield of crypt cells from crypt
solution for 5 min. The tissue was laid flat on enriched cell preparations compared

with a standard EDTA preparation.
petri dish and very lightly scraped with a glal Jejunum from SOx9EGFP mice we
subjected to the differential scrapir]
method.Crypt cells are defined as tho{
that are SOX9EGFY and Sox9EGF#"".
A: The percentage of crypt cells in each
the cell preparations (n=3, P<0.05). To
= total epithelial cell preparation. Aj
asterisk (*) indicates values that a
statistically significant (P<0.05) B: Thi
total number of crypt cells collected frol
Light microscope examination of th| 10 cm of jejunum. Data are shown
means + SE (n=3)

coverslip to remove the vill. The remnai
intestinal segment was then incubated
described earlier and eéhcrypts removed by the

hand shaking step.

tissue scraped off with the coversli,

demonstrated a portion of the crypts were removed with the villi. Flow cytometry was used
as described above to quantify the percentagesypt cells in each of the cell fractions: the
tissue removed during the scraping and the tissue removed during the hand shaking step.

Despite the loss of a portion of the crypts, the scraping method producedfal@.@srease
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in the percentage of ypt cells compared to the total epithelial preparation0E1500% vs.
2.45+0.75%P<0.05 Figure A). To verify cells were not being lost in the scraping method,
the total number of cells isolated by each method was determined. Both the total epithelial
method and the scraping method (when totaling the crypt and villus fractions) generated cell

preparations with 22000+50,000 crypt cells (Figurds9.

Crypt cells remain more viable than villus cells after dissociation

To ensure mechanical scraping of the epithelial tissue was not causing decreased
viability of the isolated cells, cell preparations from Sox9EGFP mice were stained with Pl

and analyzed by flow cytometry. Preliminary experiments showed the scraping peocedu

generated total celf
104

. | A ™| : B
P ub-|[ Low |[High
preparations with GF' Nfgaf've e o] i
N £ 107 3
viabilities of 64+6%.| 2 =
Previous literaturg = "7 3
E ¥ . >
noted the use of al 1o e f—
anoikis inhibitor, H H !
0 T Total Crypt Fraction Villus Fraction
10! 102 10° 104
Y27632 (10 l.lM GFP - Log Height uGFP Negative 0 Sublow (TA) @z Low (IESC)
Sigma, #Y0503),| Figure 10. Viability analysis of crypt enriched cell preparations

compared with a standard EDTA preparation. A: Flow cytometry
during  culture  to| plot of a typical total epithelial cell preparation. Rows of boxes de
cell fractions determined by viability (Pl positive, upper boxes;
improve viabilities| negative, lower bxes). Columns of boxes show the limits used
_ identify distinctive cell types based on Sox9EGFP intensity,
[29]. We hypothesizeq gpiow, Low, and High. B: Viabilities of cell populations based
SOX9EGFP intensity. =~ Sox9EGEP cells are IESCs whilg
Sox9EGFP"™" cells are transit amplifying (TA) cells. An asterisk (
indicates values that are statistically significan when compared t
GFP Negative cells for each preparation (P <.02). Data are sho
means + SE (n=3)

that viabilities could beg

improved by adding thg
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anoikis irhibitor to cell solutions immediately after their removal from the mesenchyme.
After adding the anoikis inhibitor at this point in the isolation, cell viabilities from the
scraping method increased to 86+2%, which is very similar to viabilities frontahdasd

preparation (data not shown).

Interestingly, crypt cells were also observed to be more viable than villus cells. Both
the IESCs and the transit amplifying cells, characterized by Sox9BGRRd
Sox9EGFP"™" fluorescent intensity, had cell vidiies of 94+1%, while villus cells,

characterized by Sox9EGFPfluorescence, hviabilities of 77+1% (Figure 18,B).

Trypsin and dispase are equally effective at singll dissociation and preserving the

integrity of important surface receptors

Dispase has typically been used for dissociation during cell prepard@dfis
however, recent work has cited the use of tryp8}. To determine whether dispase or
trypsin produced a higher percentage of single cells, total epithelial cell preparations were
split in half and incubated with each reagent. Cells were analyzed for the extent of
dissociation to single cells by visual pection and by flow cytometry. Both @yses
produced similar resultsthat there was a trend for dispase to more fully dissociate
preparations to single cells than trypsin (584 vs. 51+1 by visual counting; 63&2+%by

flow cytometry;Table 9.
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Table 4. Comparison of dissociation by trypsin and dispase.

Dispase | Trypsin p value

Single Cells (%)
-visual counting (n=3) | 58 +4 51+1 p=0.25
-flow cytometry (n=5)| 68 £2 64 + p=0.18
CD24* (%, n=3) 9+1 7+2 p=0.75
CD44* (%, n=3) 16 +2 16£2 p=0.81

Proteases have a potential to compromise the integrity of cell surface molecules,

which may impact the ability of ligands, peptides, or antibodies to bind to these surface

receptors. CD24 and CB4have been shown to bindifferentially to IESCs [24, 31]

therefore preserving these receptors allows IESCs to be distinguished from differentiated

cells in the intestinal epithelium in any mouse model.

