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reproductive tracts, it ist3 Gdnvdreselgy, ttheat
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Astudy beyt. ladwiggested, using mat hemati cal m
that transmembrane proteins called Asodium hy
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embedding them in Matr irogela,nianrd ialtloovwwi8ngg ntoh edns

hod%$°In culture, the Wnt pathway-sppadiinduidar |

the proliferative and r e$®®Pe rmatiint e i nad mac itthye o
| argely undifferentiated state. Organoids are
|l evel s to promote regeneration, with Lgr5b+ st

st &%geWhen the organoids are ready to be driver
they are switched to differentiation medi um,
adding supplements such as B27

Qugroup has used organoids to model the se:q

both healthy and di sease Hsetlatceosh,a ¢csinpbeeccipfyilocoa:!li | We

have investigated whether organoid models cou
apical epithelium: mucus production and aci d
produce mucus, which we rdhlar & atnhertii zend (iCrh atpd rem

Previous gastric orghebrdabitiudi gstonsestéepgat a:

resul t set.Badrntdf eMedCr ac&kwnno evidence of the gas
(expressed by parietal cells) thr%udh histol o
ConverselyetSabochawWrtefaBimphgogyed various differ
induce expression of the proton pump in their

i mmunofl uor 5.6%8Wa tsherienfionrge expl ored fiche orgar
key feature of the stomach. The organoids dem

the expression of markers *8uch as MUC5AC, PGC



A B
-~ 0.06- g‘ — Hl ATP4A
3 & =1 ATP4B
] c
g & 0.041] .ﬁ 100
i‘”.g 510'1-
& 2 002 °
a %10-2._
® 0.001 %10-3-
x @ N N
00""”0 QC’O\@O@OY\OV/\‘?Q & & &
W s &
Figudk eQluant igtiPtLRi wm@maRTy si s oFfergfaosrtrmeidc boyr gAa. n oS edbsr
Jasper Gattiker (B). Samples were analyzed fo
cell s), PGC (pepsinogen C; chief cells), MUC6
enteroendocrine cel-tan)s, poarntdi nAGgr PATBP a(speo tsdusbsui nui nt
(B) ATP4A and ATP4B. Al PPdattmodverwi talmaGARRH by
housekeeping gene with c¢cDNA from human gastri
Thrckiemensiedbhalcul ture is particularly wuseful
mi croenvironments and cellulaccunateacepobpasen
spatdepgdrydent physiological P& oltcevwsewer ,c otnpea rlew
the organoid and its contents haveewofha&aldn r ema
Wa nggt halv.e devel oped compli mentary met hods for

mucus | ayer atop al i2gpuindo nionltaepreffacaed d @ ek mitrhe i
muc-psoducing organoids being topologically cl
culture gastric epitheliianl vcirefldast iadn tenxep ArLil mer
preserving key featiprodsarofzetdhe edpgist, hdliigalt bham
| ay’eP°Upon exploring this method, we found ¢t ha
enabled convenient extraction and analysis of

Or g a+h @ isceedl | culture systems present distinc

mucosa. While 2D systems offer accessibility
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the complexities of tissué® aBathh tegpuo &c mend, ct

hold vast potential fo-patatdevgeroi.ngtehacmbdaebkin

Hel i cobacter pyl ori
Hel i cobad¢H.erp)ypgobromost commoins gasggami ve,vad:
spi-srhadped, microaerophilic bacterium first | de
Mar shal 9.9 h’e9 32 omach was previously believed

due to itbHhNhi gins arcyi wiidayl | 'y t raarnasimirtad wetde v iaad vt ahre
against the pH gradient towar d% tThhe sn enuatvriaglatd
H. piy$ohighly dependent on secreted chemoattr
specific glycan resi db% &% fGmastt rd eec orr aytaen og alsst rpir

model for studyi dgeftemes edyred rmitd omfsfhe rps dHet we e n

pyl.ori

H. pgmplroy various virulence factors to oV
flagellar motility and urease secretion being
gastri &% nlulhcenisra uni pol ar flagella, driven by a
force, are essenffiAlréoent tst cdy omouzmd i omat t |

when paired with th®®%adwtodriil i rdbespidsodbeingrao tpsdt i L
gel below pH 4, resblTongotinteybpbhetsesnl ubaasé .
hydrolyzes urea into ammonia, raising the | oc
toward t h%e . e@ihtt meoldiedtmm ansi ti on has been obseryv

(PGM), a commonly uséid model in mucus studies
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pgblbomi zes nearly hdi §hofi shasgbobatego)

associ

car ci

compl i
t herap

bacter.i

ses, including gastritis, peptic ulce
ed | ymphoi d7’3t.15%slsnuHl 9(pMALSTr)C | laysnspi foinead a's
en by the World Health Organization al
astti'tGaatnrcied camseesr is the fifth most
new cases in 2022, anrdeliast ead sdoe atthhes ,f ic
00, 00%."9ives annually

c eérhte yienacrrse,asi ng prresviad teanntte sptiyrhadimniss ba fo
ted H.hepitirieeadcttmeonnts ,ofemphasi zing the ne
t8°c®l 3Tt eaHmgp-esobci ated di sease is furi
més capacity to induce changes i n muc

Mechhaeieimsre, a deepeH. upgeesta@ameai ng

ablish infection H.s ppséistocciadt etdo gtahset rpirce vdeins

ntification of new therapies for restoring

Summary of Di ssertation Research

Theverall hypot hesis of this dissertation i

siologiical wpdekbeVvVantthe two key priotectiywv

mucus barrier and the pH gradient across

anoi d

| owing questions: 1) What is the pH inside
brmel ectrodes? 2) What is the diffusive be
| umen, and whaeotdogy ODhi sumehb!| usmuah
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bi oengineered gastric mucus generated using m

and functionally?similar to native mucus
Gastric fluid -
& L
dnee & R R
Mucus layer v.. o0 ° . O XS
o°?°:O 1/”"’ : u

Mlcrorheulogy Secretome Structure Rheology  Acid Transport

JJLU Slelelslels
Gastric Organond s T
— i
' \

Luminal pH? Luminal mucus? Mucus structure and function?
Figure 1.5. Graphical sQhnampatreyr o2f idnitsrsoedrutcaetsi otnh
and validati oracsfedmiinrtaell esontirncmde pH profiling
Chapter 3 expands on | uminal analysis by empl
characteri ze t heofr hoeroglaongoiicda |l upmionpaelr tmuecst s. Ch a
derived bioengineered gastric mucus (BGM) to
bi ochemical, structural, and mechanical analy

Chapter 2: |IWk a td®@ri gsahriechned np, H
antCh ntBePr of i | BMlidc wo ¢ lhect rodes?

Thgeoal of Chapter 2 was to examine the int:i
determine whether thewmeai mtHaigm aadn eenpi.t Mel idu m
traditional met hods for measuring gHoifngoiHde t
sensitive dyes or nanoparticles that require
spectroscopy, leavid9.2bOurendr@aup fload i poragy ingu DI

oxygen |l evels in gastric organoids*®compared t
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hypot hesized that microelectrode profiling wo
measurement of pH in the organoids. To assess
intral uminal pH, we devebaped utee ctleopipg dbei I lhe
inside of the organoid l-waommetihr oWeedsmidcroel ec DI
intral uminal pH profiling, p@gaidriecdtwirt hdyien| ecst
confirmatory test. We demowmstdsatmad nt matnedatanb:
 umi nal microenvironment as well as a microsc
Chapter 2 highlights the first use of microel

organoid intraluminal mi croenvironment

Chapter 3D WheBehawei otheof
Mi cr op anrstiidoBa stsreig@a Lo men ?  Wh at
Do eTh iTe IUsAb o u tMutchise o |l ogy ?

Chapttemt3 nues our exploration of the gastr

The goal of this chapter was to determine the
gasorganoid | umen, thus revealing rheological
topologically c¢closed structurtaotesas mugaspi d

remained unclear how the mechanmni balt eptopeéettsie
functionality. I n a previous study, microscop!
suggested a hete'fodesendoss odliogiciabutsieacmni ons ca
revealed in subsequent i mmunofluorescence i ma
mucus could be analyzed using particle tracki
rheol ediadddalowd i njected 1 Om fluorescent parti

perf or meadp stel nteonf oc al mi croscopy, and analyzed
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di ffusive behavior of the particles and rel at
l umi nal content . |l ndeed, we observed that the

and subdiffusive behaviordishdi batioe ofh béeate

|l umMén®®>Overall, analysis of the viscous and el
behavior of the | uminal mucus. This chapter p
mi cror heol-omwaaisva thomnl for interromg@dnamigdt he
mucus, which we explore further in Chapter 4

Chapt eBi oéngiGas ¢MuecdBisoc hemi cal | vy,
StructurFah¢tyi $ ana ld Nart iMuce u s ?

Thgeoal of Chapter 4 was to evaluate the si:
orgadeiidved bioengineeredigastuido emudbaye( BGMNY.
used purified mucin solutions, mucus from i mm
demonstrated by earlier research), tihnesve vnood e
human $9%%% esmwscess to mucus samples from human
critical barr P®.P° Gas tnruicau so rreasreairccsh deri ved frc
potential to bridge this gap. I n the precedin
been trapped in the | dfmehn Chaptéi mitiwg open
organoids by disaggregating them and cul turin
t he muc3s Batc eledassathit Wa nhgalv.e devel oped compl emen
the generation of a gastrointestliinadi dnuicrutse rl fac
(ALBT)*°Such ®wamatrroer, however, had not yet been
mucitdat whirch .vsBdwmanmsdbasedamoddl s provide an

pure mucin and native mucus (which is often ¢
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reveal functional andi mMmegéhsamriicta | n\M&ed arsndt 2 r ir biga $

mucus secr etvAmeS vaintdh mMaEG spectr ometStEy, tahned st

t he mechanical properties with rheometry and
had similar mucin abuneéadhcastoimhéamasicaé f ol d
Further, we found similar rheol ogical behavi o
demonstrate that it is possi blne V¥tiod r enognivneene re nst

anal yses rofundtsi esnnrrueltati onship

Additional Contributions to Organoi

l addition to the primary -“4),cil ofounghtditses ea
compl ementary questions in adjacent areas of
Hel i cobacnéecpylooriand organoid culture. These
i nto the mk.namiehieendcdt iodon and the diverse applic

ulti mately enriching my expertise and contrib

Chapt erBebExytGadacvildser apeetiects on
H. p-mif ercdt g@dnoi ds ?

Thgeoal of Chapter 5 was to assess tHt.e ther
pylionmfieAbht bociyaei psenolic compounds responsi bl
berihiawe successfully demonstrated ndHeamomman ev en

prope®3 iWwes hypothesized that itnh eusissi negf feerc tsr garnu
modeH. opiyhbeWei assessed the viabilibygandi gsol
in responseida® uUumdsntmelaltendd nppr ol i ¥*e rwet if oru nids

that the extrachad od Ibhd @atcekr irlhis @yehrfad detesica n a glau tr
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not adversely affect prolifePTahdsoen roas wlitashid uc
berry preparations have potentH.alpiyahsioentotvieoln.an
The majority of this work was performed durin
|l ab, and enabled me to gain experience with g
viability assays

ChapterOr §anBeeserrRtoendTt 8ue of
J a ma Frcu8att sMotdee | -GARIBf ecti on?

Thgeoal of Chapter 6 was to eGda@binsbdcahoor:i
t he bat gastTrhoe nC&BItpamdlemiractdecl|l ared a gl ob:
March 2020, was caused By (sSavegd® FAbusezobeaptr

virus was hypothesi z%d Itto hhaasv é ecerni giorsa tud catiern

susceptible to viral infection due %t%a°%Weei r |
devel oped gastrointestinal organoids from the
SARSGo¥ infkaect itomis project, | contributed to t

conditions for the JFB organoids and evaluat e
evaluating their ability to develop ktIrwnsepit
showed t htahte, oirngdaeneodi,ds coul d d e imao nksetyr actoen siindtearc
for viral i Tnhf iescittwooornkr sadu dit e ¥ g t he previous hyp
strong d&iP%parersieemtss t he devel opment and valid

future physiological studies of the Jamai can
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Abstract

The optimization and detailed characteri za
require advanced methods for analyzing their

reproduci bl e method for the pr ecihsuemame agsausrtermec

organoids via-cwmin¢eromareidpumli arorel ectrodes. The
commercially available and consist of bevel ed
measurements, the pH microelecanodd (s526vA&my
i s suspended in Matrigel, while a reference e

in the culture plate

Using such microelectrodes to profile orga
demonstrate that |l uminal pH is relatively con
that continuous measur ements clann sboemeo bltaari gneerd
organoids, the measurements revealed a pH gr a
|l umen, suggesting that pH measurements in org
resolution. Il n a previ ous |syt uudsye d ntioc rnoeed seucrter ol
oxygen concentrations in organoids, demonstra
anal yses. I n summary, this protocol describes

characterization of t h3eD coorngpalneoxi disumi nal space

Il ntroducti on

Organmiindisat ure mul ticell ul ar -hsatvreu atewrod sutd eor

our ability to study human physiology and ar e
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at obr ySised¢ ¢ itnges i ni ti al description of i nt

regul

echnol ogy hd&s Abdcaaome inmmerese loyf pd

the cellular composit . on and fu
umi nal space of these 3D multic

he centr al cavity of organoi ds

portions of polarized epithelial c

antly

ative

occur at t he iacpriocean v ierpo ntnmeenl ti ad f

by these i mportant physiologica
variations in cell signaling patt
e A v iUrnodremesnt taanld i cnagn doirtgiaonms d | u mi
necessary for the accurate modeling
naccessibility of the | umen sig

gayn oitithd s3 D or g

not or i

under

organ mod e |

to examine pH profiles is espe
having the steepest pro8B8ohngrad
near®henTharad rad mdihres e i gihgen i fuime
of the microscale maintenance o

S Iin recapitulating this dynami

essiforoft her gamdiyd pH Baewnesiitnwael Wde ke st, h«

appro

uorescent or cel awesiemde tar il aw Mmi mail c a tng resc

S N A R5FFRa

rati omet riirct @ Horighadnciadort o analyze a dr

resptomstei stamine treat ment . Such dyes can be I
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enel nmasi ve monitori ngermdgi tpiH. e Ndby e 0 nrl eq Wio
ration steps that contribute to poor rel
al so tend to operate wiotthibre gspEeaiefsiemt chd ti
pPH range within tHe'>miccoaehdi benmensi dér
er, to use indicatorOptyiecsalf omamoyndn garad ot
escleaasesspnmiddeg approacdkeece| oped; ahoswelveen
ng techniqgues require microscopic i magin
toxicity, &% AWdl lt i an adthggi aBmeoib3kbsesd mul t i v

s containing microelectrod®% sThins tampp rod a ot

er, does not allow for measurements dire
ecthmecede pH measurements can achieve i mpr
ds, as wel meapHpmowni deri aagl I n addition,
mani pul ators allow for superioaci sepati al

ion of the electrode tip can be finely c
eproducibility in the analyses of organo
croelectrodes thlkatonowmdr ptreotmased homutgthe s
unds a thin platinum wire. THHegChicroel ec
ence el ectrode -iammpe d &aareme cmininleicwt eldt t e tae rh.
tial betweedr thest wheal sabmerged in the

el% oSuucthi omi croprofiling systems have been

12l ank o nh cman gaei’ uam ds aenvpednesi n mesenchy

sphef?oiBdost h our ¢ahawedpMevplhyusly woadrmildcradme
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Oomi croel ectrodes to evaluate the oxygen conce
Mur pehtypalired this method with mathemati cal mo ¢
within their spheroids. Our group was able to

derived gastric organoids comparxed to the sur

Here, we provide a detailed method for the
l umi nal pH in spherical gastrointestinal trac
understanding of their compl ex |hinm ntad c hmicq we

add a new dimension to the expl-toirme; i omi @i org
resolution measurements of pH |l evels at a mic

be easily adaptedXd oH \HcBe BBdbysiandft ®&mper at

(7]

type of organoid model s. Physiological profi
organoid cul tur e ciom deitvioornosn nieon thse,t ttehre rrmei bnyi ce n h

relevance and wutility of organoid models in b

Protocol

This protocol requires 3D organoids of at
| umen and that are embedded in an artificial
gastric tissues for organoid dérei Vatsiton uwe roe a
Board of Montana State University and infor me
endoscopy at BozemawHEGR,) ttho (PrBtocol &#s 2Od28m|
or sl eeve gastrectomy s peecRiemeemast cfhr dnm ttelr ec hNaantgie
#DBO6EXK)S5 I nformation about the organoid | ine

i's proAppenddiiaand t he medi a Apmpondi ReBerr itso | i st
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previously published protocols for the genera

i heés 27

Preparation of Human Gastric Organoids for pH

1

3

dnitiate and maintain gastric organoi d cul

organoi-wel lonpRates in 500 OL of expansion r

established or-gadaysd, | tnasskteboyndmt di ah35b

preparation for pH profiling experiments.

NOTE: Organoid cultures for our experi ment
preparations, which are obtained from adul
coll agenase tissue di geshtafonr enetttheoyd & roe i sSuws

ECM, as previtod®sS Py described

.From actively growing dibgaseileécdculwtedd ss t &ta

|l east 100 organoids (approximately 2 mil/l.

Om for transfer and expansion on 3.5 mm Pe

Whil e preparing or galno8)d,s alolrovw |eaxttirnagc e lslt uel

aliquot(s) to thaw on ice for at | east 45
protocol to prevent gelati on. Prew&bfm cel |

CQincubator.

