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Do not go gentle into that good night

By Dylan Thomas

Do not go gentle into that good night,
Old age should burn and rave at close of day;
Rage, rage against the dying of the light.

Though wise men at their end know dark is right,
Because their words had forked no lightning they
Do not go gentle into that good night.

Good men, the last wave by, crying how bright
Their frail deeds might have danced in a green bay,

Rage, rage against the dying of the light.

Wild men who caught and sang the sun in flight,
And learn, too late, they grieved it on its way,

Do not go gentle into that good night.

Grave men, near death, who see with blinding sight
Blind eyes could blaze like meteors and be gay,

Rage, rage against the dying of the light.

And you, my father, there on the sad height,
Curse, bless, me now with your fierce tears, I pray.
Do not go gentle into that good night.

Rage, rage against the dying of the light.
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Abstract

Urinary tract infections (UTIs) are amongst the most common bacterial infections and are the second-
most frequent reason for antibiotic prescriptions. Moreover, in about 25% of all treated cases, recur-
rence of infection occurs. Uropathogenic Escherichia coli (UPEC) is the most common causative
agent of UTIs. Much of our current understanding about UTIs has come from mouse models of UTI
which have highlighted the intracellular lifestyle of this pathogen in the forms of intracellular bacte-
rial communities (IBCs) as the prominent cause for bacterial persistence. Recurrent infections are
thought to be caused by bacterial fluxing from persistent IBCs in the umbrella cell layer of the epi-
thelia in the bladder. Although, in vitro model systems of UTIs have been developed to study acute
phases of infection including the formation of IBC and their dispersal, they suffer from certain short-
comings. For example, these models lack vasculature and the possibility to impose mechanical
stresses, such as those experienced by the cells during bladder filling and voiding. Moreover, the
design of these in vitro systems makes it difficult to study long-term UPEC persistence when exposed

to antibiotic or neutrophil mediated stresses.

In the last two decades, two bioengineering approaches have emerged to generate functional and
physiological tissues: organoid and organ-chip systems. Differentiating cells self-organize in a hy-
drogel and enable the formation of organoids, which mimic various aspects of organ physiology and
function in a three-dimensional structure. Organ-chip systems rely upon co-culturing pre-differenti-
ated cells across a synthetic membrane in a defined geometry. The organ-chip systems allow dynamic
control over environmental (nutritive) state and over the mechanical stresses experienced by the em-
ulated tissue. In this thesis, I showcase the development of model systems to study UPEC pathogen-

esis using both these approaches.

In the first part of this thesis, we developed a bladder organoid model of UPEC infection that reca-
pitulates the stratified bladder architecture within a volume suitable for high-resolution live-cell im-
aging. Bacteria injected into the organoid lumen rapidly enter umbrella cells and proliferate to form
IBCs. Unexpectedly, we identified populations of individual “solitary” bacteria that form inde-
pendently of IBCs and which penetrate deeper layers of the organoid wall and evade killing by anti-
biotics and neutrophils. Volumetric electron microscopy revealed that these solitary bacteria may be
intracellular or pericellular (sandwiched between uroepithelial cells) and are rod-shaped and flagel-

lated, unlike coccoid-shaped and unflagellated bacteria within IBCs. Bacterial fluxing from IBCs is



therefore not an essential requirement for the establishment of persistent bacterial populations in the

bladder wall.

The dynamic responses of IBCs to host stresses and antibiotic therapy are difficult to assess in situ.
In another study, we focussed on examining the lifecycle and persistence of IBCs during early stages
of UTIs. We developed a human bladder-chip model wherein superficial umbrella cells and bladder
microvascular endothelial cells are co-cultured under flow in urine and nutritive media respectively.
Bladder filling and voiding was mimicked mechanically by application and release of linear strain.
Using time-lapse microscopy, we show that rapid recruitment of neutrophils from the vascular chan-
nel to sites of infection leads to swarm and neutrophil extracellular trap formation but does not prevent
IBC formation. Subsequently, we tracked bacterial growth in individual IBCs through two cycles of
antibiotic administration interspersed with recovery periods. Analysis of the bacterial growth dynam-
ics revealed that the killing of bacteria within IBCs by the antibiotic was delayed, and in some in-
stances, did not occur at all. During the recovery period, rapid proliferation in a significant fraction
of IBCs reseeded new foci of infection through bacterial shedding and host cell exfoliation. These
insights reinforce a dynamic role for IBCs as harbours of bacterial persistence, with significant con-

sequences for non-compliance with antibiotic regimens.

Taken together, this thesis presents two novel microtissue models for studying the dynamics of host-
pathogen interactions in UTIs. The findings from bladder microtissue models of UTIs will have
important ramifications for treatment of not only UTIs but also other bacterial infections that exhibit
high levels of recurrence. The model systems can serve as a useful tool for bioengineers and
researchers studying immunology, microbiology, cancer, and bacterial persistence in the urinary

bladder.

Keywords: bladder organoids, bladder-chip, uropathogenic Escherichia coli (UPEC), intracellular
bacterial communities (IBCs), bacterial persistence, antibiotic treatment, neutrophil swarms,

neutrophil extracellular traps, shear stress, stretching, confocal live-cell imaging



Résumeé

Les infections des voies urinaires (IVU) font partie des infections bactériennes les plus courantes et
constituent le deuxiéme motif le plus fréquent de prescription d'antibiotiques. En outre, dans environ
25 % des cas traités, l'infection récidive. Les Escherichia coli uropathogeénes (UPEC) sont la cause la
plus courante d’infection urinaire. Une grande partie des connaissances actuelles sur les infections
urinaires provient de modeles murins qui ont mis en évidence le mode de vie intracellulaire de cet
agent pathogeéne sous forme de communautés bactériennes intracellulaires (CBI) comme étant la
cause principale de la persistance bactérienne. On pense en effet que les infections récurrentes sont
dues a la présence de communautés bactériennes intracellulaires persistantes dans la couche
superficielle de 1'épithélium de la vessie, constituée de cellules parapluie. Bien que des systémes
modeles in vitro d'infections urinaires aient été développés pour étudier les phases aigu€s de
l'infection, y compris la formation des CBI et leur dispersion, ils présentent certaines lacunes. En
particulier, ces modeles sont généralement dépourvus de vascularisation et ne permettent pas
I’imposition de contraintes mécaniques, telles que celles subies par les cellules pendant le remplissage
et la vidange de la vessie. En outre, la conception de ces systémes in vitro rend difficile 1'étude de la
persistance a long terme des UPEC lorsqu'elles sont exposées a des antibiotiques ou au stress induits

par les neutrophiles.