To determine whether trypsin or

dispase preserved CD24 and CD44 integrity, cell preparations weredstaith aniCD24

preconjugated with Pac. Blue (Biolegend, Cat# 101&2@) antiCD44 preconjugated ith

APC (Biolegend, Cat# 103012nd analyzed by flow cytometry. No statistically significant

difference was observed between the percent of cells wilace receptors intact when

dissociated by dispase or trypsin (9+1 vs @R24", 16+2 vs. 16+2 CD44 Table 3.

FACS does noteducelESC viability, as measured by PI

Prior work has shown that when fluorescently sorted IESCs are plated in matrigel

with a cocktail of mitogens/morphogens, they form organoids consisting of all four cell types

of t he

i ntestinal

epitheldasjafl, Theske orgahoidhlrad e

previously been referred to as cryptojdfiowever, they arecomposed of disparate

morphologies ésembling both crypts and villd Et e r o i ttheseforech@senas a more

accurate descriptaince the prefix enteralenotes relation to the entire intestine.
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As stated above, IESC viabilities were greater than 90% at the time of flow
cytometric analysis; however, fewer than 5% of the plated IESCs formed enteroids when
plated in culture suggesting FACS may be compsing cell viability. To ensure FACS
was not reducing viability of IESCs, Pl negative, Sox9E®fRells were sorted and
incubated on ice for 90 min. This duration was chosen as the maximum amount of time
between FACSorting and cell platinghe IESCs wre postsort analyzed by the same FACS
machine to determine viability based on PI staining. Thsnadysis revealed that only 5%
of the IESC sorted population had converted tepdHitive status demonstrating FACS

conditions did not severely compromisell viability.

DISCUSSION

In this portion of thework we sought to characterize and optimize the isolation of
epithelial cells from mouse models. By making this an engineering workflow protilem,
sources of variability in the protocatere isolated In the initial isolation step, which
involves a hand stking procedureyvarious forces of shakingvere shown tocause
differential yields and viability of epithelial tissue. These differences could be sources of
error for any research study that includgssue obtained by diffeent technicians or in
multiple researchcenters. The method of tissue isaatifrom the basement membrane

thereforemust be carefully defineethen creating protocols for research studies.

In this study,the ability to differentially isolate crypt cells and villus cellss
demonstrated using mechanical scraping step. This procedure is useful for any study that

seeks to compare differences between crypt and villus cells, or enrich for either population.
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Future work could focus on optimizing the durations and EDTA concentrations during the

chelation step and could lead to increased enrichment of crypt and villus cells.

Dissociation methods were also compared. Dispase and trypsin were found to be
relatively similar in their ability to dissociate to singtells and maintain cell surface
receptors, although there was a trend for a more complete dissociation to single cells by
dispase. Further studies could expand thedistclude othesurface receptsimportant for
intestinal epithelial researcimcluding CD166, CD29 and CD133;and also compare the
dissociationefficacy of trypsin and dispase on humassue. These studies auseful to
translational medicine applications where dissociation of delleepithelial issue is required

for downstream transplantation or analysis.

Finally, the effecof FACSortingon stem cell viability wasested Using Propidium
iodide as a indicator, we demonstratedat FAC®rting does not significantly affect the
viability of IESCs. Further studies with other apoptosis and annaoikigkers such as
Annexin V maybe required to better understatih@ effectof FACS on the ability of IESCs

to be successfully culturad vitro or ex uvo.
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CHAPTER4

IMAGING STRATEGIES

INTRODUCTION

Standard light microscopy is only capable of capturing-dimoensional surfaces.
Threedimensional imagig is required to facilitate recapiation of the 3D environmentand
allow analysis of live tissue in thex vivomodel Multi-photon excitation (MPE) imaging
wasutilized as it is capable of penetration depths that allow thgimgaof the 200 um deep
synthetic crypt microwells used in this studyhe MPE microscopengploys a series of
lensesto focus light photons from a lasen a precise locatioaf the sample. Lightsi only
emitted from this locatiomandis then captured by the microscofdée laseris refocused to
scanthe entire horizontal-D plane within the tissue.u8cessive D planesare scanned

until the desired -® tissue is imaged.

MPE imaging offers several features which are beneficial foexhevomodel. MPE
is more compatible with imaging live tissue cultubesauset reaults in less photodamage
thanlaser scanning or spinning disk confocal microsci§#. In addition, MPEimagingis
capable of precissignal discrimination, which produces more accurate images of the color
emissions from a sampleeBent MPE work has shown theildap to distinguish each of the
intestinal cell lineages using autofluorescence aland without immunohistochemistry

staining[33].
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To create accurate-dmensional renderings of thex vivomodels, images captured
with MPE need to be processed with sophisticated image analysis softimaagis was
utilized becausat is a powerful 3D and 4D analysis tookhat usesfiltering, space filling,
and identificationalgorithmsto render and track cells spatially and temporaliese
capabilities facilitate the developmentrepresentativeenderings and quantitee analysis
of the imaged tissu@ his chapter details the use of MPE and Imaris to image and réveder

myofibroblasts on the-B scaffolds

MATERIALS AND METHODS

Sample Preparation

Myofibroblasts(P10 from 4 to &lay-old CD-1 pups, isolated as described in Chapter
1) were plated ofPDLA scaffoldswith microwells with200 um diameter and depth. After
fixing with 4% PFA, cells weretained with the following: Blsenzimide (Sigma)and the
antibodiesprimary antiVimentin (Aves labs, Tigard, Oregonand secondary Alexa49

(Jackson ImmunoResearch, West Grove, PA).