.Remove the media from the wells and harves

ieceold PBS onto each ECM droplet and scratc
pi pette. Pipette the PBS with the ECM frag

comilctube.
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.Centrifuge tgme thultAe& dtor2®0 mi n. ECM fragmen
organoi ds wi l |l be visible as a | ayer at th
supernatant and pi peED®A 3i5mt cOLe acfh Ot. kB, tmi
pipetting up aedtdbws.i hnauB-B&t AChWwater bat
.Foll owing incuBBTApnadwdt GOdI rdd psMBEM i veciet h
penicillin/streptomycin to each tube and v
Centrifugat a4 ROO0fdr 5 min. Aspirate the s
pH measurements, reswuopendlilgei deEICMpaltl at
organoid pellet to ECM for plating.
.For each sample, plate 40 OL of liquid ECM
a thin horizont al | i ne @aloangon hde sdhi,amet er
NOTE: Di spensing the gel onto the plate in
easiert oadmeassvi dual organoids by thinning o
Al'l ow the gel H83® moIny me hmiemne fcareful |l y add
expansion media to the plate by pipetting
t he gel
.Repl ace media ever yaotshdrorday .miMlilnounm 40f 10

~

to a minimum di ameter of 400 Om.

10TTo proceed with a pH profiling experiment,
organoids that meet the following criteria
to no dark materi al vi si bl e witBbBicope)gamaoid

not overcrowded by other organoi ds.
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Unpacking and Calibration of Mi croel ectrodes

NOTE: To enabl e microscale measurement s, a

addition to the pH sensor microelectrode rath

design. Both pH microelectrode and méf ewence

exposure to air for more than 10 min at a tim

application. Here, we used a potentiometric p

Om

1 . Withe microelectrode stil] in its protectdi
damage

2.Conntelcet reference electrode to the pH el ect

connect the microelectrode to the amplifie

software via a2llAB cabl e (Figure

.Fittwo 50 mL conical tubes 2/ WD) H PD&cet heE

mi croelectrode and t heOrtedbea,e neres erliercg rtohdeet

appear submerged at Il east 1 c¢cm in the | iqu
NOTE: Tal l beakers can also be used for thi
Al | tolwe el ectrodes to equilibrate for ~10 mi
NOTE: The procedure can also be paused at

may be st:@red in diH

.Whitthee el ectrodes are equilibrating, open t
wor kstation. Under t he nSeexttt itnog st htea bmi cernoseul re
checikredliicati ng that i treicogmriepdr |Ibyy ddiren esootf

Cl iScckExper omenhe top |l eft of the window and
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desti natSeonns.orl nc atd hi ghea restentedtmit mgdso wCl e dr c & |

poithgrsepare the software for a new calibrat
6 .Fittwo 50 mL conical tubes 2/3 with pH 4.01
bl ot the protective tubing and the r.eferen
7.St arwiitrhg t he el ectrodes4iagdtheepkndwd lpBHuv &
Once the mV readi mgdhapoCanédbrimi tbddf ¢sbélkesi
~380 mv. After the point has be@nt @addieds e ,pl
t hen bl ot dry again
8. Repeht previous step wiadd whend®t2®: Bufgheat
(~83 mVv). Check that the microelectrodes r
t herefor egoiomtl yc al ithmoati on curve i s necessse
bet ween these points Ohg¥u/ai nheSpaleisske sl ope
calibration
NOTEobpu are now ready to $%®gin recording me
pH Pr offi IHum@an Gastric Organoi ds
NOTHhe foll owing prortioglathded wWescr i OAATIF ON
all -paweng options on your PC as ongoing meas
sl eep. mode
1. Assemble a ring stahdnwi shda of ampsber ¢ami

the reference el ectrode. Position a microm

right side of tZleA)mi croscope (Figure
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remove the microel

pull ing the

The

mi

cas

e

o

croel ectrodes

t iipn tdoo ecso nntoatc tc ownet h

unwanted

mi

rements

on

a sturdy

mov e men

croelectrode

omani pul ator in such

without

ti on

t

he

hi

cu

t organoi d

tly

secur e

eoscope.

ECM.

Take

Po

tting the
| ture dish
th&a1B) s to
the refere

sition the

car e t o ens

nd bet ween

ing

di

rect |

oel ectrode

he cslofctkwatrhee, St ar t

rding.

NOTE: Al

7 .Befor e

and

t hat

ow

t

Eanlsiubrrea ttehda tc htehcek b oxi

ent er i

~10

ng

S

measur emen
y at the ¢

unt il it

s for eac

t he ECM,

positioned

benchtop

t

on

a

(0]

ectrode

ff i n a

from i

S

Wi

ft,

are incredibl

stiff,

f t he el

s ol

free

d

of

ectrod

a micromani pul

way t hat

objective o

containing

profil e

el ectrode

reference

ur

e

t s.

ul

S

h

ensur e

t

t

S

r

0]

t hgaet iist

ure pl at

t
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d

e

he

t

mi

ot he

he o

(Fig

t o

ectr

mwi vl el d

e

ufficient!l

eading t
t hat
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0]

t

(not
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but ttohne )Yrsiigohgth e git mi an
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advance the electrode into the gel, withou

|l east three pH readings and calcul ate the

.Position the microelectrode so that it i s

interest along the axis perpendicular to t

indentation on the epithel2lad) .surface with

NOTE: This step will also provide insight
or whether it may move about more freely i
With one swift motion, advance the microel

moves around the microelectrode or moves a
back it up against another organoitdomr t he
of the dish. Measure the | uminal pH (three
each experi mé/memlficminghed omecording measur
Stop button.

CAUTI ON: Esti mate the di amettear aodfv anhcee otrhgea

electrode into the organoid | umen, taking
accuracy, measure the diameter with your m
NOTE: I f the tip of the micrbebdebtredéobko
one or multiple measurements, wash the mic

PBS, Et OH, @ nlkde ftdhreen. pdricgHc eedi ng

orized Profiling (Optional)

NOTHhi s option requires a micromanipul ator

stage, which is ultimately contrcdfled by comp
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1.0pen the Profiling sofmtewara«plmdanmti con) a

t hPer of i &b ng
.The setti-amxiss fwirl It ha&u tzoMoattwireal lay mod ©®o g mippa

properly connected.

NOTE: Movement in the x and y directions i
.LocatPer otfhid e i %% eBefcarseb ari¢tatbumg@ t hat it is
guickly transition to |l ooking at the micro

desired diPsrtodndeandeadtdiatchse f ol | owi ng:
a.lndi cat®t arhtatidétsdeance
CAUTI ON: I f the epithelial sheldl i's par
organoid may be pushed away or defor med
case, continue advancing the electrode
t he asrod taovannot record this automaticall
b.Judging the size of the ©Bmd adidshthaam@ésn q o
more than 1IJ way through an organoid's e
NOTE: This particular step is designed
c.lndicatestlke 1dedz edne da i ghua ven 2iEn Ensure
mi ni mum step size matches the size of t
pHR25 el ectrode tip).

d.Indi capesati on to which the motor wil/l
profil es.

NOTE: This should be a comfortable heig
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direction
def aul t S
e.To all ow
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where the sensor -aad he safel

s with the manSears ariatanmgraeni pul
etting.
the electrode to Waqui lbiefroatee,

measure(s).

f .Set Mehsur

be averag

NOTE: I

may be

f

h

g.Set Dehay

h.Set pthee

i .Begin r

e

Cleaning of E I

1

2

.Pl ace the

.Fl ush the

.Fl ush the

.Ri nse the

.Ri nse the

Storage of E I

saf e

e

e

e

e tpeerdtodl(esgst 1 s. The measur er
ed.

performing measurements i n an
|l pful to indicate a | onger per

betowadn( ®)ast 1 s.
re Rermpd mtlcaartbeasf measur ed at each ¢

ordi ng me &g urudtmeonnt s by hitting

ctrodes

ectrode to be cleaned back in

| ®cafoeées meiashiréimdnt s .

c

ectrodes with 70% et hanol for
ectrodes with pH 4.01 buffer.

ectr oQ esepaowosee endd rneg wiitthh dreths ur

trodes

NOTBoth electrodesoamet ¢mpbreatstiioeiedyp alhot aw

from acoci

d

ent al damage
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1. Af tuesri ng the pH microelectrode, carefully s
tube (sliding along the | ab bench for hori

2.Hol dtihneg mi croel ectrode wupright (tip pointed

with sterile water. Plug the protection tu
Ensure that any holes in the protection tu
shapteof box until the next wuse

NOTE: It is recommended to use the origina
contain protective inserts designed to kee
3.Stdarhee reference electrode in a beaker or g
solution. Cover the beaker/ graduated cyl in

solution
NOTE: I f using a graduated cylinder, it is

tape to prevent. accident al movement

Met hyl Red I njection

NOTBMet hyl red is a colorimetric indicator
mi croel ectrode measur ement s
1.Backfill a 2 OL glass capillary wit-h ster.i
controlled nL autoinjector, and subsequent
met hyl red and 150 mM HCI
NOTE: The solution shoel dapppéar yr edleepitmk t
t he HCI

2.lnject organoids of at |l east 3%X%0 Om in dia



a

(7))

r

3.Capture

4 2

i mages or video using a ca@Gepra ada

Representative Results

Secretion of acid is a crucial function of
cid secretion can be model €d32%i nWeo rt heer eif s ei s
evel oped the protocol detailed above to accu
rganoi ds. Notably, we «wWeed vendstoirmpalnat eld adult:
tandard expansion conditiess twhatthhdedbeon pm
0°Ss Therefore, skekerprnesgnparofetadi c¢ell s and a
xpected in our model system

For our experiments, we used organoids wit
eeded -boont tgad na sdsi s hes. First, we testedatwo dif
25 with a tip diametwertbfa26i Phdhamewap Hof 5
Figure 2A, there was no significant differen
mal |l er compared to the | arger tips. I nterest
lightly alkaline af25~pHo8t wdshegsethet B6 Oar ip.
H within different ten organoids maintained
btained from each organoid (Figure 2B). With
rganoids showsdgonfycahitghtriaon0ondsd)( 8.Fleg uN e
B). We also compared intraluminal pH measur e

assages

r

anging from 3 to 16 (Figure 2C). Ag

achurcaulbtut significant variability between or

emai ned

bet ween pH 7.3 and pH 8.2, within on
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wh e
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t he
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nd for average pH when comparing early to
ther the pH of the organoid | umen was dire
ia and extracellular matri>xhe( ECW) suCompardii
organoids, and the organoid |l umen reveale
of the organoids | ower than that of the EC
rounding organoid expansgonhatdi ae (Fumpiun &I
anoids was physiologically relevant rather
ironment. Across six independent experi men:

r neutr al at 7.13 N 0.009

A motorized micromani pul ator was used to o

| umengmwe dther spati al resolution. This approac!

t he

To

col

miudused or?daeneod dt d ubfee gruascoo2dse dt.wo r epresent
ies of pH measurements in | arge organoi ds

nt into each organoid and ending at a dept
e mehedisaamet er, the measurements are not i mn
w evidence of qga0 =@ ti weha n ptHh eg reapdii temea | iodl sur f
anoid |l umen (Figure 2E). To det er minndg htehe
anoids over time, which would enabl e measu
orded the intral uminal pH inside a represe
nd that the reading r enhaiandeadp thaitg holny pcea n soids
vali date the | uminal pH measur e nseenntssi twiueh

orimetric dye (methyl red) that we injecte
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confirmed that the organoid | umen had a pH >6
measurements t-lhaut rsdaloweld. aOwneraal |s itlhlelsset rreaetpe ¢

feasibility and r eprboadsuecd bpiH inmeya soufr emmecnrtose lienc tc
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Figure 2.1 Overview of( A)heScpht maitc rco pdri cafgirlainm go
setup. The nRicgwrdaekA akda Ffnom t°68)Uni sense w
Representative i mage of organoid culture read
media (scale bar = 5 mm). (C) Example of <corr
organoid probing (scale baxrt r=ac500 uldnar. nfabtbrriexv.
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< 0.0001). (D) pH measurements within gastric
media (n = 6 independent experi ments). Measur
organoi ds25wi tEhacah pdtat a poi nt iIimeadver ewmant © f wil 0
singl e orway cANOVAONep < O0.-0060Mmen QH) pEpifi helsi a
representative organoids using a motorized mi
(~19.8 min) in one reprjeescetnitoant iovfe noertghaynlo irde.d (p
and HCI into the gastric organoid | umen.

Di scussi on

Limted access to the | uminal space of org
understanding of the physiological dynamics o
functional anal yses of | uminal physislhogy wi l

vi moadels for physiology, pharmacol ogy, and di
physiologically relevant models with the adde
t he human popul ati on. Exi sisiimle métehodgahonin dp H
usedsegmMsi tive dyes or nanoparticles, methods t
mi croscopy dt/ sPretdeoscroigyesde dni pcrroofsielnisrog met ho
new route for measumiarsg rtohetiesttn alah mioma@lanphH ds
precision. Our method demonstrates consistent
organoid | uminal pH, as well as evidence of a
confirmed t hSeL Ceaxnp rl eyS IsgCeteddZd6 AWh i ch are known to
responsible for bic&SLICQ@RARY edRlIcatetaroen raess pmver d i
proton exchange (S%HYpOemesitadi &s gauuwgg Sdt) a pr
bicarbonate secretion and a | ack of parietal

al kalinity
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't i s Iimportant to ensur e-stuhdatedt Heormioagrgaelo
cropertolfiid iingcl udes selecting the correct tifg
ps and obtained similar resuwittsh (tFhegus mal2lAg

ze per the manufacturer's advice since it w
ati al resolution, as measurements are aver a
wever, small er tn@isd agiezanomwestf rkag i d &n s iOd ggrae ¢
sired spati al resol ution

A critical step in the protocol was ensur.i
tral uminal pH from the pH in the ECM, and s
e would expect a reasonabl ef ambenb’ gllen met ab

pect an organoid's pH to be influenced by i
nsistently | ess alkaline than their surroun
dition, stability isiguduriarsg i sn@rogdrandali inbm:
Ti ssdeei ved organoids are expect@dntos exhi bi
riability, so it is essential to profile an
peri ment al i nt er vefhlt i Wen sh yspuocthh eassi zder utgh attr efaltu

thin any one organoid culture may be due to

terogeneous distribution of | uminal mucus a

i mmunohi stochemiclal Bhaiobagr (&€d apdreiratdi ons 11

or

S e

di

ganoid |ines and passages may be due to ind
cretory activity of the organoids. We al so

fficurldt & ot lpemedt her s. Similarly, some may |
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to be associated with organoid passage but ha
~1.5 mm in diameter. I n a prevdieotdhestoudgynowea s:
heterogeneotsS| Bedasse i bfuttedi s heterogeneity, i
whet her (or the extent to which) .mucus distri
Mi crosensors are minimally invasive tool s

physiology with high speed and high spati al r

chemical gradients and are minimall y sean®irteisy
The small design is made possible by separat:i
el ecstaddard | aboratory pH probes combine the
Optical 2rpHnasnanOor s f or i nhtavaec ed d eunl ad e weelacspuer de 1
group at the Colorado School of Mines and hayv
both mouse and biofilm models. Because of the

such sensors may rleesadd tWsoC neacaadae rypzreedt a bulnei n al p
embr yoni edesrtievne dc eglalstri ¢ org-ahRoadd biysualjeztng

sensitive-tdyme wiotnf orcdd INmt abbycomgasur ements r

Mc Cracken were highly similar to the pH value
OQur technigue could perhaps be applied in a m
setup as in bibfthmspmayi posg, athosk of damag
studies also could involve sequenti al measur e
associated with cellsidzeeed|l opgnamdi dSigere maldli w

prba ng, one organoid could theoretically be pr
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cultures can be maintained. As we refine our
spati al resolution must be a priority for the
inaccessible 3D microenvironment within
Il n summary, this protocol provides a detai
with high spatiotempor al resolution using pH
and a stereomicroscope. This metdedewlas valid
organoids and is suitable for epithelial or ga
di stinct | umen. We anticipate that by selecti:
easily adapted to other typeé$ altergamoives cam
as NOQ or O
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Suppl ement al Figure S2.2. Human gastric organ
puncture with theSgal enilcaros= nlsomm.pr obe.

Suppl ement alUn\iudcecoe sSSM2u.l1 .prof i ling attempt in
The video can be downloaded using the foll owi
https:// www. jove.com/files/ftp_upload/ 66900/ 2.

Suppl emental Table S2.1. Table of Material s.

Name Company Catalog Numbe Comments
3 M KCI Unisense
5 mL Wobblenot Serological
Pipet, Individually Wrapped,| CellTreat 229091B

Paper/Plastic, Bag, Sterile
10 mL Wobblenot
Serological Pipet,

Individually Wrapped, CellTreat 229092B
Paper/Plastic, Bag, Sterile

15 mL Centrifuge Tube

Foam Rack, Sterile CellTreat 229412
24 Well Tissue Culture Plate CellTreat 299124
Sterile

25 mL Wobblenot

Serological Pipet, CellTreat 2290938

Individually Wrapped,
Paper/Plastic, Bag, Sterile
35 mmDish | No. 1.5
Coverslip | 20 mm Glass MatTek P35G1.520C
Diameter | Uncoated
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Suppl emental Table S2.1 Continued.
Name Company Catalog Number Comments

50 mL Centrifuge

Tube- Foam Rack, | CellTreat 229422

Sterile

70% Ethanol BP82031GAL BP82031GAL

70 em Cel |

Individually CellTreat 229483

Wrapped, Sterile

1,000 pL Extended

Length Low

Retgntion pipete | CelTreat 229037

Tips, Racked, Sterile

Amphotericin B HyClone

(Fungizone) Solution| Laboratories, Inc. SV30078.01

Biosafety Cabinet Nuaire NU-425600 Class Il Type A/B3
llilct))vme. Serum Fisher Bioreagents | BP1605100

umin

Cell recovery Coming 354253 Cell qllssomatlon
solution solution
DMEM/F-12 .

(Advanced DMEM) Gibco 12-491-015

Dulbecco's

Modification of Fisher Scientific | 15017CV

Eagles Medium

(DMEM)

Fetal Bovine Serum | FYClone SH30088

Laboratories, Inc.