Au cours des deux derni¢res décennies, deux approches de bio-ingénierie ont émergé pour générer
des modeles de tissus fonctionnels et physiologiques : les systémes d'organoides et d'organes-sur--
puce. Les cellules en voie de différenciation s'auto-organisent dans un hydrogel et permettent la
formation d'organoides, qui imitent divers aspects de la physiologie et de la fonction des organes dans
une structure tridimensionnelle. Les systémes d'organes-sur-puce reposent sur la co-culture de
cellules pré-différenciées a travers une membrane synthétique dans une géométrie définie. Les
systémes d'organes-sur-puce permettent un contréle dynamique de 1'état de I'environnement (nutritif)
et des contraintes mécaniques subies par le tissu ainsi reproduit. Dans cette thése, je présente le
développement de systémes modeles pour étudier la pathogenese des UPEC en utilisant ces deux

approches.

Dans la premicre partie de cette thése, nous avons mis au point un modele d'organoide vésical
d'infection par les UPEC qui recrée l'architecture stratifiée de la vessie dans un volume adapté a
l'imagerie & haute résolution des cellules vivantes. Les bactéries injectées dans la lumicre de

l'organoide pénétrent rapidement dans les cellules de la vessie et y proliférent pour former des CBI.
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De maniére inattendue, nous avons identifi¢ des populations de bactéries individuelles "solitaires"
qui se forment indépendamment des CBI, pénetrent dans les couches plus profondes de la paroi de
l'organoide et échappent a I’éradication par les antibiotiques ou les neutrophiles. La microscopie
¢lectronique volumétrique a également révélé que ces bactéries solitaires pouvaient étre
intracellulaires ou péricellulaires (prises en sandwich entre les cellules uroépithéliales), qu'elles
¢taient en forme de batonnets et pourvues de flagelles, contrairement aux bactéries cocoides et non-
flagellées présentes dans les CBI. La présence de CBI n'est donc pas une condition essentielle pour

I'établissement de populations bactériennes persistantes dans la paroi de la vessie.

Les réponses dynamiques des CBI au stress de I'hote ainsi qu’a l'antibiothérapie sont difficiles a
¢valuer in situ. Dans une autre étude, nous nous sommes donc concentrés sur 1'examen du cycle de
vie et de la persistance des CBI au cours des premiers stades des infections urinaires. Nous avons
développé un modele de puce vésicale humaine dans lequel les cellules épithéliales superficielles
dites cellules parapluie et les cellules endothéliales microvasculaires de la vessie sont co-cultivées
dans des conditions d’écoulement, en présence respectivement d’urine et de milieu nutritif. Le
remplissage et la vidange de la vessie sont simulés mécaniquement par 'application et le relachement
d'une contrainte linéaire. En utilisant la technique de vidéomicroscopie, nous avons pu montrer que
le recrutement rapide des neutrophiles du canal vasculaire vers les sites d'infection conduisait a la
formation d'un essaim de neutrophiles ainsi que de piéges extracellulaires de neutrophiles mais
n'empéchait pas la formation des CBI. Par la suite, nous avons suivi la croissance bactérienne dans
les CBI individuels au cours de deux cycles d'administration d'antibiotiques entrecoupés de périodes
de récupération. L'analyse de la dynamique de la croissance bactérienne a révélé que 1’éradication
des bactéries par antibiotique dans les CBI était retardée, voire n’avait pas lieu dans certains cas.
Durant la période de récupération, la prolifération rapide d’une fraction significative des CBI permet
¢galement la création de nouveaux foyers d'infection a travers 1'excrétion des bactéries et 1'exfoliation
des cellules hotes. Ces observations renforcent le rdle dynamique des CBI en tant que médiateurs de
la persistance bactérienne, avec des conséquences importantes en cas de non-observance des régimes

antibiotiques.

Dans l'ensemble, cette thése présente deux nouveaux modeles de micro-tissus pour étudier la
dynamique des interactions hote-pathogeéne dans le cadre des infections urinaires. Les résultats
obtenus a partir des modeles de micro-tissus vésicaux d'infections urinaires auront des conséquences
importantes pour le traitement non seulement des infections urinaires mais aussi d'autres infections

bactériennes qui présentent des niveaux €levés de récurrence. Les systémes modéles peuvent servir



d'outils utiles aux bioingénieurs et aux chercheurs qui étudient l'immunologie, la microbiologie, le

cancer et la persistance bactérienne dans la vessie.

Mots clés : organoides vésicaux, puces vésicales, Escherichia coli uropathogene (UPEC),
communautés bactériennes intracellulaires (CBI), persistance bactérienne, traitement antibiotique,
essaims de neutrophiles, piéges extracellulaires de neutrophiles, contrainte de cisaillement, contrainte

linéaire, imagerie confocale de cellules vivantes



Chapter 1. Literature review

1.1 Bacterial infections

Bacterial infections are a major cause of human morbidity and mortality. For example, tuberculosis,
caused by the bacterium Mycobacterium tuberculosis, is the biggest killer among bacterial infections
accounting for 1.4 million deaths per year (WHO, 2020). Apart from this, several other pathogenic
bacterial strains from genus such as Staphylococcus, Streptococcus, Pseudomonas and Escherichia
coli are responsible for severe disease burden worldwide. While the discovery and implementation
of antibiotics has helped our fight against these infections, the evolution and spread of drug-resistant
strains have severely compromised our ability to control these infections. Therefore, while there is an
urgent need for the discovery of novel compounds with antimicrobial activities, the fight against bac-
terial infections also needs a better understanding of the mechanisms by which these bacterial strains
are able to survive and persist in the host in the presence of host-derived antimicrobial effectors as
well as antibiotics.