System Specifications

An Olympus Fluovew 1000 MPE microscope witnMaiTai DeepSee laser with less
than 100 femtosecond pulseas utilized to image thex vivocultures The microscope was
fitted with a 25x, 1.05 numeric aperture, water immersion objective with a 2 mm working
distance. The MPE uses a noescanned detection system and has four photomultiplier

detectors [BFP(420-460nm), GFP (49%40nm)GFP, RFP (5¢630nm) RFP, and wide
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range BFP,CFP, GFP, YFP (3860)]. These features provide efficient signal detection with

very minimal loss.

RESULTS

Multi -photon maging paired with Imaris rendering produced accurated8nensional

models of exvivo cultures

Preliminary images with -B light
microscope images of thex vivomodds
(Figure 11A,B) did not allow analysis of
the cellular morphology within thd
microwells, therefore MPE imaging wa

employed. To determine the settisg

necessary for accuratdPE imaging,
samples were prepared as described én
Materials and Methods section, ataker

emission wavelengths exe modified to

determinewavelengtls thatwould produce
Figure 11 Imaging within the microwells. X,Y,
the brightest images.The secadary |and Z indicatehe orientation of each image. A,
Brightfield image of myofibroblasts and epithel
fluorophore stain that was used cells cultured in microwells. C;DMyofibroblasts
in an array of microwells imaged with a M
AlexaFluor 549 was found to have thd microscopeCytoplasm is depicted in orange. g
Myofibroblasts in a single microwell imaged wi
a MPE microscope andndered with ImarisCell
nuclei are blue and cytoplasm is red

brightest emissions when excited wi

laser emission wavelengths of 92
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nanometers.

With MPE imaging, thentireextent of the imaged cell membranes werecaptured
(Figure 11C,D). To improve upon this detail amisualizemore of the extent of the plated
cells, the rendering software Imaris was employed. With more advanced space filling and
filtering capabilities, Imaris was able to produce images that depctgdateextent of the
cellular cytoplasmin the ex vivo cultures Figure 11E,F). In the generation of the space
filed models, Imaris requires the inpaf several parameters, most notabhh e o6 sur f ac
detail 6 and O&ésmall est sphere which fits int
parameters can varyepdending on the size and orientation of the cells within the microwells,
howewer, values near 20 umfo t he O6sur facm fdernr ait hé asnhal2l d
which fits into objweenobétrepresenthlive & tiendieretisgue s t h a |

culturesin this research.

Multi -photonimaging confirms some microwells are occluded by myofibroblasts

Initial observations from light microscopic examination tbe ex vivo models
suggested that myofibroblasts occlude@ny of the microwell openings. Teerify this
occlusion myofibroblasts were seeded onto the scaffolds at 60,000 cells/sq. cm and cultured
for two days as described earlieMPE imaging paired with Imaris renderings confirmed
initial observations that the microwells had varying areacdisionby the myofibroblasts.
Figure 12depicts completely open wells (A,B), partially open wells (C,D), and closed wells

(E,F).
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DISCUSSION

In this portion of the research
we soughtto develop strategies fo
recapitulating the -® morphology of
live tissue inex vivo models. Using
MPE imaging paired with Imaris
rendering software, accurate renderin
of myofibroblasts on the scaffoldgere
produced We also confirmed initial
observationsthat various amounts of
myofibroblasts occlded the microwell
openings. The Imarisettingscited for

modelingin this work can be used for _. : , : .
Figure 12. Imaris renderings confirm varying open

areas of the microwells XY, and Z indicate th
orientation of eachmage. All scale bars are 100 [
Cell nuclei are blue and cytoplasm is red. Limitg
the well opening are shown with a white ring. Al

renderings of cells on aB surface. Completely open well. C,D: Partially occluded w
open area is greater than the cresstional area of

While the imaging resultg vertical cypt. E,F: Fully occluded well.

tissue engineering, orgam-a-chip, or

any other research necessitati

presented in this work are qualitative, MPE and Imaris techniques could be used to gather
guantitative results oex vivo model experiments. Whecombined, these imaging and
rendering tools allow the sdy of cellular migration, protai filament formation, and high
resolution fluorophore intensity discrimination. These capabilities can be used to examine
extra cellular matrix formatigrthe inteactions between epithelial and mesenchymal layers

and stem cell commitment to progenitoand functional cell lineage In addition, Guper
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