(G418 Sulfate Corning 30-234CR

Gentamycin sulfate | IBI Scientific IB0O2030

HEPES, Free Acid | Cytiva SH30237.01

HP Pavillion 2in-1

14" Laptopintel Core| HP M03840001

13

Hydrochloric acid Fisher Scientific Al144C212

Incubator Fisher Scientific 11676604

iPhone 12 camera | Apple

L-glutamine Cytiva SH3003401

Large Kimberly

Clark Professional

Kimtech Science Fisher Scientific 34133

Kimwipes Delicate

TaskWipers, IPly
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Suppl ementary Table S2.1 Continued.

Name Company Catalog Number Comments
M 205 FA .
. Leica
Stereomicroscope
Matrigel Membrane .
Matrix 354234 Corning CB-40234
MC-1 UniMotor .
Unisense
Controller
Methyl red
MM33 .
) . Marzhauser Wetzlar| 61-42-113-0000 Right handed
Micromanipulator
MS-15 Motorized .
Unisense
Stage
Nanojectll Drummond 3-000204 Nan(_)h_ter
autoinjector
Penicillin/Streptomycin .
(10,000 U/ mL) Gibco 15140148
50-109158, 25 SensorTrace
H Microelectrodes Unisense 203452, 28205272, | software is not
b 25111626, 25 compatible with
109160 Apple computers
SensorTrace
Reference Electrode | Unisense REFRM-001652 softwarg IS not
compatible with
Apple computers
SB 431542 Tocris Bioscience | 16-141-0
Smartphone Camera Gosk
Adapter y
Specifications :
Laboratory Stand LS Unisense LS-009238
TrypsinEDTA :
0.025%, phenol red Gibco 25200056
UniAmp Unisense 11632
United Biosystems Inc
MINI CELL Fisher MCS-200
SCRAPERS 200/PK
Y-27632

dihydrochloride Tocris Bioscience 12-541-0

pSensor Calibration | Unisense/Mettler 51-305070, 53302 | pH 4.01 and 9.21, 2(
Kit Toledo 069 mL packets
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Abstract

Thmucus | ayer that | ines the human stomach

underlying epithelium from gaBdlriicomaadtdEmenpmgy Ihc

efficacy of this barrier relies on the struct
various biochemically and biophysidably i mpor
cellul ar model s titatntrae e mulce stihrae siethamac h nv e s

gastric disease. Due to aheotgoaowndbiodi amdd | yulbs$ e
di f ftiecauddss mucus, it remains unclear how the
contribute to its functionali-tyackKeng wmecused
with 0.5 Om angattOmlpsesl yestgyhanacterize the m
Human gastric organoids showed | uminal accumu
and particle tracking analysis revealed struc
di sndeébrl e categories of diffusive behavior (i.e

behavior of the trapped particles suggested e

organoid lumen. Taken togetheal oosi §hbhdinge |
di mensi onal l umi nal mi croenvironment within h
investigations into the funaot mumwals balrevaemsce

Il ntroducti on

Organoids have significantly i mproved our
di sease pnogmnéespirovi de a viable al-tkernatatle t

drug “YesGdstgroi ntestinal organoids are widely
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intestine, and colon i# sNodakkbyofsguh dregandhi
produce the protective mucds tMuactusl iinse sa tvhies cgo
material that plays dnrismpdodratranterr dire@ madg hteheu

Huma@mstric organoids (HGOs) generally cons
i nwamatsur ally separated frldbmhilseteptoeéonmgalcaehyi
structure of HGOs makes the | umen challenging
model s foirnrgayteraitda ngondi ti ons, such as the pr
t horough characterization of their |l uminal <co
the lumen are criticah §fasbaccueavefrgnmede]| in
are often overlooked, particularly in studies
Sesmr s. Di sregard for the spatial arrangement
|l eave room for confounding variables, |l eading
internal mi croenvironment. Whivleal fiaxicht@eandadfs
the lumen, this process disrupts the datiwmral
contrast, studying intact organoids provides
spatial complexity whil é&3mi Wemarvdsoekhersi mawne
mi cr omanRciopnutiraotlolred mi croinjection to access th
delivering bacteri%alot*Ad diiotriesrcalnlty ,t rvaec elrasv e
measure intralubainnddfpHihkygenonodaesentuctive tech
has enathilmmel olksadér vati ons to be made, incl udi nq

mi croaerophil i c-ncecauntdriatli opnHs. amd tahimseasrt udy, f | u
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t he?®mucus barrier

eviwashgygd reported the presence of an opt

o

r

i ds

, 1d

and

enti fied?’ usBiansge db aonk s c ast tienrc rleiagshetd
his substance wWwarsl ywlhhyspdtfh ed daed
debris as its identity had yet
udiyé¢ sarsga-patfrRag oni "iy@mmaanct i ons at |
nside the | umen. Explorations of

mechani cal properties, have been
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topologically c¢closed structure, which restric
gastric organoid | uminal md ¢ ume Iivs sahadrni aatt e roinz

mi croinjected fluorescent pamticaloegd eiodtogyt he&o

results determined the rheol ogical properties
the mucin content of the organoid | umen and i
per f oirmimigtruoscopi ci ctrsaare @ d ngolbf oimdal particles

within the orfawei @dmploogranalmeti cal met hods t ¢
dri ven, Brownian motion of the injected part:.
properties of ?6h&el aomhnhat mmahaeti ahe mucus sec
viscoelastic, and that the viscoelasticity va
gastric organoids can serve as a physiologica

inflaenother factors on Mudux® ¥t ructure and d

Results & Discussion

Taonfirm the composition of -kKhmewnh ume inlad d ma
hi stotagboechydrate staining paired with bright:
indicates the presence of acidic mucin glycop
ti ssue and the organoid |l uminal Fsgdcdheaarshs
positive for Alcian blue are consistent with
mucdsaln another study (Chapter 4), we |l ater 1
anti bodies against MUC5AC and MUCI6n Mihtem pr edo
confirm the presence of MUCS5AC on the epithel

MUC6 in the glandul ar epithel f3m of both the
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Gastric Tissue Organoid

e N\
N

Figure 3.1. Alcian bl ue sdamitniisnsgu eo fs urdfeancte fe pai
and in organoid | umen (right). Representative
Thmechani cal properties of gastric mucus,

are knowwetpe ht@hdiHscoel astic gastric mucin unc
solution at neutrdl PptH has aalged @e stumisiumideEt e
behavior of gastric mucus (sudbwvasgtdagewhi oh
al so be inf4.d%Innc edh abpyt eprH 2, to determine the i
injected met hyl red into the organoids and ob

indicating a pH > 6.2. We further confirmed t|

using a pH microelectrode, finding that the o
high pH, i mplyi-agct btalbngrthd ksh tskuegdy easctisd t hat t he
not behave as a gel that woul dd.bep?fsitorrang enou

|l bhis study we used particle tracking micr

of the | uminal mucus i n the gastlrabceloerdy acnoolildaosi
polystyrene particles (d = 1 Omcamad.es ®&m) ion
for 24 hours, and then i maged the | umen with

containing these particles is shbwpseni khaging
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conti nuoarsganhiod ei magi ng over three days with
i nter medmagrei,f ihdagthi on, high frame rate i magi ng
pl ane) evierPuPlP4imagisg revealed that that the

di stributed throughout the orgamainndt diumed, ( Ring

2AWwWi th the exception of occasional ryptRiogre ev
each hi-gdt & raaerei es, we used particle tracking
coordinates of individual particles (Fig. 2B)
trajectories (Fig. 2C). Abtéetdeanadtshhewmopaoni

the organoid | umen is dfi*¢StWeptromadilillyabypahe]
(or motility) was higihtlhye warfifard i wint lhifn sao mei Mm@
confined, while that of others was not, as il
Fig. 2C. ThissvahaabthetyVyumndatataevironment i
experiments with smaller coll oidal particles

spati al heterogenei.ty on different | ength sca

Diffusive particle

Subdiffusive

particle\*
Figure -BapseTmmeroscopy of coll oi dal probe pa
in organpopAd Bwuimgmtfield microscopy i mage of hi
coll oidal dai clr cOsnpher(eBs) (Hi gh magni fication flu
in (A) shows multiple green fluorescent part:.
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High resolution image of single bead. (C) Ind
secondl apismevi deos. Trajectories corr)spond to

Tagquantify particle difdfepeindietmyyu ave@dcal cul a
di spl acemepitt ( MSDf) ,each particle and then pl ot
both 0.5 Om and 1 Om ?gdarFtoirclae de X @#insi) mersthsa ul Fic
scalYwiatsh tt hel efx@lo nfemeéel y di ffusive particles
the data for 1 Om particles diffusiwWg <sdawamneg
indicates that particl e divfifruosninoenn ti,s scuogngfei snteidn

el astic behaviorUapprioms hesr Ooumeéi hgsndsthat,

particles exhibited hindered, mortege confined d
mi croenvironments than the smaller particles.
dependenlf oscallilngpgarticles (n = 808) in all HG
probabilityU)biogtoimbutigns 3pEti Dmeisesulttwedldib

normal distriblutsi @m,18Wi i mda cmadees t hat most pa
space were confined in the mucus. By contrast

i ndi cates somet rpaaprpteidc | beys twheer emuncots or had esca

me $th



A 0.5 ym B 1.0 ym
< 10F |
E i i ]
2 100 1k . y
!-\_. ? -‘.... E .o'...
§ 10—1Er Nl * .
Vo107 I ]
107 100 tis) 107 100
50 T ™TrT—T" e T
40 N 1t ul .
30} I}
< -
20} 1t -
10} — ]
0 I—L_LJ_l_.l 1

0 03. 06. 0.9 1.2 0 03. 06. 09 1.2
a

Figure 3q3arMeanspl acement sPbbt e edbefpoetnddaeen tpr ob
measnquared displacementds orr QOdrdiqueid uCan) .p aRretdi ccl
correspond to averagd&=MSEPBrfer paFrtoctdesi fAyvae
' imited diffusion and sample higher viscosity
Lower panels sbDfoowr diesrtmre bpudnodinngfparticle MSD:

Fur tweerp,l otted the viscosiEtiynws{tealnc elgatagd owny
mucus as dtbufnecndoa oakgddt iThe sledpesymbiog.s 4)kpr
smaller 0.5 Om particles and the black symbol
di stinctly broader Tlreaguigrenionfg dwiftflu smosree bdeihfafvu soi
near compl etléneedrtsatapmee@tbatst om ri ght. We obsert

increased,Uitshe oewkepronecrmtnsi stent with the expec
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encounter greater hindrance to diffusion in t
confirm the spatial heterogeneity of the mucu
Notably, the | arger particlesedemdosttatehehr:
|l i keli hood of becoming trapped in the mucus m
mostly free or slightly hindered diffusion in
|l arger 1 Om parti dlhes rargée omes tolfy hti rgenepe ke nitrang

suggests that the average size of. pores is sm

] 0.5um

0.001  0.01 0.1 1 10
n
Figure 3. 4. | nVes sa fr uemucatuiscorm Basfd psp lyo lds =r epr e
0.5 Om particles, adrd 1bIlOar kp agytmicdless represent
Dueo the known | ocalization of gastric muc:

the concentration of mucus to be highest near

| umen. However, it is important byotbtensiader tth
generally spherical geometry and confinement
ti ssue section. While we do not know the prod

mi ght expect the sneuciuns tvhoel ulmuemitnoa Ii nscpraecae wi t h
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guantify mucus production over time using org

mul tiple studies have demonstrated as well as
results indicate that the mucus in the HGOs i
A G” at 1 Hz (Viscosity) B G’ at1 Hz (Elasticity)
10" 101
100 100
g X T " = : .
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Hours after injection
C
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o 1R $——
5 & k ++
¥ & Pt
1 i *
10 *
*e +
*
102 f
24 48 72

Hours after injection

Figure 3.5. Calculated viscoel aqtAi)ciFtrye qufenalyl

dependent | oss=HmbdyIBi) -Gé@agaeacty st or atHel modul

(C) Ratio Upf wWHhéred>(Qtamiscous and <1: el asti
Astrength of particle tracking is that it

and the extraction of the 18cdb diostbébastiece

averaged all MSDs from al |I-deHGOsd eamtd eelxa srtaicct eadr
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Id)an GN@ENg(i ng a -dferpeegnudeenrigtiy nStt ek ens ed.dt i on (F
e data reveal that the luminal contents a
uencies at all time points. These modul i

rs of magnitude | ower t ha% tAHd dseea nparte wied wys
l ogy (which we perform on organoid mucus

rmation regarding average mechanical beha
ntageously requires veryer )w, stamp | ree srywll tuinr
potential toetdidlied. t Aastudge bysCeklastic
(solution) porcine gastric mucin, obtain
orheology, i wethei nohgt eemephas3 bvotr edi ff e
ifically, the modul. obtained from micror
those obtained from bulk rheol-sgwal eThi s

ndence of tHe amomdinsgseuppehtnegdoby other s
rogeneity of “tmftFumt ate tdepeni icmestcal wher e
aps by altering the pH of the organoid | u

r the dP¥fusive outcomes

pur HGO model system, mucus is secreted i
ace of gastric epithelial cells. A previ o
noi ds periodically undergo sponhaneous ru
nal contents afndf h8eahspbehaaneoumuytriee c.

cting subsiianndceeesd ,i ntthoe tohreg dnuomedns used to g

not purged their | uminal contents after i
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taken into consideration. Expell ed material ¢
extracellular matrix. These data have the pot
from 2D epithelial moingl iaagicca st vt dhurveau lad I eh ec
understanding the i mpact of the closed confin
behavior of the secreted mucus

Ta he best of our knowlierd grseh, @ aw eo ghi ecrael perxepsl eonr
any gastrointestinal organoid |l umen. We conf i |
(Figure 1), as well as spatial heterogeneity
Chapter 4) that pamltyclt eanplacscatvel yi anBr oamida
freqguemeyndent storage and | oss modul i reveal e
mucus (Figure 4). Our wbnkaskewmenatvanheagéehef m
for rheol ogical characterization within the e
herein provide essenti al i nformation about th
t he organowidl Il uimefnotmaffut ure i nvestigations il

| ayeH. bpyy!l or i

Met hods

Human Tissue Sampl es

Human gastric tissue samples for the estab
informed consent and | RB approval from patien

Heal th Deaconess HoshC).al (protocol DB0O50718
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anoid Culture

pas

( Ma

Al c

Human gastric organoid cultures were estahb
cri"bléd*Br*fefly, gastric glands were isolate
extracellular matri x, Matri gel (-O/BNNni ng) .

ture medium (see Appendix A), whathacent ai |
wn to secrete the greswbohdiactOrgaiWwoid 8oQgy
saged weekly, and the experiments describe.
th passages. Organoi ds f ar gribazstrsoo m | glcdti e

t Tek) and all owBedlatye grow for about 5

ian Blue Staining

30

wa s

Fohi stol ogical analysis of organoids, cult.
overl ai ™M @pt bdHaEsHG46D0012) which was al l
utes at room temperature in a biosafety ca
n used to t'Manntsof ear ctahses eHitset olgiented wi t h f i |t
merged in 10% neutral buffered formalin (R
rnight, and then trams24rhewdr $ op7i06or ett hama
a SakTlelk ViBs0@0 ti ssue processor/ embeddi nq

o fixed in formalin5a@m sédenhi embewere (memp

ica 2035 rodararyt ani cirmdg . ,omel.i des were depar aff

ume hood. Sections waecreet isct aacniedd swoltuht iaonn A(l p
mi nutes and counterstained with nuamlgear f a

performed u¥8nh@ m Kregsanacpee BZ
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Particle Microinjection

A2 OL glass capillary was backfilled with
mi cr omanRciopnutiraotlolred Nan®0®0d) (DfTbemmoadi Bl ary wa
with a®abbi gl @a0mL solution of 1 Om Fluoresbr
(Pol yscielnc)esi nL 7/PLBSY. These particles are negat
ester groups. 9.2 nL of the particle satution
l east 300 Om (n=10). The or g&adiGds 2we rhe utrtse mp r
i maging to allow equilibration of the system
Live Confocal l maging

Orgamomi d3ss mm pl ates were imaged on a Leica
mi croscope on a heated stage with an Leinfvei r onm
| maging Ae2Wx ce@hyecNAve and additional 4x opt
particle tracking, capturing an average of 15
frames per setenth.t Fme thpskonmaging, 25 orga
hours wtte 5i Mti2drr val s
Particle Tracking Microrheol ogy

Videos were analyzed in MATLAB v7.9.0 usin
the center of intensity for “avhdéesdandi ngaj
were inspected to ensure that motion was pure
within the particle tracking software were ad
triplets, and Idar gt Wedd uasggli emgdthes same way
trajectory data for each bead, the ti:me depen
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MSD(E) = ([x(t) — xol*) = - [x(0) - X O)P

in which N = total numb(edr) o= ipmairttiiacll epsa rttoi cblee
andt xt=h particletposition at ti me
An exponenti al model was fit to WBwaash tr ack

recor ded:

MSD(t) =~ gt~.
in whiextponential sl opel oft htheli MSD0aOp,c elfiinleecar r «
was conducted to det er )i naen dt hseu basveeqruaegnet |syl oupsee d
di ffusion coefficienEinsitegnt equge wasalci@EE&Q] S
by taking the unil atetfatoLapbabebéadnssEongm b0

i, we obtai-depehdeguestygrage (elasticy (Go6) a
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CHAPTER FOUR
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KEY PHYSI COCHEMI CAL PROPERTIES WI TH NA