1.2 Bacterial persistence
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Figure 1.1: Persistence and Resistance in bacteria.
Bacterial populations can include persisters and drug resistant mutants. Bacterial cells that are not killed inherit

resistance and eventually produce resistant clones. Image taken from: (Holden, 2015).

Within a short period of time after the discovery of penicillin by Alexander Fleming in 1928, it was
observed that few cells survive the antibiotic treatment. Joseph Bigger demonstrated that the fraction
of surviving cells was indistinguishable from the first generation upon regrowth (Bigger, 1944;
Holden, 2015) (Figure 1.1). This implied that the daughter cells were similarly sensitive to antibiotics
as their parents. Thus, the survivors were recognized as persisters rather than drug-resistant mutants
whose phenotype was maintained across generations in absence or presence of drugs (Dhar and
McKinney, 2007; Holden, 2015). Antibiotic-mediated inhibition of bacterial growth or killing is
quantified via the establishment of the minimum inhibitory concentrations (MIC), which is defined
as the lowest concentration of antibiotic that will inhibit the bacterial growth after overnight incuba-

tion (Andrews, 2001). Antibiotic resistance is a progressive phenomenon: low level resistance arises



at higher MIC, whereas higher level resistance can occur at any antibiotic concentration (Balaban et
al., 2019; Wistrand-Yuen et al., 2018). Antibiotic persistence is described by the biphasic killing of
bacteria. In contrast, slower killing of bacteria by antibiotics is defined as antibiotic tolerance. Both

tolerance and persistence do not result in an increase in MIC compared to resistance (Balaban et al.,
2019).

Persistent infections are infections in the host which are not completely cleared out by the host im-
mune system (Balaban et al., 2019) (Figure 1.2). Persistent infection can have multiple causes: bac-
teria could lie dormant or latent and reactivate only later, or they may be resistant to clearance by the
immune system by occupying niches that are hard to access or by modulating and inactivating im-
mune cell function (Dhar and McKinney, 2007; Dhar et al., 2016; Manina et al., 2015). As a conse-

quence of this, infections are often treated by antibiotics, which adds another level of complexity.

Persistent infection Antibiotic persistence
& Antibiotic treatment
S >
Re o
& =0 £
2 = ‘\‘ Delayed clearance by host 7 =
0\5 5 . Ug s Antibiotic-tolerant
= 5 2 S 5 subpopulation of bacteria
3 2 A
Acute )
infection s,

Time Time
Figure 1.2: Persistent infections and antibiotic persistence.

Persistent infections are slowly cleared by the host. However, the host invokes acute response to clear major-
ity of the pathogen burden. Antibiotic persistence defines the delayed bacterial clearance by antibiotics due
to diverse outcomes of bacterial populations in response to antibiotics, in vitro or in vivo. Image taken from
(Balaban et al., 2019).

Antibiotic persistence is defined upon antibiotic therapy to cure bacterial infections (Figure 1.2). An-
tibiotic persistence highlights the bacterial population that survives the antibiotic treatment and is
recalcitrant to antibiotic killing. Antibiotic persistence manifests in the ability of some bacteria to
survive high doses of antibiotic treatment due to fluctuations in their cellular function (Balaban et al.,
2004, 2019; Dhar et al., 2016; Wakamoto et al., 2013). These non-inheritable fluctuations can over
time lead to the accumulation of inheritable mutations that may lead to antibiotic resistance (Balaban

etal., 2019; Cohen et al., 2013).



Thus, in contrast to persistent infections which are defined in the context of infections within the host,
antibiotic persistence is defined in the context of both in vivo and in vitro settings. The diverse re-
sponse of bacterial populations to antibiotic clearance inside the host is due to a spectrum of encoun-

ters between the host and the pathogen.

1.3 Host-Pathogen Interactions

The interaction between a bacterium and a host is very complex and can result in diverse outcomes
ranging from killing of the bacteria and clearance of the infection to bacterial survival and prolifera-
tion leading to eventual killing of the host. These outcomes are influenced by various factors such as
“virulence of the pathogen, dose of infectious material, host innate and adaptive immune responses,
as well as antimicrobial effectors” (Bumann, 2015; Casadevall and Pirofski, 2000; Dhar et al., 2016;
Justice et al., 2004; Lacerda Mariano and Ingersoll, 2020). Moreover, the diverse and heterogeneous
host environments provide distinct and often contrasting microenvironmental niches for the pathogen.
The host successfully eradicates pathogen subsets within some microenvironmental niches, whereas
in others, the pathogen can survive and grow back inside other microenvironmental niches (Bumann,
2015). These diverse host-microbial interactions could be due to heterogeneity in host cell types,
nutritive status, antimicrobial effectors such as reactive oxygen species (ROS), reactive nitrogen spe-
cies (RNS) and acidic pH, or the preferential ability of the pathogen to colonize certain tissues (Figure
1.3). All these heterogeneous environments and varying degrees of stresses result in increased phe-
notypic heterogeneity both on the bacterial and host side. Often this phenotypic heterogeneity can be
crucial for survival and persistence of bacteria under fluctuating environmental conditions (Dhar and
McKinney, 2007; Wakamoto et al., 2013). For example, bacteria can enter into a non-growing latent
state, from which they can relapse to cause active disease (Manina et al., 2015). Treatment with anti-
biotics also has been shown to enrich subpopulations of non-growing bacteria that persist and then

resume growth and cause relapse after discontinuation of chemotherapy (Levin and Rozen, 2006).
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Figure 1.3: Spectrum of distinct host-pathogen interactions and their ramifications.

(A-D) Bacterial populations with stochastically different phenotypes experience disparate microenvironments
inside the infected host. Host invokes different known antimicrobial responses (reactive oxygen species
(ROS), reactive nitrogen species (RNS), low pH) to kill bacterial populations. These antimicrobial responses
could help in emergence of pathogen subsets prior to antibiotic treatment. Bacterial subpopulations arising
after different microenvironmental conditions inside the host (A-D) spread across other niches. Upon antibiotic
treatment, fast-growing bacterial subpopulations are killed whereas nongrowing bacterial subpopulations sur-
vive. Image taken from (Bumann, 2015).

These complex host-microbial interactions are dynamic and have substantial cell-to-cell heterogene-
ity which exists both in the pathogen (Manina et al., 2015; Wakamoto et al., 2013) as well as the host
(Avraham and Hung, 2016; Delincé et al., 2016). The heterogeneity in host-pathogen interactions at
the population level could be dissected by using single-cell approaches (Claudi et al., 2014; Helaine
et al., 2010). Single-cell approaches reveal diverse outcomes in the interactions between the immune
cells such as macrophages and bacteria (Helaine et al., 2010, 2014; Jain and Vogel, 2018; Moller et
al., 2012; Pisu et al., 2020; Toniolo et al., 2021). For example, within the same macrophage and
bacterial population, some macrophages kill the bacteria, and some macrophages get killed by the
bacteria (Avraham and Hung, 2016) (Figure 1.4). Some bacteria persist within the host cells and other
bacteria divide unrestrictedly within the host. Still some macrophages exist which do not interact with

the bacteria and remain uninfected (Figure 1.4).
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Figure 1.4: Different infection outcomes between intracellular bacteria-immune cell interac-
tion.

Interactions of immune cells such as macrophages with intracellular bacteria can lead to disparate outcomes:
1. Bacterial proliferation, 2. Bacterial persistence, 3. Host cell death and bacterial spreading, 4. Bacterial re-
striction within the host, or 5. Uninfected host cells. Image taken from: (Avraham and Hung, 2016)

1.4 Urinary Tract Infections

Escherichia coli is a Gram-negative bacterium that inhabits the digestive tracts of humans. Many
strains of E. coli are beneficial commensals while others (pathogenic strains) can cause several gastro-
intestinal and urinary tract infections (UTIs). The majority of UTIs are caused by uropathogenic E.
coli (UPEC), which affect 150 million people worldwide (Lacerda Mariano and Ingersoll, 2020;
Oztiirk and Murt, 2020). UTIs are an especially important cause of morbidity and mortality among
infants, older people, and women (Flores-Mireles et al., 2015). It is estimated that more than 60% of
all women report a UTT at least once in their lifetime (Foxman, 2002; Foxman et al., 2000; Klein and
Hultgren, 2020). Moreover 20-30% of women with an acute infection could experience infection
relapse three or more times in a one-year period. Secondary UTIs post-catheter mediated intervention

is also one of the main causes of hospital acquired infections (Foxman, 2010).

The urinary bladder has a resident microbial community in urine known as urinary microbiota (Bru-
baker and Wolfe, 2016). However, presence of pathogenic bacteria in urine results in diseases known
as UTIs. UTIs are classified into disease categories depending upon the site of infection: bacteriuria
(urine), cystitis (bladder), and pyelonephritis (kidney) (Flores-Mireles et al., 2015). Infection of the
bladder and kidney in immunocompetent people is considered as an uncomplicated UTI, whereas

infections in patients with “underlying anatomical or functional abnormalities” is considered as a
y
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complicated UTI (Lacerda Mariano and Ingersoll, 2020). Catheter associated UTI is the most com-
mon cause of hospital acquired infections (Geerlings, 2019; Jacobsen et al., 2008). Prominent symp-
toms of UTIs include recurring urination, burning sensations, and pain during micturition. These
symptoms are effects of the “mucosal inflammatory reaction to bacterial colonization of the bladder”
(Hannan et al., 2012). Chronic bladder infections can occur as asymptomatic bacteriuria (ABU) (Han-
nan et al., 2012). The early heterogeneity of innate immune responses to UPEC play an important
role in the evolution of UTIs and the likelihood that recurring cystitis will ensue (Hannan et al., 2010).

Problems with urine voiding and incontinence increase the chance of recurrent cystitis.

The reason behind higher susceptibility of women to UTIs is attributed to their anatomical predispo-
sition (shorter urethra), shorter distance between anal and urethral opening, and hormonal changes in
post-menopausal women (Foxman, 2010). Although UTIs are more common in women, 20% of UTIs
occur in men (Ronald et al., 2001). There is a lower prevalence (<1%) of UTIs in younger men which
increases significantly to 6% in older men (over 65) (Foxman, 2010; Griebling, 2005). Thus, with old
age, incidence of UTIs in men becomes comparable to the women of the same age group (Ruben et
al., 1995). However, the urethral length does not change with age in men. In a recent study, male
mice were transurethrally infected with UPEC (Scharff et al., 2019). In this study, both the male mice
and testosterone treated female mice were found to be chronically infected with UPEC for up to a
month. So, the reasoning about lower number of UTIs in young men (<65 years) due to longer urethra

compared to women does not hold true.

Unresolved lower UTIs in male can result in infection of the prostate (Tandan et al., 2016), a condition
known as prostatitis (Lupo and Ingersoll, 2019). The principal causative agent for prostatitis is also
UPEC. Approximately 50% of men will get prostatitis with prevalence up to 10% (Khan et al., 2017).
One clinical study found that antibiotic treatment for UTIs for more than one week in patients with
prostatitis or pyelonephritis was correlated to increased chances of recurrent UTIs (Germanos et al.,
2019). Thus, prostatitis is also now suggested as a type of complicated UTI (Lupo and Ingersoll,
2019; Meares and Stamey, 1972). The disproportionate number of lower cases for UTIs in men is
also attributed to the sex influenced levels of hormones for example, testosterone or estrogen (Rob-
inson et al., 2013). Some reports have hinted at protective role of estrogen based upon higher risk to
infections. For example, estrogen application strengthened urothelial tight junctions and increased
expression of antimicrobial gene human B-defensin 3 (Liithje et al., 2013). Estrogen supplementation

reduced the chance of recurrent UTI in postmenopausal women (Raz and Stamm, 1993). These
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studies highlight that gender influences the host immune response (Ingersoll, 2017; Klein and Flana-

gan, 2016; Markle and Fish, 2014).