MUCUS
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Abstract

Thgastric mucus | ayer plays a cruci al rol e

acting as a shield to protect the gastric epi

foddbdrne pathogens. The protectiwlet barraer fun
combination of physical and chemical features
buffering. Gastric mucus research has been |

mucus samples and the abundancBoobh B8Dnoragnamain
and 2D degameddmonol ayers have been used to e
respomdsepypymibecti on, yet few have taken the ste
mucus contains these functironaldefdeamnudrest ahlde
structure and function of this mucsuesd |oarygearn oiisd

derived epitheliall impuied si rctud rtfuaeca @ALIt)het aige

and sterile gastric mucus, termed bioengineer
compartments. This BGM was tceodmpfarroend htuomanmu csutso n
samples. We used ISrEdM d omichsararcd eCriyzeFbi oc he mi

similarities between the BGM and native mucus
' iterature. Mor eover, rehde alhoeg ivciaslc oneel aassutri ecmennatt
Lastly, we used a miniaturized Hele Shaw cell
phenomenon (Aviscous fimngevi@G@o)ebypoehegsitzleal:
indicate thatroure,B@Myiss od oggically relevant,

gastricimusitdawudiders. This mucus model has the p
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properties of mucus a

study due to its comp
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i nHalsii omb adt laehyplgemisnalucar a
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oil factorMurgd mt igd egsc,0 pa rod

bl ocks of mucus, al th
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s it Gasksia mueamberhas b

|l ex and dynamic physicoc
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ni mal mucus or purified

er t o many researdc

gaetdr amisnt e s |

s, pialbeé@twitwhillye imhe he

structure of 3D organoid

mucus within rédmaTams r e

muicu swibit v olggy et hmodel s
nto

for interrogation i



87

| nspbiyr epdr evi ousr ga-ddi dsedvi 2B monol ayers, we
the ability of gastric orga#doiqis dculnttierddcas (
secrete sterile mucus that ¢adhThe pair wasy ego &l

study were to 1) determine whether the bioeng
native mucus on a biochemical |l evel , and 2) e
by characterizi nged hef bBGN.h yWe cfailr sptr oweelritdat e d
guantifying mucus production in the monol ayer
structur al and functional si mil ar ietxicelsu stioo nn at
chromat ogs ammhyn,g cerlyeoct r o SEM)cr ashceomet(ror,y and e
anal ysis. Our work suggests that our BGM reca
viscoelasticity of native gastric mucus that

defense. This work aims to provide a foundati o

investigatingl.tpbghOdgoamoosabfthe gastric muco:

Materials and Met hods

Human Gastric Tissue Sampl es

Huma@mstric tissue samples for the generat.
informed consent and | RB approval from patien
Heal t h Deaconess H®&QR).alAl(tpairateotdiawaeal B2 XKllee e
gastrectomy samples or-mehdleen §tromadchancell lasmdt
provided by the National Di seas€&€XResasadr akeldnf
both organoid establishment amd umru cwusmpd eclsl aicste

chapter can be .found i n Appendi x A
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3D Organoid Cul ture

Huma@mstric organoid cultures were establis
descY%/’bedBriefly, gastric glands were isolated
Matri gel (Corning). Pol y méWR Nz ecdu | Mautrrei gmeeld i wans c
the supernatants of murine L cell sdisPathdsecr e

3% The compo-%WRNionl bbrehmedi um?? s O gcaunletdudriens A

were passaged weekly and are used between pas

2D Monol avyer Cul ture

Trangpwelmeabl e supports with PEY mpemkeranes
di ameter: 0.4 Om; Corning3ra34i@) lwerd | agatne d
354236) for 1 hot’.1%Atf tredo ma stpd mpaeriantgurogf f t he r
basol ateral chambers W#RINe ctuhdmnrfei ImMeedd uw tam d6 Q
| east one hodr Hwtma3n7 Agas5t% i@O organoi ds (cul tur
expanded, harvested, and trypséniThedréeosul LDnm
organoid fragments were mechanically dissocia
a 70 Om cell strain®rThe kilimiaceewaetteédel uist

mi nutes and the resultinAgRN.elA ndelilmtmewd s 2r. s

were seeded onto each insert, agitated gently
5% ©r at | east 24 hours. Every other day, me
el ectrical resistance (TEER) was measured usi
2 epithelial voltohmeter (World Prealsebpctns:

resistance ( TEPRHwaosf raeta clheeads,t a2p0iOc a | medi um wa



89
culturel iaquitdei Ritbe pr@acescALley med dairliftingo
undi sturbed until there was vVvisible productio
1C, D). Our gastric epithehbobhhyeebl witWwpncahtky

mucus production was observed within one week

MucHarvest and Storage

Bi oengmoneesed BGM) was harvested off the ap
or weekly intervals boregpeipehee Bodceéepansfea
mi crocentrifuge tube. The wet weight of the m
Sampl estwemn either used i mme e2i0aAtCe | yo ri8 @ rk ©ezxepne ra
for -tleornny st or age. For all experiments, BGM and
fresh to preserve theit? naittuhh ad x 5d rait me mtss mua hr
wei ght of secreted mucus over time being the
prepared as prfevwasisll yopislciridddand rehydrat e

mg/ mL expleriments

Lyophilization

BGMampl es wefrroZeéemsitn flliaghhi d nitrogen and
mini mum of 30 minutes prior to | yMemiclhitoat i on
freeze dr yEZO Q2A0aD0clM)c.o The dry weight of each
guanti fication of dry mass and water content.

determination of dry mass in Figure 1
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Size Exclusion Chromatography

Sampfleers si ze exclusion chromatogragithyf( SEC)
mucin eLof 1B0ffer, foll owedenbysyfriilntgreatfiidn etrhr ol
comprised OPPOQA. /0O NaM EDTA3 @&G@nd%O( W/3v )M NalCl
|l abeled 220908 huOO0O7, 220914 huOO7, and 22092
vol umesLof r®d2th each sampl e was-3t0l0e 8 EICo add d mnn tad
rate of 1 mL/min. Molecohaenwveiaghondetrasmnireae
conducted-amgil g | mglti scattering (MALS) and re
respectivelliyne t Wy atutghDetnhect ors. All data sets

and normalized against commerci al PEG and PEO

Proteomics

Cystaeiqnnel fide bonds were reduced using 4.5
at 37e¢eC for one hour. Free sul fhydryl groups
at room temperature for 30 min in theDTBr k, t
Protein was preci mpphasetdobyctheiddtiotlo %o f{ v/
foll owed by ove80éegGht Pnecogbptianedtpr-Dia&p n wa
(Protifi) by centrifugatei cant &g MdddOwwvshechp e x & & m
with methanol . Samples were digested using 2
(Ther moFi sher Scientific) in 50 mM triethylam
Peptides were recoveredThgpséeéfghedti abl washiAg
solvent A: solvent B, 25 OL solvent B). Exces:

centrifugation and peptide coi#t¥/éWVisatbipers$r oee
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(DeNovix) to measure the absorbance at 215 nm
and B used for the chromatography.) The proce:
Bruker -2MMAMabds Spectrometer (timsTOF oPrUP/LIA ex)

unit. The gr agdriaednet wasteedr LWOMSh 0. 01 % formic aci
acetonitrile with 0.01% formicPACTHM HBLE€O0OI| ven
column (Ther moFi sher ScNAMQ@ZOXAOGELB)c,at sl dwia neu nfbl
8 LIdmin. The run was 95 minutes long. The star

percentage of .solvent B was 98%.

Cr y eSHEM
Cryad é&lmd ssi on Scanning ESeEM)r wasMperdoscmpv

| maging and Chemical Analysis Laboratory (I CA
50 OL of mucus (or BGM) were transf etrcroed efdr om
(Emi tech K575X) -fsiolziecnon nwd fiegru,i df lnasthr ogen, and
guickly using a flathead screwdriver before c
55VP Field Emission ScanntongeBbecerodohaMi thest
contaminated and most representative portion
portion of the mucus was removed from the tub

bl ood or gastric rjeudilcheéd.ACl nwd g ehu evv earaes badadewi det e

an accelerating voltage of 2.00 %*%. I mage anal
Foirmage analysis, images weerrhamnedke,y terdd t o
threshol ded appropriately. Pores were next id:

|l maged software. The outputs were visoatl gnia
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to make manual corrections where needed, such
identification. A minimum of 10 pores per i ma:

Native mucus from three tissuer @mthoorsgamai B GM

were analyzed. I nformation about the sampl es
criteria used for defining the structural fea
Table 1

Rheometry

Forrheol ogi cal measurements, all mucus sampl
Storage (elastic, Go)ipandaméosess (vssdoug, d&HO) |
sotandd Hiickwei dehaviimey er emgpsescatr iedesheyra etshe ff ol | o
rheometric tests: 1) flow sweeps to obtain vi
sweeps to determine the |inear viscoelastic r

performed, and 3) frequenmcsyt iscvwénedpodd lltiot et £ r e |

performed -G imlgeametAkr wi th a 20 mm parall el i
Il nstrdméhans)initial flow sweep was performed t
function of shear stress. Next, an amplitude

the point where the viscosity begaemepso waroge@ o
performed at a constant frequency of 1 Hz wit
was performed to determine the |inear viscoel
determined by identifyi®cgbéthleareguobecausditch

undi sturbed by ?2{hA vaktuélatoappbiedi stress wi
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then used for subsequent frequency sweeps of

amplitude. Samples were allowed’to recover fo

Viscous Fingering Experiments

Amodi fi-SthakWwekell design, kindly provided b
(Massachusetts Institute of Technology), was
viscoud® . f9%Mmgledr sor 25 Om spacer (Precision Bran
by two rectangul a(rMcpMaescteesr ;o fTt5bxe2r Soxslip | 2ion€na)tvé i ¢ h
drilled into it witdanda @l bednmbyi eapnoxyd. dA iheatb

remove the syringe parts aside from the blunt

epoxy te cnéate tlr visualization of acid flo
Brilliant Blue dye (CoomassieE 190343). The d
concentration of 50 mg/mL, then added to an e
wazd5 mg/ mL with 0.01 M HCI. BGM, PGM, or NM s:

into the inlet by hand -ggatthe andetll eWRMcdvdlsls ¢ r |
culture medium was usedyasd aacciodn tirleor| & b gHw ocwe éol fI-
was initiated through p#i&rmac®ut i0Oc 811 tmumbhi ©Og D(
mai ntained by a syringe pump (New Era Pump Sy
mL syringe. We began with 25niCGLi/aii nacaind frleodw cre:
flow rate to 1 OL/min aftevidemgewedf®rmadaomode
Pro (6th generation) camera at a resolution o

experi ments were performed at room temperatur
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Consideration of Biological Variabl es, Rigor,
Reproducibility and Statistical Analysis

Ti ssampl es were obtained from donors of any
range70f TBe tissue donor information for eac|
Each experiment was repeated three @&r mmecues t i
sampl es

Aldata were analyzed using GraphPad Prism v
Data are presented dtsedth®e vwaawd MONKEVBDwi ShubBanhé
multiple comparisons tests weOelOudédwhs aHnNsSs

to indicate a stati.stically significant diffe

Resul t s

Hum&Gas tEpi t hMolniod s&yletdat et he
Ai-ki g Un tde rPf ad ApxciedMa k u s

Usilmagckscatter | ight confocal i maging, we [
organoids secrete a dense substance that accu
released uponr®oMgaherd veptuiemunofl uorescenc
t i stseurei ved organoids from the human gastric bc
produce MUC5AC and MUC6, the major mucins pro
produce B&GMomal fexmeri ments, 3D organoids wer
di saggregated to generat!¢é Thegmomoil ayepist wel ie
mai ntained in submerged culture until they re
el ectrical roeshi SEEZRYye Odhe>200tures then were

secretion and accumiEl)at iaen dats ctr hedt edbhldh yWdBnogr .c el
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af3.'*Apical mucus Waslays!l |(Fdtged 1eFyv &)y and vol L

determined. On average, monol ayers produced 5

e

average dry weight of 39 21 mg /pnplr,o xwhmacthe | cyo
96 %, similar to repoitFédy.vadlFdes |Ifnorcogngpsatrrismnm
mass of five native mucus (NM) samples that w

mortem human stomach samples was 123.91 mg/ mL

contaminants, which wel®) cofimpal gxwlissibodomr ¢ ki
mu Fatnigl e | i ght -MALS)t eevegql eS8EGOIl ecul ar wei ght
NM that were not statistically different, bot
components (Bitgnglhl, | porlkcmimer gastric mucin co

mol ecul ar weight compounds as the BGM and NM,
compounds. Overall, these data confirmed that
monol ay éArLd ,atcathnheroduce a mucus | ayer that <ca

functional anal yses and has .enhanced compl exi
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right) and on the outer edges of the organoi d
OmRepresentative of thre experiments. (B) Scl
conditions: sublmecrtglcd |(r1tee‘rtf)acaend(raiight). (C)
Transwel | insert (left) and rE)molviende Ifirmem ftohre 2
culture conditions, mucus col-degemndeant achaev é lum|
of transepithel iTEHERe)I eocft roincea Ir erperseissetnanactel v(e e x
line indicates TEER tgdhmegqHhHFq9l Bifoemgainreleir fetd anu c
mass collected per well, every other day (rep
yi @led wel | in a media control (n=7), BGM (n=5
Chromatograms of BGM (top) and NM (bottom) sh
in blue and the | ight scatteringc{(bh8)gasgnhat
mucin (PGM) control, BGMxcdmudiMMW detrermaitoegd alp

mu Fatnig | es da tgther-MAlgS)( SEC

Prot ednmailcy 8ii ce md iGa s ¢éMuecdu s
Re v ekRhlys i ol Baegli ec@Hairtyet o me

Havidey elaopmreed hod f or gener at i-chgr igvaesd rAlcl muc
cultures, our next goal was to determine the
compare them t o -bniaatsievde nmauscsu ss.p eAc tnroonmet ry appr o
anas$ ysbverall, a total of 1,493 proteins were
total of four individuals, whereas only 144 p
in both samples (Fig. 2Ajal Amesaattiateheti t go mp

both native mucus and BGM demonstrates no sig

(Fig. 2B). Interestingly, some of the most pr
cytoskel et al pnefecypsokechAt asskeantdi microfil a
MUC5AC, MUC1 and MUC6 all were among the top
mucus, MUC5AC was found to be the most abunda
proteins alzgelilmdlaudipmgtiemnthisasuch as actin an
hemogl obin, indicative of blood contaminati on

of physiological antibody secretion into the
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mucus. Overall, the majority of the 1,493 pro
intracellul ar proteins, suggesting significan
information regarding the unigbe pgroatnadi nn f ou

Suppl ementary Tabl e 1
Compabies ween the BGM and NM revealed a hig
specific mucins between samples, but no signi
Muci, or MUC6 in BGM and native mucus (Fig. 2
mucus nceontpso wer e al so i dentified. Both BGM anc
gast r2okianned gastricsinfubosi BE&, wpepseRrRcl asdyv
native mucus samples (Fig. 2&)BGNMhamrse damanctor

relative purity compared t.o native mucus from
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A C Native mucus BGM

2-phospho-D-glycerate
hydro-lyase
BG M Alpha-1-antitrypsin
Serpin peptidase inhibitor,
clade A
Mucin-6

Junction plakeglobin

Cathepsin D

Keratin, type | cytoskeletal
Epididymis secretory sperr!\o
binding protein

Collagen, type |, alpha 2

Mutant hemoglobin subunit

alpha 2

Histone H2A

o highly similar to Homo

B 10 sapiens albumin
Protein $100

108 cDNA, FLJ93674

highly simil. to Inter-a-
107 . trypsin inhib. H1
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5.4
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3
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102 10° 104 10% 10° 107 10° Actin, cytoplasmic 2
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D L-lactate dehyd/J8A58e'
1x108 ® BGM A chain

Prothrombin

v N M Plasminogen
1%107 - Serine protease inhibitor

Kazal-type 1
Alpha-2-macroglobulin

Isoform LMW of Kininogen-1
1%x106— Polymeric immunoglobulin

receptor
Collagen alpha-1(l) chain

Fibronectin

Total intensity

1x105+ o )
Vitamin D-binding protein

Hemopexin
Keratin, type Il cytoskeletal

1x104- al

E MUC5AC  MUCH1 MUC6 Protein S100-A8
Lithostathine-1-alpha

Nucleophosmin

Profilin-1
Heat shock protein HSP

90-alpha
Ribonuclease pancreatic

1x10% Alpha-2-antiplasmin
L m ii il
<
1x10% l @.
SR

1x103
1x102
1%101 n.d.
1x10°
N

N
& &

1x108

1x107

Total intensity

& 0 5 10 15
Best log prob.