1.5 Physiology of uroepithelium

The uroepithelium is an epithelial layer that covers the inner surface of the urinary tract. As illustrated
in Figure 1.5, it is a stratified epithelial tissue that comprises of three distinct layers: basal cells,
intermediate cells, and umbrella cells. The basal cell layer includes a single-cell stratum that forms
close contact with underlying capillaries. Basal cells are columnar with a diameter of 5-10 pm. Basal
cells contain tissue-specific stem cells, which can multiply and differentiate into intermediate cells
and umbrella cells (Apodaca, 2004; Yu, 2007). Intermediate cells (about 20 um diameter) are usually
pear shaped with a single unlobed nucleus. Intermediate cells harbour cytoplasmic vesicles. They can
be arranged in a unicellular or multicellular layered architecture depending upon the extent of bladder
stretching. Umbrella cells are generally of hexagonal shape, but their size and geometry vary depend-

ing on the degree of mechanical stretch experienced by the bladder.

The superficial layer of umbrella cells serves as a tissue mechanosensor that senses bladder filling
and communicates signals to the nervous system to stimulate micturition. Electrophysiological prop-
erties of umbrella cells are sensitive to the direction, magnitude, and rate of applied force. Umbrella
cells respond to mechanical stimuli by increased ion transport and membrane traffic (Truschel et al.,

2002; Yu, 2007).

Bladder lumen

Umbrella cells

Intermediate cells <

~

Basal cells —

Bladder vasculature

Figure 1.5: Schematic of different layers of uroepithelium: basal cells, intermediate cells, um-
brella cells.
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The uroepithelium is exposed to the urine in the bladder lumen whereas it receives nutrition from
the bladder vasculature. Image modified from: (Yu, 2007).

The early stages of bladder filling are characterized by a rapid increase in the bladder’s surface area.
In the later stages, the tissue approaches a mechanical equilibrium, and the surface area increases only
slowly with time. The mean time and mean rate for natural bladder filling in humans has been ob-
served to be 24.2 min and 1.4 ml/min during cystometry (Lee and Kim, 2008). Cytoplasmic fusiform
vesicles increase in number and fuse with the apical surface of umbrella cells in response to bladder
filling. Upon voiding, the added membrane is endocytosed to recycle the population of dynamic ves-
icles. The uroepithelium becomes thinner as intermediate and basal cells are pushed laterally in re-
sponse to the increasing volume of urine. Umbrella cells change from a flat shape in the empty bladder

to a thinner squamous shape in the filled bladder (Apodaca, 2004).

The basolateral membrane of uroepithelium undergoes mechanical extension and contraction during
alternate cycles of bladder filling and voiding. It has been shown that stretch per se, rather than the
hydrostatic pressure within the bladder, activates ion transport and membrane turnover in umbrella

cells (Truschel et al., 2002; Yu, 2007).

1.6 Disease model for UPEC pathogenesis

1.6.1 Uropathogenic Escherichia coli (UPEC)

UPEC has acquired “pathogenicity islands, plasmids and DNA segments by horizontal gene transfer
(Mobley, 2016). The major pathogenic E. coli strains are CFT073, UTI89 (Lloyd et al., 2007). Viru-
lent pathogenic strains generally have more distinct fimbriae, toxins and iron receptors than non-
pathogenic strains (Lloyd et al., 2007; Mobley, 2016). These acquired characteristics promote bacte-
rial survival and persistence within adverse environments (such as the urinary tract) and during anti-
biotic therapy. Expression of toxins like haemolysin and cytotoxic necrotizing factor 1 allows UPEC
to inflict tissue damage, colonize host tissues, and dampen the host immune response (Dhakal and
Mulvey, 2012; Mills et al., 2000; Wiles et al., 2008). These toxins can also manipulate host inflam-
matory responses and host cell survival. Some studies have elucidated the role of ion transporters as
key players in UPEC pathogenesis. These transporters include UPEC genes involved in copper efflux,

nickel import, and potassium import (Subashchandrabose et al., 2014).
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Figure 1.6: Proposed model for UPEC pathogenesis in acute and chronic cystitis.

(a) Bacteria attach to the superficial layer of the uroepithelium. (b-d) Post-bacterial attachment, few bacteria
manage to invade the uroepithelium and subsequently proliferate intracellularly to form intracellular bacterial
communities (IBCs). (e) IBCs filaments and fluxes to release bacteria which could reseed other uroepithelial
cells and repeat the whole cycle of IBC formation in acute UTI. (f) During acute infection, solitary bacteria
can remain in dormant state as quiescent intracellular reservoirs (QIRs) and persist in the uroepithelium for
several weeks. (g) In chronic cystitis, the uroepithelium does not support IBC formation. Subsequently UPEC
either remains adherent to the uroepithelium and grows extracellularly within the bladder lumen. Image taken
from (Hannan et al., 2012).

The currently accepted model for acute and chronic cystitis is shown in Figure 1.6. UTIs start when
uropathogenic bacteria invade and populate the urethra. Some of the ways by which UPEC invasion
of the urethra can occur are, for example, either from the gut (Hooton, 2001; Lacerda Mariano and
Ingersoll, 2020), sexual intercourse (Moore et al., 2008a) , catheter mediated infections (Jacobsen et

al., 2008) or due to problems with bladder voiding during urinary incontinence (Moore et al., 2008b).

Once uropathogens attach to the periurethral area, they can ascend to the bladder and invade the
umbrella cells lining the bladder wall with the help of adhesive appendages (pili and adhesins), as
shown in Figure 1.7. UPEC and other uropathogens can bind to uroplakin, a high-mannose glycopro-
tein abundantly expressed on the surface of umbrella cells in mice and humans, through type 1 adhe-

sive pili (Mulvey et al., 1998). Attachment of UPEC to host cells is mediated by unusual “catch-
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bonds” such that the strength of adhesion increases from weak to strong with a corresponding increase
in shear stress (up to a limit, beyond which rupture occurs) (Sauer et al., 2016; Thomas et al., 2002).
This attachment between type 1 pili and uroplakins on the urothelial surface is strong enough to resist
clearance by the shear forces of micturition. In addition, UPEC lacking type 1 pili can invade into
bladder epithelial cells using other adhesive structures, such as P pili, S/FIC pili, and the Afa/Dr
family of adhesins (Mulvey, 2002; Servin, 2014).

UPEC infection of the urinary bladder is countered by innate defences of the host, including influx
of anti-bacterial neutrophils (Haraoka et al., 1999) and epithelial exfoliation at the infected site (Rosen
et al., 2007). The host bladder epithelial cells (BECs) rejuvenate the damaged/exfoliated superficial
epithelial cells by initiating a genetic program to differentiate and proliferate the underlying transi-
tional epithelial cells and cause them to proliferate (Shin et al., 2011). Neutrophils generate cytotoxic
environments (including the oxidative burst that is triggered by contact with bacteria) and BECs ex-
perience oxidative stress within infected bladder tissue. Uropathogens evade destruction by the host
immune system by invading into host cells and forming recalcitrant biofilms (Figure 1.7, Figure 1.8).
After damaging the host bladder tissue, some uropathogens (including UPEC) may ascend via the
ureters to the kidney, causing pyelonephritis. Finally, advanced UTIs may culminate in bacteraecmia
when uropathogens cross the tubular epithelial cells of the kidney to enter the blood circulatory sys-

tem (Figure 1.7).

Bacterial expulsion is a potent immune defence mechanism to reduce bacterial burden within the
epithelium. Uroepithelium expels UPEC trapped within Rab27b (Bishop et al., 2007) and Rabl1a
vesicles (Miao et al., 2017) and this expulsion could be mediated by cross talk between Rab27b and
Rabl1a vesicles (Miao et al., 2017). However, a small subpopulation is able to replicate inside blad-
der cells upon escape from vesicles. These bacteria grow to form biofilm-like communities within
bulging globular structures called “pods” (Anderson et al., 2003) (Figure 1.8). These pods of tightly
packed intracellular bacteria have been shown to reside within the host cell cytoplasm rather than
being enclosed within membrane-bound compartments. The bacteria inside the pod are themselves
altered; the bacteria within IBCs frequently transition from rod-shaped bacterium to shorter coccoid

morphology (Anderson et al., 2003).
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Figure 1.7: Pathogenesis of urinary tract infections.

(1) Uropathogens start UTIs with contamination of the bladder from the gut via colonization through the ure-
thra. (2) Bacteria migrate to the bladder and uses its pili to cause invasion inside umbrella cells. (3,4) Host
evokes inflammatory response via neutrophil migration to the bladder lumen clearing extracellular bacteria.
(5) Bacteria evade the immune system by morphological changes in cell shape. (6) Invaded bacteria proliferate
to form intracellular biofilm like communities. (7) Bacteria produces toxins and proteases that lead to uroepi-
thelium damage. (8) Some nutrients are released from damaged host cells which help bacteria in ascending to
the kidneys. (9,10) Bacteria invade the kidney and release toxins to cause kidney damage. (11) Uncontrolled
bacteria can break the tubular epithelial barrier to reach the blood stream, a condition known as bacteraemia.
Image taken from (Flores-Mireles et al., 2015).
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Figure 1.8: Intracellular bacterial communities (IBCs) develop pod-like structures in the su-
perficial layer of uroepithelium.

Bladders of UPEC-infected C3H/HeJ mice were dissected at 24 hours post-infection, fixed, and visualized by

scanning electron microscopy. Scale bars: 50 um (a), 5 um (b), 0.5 um (c). Image taken from (Anderson et al.,
2003).

Progression of IBCs in the bladder of infected mice has been proposed to go through different stages
of bacterial proliferation, biofilm formation and finally bacterial dissemination (Justice et al., 2004;
Scott et al., 2015) (Figure 1.9). In the initial stages of infection, the bacteria are non-motile and rod-
shaped, and they undergo rapid multiplication within umbrella cells. At later stages, IBCs contain
mainly coccoid-shaped and slowly replicating bacteria. In order to colonize other tissues, the bacteria
become motile and detach from the IBC. The formation of intracellular bacterial pods has been shown
to protect UPEC from killing mediated by host neutrophils (Justice et al., 2004). UPEC filamentation,
which occurs as part of the bacterial SOS stress response, may enhance UPEC resistance to uptake

and killing by phagocytic cells of the host (Justice et al., 2006).

Figure 1.9: IBC fluxing and filamentation in mouse bladder explants.

(a, b). Detachment and fluxing are shown with images taken at 3-second intervals. The individual bacteria are
detached via bacterial shedding from IBCs. (c, d) Fluorescence images showing escaped bacteria (green) on
the surface of superficial epithelial cells (red). The bright yellow patch (c) is IBC epifluorescence within the
umbrella cell. (e, f) Filamentous bacteria on the bladder surface are shown by fluorescence microscopy (e) and
scanning electron microscopy (f). Scale bars: 10 um (b, c, d, h) and 5 um (f). Image taken from (Justice et al.,
2004).
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1.6.2 Intracellular bacterial communities

The mouse models of UTIs recapitulates IBCs in situ in the mouse bladder. However, IBCs are dif-
ficult to detect in mouse bladder and in urine (Scott et al., 2015). Only 2% of the invaded bacteria
(or .002% of the bacterial inoculum) manage to successfully form IBCs (Schwartz et al., 2011). This
low frequency of IBCs formation in the mouse tissue makes it difficult to perform genetic and mo-
lecular studies of IBCs (Duraiswamy et al., 2018). Despite these challenges, IBCs have been har-
vested in urine from UTI patients (Robino et al., 2013). E.coli strains harvested from female UTI
patients were shown to form IBCs in 15/18 cases in mice from 5 different genetic backgrounds. The
remaining 2/3 strains were able to generate an IBC after co-inoculation with IBC generating strain
(Garofalo et al., 2007). However clinically relevant finding of IBCs from urine harvested from cystitis
patients found IBCs and filamentous bacteria in 18% and 41% of total 80 samples respectively (Rosen
et al., 2007). Transcriptional profiling of bacteria within IBCs revealed upregulation of genes in-
volved in iron acquisition and oxidative stress resistance (Conover et al., 2016; Duraiswamy et al.,
2018; Subashchandrabose et al., 2014). Some recent studies have developed simple protocols to iso-
late IBCs from infected mouse bladder for downstream single-cell genomics (Duraiswamy et al.,
2018; Yang et al., 2019). Some studies with other uropathogens Enterococcus faecalis and Klebsiella
pneumoniae have also recapitulated IBC formation in the infected tissue (Barber et al., 2013; Rosen

et al., 2008).