FigurRRo4edmic analysis of bioengineered gastr
secr e(tMme que protein identification overlap b
spect r(oBNatssy . spectrometry analysis of proteins
bi oengineered gastric mucus (BGMC) nH8at mappr e
showing relative expression of the top 44 ide
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Rel ative abundance of gastric mu

sampl es. (D)
. ) Relative abundance of other releva

Vi sual i B aoteingnMudaurser S anni ng
El ecMrono Re vepHeltser o g eBoeriotsyi tayn d
oint eArn@aHbHi t ectur e

Prevstowdi es on native mucus harvested from
at the microscale | evel, gastric mucus has a
Om in d3.dmeftcerassess the structure of BGM and
gastric mucufsi,elwk eamiedsicanyoscanni-3gM)e.l ecAg on r
shown in Fig. 3A, both native mucus and BGM h
contuisnuaosi de from the fracture |ines. Fractur.i
exposed s-sect aonsr wislsihk eh osnceayfcfoonibd s r &(nFgiign.g f r o
3A, Supplementary Table 1). The pypreszed, B&Mt |
average poréi mrB@ModaRi@n INMONMOM g. 3B). Using di
analysis, we found no significant differences
(Fig. 3B). Finally, to confirm that the micro

ti ssue cul t ureed naepdicaa,l wWd uiinda f r3fam dNMRaANNn kc eTrlans w

cultur é{Bagpipummentary Figure 1). Those contro
from those of the mucus samples in that they
pseudohexagonal geometries of the honeycomb s
comf itrhe i nternal architecture of our BGM to b

mucus when visuS8ERzeD3With CryoFE
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Surface Internal Structures
25— | I
Honeycomb Scaffold Pores [ J
20— v °
= [ ]
q &
5 4 ®

Bioengineered Mucus

Pore Area (um?)
T

Native Mucus

NM BGM

Figur\w squal3l.i zation of bi oengdarereirreg glaesdtrri @n mmu
(A) Electron micrographs showing frozen surfa
fractures (arrows) to expose intmirmnradgraapghths tcef
internal honeycomb scaffold in BGM (top middl
Pores in BGM (top right; scale bar = 20 Om) a
mesh area for NM (ogi=cladl proeapplsi datoen) larbd oB®M ( pc
nN=10 random pores each from 3 biological repl
by I magedJ using thresholding and automatic ob

Rh e o mErterqgiucBaneceyposn f Virsnc oel asti c
BehaviBboeno§iMueairse d

Forrheol ogi cal characterization of the mucus
vViscosity -deapefdeguelheys and storage modul i of
ARG2 rheomet erpawmialhl eal 2p0l arire geometry (Fig. 4A
x A0 0. 05 Pa.s) demonstrated far more viscous
0.85 Pa.s). For comparison, t he3% iTshceo sBiGMy amfd
NM had similar trdecaplendeaeantt heliastifire qmedwlyi wi tt
relaxation time (Fig. 4B). The sl opes of the

0. 328G. 008) p=n0d 000.440353 T(he sl opes of the visc
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0.08@HM2 0072) amd. 0293L55THBthael nasi booft amsco
modadéemonstrated that the NM and BGM both had
4C). This elastic predominance supports the r

from Chapter

A B c

10 3 T o
= 10° \ i elastic moduli =2
e 10" 5 .:'3,.‘1’1' 0 ,
%’ \“**-1\_\ % 100 % 1 ”E” .................. S

o 10+% By ] &

1  viscous moduli _:E o|®

0% 0 1 3 10— 10

10 10 Shear 1gte (s") 1 10 107 me(radrs)mQ 10' NIM BGIM
Fi gurRheloldogi cal comparison of bioengineered &
viscosity as a function of shear rate for bio
native mucus (NM; red; n=3). DotPad sl)i mes meprn
by é¢tai%aB) Fredepemdent el astic (storage, Go&6) a
NM (red) and BGM (blue) (n=1). Representative
viscous to elastic moduli of NM (redcgouns=3) an
behavior, <1: predominantly el asticudedravi or)
O-1n.5 rad/s, for each independent experiment.
the Iinear v.iscoelastic region

Bi oengGasetMuiedtrsa bl &esr méati on of
AciGhannel s

Onmaj or theory for the transport of proton
the devel opment of vi dddkuwes ifnisntgerid,i twhisc o cacrue
t wiol 1 #% We initiated flow of hydrochi89ria¢ &ci
OL/min using a syringe pump (Fig. 5A). We tes:
mg/ mL and observed the formation ot hlondgFighi

5G) . I n native mucus, the acid formed thicker
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spli®ftungil they reached the far edge of the
produced a viscous fingering pattern that exp
spreading distally (Fig. 5B). Someispfl itthda nfgi n
(Fig. 5B). A phenomenon referred to as fdAshiel:
occurs quickly upon contact with the acid and
pressure buil dup as tae er &d wlt’ .CFf lgg eviSa)i amc i st o M
apical fluid collected from a blank Transwell
observed represented a standard parabd® ilecn | am
summary, both our BGM and NM demonstrate char

has been described inloh%r studies of native
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22 mm{

% of Total Run Time

R / %’Q G |

- = — e
FigurBi dembgi neered gastric mucus enabl es f or me

gels. (A) Miniaturized Hele Shaw cell design.
and shielding phenomena (pink arraws)usin HCI
(BGM) in a Hele Shaw cell (t=13m36s, z=130m,
a Hele Shaw cell (z=250m). The circles demons
radigusr d), out e;r Iplaadk)rinn gread ifjauesy gbrkF)v)y . ( D
Miniaturized Hele Shaw cells (z=13 Om) were f
(NM), or (G) 15 mg/mL porcine gastric mucin (
blue dye was injected wasoathewedl b Atog=2an0O
drainage. One representative experiment of tw

shown.
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Di scussi on

Tpprevent Hangd-yébetéd di sease, it is crucial
stomachés first |Iine of defense against bacte
previously been showndehbavedumanobasygelrisgcuciodt g a

itmerface (ALI) produce mucuk apriych bsert i@ nas e x c ¢

Lever

been

recap

rema i

we re

char a

Us

bot h

organ

and b

cul tu

aginngwmiutcdnues | ayer as a model system for mt
l eft relatively unexplored. -dSereicvedd cmaudd us
Il tul ates the composition, str wcst uhraes and
ned unclear. To address this i $whuiech we h:
fer to as fAbi oengfimre elbiealc pamitaalc, mutcruwsc t( L
cterization in this chapter

iingmunohi stochemistry, we demonstrate exfr
the native human gastric tissue and in o
cidic mucins from Chapter 3 (Fige 1A). W
oid cells to maintain BGM production ove
arrier integrity (through TEER measur eme
nfirmed throughout at hseppetdii fmed i maet. u rAal da ft i c
s could be |l everaged in this 2D monol aye
i dual patients toward mownebabakdddiseetseor
| ar composonioh gaslt di ¢ ferganoiads$ can be
reltdhmorn ienmasmpl e, gastric organoi-d cul tt

cing foveolar cells by supplementing the
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towar d -domiuiC®&nt phenotype by removing EGF and
(BMP) The physiological concentration of mucin
gastric mucus is reported! tlon bt wadioasrdo 2 OP @&,/
concentrations ranging from 15 mg/mL to 30 mg

about 3% of ' Helmadryewmughs-damalvesli 8GMt Isa mei

averaged ~40 mg/ mL, which we would expect giyvV
ot her materials int mucus compared to water
Usimagss spectrometry, we confirmed that bot

maj or gasMUCBEAGQUCMUE6 (secretedhiqoqumad)d. MUICAS5 A @n,
secreted by foveolar cells, forms the surface
canr ease -foowled vblDen t he gastric mucosa is infla
carci nb®g®*neUsCiés on t he eoxtxmres hiaom ,i sshostrict ed
mucosa, tends to be ove¥eX¥ghessed wion pgastomi o a
make up the gastric mucus |l ayer in th* antici
Additionally, -dxprses snud i wmist la ritMUE€BAICI wi a bt GF$F 1 (

and MUC6 ®i.t'hGiTvRelm2 t hese associations, the pre

particularly interesting due to its functiona
propensity to upregulate following ga®fric mu
Future studies may explore potenti al stabiliz

| ayer of the glandul ar etpsalp.ge s tt end ifnhksetdu t Web P
oligosaccharides on muc-Ubgbacapypmaemasothe bt c

componkntpilfdmi aegdiytciaonns, a® e t hought to be res
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bacteri al mor phol ogy, which would Iikely i mpa
glycosyl ation patterns of BGM couHd pvubgest p
associ att@ld Humstlmheremore, native mucus harvest ect
frequently contaminated with bile, blood, and
mucus contained a number of intracelkKeurlatri m,ro
t hat were | ikely cellular debris or proteins
and plasminogen. The proteins found in BGM an
to different types of conthemismanptle.s FRumredasmdrn tl
Hi gh detection of cytokeratin in BGM is I|ikel
monol ayer cultures. Al bumin was a protein of
in thpodsmM)bly daei boa wonhhamhe fetal bovine se
which would go on to inform our choice of <con
bel®dwuppl ementary Table 4.1 and Figure S4.1).
by the relatively small number of BGM sampl es
scope of thi.s particular study

Vi sualafz attheoni nternal structural afSE&Mitectu
showed sever al key structures that were consi

st udi ¥¢°°We t herefore assigned the observed st

scaffoldo, Aporeso, and Amicroporeso, each wi
(Suppl emental Table 1). First, the smdothtsur"
mucus hydration. I n some earlier studies, vVvis

Aidrying ou’o wthh e hs avmplpe evented byiaempt bypidngha
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more seamless transition from | i
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as in honeycombs or the eyes of

material efficiency®®ndlhset rpwatewsr &

as

Aimesh sizedo in the |literature)

mi cropores in the albumin and coll age

o haore goharskteigs esshuecenthi ch are characteri

collagen,?®?r¥¥wmhédtei hoineycombs, pores, and micr

one BGM and

t hree.

Tese

C

fin

speci fic

di fferent.

on

onvers

di

ngs

facto

t o

at

t

i o

ho

Rheol cpacakck

and N

NM compared

enhancement

ot hedNemwod @ n i

S h etahri

M sampl es.

n both

nni

t o

of

sampl e

ng

a

n

S

e NM sample each, only the BGM
ely, there was one native mucus
underscore the role of-sample v
rs, factors assodfiarnt eRGManbdi @ am
n state. Overalav,e oiunrt edrantaal isntdriu
se reported -firneetchoent rsalu ds eemp laes
terization all owed us to assess
We-s heandviasbtoghey, st eady resi ¢
t he BGM. The | oweri nviwictorsa ty i
viscosity, possibly inWé&stigat
s, however, -tthh ex nn exqga thievhea va loa p eod
fluids, as the viscosity decrea

an iinmpgoarstbarnitc prmmuocpuesr,t yp aorft i cul ar
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bacteri al*?pnedr tduirgbeasttiiovne®®li mty ia# rudrd Iniad atfd obval anc
bet ween shear forces from media changes and a
mucus Visaoasimgchanical forceselslucddlessitdmsteh:
enhance mucus VviscosPt°yThervpsoobekasviecpmogol,|
using frequency sweeps in the linear viscoel a
mucus’'°gdhe sl opes of the elastic moduli did n
BGMp=(0. 3019), nor did thep=9.8Ré66)o0f Tthles evidad @au
indicate similar elastic/'lgalndbealayviinr aigm eeantem
studies o*3muditse gbksratio of viscous to el as
insight into the relative contributions of th
material tdepesadenédgobeashtrydiocrat ed that both t he

were predominantly elastic, witpgO0On@29i99gni fNiod a

the mucus samples used in this study were nev
samples and the unknown structur al damage t ha
with al/l its contami nagtaneowass Shdsmagutenti yuy a

representative portion of thessamgl|l patahketl p
geotntrey t hat was accommodating of a wider range
include |l ess invasive methods for prnobsiintgu t he
piezoelectric sensdéyYsDbaitld sSwceh lai miut edrsampl
tracking microrheology (Chaptéem Bhdeamhggbealkno
characterizati on. More research iIis necessary

most accurate rheological characterizati on
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Whitlitlee preci se mechanism by which gastric &
across the mucus | ayer to the |l umen is stild]l
pressure from t he -wjaays tcrhiacn npeiltss ‘tcodvihd if dos teh @olaeun m e
are referred to as fiviscous fingedfTagl oVi scous
instability) is a hydrodynamic instability in
onr& The flow of a |less viscous fluid through
separation with two distinct regsooss ¢(ibkBeous
di splacing fluid). However, when a&emdcsep] ack
front remains stable, as se®n Awiptrhe vd wlutsu rse unle
Bhakestaraffound that i nj edtaiworc edfl H®la dierdt avi & hH &IC
viscus fi n%glerlinn gmupcautst,erviisscous fingering is al
contact with the acid, whicdh Toetnetss tahbarwit
NM, we injected mucus sampl é&nidniaoataotuniedtac
We found that both BGM and NM supported the f
associated phesipmemtai sg’Cah’d@hlei quli dlit mg of vi sco
dependent on the viscosity of the displaced f
the viscosity ratio of the displaced® tds the d

bul k rheology showed that NM viscosity was hi

finger width we observed in the Hele Shaw exp
small est fingers
|l nt er eisnt ianlgll ynucus samples, we observed ces

bel ow 2 OL/min that were indicative of signif
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the acid. While the complexity of such hydrod
beyond the scope of this sotfudybettwheeerne fnhaoyw erxait
gelation. The characteristitsupiont hdefifhger s a
invading fluid (in this case, acid) into the
interaction between the two occuaglsogvgilng daenree s
uni nterrupted f lrosw souc hacasd.f |Mawm yr aftaec,t ovi scosi t
be considered and somd &Owerlailkel youtro rtees uil ntse ra
agreement with the hydrodynanitci®pBe noure nlan o wlpe
we are repobtsiengathenfiofstvi scous fi-dgervadg i n
human gastric mucus

Theol |l ection of mucus proved to be a signi-H
|l ines produced a mucus that too viscous to re
apical mucus i s also essentifahetentemetpngof he
from théepaetilclblagelry the portion of theé mucus
could never be coll ected. It is also importan
may change oedef riamitshe xdapiatchtel i um. To addr ess
on mucus produced at t he IiAL Itsentihunh tq ueemsp If oyr murc
analysis, such as particle tracking (Chapter
coherence®t®d magdaphpynal ly, the high quality o
ensured prior to the i1initiation of submerged
Future investigations could explore the effec

prostagEandn the physical properties of mucus



112
well as their potedfi Bl nablgnhpnogressubayiké
optimization of an organoi d diifnf emiuecnuta anto doenl sp,
but more work remains to be done in selecting

pheno*®ypes

|l bhis study, we have characterized bioengi
compared it to native gastric mucus (NM) from
and viscoelastic gel behavior as NMmagdssust a
gel s. BGM hasi npowiebnta allagy ears mandel , t o provide

mucus for applications in bacter.i al pat hogene
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Suppl ementary Materials
Suppl ementary Table 4.1. Proteins shared
BGM Both NM
Bovine albumin Human albumin Myosin

Contaminant from culture

Blood/plasma contaminatior

Cytoskeletal debris

media FBS
Olfactomedin 4 Gﬁﬁggg?e Beta actin
Gastric stem cell marker h : : Cytoskeletal debris
omeostasis/protection
Alpha-fetoprotein TFF2 Alpha-1-globin
Stem cell/regenerative mark| Mucosal protection/repair Blood contamination
Lactotransferrin Lipase Aldo-ketoreductase

Antimicrobial peptide

Mucosal protection/repair

Lipid metabolism/detox

Antithrombin-l|
Contaminant from culture
media FBS

Gastricsin
Form of pepsinogen

Alpha-actinin-4
Cytoskeletal debris

Gelsolin (Isoform 4)
Actin-modulating protein

Lysozyme
Antimicrobial enzyme

Gelsolin (Isoform 2)
Actin-modulating protein

Plasminogen
Contaminant from culture
media FBS

IgGFcbinding protein
Pathogen neutralization

Pregnancy zone protein
Contaminant from culture
media FBS

TFF1
Mucosal surface protection

Pepsin
Chief cell pepsinogen

by

O |
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Supp!l ement2aStyr ulcatburee 4 .i d&SkEtMi. fi ed by CryoFE
Name Mi cropo Pores Honeycomb

Exampl ¢

Ar ead (n 1-10 0 2002, 00( 5, 030000, O (
Feretos 56 00 60D2, 00( 5, 010000, O q

(nm)

I n some s ¢
honeycomb
have housg

Such pore
Appear onl referred

. l' i ke strjliteratur .
Descrip b et weocerne s poreso micropores
L caveke st
honeycomb| spaceo, a .
. . whi ch can
Ssi zeo.

aut omat ed

Suppl ement al Fi

i SSHM. A )WRKM nd u lotl tsr &-WR & dCir ay.0 F(EE
culture media c d

efiromamswélaink, coll age
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Abstract

Hel i cobacnhéecpyloari s commonly treated with
proton pump inhilditoepys obbBowevag, i scneasingly
antibiotic regimens, novel treatment strategi

that black and red berries may have antibacte
anti bactembil alckefamelctr®dofr asplHer rpiyd Bordaraideedb | ac k b
powders and organic rexsplenrsi ds oand | @alckc lamar i
higperformance | iquid chromatography was wused

ant hocyanins, which are considered the major

the berry Hrepayrdatihogpgighhput metabolic growth

Biolog system was developed and validated wit
was analyzed using human gastric organoids. A
bacteriefmectwroh MI C90 valwues ranging from O.
activity was higher for extracts than powders
concentration. I mportantly, human gastric epi
bl ack raspberry extract applied at the concen
i nhi bition. Our data suggest that black and r
potential applications Wi pihheoetcrteiactnmebnutt adnidf fpe
their MICs. Moreover, we demonstrate-that the

throughput antimicrobHal pglueceptibility scree
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Il ntroducti on

Helicobacset hpymajior cause of hid#Hmapygastri
an aeisd st annetg,atGrvaem bacterium that persistent]|

approximately half the worl dos popupaoponti doe

infected individuals also develop peptic ulce
adenocarcinoma, the seecdomdeldd anbinn@apiagseofofdec
active research, noHef pgétbbutemoasdes hieas obperyv

develfoplndce dH.agoiyohdoeed,ti on is generally treatec

antibiotics and proton pump inhibitors. Howev
antibiotid#tls pyteatdmdnt nregi mens, clarithromyc
reported in multiple studies, °wi tRrecreemdil gyt ance

clarithhrecemhkdiapta ® rii ncl uded ipmritora tWH dast hhoiggehn s
research and devel opiWemttowfernewoant iplait oteints co
medi cation regimens contr i®nhltTehse rted odeec r eeasaedd c
H. pyadweidropped bel ow!73%IhHen Iiegherfadi leloruen trra t
pyltorar apies points to an urgent need for nove
strategi s tpyhbde’db a bn

A significant rbeacdyn to fy eraeasse ahracsh sihnown t hat n
especially plants, cormati nacimintyhbdalbsicbd®veercioa
1 Multiple different berries and their produc

and in vivo, and some promi si nHy sptyuhdoiee D eewngge

published. Thus, '&atoavelly sClyati tf Hrcjaga t @wwthdalbi n i o
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the presence obeextyrastsafvbemryaspranberry, e
bil berry. I n another recent study, extracts f|
in combination siHgnipyit owhhl posbhppnesséldo and
Amongst the multiple bioactive natur al compou
Rubluasve attracted special attensiodmbl Antplheanyyadr
compounds that are responsible for thet%red, p
Ant hocyanins are strong antioxidants that hav
chemopreveh®andnt madtehave been implicated in t
prepat®tllonnsan i nHv i piytobenotdiedn ,oft he #®©nt hocyani
gl ucoside si gnH.f ipeyahndtulcye dd%tcerBd ansdeeda& @thhh @c¢ ya mign
berry products -ahsbammaeopyoekheansiand are s
condit,Pdbtnteei r potenti HI pippbectitomni $ npa@rtsit ¢l

Il n our study, -werdegkpopemetnahohbhc assay t
raspberry, red raspberry and bl adkbegirgowiph ep a
in vitro. I n addition, a gastric organoid mod
raspberry extract. Our results demonstrate th
significanH. rpeyduosonstiihon ni t wo di fferent strains

and 3%. An optibnuanc lprrepsapladernroyn eoXtract used at

=]
=y

i biHt | pyt @ivi h but did not affect the viabil
These results suggest that preparations from

potenti al as novel aHt i pykcoeadbtiadn agents to co
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Resul t s

Analysis of Powders and Extracts of Black and
RaspberBlieeskkbmewrdri es for Anthocyanin Content ar

Composition

I n order to study the potential antibacter

raspberry (RRB) and blH.c kphyel fordg e (BB )b ecr or nyp gouonnwddse

purchased from different suppl i erfsr cozre nwelreer rpire
Organic extracts of all berry powders were th
wor kfl ow f or siampslheo wonr e pna rFaitgiuorne 1A, and the d
are |listed in Table 1

To determine the concentration ofiM$thocya
for the presence -3@fr uk @ rnaocsyi adrei) n  (k8Or gophmachio i d e)y a
and cy3Oxiydiolsyrutinoside (Table 1l apgi Rggpeakts
the c¥Oiydiosyrutinosi de3®ragmb uwkzilwugied e,y aan ati me
berry compound that has a si midtairnacoimpe,sidan dnt
known to be present i’ BRB at a | ow concentr a

Tot al anthocyanin content (TAC) was calcul
detected anthocyanins (Figure 1C and Tabl e 1)
concentrations were observed for peobckeesi hgom
techniques. Il nterestingly, l yophilized but ot
contained significantly higher amounts of ant
in our | aboratory (Fi grurien€fCf)i.ciTehnts rweacso M a rkye | c

extracts pr efpracdzan flrermr if ase stithoaus ew e(r Fi<g Wrodp UL D ,i 2
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powder s

ant hocyanin

recovery was h
(Fi-g0gleud®yi. d&nddcyanmi

are presented |

Notabl vy, BRB, RRB and BB powdeBOGsawmbhuthi oeddsi
and c y3mil duicrosi de ,-3-bBruutt icnyoasniiddei nl evel s were si gl
BRBs than in RRBs and BBs ,E pmp<s OprOeyv i omu sxleyd dreosdce
ANOVA)
A B
Fresh-frozen
berries
Homogenization 4:
Filtration i
Lyophilization 17
Lyophilized HPLC/MS -
berry powder Growth assays
Hexane Extraction
EtOH/H,0 extraction
Growth assays
C D E
15,000 e Berry powder 15,000 S 8,000 —— ——
_ 12,5004 ®  EtOH extract 12,500 S o B one
) c = A
8 10,000 T * % g 10,0004 k% - 2 6,000 O BRB
hy =
2 7500 . g rsooqler, -% 4,000
Q 5,000 Q 5,000 £
g = § 2,ooo—l|
2,500 2,500 c r-l
] 8§ “ Al
Powder Extract Powder Extract - & &
Frozen berries Freeze-dried Oo‘°\ ) <\°(’ oo‘"
> > 3
S & o
o o N
o > &’
& S #
S & e
S ) &
S
o)
Figure 5.1. Preparation and anthocyanin conte
bl ackbefA) e®orkfl ow for berry prepaMdti on and



spectrum of a berry prepar-@d0gbuncodMadépP ppakisd
rutinosi de, and a-30Cxyboswptironi oé63Ceganaddncyan,i
sambubi oside. (C) Tot al anthocyanin content (°
of black raspberries, red raspberriM&s ( RRB) a
| ndi vi dual data points, mean andtSDo&ar BRB8hoRR
and BB purchaeednabef r-cereibe b rhdersr. f Pk ed dat a
berries; individual data points, mean N SD ar
in suspended powders of BRB< RRB and BB. St at
by (C, D) Studepmtayb WAt ase HPEO W HsSAH, and
**pk 0. 001.

Table 5.1. Tot al concentrations of anthocyani |
powders and extr aMStrAbdetr ot miomed slsyw meG al | ant

cyand3glimcosi de equivalents (sum of three major
red raspberry; BB: blackberry; VE: VirginExtr .
Mi nnesota; CH: CICi:il g;otMX: aMd>Xioxct@:nlimMmi glont ent ;
c

performance | iquid hr omat ography/ mass spectr
HPLC-MS *
: Berry
Sample Source C‘g”.‘“fy of M_?terlal Powder TAC EXtr/iCOtOTAe
rigin ype (Mg/100 g) (mg 9)
VirginExtracts,
Foods Super, Freezedried
VEBRB | oo g | Unknown Sowder 29045 2885
USA
BerriHealth,
Berri Products Freezedried
BH-BRB LLC, Corbett, USA powder 11,455 11,109
OR, USA
Dr. S. Hecht,
University of
UMN-BRB | Minnesota, USA Ethanol N/A 4540
: i extract
Minneapolis,
MN, USA
Great Value,
Wal-Mart Whole
USA-RRB Stores Inc. USA frozen 5424 554
Bentonwville, berries
AR, USA
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Tabl e .1 Continued.
HPLC-MS *
. Berry
Sample Source C%".“Fy of M_?terlal Powder TAC Extrfal%tOTA%
rigin ype (mg/100 g) (mg 9)
Canadian
Farms, Small
CH-RRB Planet Foods, Chile Whole frozen 3027 336
Inc., Sedre berries
Woolley, WA,
USA
VirginExtracts,
Foods Super, Freezedried
VE-BB Bradford. SA, Unknown powder 6175 3465
USA
Western
MX -BB Family Foods Mexico Wholefrozen 6924 748
Inc., Portland, berries
OR, USA
Cascadian
Farms, Small
CH-BB Planet Foods, Chile Whole frozen 7312 847
Inc., Sedre berries
Woolley, WA,
USA
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Table 5.2. Anthocyanin composition within pow
HPL-S*BRB: bl ack raspberry; RRB: red raspberr)
BH: Berri Health; UMN: University of Minnesot a
ant hhocyanin-MSo:n theength;orHwanCc e | i qui d chromatogr e
HPLKAS * (mg/ 100 g
Sampl e Cyan-B@i| Cya n-_B-@-l Cy a n-B-@-i 1
gl ucos rutino|l xylosylr
Powder 1593 7025 1352
VEBRB Extral 1537 No dat 1348
Powder 2490 7356 16009
BHBRB Extr ad 2487 7025 1597
Powder No dat No dat No dat
UMNBRB Extr ad 440 4100 2420
Powder 1999 1993 1432
USMRRB Extr ag 355 98 101
Powder 1678 No dat 1349
CHRRB Extr ag 267 4 3 26
Powder 2806 2010 1359
VEBB Extr aq 2113 No dat 1352
Powder 3499 2076 1349
MXB B Extr acq 564 121 63
Powder 3995 1966 1351
CHBB Extral 748 60 309
Devel opment and -Vatodghpon A$say Hi gh
t o Methsup@t owt h
A metabolic bacteri al growth assay based o
| arge number of different berry products at d

anal ysi s

t he

condi ti ewesl,l

t o

pylmadteri a t

48 h.

reduce

Gr owt h

of

oxygen

o

tphl ea t 9e6s

t

curves

he

Omni L o gk afdnecSiibract éd ro piyit mavti h

wer e
|l evel s.
pl at es

had

a

seal ed

As

shown i

requires

i nt o a

n

mi

Hi.gur e

mi cwelbli aff ogmatwt ha yedasx®Hd et eet dpa

Cr O«

pl astic

2

aidegpiemfdeme ntc od iolr u tcihag

typical

appearance,
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pl ateau phase (Figure 2B). Area under the cur:
the grtwtphyloarr ed at di fferent concentrations,
measurements at 590 nm in a standard HLI SA re
pylgrawt h can be effectively atnharloyuzgehdp uitn nheitqaubi

growth assay
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A H. pyloridilutions B H. pyloridilutions
10° == 10% Controls A, 100 10t 102 102 104 105
oo e o) IV 197 5 B B
o g O @0
3 { 000 g LgF Lo
< ( OO0
o —
( 1@ £
DAY AW o
000 ‘Ig',' ~
o000 = L |l |
o 0 1< 2
—— - a va /
000 < ' | ‘
- @)e)® Time -
?, Q ()
= DIV C 4,000+
- - ' \J =
x
.99 i 3,000 h
e | :°
000 s
- : g 2,000 ok
0:0:0 £ =2
(0 _‘2 1,000 ok
-/ A HHK ek
o L )O g “ q A
3 o
.g —’l U < 0 1 1 1 1 1 I4 I5
P ®) 10° 10" 10% 102 10" 10°
o s xt ~ .
000 H. pylori concentration
990 | D 1.2+ o 0h
000 - ¥ m 48h
900000 0.0:0. s 08{ ® .
P 0000« OO0 S o] W
£ Q@O0 O O 000 g s
2 00000 000 ¥ T TR
- “
ks @00 00 g 2 024 T
000
000 00l D GED cmmp GED GED
000 10° 10" 10?7 10° 10*
2 H. pylori concentration

Fi gbh2.e Devel opntehnrto uogfh pauthingent abol i ¢ as.sa(lyA)t o m
| magesweolfl 906l at es contai niHhg pWydrei0ad rs sd @mrcke rstor a

used at OD600 = 0.5) obtained by the OmnilLogE
plating the bacteria. (B) Growth curves based
panel A. (C) Ar ea unndeedr utshien gc u@Grvaep hwaasd dPertiesrmm a
di fferencewéoabol i mc blett weees wi th different in

bacteri a. (D) Endpoint absorbance (48eH) of a
pl ate reader at 590 nm. Data ar e fb6e greecshen tcatli
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replicates each. Il ndi vidualp<c@aOapooumpdir leuhteda
bact ermaay, ANOVA with Dunnettoés multiple compar
Analysis of the Antibacteri al Effects of Bl ac
Raspberry and Bl ackberry Powders and Extracts
H. pyl ori

The metabolic growth assay was -ruitcihl ibzeerdr yt o
extracts Woupgt owthih bi Metroni dazole, a standar
H. pyileat ment® rweagi mend i zed to confirm that th

detected anti micr oHhi aply Idderdiwo ni idaHa o bpeytt ioovti ihbf t e

i n a c onRdceepnetnrdaetnitonmanner, with complegt enLgr owt h
(Figure 3A,B). Next, we confirmed that the <co
detection in the Omni LogE assray(.8%)s cawsvend i mo

significant signal over baseliHe pFWM281 48nd,

the metabolic dye, signpdiCa®h@l)bshbdamizaen owea s\
significantly decreased in the presence of BR
concendemendeint H.nhpghtiawitiohnn aotcf BRB powder conce
0.26% and 4. 17% (Figure 3D). Aredd.umgeéeowt he c
curves similarly showe@épansdiegni diecamrtasecomc dm

beginning at 0.26% of via¢éin dptepowdher meEFiadpwid € c3 [§

iquid cultures from phatgdowinh Bexgeld il meatgarw

for forHhatpgonioooni es. Consistent with the resul

(@]

ompl ete growth inhibition was seen at 2. 08%
antibacteri al actiHvi tpyy lmmfret bBasbtathkhhgr foemabn

the absence of BRBs or with | ower BRB concent
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the ability Hf PBRBeswil imhvibtito and the effect
assay fomH.evpghtwat hngnd growth suppression by
As shown in Figure 1 and Tables 1 and 2, t
highly variable, depending on berry species,

di fferent BRB, RRB and BB whole berry powders

di ssolved/ suspended in culture media and then
t wo -evledd acH.erpyztecdai ns, 60190 and PMSS1, in the
Al | berry preparations tevtedg H&dguiregnsi 4i aadt

compl ete Hnhiplgitowoh génerally achieved at a c
However, the different berry preparations sho:
H. pgtowtih, with significant effects of the s
BRB and BHB. fpyt bpdOm6. 001) for the RRB extract
strainpO6®LPB)( i devatyi FAINOWVAbFhewtd MN BRB extract
antibacteri al activity of all the preparation
powdered berries generally wereH!| epgl edifrect i v

had similar respongesxtoathe different be
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9]

Normalized absorbance (562 nm)

Normalized absorbance (562 nm)

140

B
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—— Qug/mL -5 3,000
== 8.5 ug/mL E 2,500
— 17 ug/mL o
o3 2000
—— 34 ug/mL 32
— 68 ug/mL 8 1,500
136ugm. & 10007
;§ 500
0 T T T T T T T 1 2 0-
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<8 20004
c
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5 1.0004
2 L ETT
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H. pylori
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on plate
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k remepberedessing the OmnilLog E assay.
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A H. pylori strain 60190 B H. pylori strain PMSS1
n O VE Extract(s) @ -
= 5,000 = 5,000
> -~ BHExtract) o+ VE Extract(s)
% 'g‘4,000- - UMN Extract (#) ’E‘ 4,000 -~ BH Extract()
S & 3,000 S 3,000 - UMN Extract(+)
X 2 8,
9 @ 2000+ 8 2,000+
D £ :
o £ 1000 e £ 1,000 -
é O=Jsssanamas T A A % 0-
& ¥+ * KRk - 888  §8§ 88§
S 4000l T HE W S o0l H W
< 0 0.26 052 1.04 208 417 < 0 026 052 1.04 208 4.17
Berry concentration (%) Berry concentration (%)
C D
w w
£ 4,000+ §§ £ 5,000
=2, -0~ CH Extract(s) X -0~ CH Extract(§)
E 3,000- £ 4,000+
L -e- USAExtract*) ¢ -~ USA Extract (x)
s 8 & 3,000
£ 22,000+ ©,
-] § g 2,000
m 8 1,000 S
¥ = 88§ £ 1,000+ §88
S OO = T T = oo IO 2
o sk % s O crrrrernennineenineeannns *.**;*.**.**;*.
o 0
2 1,000 T T T T T T z -1,000 T T T T T T
0 0.26 052 1.04 2.08 4.17 0 026 052 1.04 208 4.17
Berry concentration (%) Berry concentration (%)
E F
£ 4000~ -~ VEExtract() £ 5,000~ - VE Extract (9
% & MXExtract(§) X + -+ MX Extract (8)
@ E 3,000- g A -
g E -&- CHExtract(¥) E - CH Extract ()
g o S 3,000
£ 8 2000- )
o 9 @ 2,000+ $+4
1] § 1,000 § 585 Tt 4+
m 3 2 1,000 *ox R §8§
S od o SY S
Q L L L L e 2
i 1 ::: < 2 HEE pwk okkk
8 -1,000———F—F—T—T— S 1,000+—F——F—T—T— T
< 0 026 052 1.04 208 4.17 < 0 026 052 1.04 208 4.17
Berry concentration (%) Berry concentration (%)
Figure 5.4. GHowphyiomkht battenfobdbm BRB, RRB,
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A H. pylori strain 60190 B H. pylori strain PMSS1
£ 4,000+ 2 5,000
» 4+ VE Powder(§) X 4000 -0 VE Powder (§)
) -E' 3,000 -e- BH Powder() g‘ ’ -= BH Powder ()
8 o & 3,000-
3 & 2,000+ e
o = = 2,000
o 3 §§5 g~
@ § 0007 § 1,000
xr 2 £ v
m o e LR o
é 0 Ekk ok _f-é O cceieeiaiiniiiiiiiiiiiaiiiiiianesy AL MRS
g -1,000 T T T T T T g -1.000 T T T T T T
< 0 026 052 1.04 208 417 < 0 026 052 1.04 2.08 4.17
Berry concentration (%) Berry concentration (%)
C I D N
? H. pylori strain 60190 VE Powder ? H. pylori strain PMSS1
< 4,000+ < 5,000+ -~ VE Powder
. & MXPowder 2 4000 o MX Powder
» : 3,000+ - CH Powder (: ' -4 CH Powder
s 8 © 3,000
T Y 2,000+ -
m 5 £ 1,000 *x
m o ]
.g O cvveererrnennniiniiiiiiiiiiiiiinn *** ......... g 0 D TR
o eyl o b b
2 _11000 1 I I I I 1 a '1‘000 1 1 1 I I 1
0 0.26 052 1.04 208 4.7 0 026 052 104 208 4.17
Berry concentration (%) Berry concentration (%)

Figure 5.5. GHowphyiohfpophtl omedf. BRB and BB po

To better understand the | arge variability
preparations, the minimum inhibitory concentr
growth were analyzed by multif@FEitgpurial 6 A)n.al Q\we
berry extracts exhibited a stronger antibacte
MICs (p O 0.001). For BRB and BB, the type of
powder vs. extract)twasvaesponosinbliae MdIC. 2T Weo
RRB or BB) and the strain of bacteria also si
with | ower MICs than BB (p = 0.019), and stra

with | ower MIC61O®hanaBB éprai @ PMSS1 exhibiti
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to the antibacterial effects of berries than
products required to achieve antibacterial ef
than those observed for menmhwosidazdlieahfFi geld a
bet ween the MIC and the total anth@&©Oyanin con
rutinosi d&8&Owyl ogghrdithnhnosi de was detected bas
coefficient (Figure @&@CsEgh) filcmnecomptosadt vet te®
cyan3Q@glnucosi de concentrations and the MICs (F
indicating that higBOgloncestdatpoasentfedyami il
These findingrsrysugagmepdndrtag dt her t han the thr

contribute to antibacterialH.acpyilvartiies of BRB
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activitHespwohbarnst
Effect of BRB Extract on Gastric Epithelia
in a Human Gastric Organoid Model
Having shown significant antibacteri al
agaHnspiyhovitro, we next sought to confirm
epithel iHum,phwvloerréeea i a generally reside-H.Fi ve

ons

I C

eff
t h

ga
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pyl-iomfiected human gastric biopsies or surgical
UMNBRB extract, which had the greatest anti bac
(Figure 4). As shown in Figureowver tdaewiodaegaman ¢
concentrations up to 5 mg/mL (0.5%) without a
determined by fl owAADt emat ni ngaaabdyphasefcdnt
B 0 pg/mL 1,000 pg/mL 2,000 pg/mL 5,000 pg/mL