In the context of UPEC associated UTIs, IBCs development has been characterized into early, middle
and late stages. In the following paragraphs, the spatiotemporal characterization of this process is

described in the context of infection of the mouse model.

Early stage of IBC formation: In the early phase of infection (less than 6 hours after infection in the
mouse model), bacteria are identified as loose and sporadic inhabitants within superficial epithelial
cells. UPEC undergo rapid proliferation (till 8 hours) with doubling time of around 30-45 minutes
(Justice et al., 2004; Scott et al., 2015) and form a loose collection within the cytoplasm. In vitro
studies show that UPEC maintains its classical rod shape (2-3 um) within early phase of IBC devel-

opment.
Middle stage with IBC maturation: By 6-8 hours post infection, UPEC doubling time is increased

to 60 minutes and rod-shaped UPEC transitions to coccoid form (0.5-1 pm) and reside within tightly

packed communities. Bacterial growth is restricted to the intracellular volume which results in
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densely packed biofilm communities. These biofilm-like communities are recalcitrant to antibiotic

and neutrophil mediated killing (Justice et al., 2004; Scott et al., 2015).

Late stage IBC undergoing fluxing and release: Around 12 hours later, post IBC maturation, UPEC
reverts its shape back to rod-shaped form (~ 2 um). UPEC starts shedding from IBCs and regains its
motility (with higher flagellar expression) to infect other bladder epithelial cells. This IBC shedding
starts another round of UPEC invasion and IBC formation. Late-stage IBCs are also associated with
long filamentous bacteria (50-70 pum) (Justice et al., 2004; Scott et al., 2015). These filamentous bac-
teria grow with diminished septation. However, previous studies have been unable to demonstrate the
origin of filamentous bacteria either within the cytoplasm or on the surface of uroepithelial cells (Scott

et al., 2015).

1.6.3 IBC response to antibiotic and neutrophil mediated stresses

Bacteria inside IBCs are protected from the neutrophil swarms formed inside infected a mouse blad-
der (Justice et al., 2004). In vitro studies of bladder epithelial cells revealed susceptibility of intracel-
lular bacterial populations to antibiotics such as nitrofurantoin and fluoroquinolones such as ciprof-
loxacin and sparfloxacion (Blango and Mulvey, 2010). Antibiotic studies on IBCs in ex vivo infected
bladders have also shown the susceptibility of IBCs to long-term treatment of antibiotics (Blango and
Mulvey, 2010). Also, the combination of antibiotics and chitosan has been shown to reduce the bac-
terial burden inside the mouse bladder (Blango et al., 2014). These studies have suggested the role of
IBCs as transient biofilms inside the infected bladder which assist in infecting deeper layers of the

uroepithelium to form intracellular bacterial reservoirs.

1.6.4 Quiescent intracellular reservoirs as niche for bacterial persistence and recurrence of
UTIs

In the current model of UPEC pathogenesis, exfoliation of infected superficial epithelial cells is
thought to steer the host-pathogen balance towards dormant population inside uroepithelium known
as quiescent intracellular reservoirs (QIR) Figure 1.6f). These dormant populations can stay trapped
within Lamp1* endosomes within cells from the transitional uroepithelium (Mysorekar and Hultgren,
2006). In a study by Mysorekar et.al (Mysorekar and Hultgren, 2006), treatment with protamine sul-
fate resulted in epithelial sloughing and complete removal of superficial epithelial cells harbouring
QIRs. However, QIRs residing inside transitional uroepithelium led to resurgence of secondary in-

fection from persistent population (Mulvey et al., 2001). The bacteria in the form of QIRs were
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reported to persist for months and resist antibiotic mediated killing before emerging out of a dormant
state to cause recurrent UTIs (Schilling et al., 2002). Mouse model of UTIs also found superficial
epithelial cells with smaller UPEC and subsequent follow up of infection at later time points (4-12
days) detected UPEC in the form of QIRs and no reported bacteriuria in these studies (Justice et al.,
2004).

1.7 Immune responses during UTIs

The immune response to microbial infection and corresponding inflammatory response is controlled
within a tight balance to prevent damage to the uroepithelium integrity and yet avoid incomplete
killing of the microbial challenge. The upper superficial layer of uroepithelium is covered by mucus
layer consisting of proteoglycans and glycosaminoglycans (GAGs), comprising hyaluronic acid and
chondroitin sulfate, also known as GAG layer (Hurst, 1994; Lacerda Mariano and Ingersoll, 2020).
The GAG layer is known to provide tissue impermeability and protection to bladder uroepithelium
from aggregated toxins in the urine (Hurst, 1994). The GAG layer also provides a physical barrier
against pathogens (Cornish et al., 1988; Parsons, 2007). Therefore, GAG layer provides the first layer
of “constitutive” defense against pathogens (Lacerda Mariano and Ingersoll, 2020) (Figure 1.10). The
urinary tract also secretes antimicrobial peptides such as uromodulin (also known as Tamm-Horsfall
urinary glycoprotein), which is one of the most abundant proteins in urine (Serafini-Cessi et al., 2003).
Uromodulin competes with uroplakins for typel pili binding and thus induces UPEC aggregation
which prevents UPEC binding to the epithelial cells (Pak et al., 2001). Uromodulin can trigger TLR4
pathway and stimulate maturation of dendritic cells. Thus, uromodulin could influence innate and

adaptive immune response in UTIs (Sdemann et al., 2005).

UPEC infection also induces secretion of proinflammatory cytokines such as granulocyte colony-
stimulating factor (G-CSF). Neutralization of G-CSF during UPEC infection resulted in reduced neu-
trophil migration into the bladder and was associated with increased secretion of macrophage stimu-
lating cytokines and IL-1f (Ingersoll et al., 2008). Infected uroepithelial cells secrete IL-1, IL-6 and
IL-8 as proinflammatory cytokines, which have been shown to recruit immune cells to infected tissue

(Agace et al., 1993; Hedges et al., 1992; Nagamatsu et al., 2015; Song et al., 2007).