A [Live85.2% Dead | ...Live Dead28.3% “7Live621% Dead Live Dead
=1 14.8% | [ T1.7% o 37.9% <7 65.2% 34.8%

J
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nalysis of BRB extract in pri

Q

Figufr.e Tho.xi ci ty
Di scussion

I n this study, significant antimicrobial a
preparatiHonpwagaidesto nst # e&ntreodi gihrpud thiagh eri al g
|l nterestingly, our analyses showed that both
were highly wvariable depending on berry type,
advancoefmeonutr study was tthler dweg/hed wtp nmeentt a bod | iac hm
compatible with the groaerthopleiqliHic @mewirsc md mt h

enabled us to test a |l arge number of differen
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concentrations. The effi #dHacypiydbbtraptcel tyobt al
using the agar diluti?h whi Ehsarepwdi kfustens
scal e up. I n a previous study, Lee et al . uti
to evaluatB.tphwgodamet abgl iofe di’tf eleenat Baobogo:
tetrazolium dye and media were used together

standared | 91 ates toHdypgmowtah!| ynhnhi yezHe.n. By

pyloulitures in-impanmpabéptplgasic sl eeves witdtl
mi croaerophilic growth conditions were mainta
growth profiles on standa+«xdl|l agarn pplt amesheas d

mi croarray platesol @dhedpbesegpcpreparations di

detection, suggesting that our analysis metho
products as wel | as a wide range of other <che
The metabolic growth assay revealed that b

t he capacH.t ypgttoowbilhocikn vi tr o. ARUDbhmErcrrioebsi ahla vper
been described inm®Ftopr eamalewdiousofstpawdekesr s
BRB, RRB and BB from various suppliers and ge
preparations had signifiHcampiyhawiiitmiocr oHeigalr da e
pylstrriain used. However, our analyses showed t
antimicrobial activity (MIC90) were highly va
processing method, corroborating withvedata fr
i ngr eidRlebhtesr ri es are known to vary based on ge

conditions *aA%l meadediatriyems,t mpastcessing and sto
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ingreéedi Moreover, different bacterial species
ef fect s®%0fOnkeerardiddst i onal consideration that wa
berries or berry products can i mpawhi oh hiem thal

mi ght H.mppagcitotft hOur data indicate that organic

antimicrobials than powdered berries. Overall
each berry product needs to be carefully test
pror to wseutiscapeauTbemtaog preparation in our

extract from the Uni-BBRE})|jtwhoéhMaoHespgldo € iy MB
growth inhibition at (>90%) atatQ.om%i(s5 smgnimla)r
| ower t hRuabdxtorsectod descrli*b®gdbiun seweraltiudg et
than standard antibiotics “Sourc ht haes naentorxoinciidl al zi onl
our study, whicHhH. copgpowet bdggtmihl 836 ked

Since anthocyanins are considered the majo
we hypothesized that anthocyanins would al so
obser veedx pienr iomernt s . It was expected that <corre

inverse relationship between the anthocyanin

preparations. Surprisingly, no significant <co
andaddhyanin analyzed in our preparations and i nc
indicating that antimicrobi al activity was | a

exhibit anti micr obneag ataicve vbiatcytnearg @ mhbeyt tcGaeuasa enlg
wal | s, membr anes, *Anldmp ont teacytalinyi ,inlsanht ahmaet hiexe n |

antimicrobial effects of “fé&rnrdy aprree praersaptoinosnisb lie
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maj or chemopreventive effects of Bi‘ddaweverd.es
our correlation analysis sugh.espgwysé dehiaitn dtehpee nadne
of anthocyanins and thus must be caused by ot
another polyphenol present in red and black b
agaHnspygsowel | ast’oh¥n addti eatonad elmoomgs frealt e d
berdegri ved pol ysachk.hapihieec tciaonn cionrmbvaitvo by pr e
binding to t¥e Agads ttriiocn athucsasuadi es have- shown a

der i vedH$@anngdu irnu B3u swsritdleer experi ments are nee

]

aspberry and bl ackberry compounds tlydtormedi a

It remains to be tested whetherHBRBylkati ac

infection in vivo. Berry compounds have been
phar macokinetics and pharmacodyf%milcrs darv es tpuc
human gastric organoids were used as model of
compatibility of BRB extract with gastric epi

architecture and cel ladtarri € omMmMpOeegd nt oyi- b arhee th

di mensi agrealm Ilcandgures of primary cell s maintai
the presence of specific growth factors. | mpo
negatively impacobncehitraitabinksi tgesaedt hdor eove

ai med at characteri zi4tg etshe fc hheemapreesv enmatviev  epr
products including powdered BRBs are well tol
and that supplementation of the diet w§fth 5%

prevented esophageal, oral and c*é1°8nfFbhamacphas
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clinical trial, administration of 60 g of B
ncer patients with no significant?®%siCGiteheef f e
udies have demonstr atHed i tcloabdat cihwveirtr yy ienx ta raicmasl
us, Plalrkcentlay .showed that extracts prepar ec
s p Raurbruys (cr 9t degiealseetdboni zati of obyd amowt mlur
del of iH.f epstiioani nwiS Sl . Notably, the berry p
rk et al. was highly paeg/emit, with an in vit
Il n summary, we have ocoauggthghulti sneeada bao lhicghgr owt
timicrobial effectdH.ofpybBatihd rip reedp zpeoanvtdiea rss aan
hanol extracts from BRBs, RRBs and BBs obta
ppressed grHowtplytaofaimesl| tiinplve tro. Toxicity st
ganoids demonstrated good biocompatibility

C90 determined in the growtfhrassd$ahe. pDdEatth al

oducts as antimicrobial agents but highligh

eparations with .high antibacterial activity
Materials and Met hods

rry Powders and Preparation of Extracts

Commercially avaiRuwubbus dd;cai@ieBrtass|firhsdraiisyp et r y

utj cBBusand Rebdusas RRBusys almpl es were-either
ied powdearosz emr wfhrod sesh berri es. One additional
previous studies in Dr. S. Hecht s | aborat

mp a%®i S o@uppliers and countries of origin fo
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frozen whol e berri esdrweerde pporwodceers suesd nign tao fforoede
(CuisinartE El emental, Stamfort, CT, USA) and
War mi nster, PA, USA) (Figure 1A) exPBPeriyepowdar
mi Xi ng the ratae rmeali awiptthusl lye D, both Biol og,
concentr atdi & mBHo {pdOwRebr s) or were processed for
(extracts). Notably, betupl powddr snecohudie ma
mi xi ng of the powders with aqueous media resu
extraction, nonpolar compounds were extracted
Sampl es were fidxterraedt ibcent,weaemd etalceh hexane fil't
and alslolwabtleer compounds were then extracted us
100 mL per 10 g sample). This extract was dr.i
|l yophzed to yield between 1 and 4 g per 20 g

airtight containers at 120 UC until use

Analysis of Anthocyanin Content

Concentrations of major-3®@gliucescadaeBfOoecnyasn,; d
rutinosi 8©xyd¢ wauntilidiions i d e3-saanndb ucbyiaonsiidden, f or bot
extract samples wdlEe MmMbasbyeoepghbVyi BHPHCsampl es
(water: sample). The sampl es WS es yfsitletnme r(eAdg ial ne
6538D-QQHOF equi pped with Agilent 1290 infinity
chromat ogr ams b anize dc alnc ulhet ir erpo evigeeraet i pnegr ft ohrem epc
to obtain the area. Anthocyanin standards wer

France)
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Hel i coba&temi pgl anid Cul ture Conditions

Two wélalr accteeghaeMd s1/ mdt Hai py,| ooni ginally i
human patueed si,n weur experiments: the referenc
PerPeezr ez, New Yor k Unfifyeraqidt ys,t rAaTiC PHMISIS510 3( ki N«
Wil son, Vanderbilt University), whi®H. is widel

pylstrriain 60190 was shown to be susceptible toc

| evofl oxacin, rifampicin and tetracycline, an
metronidazole, amoxicillin, cbau%t%Fomydihre, a
experiments, bacteria were grown at 37 UC und
pl ates, 5% sheep blood (Becton Dickinson) for

Brucella broth supplemented wvai tshth alkd % gF B S caurbcat

further 18 h period prior to use in the exper

Hi gtthr oughput Helicobacter pylori Growth Assay

Hi gthroughput bacterial graovwih pdades weasrhn &g
Omni Log (Biolog, Haywdrmdc,ub@A,orUSMBlacpleatialr ggad
with a propenetaryeré¥doxazbD)] i Bmodygeg). Seri al
suspensions idr 1@Wt roactod (Metizeddki dahzolPher 8. Br ga
Fair Lawn, NJ, -UB&A)werepadeedi holtFhe pl ates a:
D (0.01%) and PM additive (0. 05%wBfSiApal0. 01% N
concentr al. opwd ®r iLd svies ddrad € Biionh olgh to a final
which corresponds %%0 a3et4 80 1t h& Mactterriial/ll mlsusp

to the plates together with berry preparation
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eL . For analysis, | oadanp eplmetacdod ewdraeg swve &lhe da iCn
sachet (Oxoid, Nepean, ON, Canada), foll owing
mi croaerophilic bacteriraeandietrhi aJgss hnegn Qnneea thh gt b
necessary to create microaerophilic condition

CO2 atmosphere. Pl ates then were i nidBbadted at

Absorbance values were meclomdedmaeftohbhdllaaoe &lv e:

diluti ddns pgfl lorlue es were recoverstrenemdt ba pl
Brucella agar plates to confirm growth and gr
Data Analysis for Bacterial Growth Assays

To ank.l ygeget owi h i nhibition by berry compoun

exported to Excel using the Biolog Data Conve
(Microbe, version 1.20.02, alll Bi ol og, Haywar
ti me pobnmalwverednto baseline by subtracting t
values from each data point. To quantitate ba

(AUC; ab@Béeblanit)e was det er mi rnweed su soinn 8 . @r. alp h PBaa
USA). The minimum inhibitory concentration 90
the concentration at which the AUC valwues for

maxi mum

Human Gastric Organoid Culture and Viability .,

Human gastric organoid cultures (gastroids
previousl®§.%dBmsicefilbyey,d human gastric tissue samj

consent and | RB approval from patients underg
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Heal th Deaconess HoshC).alAl(tparon atcioV e IDYB,0 5t0i7sls8u ¢
gastrectomy surgeries were provided by the Na
DB0O6 2BX)5. None of the donk.r spiwmefsedc tpiosn ,t i avse o eotr
by rapid urease CLO test (Halyard Health, Alp
by coll agenase digestion and then water ipgeat ed
was over PMRINDd meidtilumL whi ehcedcDvV&&s FAQv ( Gi bco b
Technol ogies, Grand I sl and, NY,-WHHNAerhh s h50 %
secrete Wnt3apomdgmdBsuaptdemRmented with 10% FB
Bi o, Missoul a;GIMT,a mMddhAg,7 63836 cL.r i s Bi osciences,
10MeSB31542 (Tocris Biosciences, Bristol, UK),
extract prepared in 90% DMSO and 10% HCI was
48 h treatment atn37olUCcwilthr®®% @@2e €reated
DMSO/ 10% HCI alone. To determine cell viabili-"
and sdealgll esuspensi-aamisn ca ati inreAdMmPna itThh &r HHd Fi s her

Scientific, Walweraeam,anwAl,y Z2UeSdA on an LSR LI f1l ow

Statistical Anal ysi s

Data shown are representative of three or
assagpsted8hnical replicates were prepared. Al
8.3.1 (San Diego, CA, USA) . Da ttae satr eocors hab woon ea s
way ANOVA with Tukeyds or Dunnettodés multiple c

statistical significance. piOf f0e M&nces were co
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Suppl ementary Materials

The foll owing are available online at
https:// www. mdpi.com/article/ 10.3390/ antibiot
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Abstract

Bats are natur al reservoirs for several zo
capacity to control wviral i nfection. However,
poorly defined. Here we edAtrdblbiesilse)d danalexsealiscas

organoi d model of severe acat(eSB6%)piirmfteoatyi ary.
Upon infectiCo#® ,wiitntcr@AaRSd viral RNA and subge
no infectious virus Warmgaheased suippdircatoinn g
replication but nofo¥i malplnemntodwmctwiacn.asSARS a
increased gene expression of type | int-erfero

Co¥ al so ceewsedremahtanmncn and growth of JFB orga

increase in inflammatory sign€@b¥ngnfeektli onurn
pat hways. Collectively, our findings suggest
sucsfewsl antiviral inter-€Ce¥onnfespoosesnad&DBt be

protective regenerative pathways

Il ntroducti on

Bats are considered i mportant natur al rese
viruses that cause several Y 1limesseisngnséeéuemaa
respiratory syndr-Gm¥) coModdhver Eas( SARSpirator
(MER® V), Hendra vidds', TaedLCOVpDhdeimraswas cau
severe acute re3pi3@RRDY ywbochbnavsobuss thought

evolutionary origin in bats. This hypothesis
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|l evel of genetic -€ofhi badi sPobeerlwvebabBARSruses

R a

f e

co

di

t G113 (96) 1&nddBANARG. 8%, iwWkintchtlyave been det
ces. Studies from a number of different bat
ronavi r usetser nacchoileovnei zlaotnigon of i ntestinal ti
sta%eéll's a stuéeéy omy wwaltdanbaabtes c aptPureendt eirni ct h
ronaviruses were idmdlexst elduti ncl>i5Mi%c alf gihgn a ne
mil arlgt f8ubddbhat 30% of North American | i
ronaviruses in their intestt nBeectheaadedicd i et

mil ar | evel of coronavirus i nDesxma dus 21 %,

rotunduwi th no significant i mpacTenamalasl eyrzuend pr o

r e

i n

eu

hu

S P

pe
c h

ctal swabs and intestinal tissues fealom asym
fluenza A'¥%ilrmscomtlMaddtl to bats, where gast:r
karyotic viruses are fredqbeatsiamidl ar ec @ loonmio:

man g

c

tp awihtopemdm eukaryotic viruses- has not
eci ficlmechani sms

Studying coronavirus infection in the GI t
intain batn weolWecited®nf experi ments, and cell

e not avaiin adilteet'sydd@®ir gangi d cultures have e
del to study the mechaninsmd tdf®i nicrealorigmmead d
n be derived from multiple species and tiss
rmanecdit meéedgaele cultures that replicate the pt

aracteristics of their tissues of origin an
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epithelial ¢ i®wsgaemsoi ds from various human and
devel oped-dferometdi sseen cell s and have been suc
range of disease procé8&seé%S , A'mpébrudnhbyyi gabdwi
for organoids appear 33 mind aa raeagersts gnud dyi,pl @heé
gener-Bt adr &®ay organoids from tracheal epithel
Eonycter?‘Bwesepyeilcaresa reports describe the gener é
from ba%’ .s?flenctieesst i nal organoids deRaiaopéedphusen
sinishhwowed suscepCo®) | buty Hkaecri@AdItoinvge p5 ol i f er
week’s Intestinal organoi ds dReoruisveetdt ufsr olne sLcehsecnhae
showed susPeptopiheorpgovor uGo¥utHomwety e3ARSIei t h
these studies evaluated bhe oebht’®bdd BEnsEsUES A

The hypothesis that altered I FN responses
increased viral tolerance %8 &% ¢¥¥ntAuatrphi adi
flyindg.f alaeait ) esser shc&rt bm@gedaofthiisght Ibeavtesl (o

const i t-Uex pree d sFiNo n 3 %w avsh idceht etcatsedl ed t o the conc

|l FN signaling system in bats can effectively
on aftef®ihferct éepaed bapméssion in bats al so v
ot her genes involved in innate viral r¥cognit

and the | SG oligoadédhyCan\we rsyaltyh,asge ne (eOXABSrles s
multiple tissues R.roare gE)gpywa s alne W raata sb absadllsicn eb,|
upon virdl Omtiectstomdi es have reported dampen:

genes (STI NG) , a nucleic acid sensor involved
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i nf et®t.i®6nhese reports highlight that the mecha
signaling appear to be unique to individual b
anal.yses

Jamai can Aftuibtulal sIREBIsc)e msgies t hought to be
zoonotic pathogens such as rabi’es®sv iPHruBS aweest
New Worl d bats that are among the most common
human settl ements, so that spillover of zoono
to experimental infectCGoon.*WBadhedi dm vhe useaan:
gendfhe *3FBs have o)bd oiurt g nFeNed e (JamNN f eur | FN
ygenes. Multiple interferon regulatory factor.
are considered a relevant and tractabl e model

i mmuni ty

Here we established and characterized gut
and i mmune response of theCQd¥Bi nhmecetstomall @mpao .
our organoid model was developednéoal ay Nl a&e Wo |

underi ndt®estWeg afteewdnd t hat JFB intestinal epithe

replication that did not result in the releas

mportantly, the or ganodsdpo msoeu nfteeldl cawirmg uesxp a s

nfecti-CGo¥. SRRteomics and pathway analysis r

proteome profiles match-€d¥pi offielceés omosmnddi®so

D

pithelium and®m&ltéémMreéece®dsZ | BARScCti on acti v.

infl ammatory and cellular repair responses 1in
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Resul t s

Devel opment and Characterization of JFB Gastr
Organoi ds

We established JFB gastrointestinal organo
stomach and from proximal and di st al i ntestin
mi croscopic anatomy of the proximderanvadatdost a
consistent with that of the small intestine,
Suppl ementary Fig. 3b). Organoids formed with
successfully maintainedntaiai sgmpMERW aodt b O e
conditioned medium (Supplemespangi Fj gandcWnt 3.
secret e WRINy clsthéosl. pr ot ein sequence similaritie
the orthologous JFB proteins, suggesting that
(Suppl ementary Fig. 2)

Established JFB organoids mimicked the epi
ti ssue, with a simple columnar epithelium, a
Suppl ementary -fegreBangbygobMaetueselolrgawen e smor
derived from distal intestine than those from
composition of the respective tissues of orig
Mor phometric anabPfsyhsdwvse dvitthha tOrogragnaonSoeigd si ze var
passages, but with no clear trends, and organ
consecuti(vikei p.aska)ges

We next performed transcricptnifonmalpeamns&luesi s

gene expression patterns. The distal and pr ox
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speci fVich m@dnazs walclewhisl e the gastric organoi ds
expression of the chiPg)t (ckild. miad)k.er MPaerp stiwmam gree
t he distal intestine, é&umResid@dnzmbdi hde T aetes
stable over eight passages (Fig. le), with a
clear tré&nxgps ecRgammclea™ so remai ned sPgibse (Fig.
predominantl|l ¢ sexpmassedexkpreBsion in the smal
humdnsNot abl y, chocpegy2z meambery Ifoew comp.ared to th

We focused our further analyses on organoi

SARCSGo¥ replication. To confirm the identity of

organoid model, we used I mmueadt ubeestcemtte st
reagents. The majority -iof ooamgfamromaltsi chra,d vai tthy ps
expression and strong phalloidin staining of

actin web and microvildlisd ogxmarte e d Fiimgt. r 2@ |. |

cytokeratin. ACE2 expression was detected on
staining. Transmission electron microscopy (F
mi crovill i ocne tohfe tahpei ceapli tshuerlfiadke neel Bpj cal opgr

compl exes consistent with an enterocyte pheno
intestinal organoids by performi ndgeperndebt ase
acguition (DI A) mass spectrometry. Sever al key
epithelial cells in a«tatdrermammles aKlTohals8s, awnidl
claudin 18, andl iak enu cwenr  Ml3eCtSeheCh & Ul r ¢ Mé gt @)

transepitheli al el ectrical resistance (TEER)
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inserts showed that the gastrointestinal orga
with the stomach having the highest TEER comp
Collectively, these analyseacgi dembmemr aFEBsthap]l

features of the gut epithelium

| nfection of I ntestinal Organoids from JFBs w
SARGo0Y¥ lLeads to Re®@dnocnes on of Viral

To determine whether t hRG&oM¥ FiBn fiendteisdn ,neo rsgugr
di ssociated and thCGonZ i atocMOlag edf wld .t h, SAR&Snd 1
intestinal organoids for these Erpertmants, b
demonstr adoe rSeApRISi cati on i . huwWmamtiilteaali vaer ¢gPaCrRe
of wviral genomes in JFB organoid delplenldegsnat es
increasP 00.>015) oigm¥SARS e E RNA at 48 and 72 ho
Fig. 3a)-:Co®heCRARST culture supernatants showe
1 at 48 hpi (Fig. 3b). | mportantly, -bobdifica
above baseline) for gene E indicating active
8 albeit at low |levels (Fig. 3c). However, pl
failed to detect theCop esleccee lods da Inif reec t v aluse S
i noculum, suggesting incompflaitleurne timeddercet &
progeny virus (FiCpZ 3 d)c.ubMatiaonl yi,n SveRIS um f or
detection of wviral copy numbers by PCR but di

by >folldg suggestcitngida yl ovroft iimmef ( Suppl ement

i mmunofl uorescen€eXanspl kei prot eSARS N i nfected
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only a few positive cells, and these cells we

organoids (Fig. 3e)

a

Distal intestine Isolated crypts Passage 1 Passage 5

Digestion Organoid Passaging
development

Alcian Blue
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Figar®. Development and culture of gast(rAoi nt e:
Orgaderdvation from Jamaican fruit bat (JFB)
intestinal crypts and formed organoids, repre
Scal e bmarf:or20d0i st al i em.estB)neMo i heeladssg yandefe $0i n

tissue (left) and distal-firedsembedtiedgsaeci d®
were stained with H&E (top row; bat 001, p2)

magni fication insetsdsmowphkol ogwwanéticmbgughalpet
Bar sesm.10l0mages are representative of 2 organoi

mor phol ogy of distal intestinal organoids wer
OrganfoSkBgt s: individual organoids (pl: n = 8,
n=25); bars: mepeNSEDI c(DenEi Expe essi on patter

from stomach, proxi mal -AGR data aftradmti shteidd ees
organoi d5)l ianrees s(lp2wn; mean N SD. (E) Gene expr
from two |ines (batO0O04 and 005) was monitored
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organoid Iines with two technical replicates
Dunnettdos multiple comparison test; P = 0.001.
Source Data file
a Villin
P=0.0004
c d
E » 40 140 600 P=0.0006
gg % ié :sg E 500
a < a 8o ;400
_gjg 2 § 60 ﬁ 300
L8 £ 40 E 200
S'@ 10 ® 20
::3‘ e % 100
E’Q 0 -20 T T T T T T T T T | ] T = 0
.@q.& 012345678910 S & &
4\\\\}@@‘% 0 o‘° vp‘;q’b qc,‘\ s r o‘i&_,\ A{}\
& K iy L& s
o) (;t ‘x‘o
Figure 6.2. Intestinal organoids from Jamai ca
intestinal (&pi Ekxelriesmi on of intestinal epithe
di st al intestinal organoids. Whole mount cul't
all at p2) we rree ascttaiivnee da nwiitbho dcireossB2o (cytamBer at

phal FAxi4B8i8n ( magenta) and DAPI (yellow) and wer
Representati ve Z5s&demits i amageaetse da refar sthB3vn . Bar s

Transmi ssion electron microscopy i mages of JF
independent samples, show apical mi crovi |l | (
Bat 001, pl, basien500 sel ecExppeestficalprepit m
di st al intestinal organoids (bat003, p 9, n =
dat adependent acquisition mass spectrometry.
Treaapithelial resistance (TEER) of JFB organoli
(bat 001, pb5) One representative experiment w
(left), and comparative data fiodetpleeardreindhewut t
gastric, proximal, and distal intestinal orga
onreway ANOVA with Tukeybds post hoc test
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Ef fect but |l ncreased Gr owt

Lack of Cytopathic
JFB Organoi ds

SARGSo¥i nfected

We al so evaluated the cell viabilit-y of JF
Co¥ infection by3 nmectsiuwiitnyg Wiktshg adwcaVji.e wEh Ver o
infectionCo tihn ®8WARSd a strone,upcroengu lsateinan wa ft
characterized cytopathic effect of the virus
were present iculdlulresFBlorkedryoiddie to physiolo
contrast toRhibselrvmioirgabfori MEDSE di d not appear
a cytopathic effect in JFB organoids (Fig. 4a
change upon infectCod.camsedeatsinghiyf i SARS 1 n
and in the oudd et Rfaotfr nieeadd ameom si ngle cell s aft
4c,d), indicating that viral infection trigge
epithelium

e | Il nterfer ol

SARSo¥ I nduces Expression of Typ
B Organoi ds

y
Proinfl ammatory Cvtokines in JF
h

Uni que characteristics of the interferon (
viral tolerance obslerTheedr & fno rnea,n yw ebPaQ B esthoeqcu aenst i
analyze gene expression of type | interferons
intestinal organoids f-CGbowAsBgshB8wh ernpé&sgreb
| fwas upregul ated at 48 hpi with an MOI of 10
upregul ation of the gehtalbhso 7®adthpsi gsiemiec axiplr

both MOIs at 48 hpi and remained el evated wit

| FNs are known to play a rol eCb# mwdesdal oantain
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al so may have uniZduedofmenveetri,ornshei n ylpaet 4 11 | FN
annotat®and we were unable to generate functic
genome. I nterestingly,Co¥ gatmoan MQIf ecft i Dnsiwgtmni
increased expression offndfmclaBpr 48 nifilpGamamaneédy c
el evated at 72 hpi (Fig. 5c,d). The above dat
viral -iannffd apmnmoat or y ¢Ceos¢Zp o nnsf.ee ctto oA R S

To determine whether active viral infectio
antiviral and inflammatory genes, or whether
activation of pattern recognitiwhtheaeptaoet, o
TLR agonists targeting-i hlaR2, vaGoed, fSeemRB4 &® knd
Notably, stimulation with TLR2/1 and TLR3 agol
and inflammatory cytokinesy6 Fihgpost .i Howelvar i
significant wupregulation of these gené$.was o
These observations suggesto¥t hat reaectuiiwve di ffoects

upregul ation of amteinwi rexlpraemd iiomf | ammat ory
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a Cell-associated RNA _ b RNA in supernatant c Viral sgRNA P <0.0001
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Figure 6.3. ReCpol¥ ciant iJoFmB oifn tSeAsR B snsaol ¢ i oart geadn oJi FdBs
intestinal organoids (bat-O®4, ( p6H)-WAwle/r HEAMN)o cfudr
2 h or weaereatmadcknd t-éehmme dvdhesch eidn aMat mriegel . At

infection, RNA was e xdtsr aacntde d( Bf)r otnh e( Ac)u I tthuer eo rsgu
replicat rCoonr2 owasSAaRSal yzed -thymeq uPaARE R)YqgaRtTo v et h e a |
envel ope (E) gene using thaeagdgtaaddamd onwer ve pme
out of four independent experiments with n =

ANOVA with Dunnettdéds multiple comparisons t est
analyzed for viral adgBNAIi fEcgene meusi Dgearker

independent experiments with n = 2 technical

Dunnettds multiple comparis€on¥ taestectEeld) oSype
(pooled fromatbsgeorefWero E6 cells (duplicate
for the presenc@o9wf repeeseopiuuat SAKRSocCofour ex
protein detection in isolated epitshelQragancoeilds
or Vero E6 cells were fixedCmthdi mpfee anteiadon | ( M@Id
then were stained with DAPI (blue), phalloidi
Co¥ spike protein (red). SARSoWs spoikret po wtt ed el.
are representative of threeem.ndependent exper

| mpact -G6¥SARSection on the JFB I ntestinal
Epitheli al Cel | Pr ot eome

A quantitative proteomidepwodlehtowclhasesdtorm

spectrometry was used to perform a comprehens
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organoi d€o¥oi 8ARSti on. TheCDbD¥-Anhratgdi andf m&a
infected enteroids after 48 h yielded a total
protein FASTA fiRAesjamaetensds@rigmnbmeesti ngl )
detected proteins were present in both -experi
infectedCa¥di 8ARSted JFB organoids revealed 6
downregul ated proteins-f ol ardg@E.N0YS5 i(sFoifg.r nBsa aan
Suppl ementary Data 1). To better understand a!
compared the identified proteinstitmubaatenmpgeh
(1 SGs, Suppl éthehnaeyebatagy, 100 of all i den
tentatively be classified as | SGs. However, o
protein subunit POP1 (POP1l), was €o¥ni fwhae amt I
four t8Gngr¢o¢ ERLEC1, CFB, ARMCX3 and I TIH2) we
6b). Overall, top upregul ated proteins, based
growt hl iflaeectmmrot ei n/ macrophage stimulatory prot
comtianig p-FrokeLCa#&dynldi ngc dmotmaiimi ng protein 5 (AC
3kinase (KT3-K) kandr ows btbfiencdtionrg 2ormRNA n 1 (1 GF
Top edoewnul ated proteins -corct adreidn @ T&Bhhd&@iZa 1do na i
RhoA degradation pr-bf @&enpBo(KCWND10) TMEB®GEG3A) ,

protein 3 homoibague celilstdorve siidA compl ex prot
Sever al of these proteins awnedi posktvednishateog
modi fications. We next performed I nge€hwity Pa

assess more complex func-Co¥nal PAhanegeal eddace



180
response signaling, a key innate pathway trig
significantly regulated pat hlwawhi do!lil 9 wiedv dlyv ¢
intestinal infl ammation, repair, and wound he
were cel |l assembly, organization, maintenance

These findingsCe¥ggespgpgelyztnes ARSvVve response p

with the increased or gé&medii chfxicdze doltooapwedk di nt o
infected cultures. Similarly, Enrichr identif
with cell Yeakbntiwayiand dufth as PI 3/ AKT signa
pat hway, along with signatures associated wit

signaling when using the human 2021 KEGG path
anasis also found multiple significant matche
found to be upCeBuil mftedt i on SR MMrd40?¢Ebal sel | s

human hepah oxryd ehdmare N akiad. e®fi)t.hedviearmal | , the
anal ysis points to the activation of innate i
characterHdl 9t scg6a@VYubEs¥ uipmfne StAIRGn of t he JFB |

epithelium
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Figure 6. 4. |l ncreased growtiCod&f DIF8sociganeddsd
di st al intestinal organonodsl areW¥eono ®mé-reel h§ e\
Co¥ at an MOI of 1 or 10, as described above,
per meabl e f | udrrogenritcerc,a sgpdaddeed Att o 4t8h én medit u m.n
cells were imaged using fluorescence and phas
scal e karsrepbdsentativelmhgkeduwasxpeseidmeént su.
NucViewkE fluorescence based on pixel counts i
selected organoi ds. Il ndi vidual data points, m

i ndependent exper ianhenrtesp Iwictaht etsh riese stheocwhnn i cdat a
ANOVA with Tukeyo6s multiple comga+#iabectedt . (
organoid cul tur emi mdd ean 48r ihg wtafsi eled eirmages U s
data points, enerams é\n tSaDt iofe oeveper i ment (bat 001,
[

experi ments with three technical replicates

Tukeybs multiple comparisons test. (D) Number
i mages f-ir mcimeendo cakaCdo ¥S AIRNSf ect ed JFB organoid cul
Pooled data from four independent experi ments

p5); analyzeeiuwsidngSta dpeaitréesd t2 t est .
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Di scussi on

Il n this study, we established and characte
di sitnalestine and stomach of JFBs, a frugivorou
generally been underrepresente?d.®WUsimgunadl s¢gi
organoid model, we investigated the response

SARGo¥. Considering that JCOB/S &rn&aswscapti @ana
vi fRls we evaluated the susceptibilit-@o¥df the J
We found evi dewpaoedaufctliivmi tiend,ecnomn with induc
Notably, JFBs are not thoQaqhtortt oddes amrlabhducroavlii rcu
and a recent pnepnvedctidescexpemigment sCowv JFBs
2 leads to an abortive infection of?3% hRi nmd es
SARG0¥ is not adapted to -slgecsi,f iwe \vaisrsailmei mrhuwar e
mechani sms have evolved, enabling activation
number and associated genestuircprdisvienrgoiZthya to fS AbRaS
infection experiments in other bat species ha
(Rousettus ,adgyumtsii@anus)asymptomati c respiratory
in |l ung and atnrdadheecaalamsdc eadrdalng was a€Cb¥eved up
i nocuPatCiomwver sely, Ame&Emiteasn cuisgpfuesamesd bae si ¢t
infectionCowf hTBARISndependent -tsaiuldéTdashaartrisdBf a z |
brasi lbiye Barinefam d 3Maluind variable | evelCo¥Xof sus.
infection in the absence of <c¢clinical signs. L

di fferent bat speciesCo¥sponheedi onff ©Or ganloy dt
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horseshoe ba€s¥l wherei SAKRSRasprmhedewmc adcktiercftedt i c
Co¥ virions at similar | é¥%els aenhumsah, i nhees
from LeschenauRotu sse trtouuss)el tdtsed Hbeardasu G oisddu ppor t SAI
repl ®faandnairway or ganoHodnsy cftreorin sa dsvpeeweaeecalh & E 2
dependent viral entry, ®utl nnoupr didandtsi,v & hwi rla
organoids consistently expressed | ow |l evels o
PCR analysis revealed a significant increase

and 72 hpi ,trwahtiecsh idneimoinast i on of vir-@d¥2replicat

genomes al so were significantly increased in
forming units were detected but did not incre
infectiow$ectiowaoas virions were released. Usi n

SARGo¥ spike protein in individual cell s, but

This observation may rierfflectfferdohmedaldlien ¢ poft hweil a la

monol ayer, as descrifedvfearaldt, herurvidraadla isrufgeyoe
organoids suppoCoX¥i nodmpkt eo@a. SARSIi mil ar | i mit
replicat irConZ owasSARSso reported in cell l' i nes f

even after tumasdACE2 poni wi & hreétcan tHoswewdey , byt hlei
presence of sgRANA pmadt eif n SAMRSsome cell s sugge:s
of the virus did occur in the JFB organoids.

et tdnlat predicted a WGod¥ernadte ndleiclti JfFBofcebS ARS b a
sequence &fo¥t reece/HPRBNd ACEL obser vatgemes of | o

expression in the JFB organoi ds. Loss of the
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SARS0o¥ also may have had an i“hp&artboertheepefi
are needed to evaluate at whi etho¥s traggpel ioda ttihcen
in the JFB orgainomiinmedtei d?m nabft uiapbeiBys, many prev
on viral infection in bats have rel3*¢# solely
Therefore, i1t is difficult t o-caosnmspeestse nwh evtihreiron

unique to our infection model
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Fi gux.e JBEB di st al i ntesti nali nofrlgamnoa tdosr ye Xgoer Nneesss
response to i rCoex.t-DpmMDwssbcSARSEd JFB di st al [
(bat 001, p6, three replic&o¥s)atwame MOLf0ed (Tdé
unbound virus was washpeldatoefdf ,i nanMlattrhieg ecle.l [Asf twe
RNA was extracted from the cell s t-toi mevy aPQRt e
(qg®ICR). Data fr om o noeurr eiprrdeespeennt daetnitv ee xopuetr ionfie nf1
mean N-H3JD.Or@@mBEnoi ds weirrea dtrievaagieefd wSty RISOIUV or

with a panel of TkRI &a&gdniLst mophdcR2ogleaat, HKL
poly | : C; TLR7: i miagnudi nmohde n Tw.eR9e-P @RDaNI2§0z0k6d)a b ty e




















































































































































































































































