1.7.1 Bladder immune system

Mouse bladder has a complex resident immune system (Figure 1.10). Recent studies have identified

different populations of resident macrophages in muscle and in the lamina propria via transcriptomics
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(Lacerda Mariano et al., 2020). The macrophages in the muscles were observed to be more phagocy-
totic and anti-inflammatory, whereas macrophages in the lamina propria died quickly during the in-
fection (Lacerda Mariano et al., 2020). Other studies with tissue resident macrophages have shown
that Ly6C- macrophages can stimulate migration of Ly6C+ macrophages and circulating neutrophils
from the bloodstream. Recruited Ly6C+ macrophages secreted tumour necrosis factor (TNF) which
triggered C-X-C Motif Chemokine Ligand 2 (CXCL2) release from Ly6C macrophages (Schiwon et
al., 2014).
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Figure 1.10: Immune responses in the bladder

UPEC infection of the uroepithelium invokes “constitutive and induced immune response” in the bladder. The
constitutive immune response of the bladder includes the resident immune cell population such as macro-
phages, dendritic cells, lymphocytes. The superficial epithelial cells exfoliate to reduce the intracellular bacte-
rial burden. However, the underlying layers are exposed for UPEC infection. The inflamed uroepithelium and
resident immune cells release antimicrobial molecules and cytokines which not only kill bacteria but invoke
“induced immune response” in the bladder. This induced immune cell response consists of inflammatory cells
such as neutrophils, and lymphocytes which are recruited from the blood stream. Image taken from (Lacerda
Mariano and Ingersoll, 2020).
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The factors required for neutrophil migration have been elucidated. For example, it has been shown
that neutrophils storm the infected uroepithelium due to chemokine stimulated matrix metalloprotein-
ases-9 activation. Furthermore, migration to infected epithelium requires TNF signalling as TNF de-
ficient mice failed to recruit neutrophils (Schiwon et al., 2014). Chemokines such as CCL2, CCL3,
and CCL4 have been reported in the urine of patients suffering from UTIs, which likely stimulate
neutrophil migration (Sundac et al., 2016).

1.7.2 Uroepithelial regeneration in response to exfoliated uroepithelial cells

Differentiated uroepithelial cells can exfoliate and shed during acute phase of cystitis. This uroepi-
thelial shedding acts as a double-edged sword for the host. Exfoliation of the infected uroepithelial
cells reduces bacterial burden, but bacteria released from exfoliated epithelial cells allows the patho-
gen to infect other areas of uroepithelium. Loss of the exfoliated cell also leads to bladder inflamma-

tion and injury.

In contrast to the intestinal epithelium, which has a high regenerative capacity, uroepithelium regen-
eration occurs slowly over months. Normal healthy uroepithelium has been proposed to take months
for replacement of differentiated cell layer (Apodaca, 2004; Hicks, 1975). However, uroepithelial cell
injury via UPEC infection in mouse models have shown to dramatically reduce this time to days for
urothelial regeneration (Mulvey et al., 1998; Mysorekar et al., 2002, 2009; Shin et al., 2011). UPEC
infected uroepithelium goes through quick sloughing of differentiated cells and increase in basal cell
proliferation. Bone morphogenetic protein 4 (from TGF- 3 receptor family) and sonic hedgehog sig-
nalling (Shh) has been shown to be important for urothelial regeneration (Mysorekar et al., 2009;
Shin et al., 2011). Knockout mice deficient for bone morphogenetic protein 4 (from TGF-  receptor
family) had abnormalities in urothelial regeneration (Mysorekar et al., 2009). Injured uroepithelium
has increased Shh expression in basal cells and Wnt expression in stromal cells, which can subse-
quently induce uroepithelium proliferation (Shin et al., 2011). Moreover, UPEC infection induces
structural or morphological changes in the bladder leaving uroepithelium susceptible to reinfections

(O’Brien et al., 2016; Yu et al., 2019).

1.8 Neutrophils

Neutrophils are an important part of innate arm defense against the microbial pathogens (Nauseef and
Borregaard, 2014). Due to their amorphous shape, neutrophils are also known as polymorphonuclear
leukocytes. Neutrophils engulf pathogens through phagocytosis and release antimicrobial enzymes to

clear bacterial and fungal infections (Kolaczkowska and Kubes, 2013). Neutrophil responses to
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microbial infection and corresponding inflammatory response are controlled within a tight balance.
This balance which ensures less damage to the epithelium integrity and incomplete killing of the

invaded pathogens.

Neutrophils differentiate in the bone marrow and upon stimulation mature neutrophils are released
into the circulatory system to monitor the activation status of endothelial cells (Borregaard, 2010).
Lower number of neutrophils released into the bloodstream (condition known as neutropenia) can
make the host more susceptible to microbial infections. On the contrary, superfluous neutrophil mi-
gration is deleterious for the host. Thus, neutrophil development and trafficking from the bone mar-

row into the circulatory system is a tightly regulated process.

1.8.1 Mechanics of leukocyte motion while undergoing transendothelial migration

Upon leukocyte entry into the bloodstream, the migration of leukocytes inside blood vessels and tis-
sue interstitium is a complex process, which involves different locomotion strategies: “rolling over,
adhesion, crawling and transendothelial migration via paracellular and transcellular modes” (Figure
1.11). Freely flowing leukocytes inside the blood stream adhere to the stimulated endothelium, re-
sulting in leukocyte rolling along the endothelium. The leukocyte adherence to the endothelium in-
volves a cascade of “selectin-controlled rolling, chemokine stimulated activation and integrin-con-
trolled movement and eventual arrest on the endothelium” (Ley et al., 2007). The leukocyte rolling,
attachment and scanning of the endothelium is controlled by a barricade of different selectins, namely
E-selectin (in endothelial cells), L-selectin (in leukocytes) and P-selectin (in platelets and endothelial
cells) (Kansas, 1996). Leukocyte adhesion via selectins (L-selectin and P-selectin) is dependent on
shear stress as rolling leukocytes detach when flow is stopped. This behaviour of P-selectins is at-
tributed to the catch bond mechanisms, which become stronger as tensile force is applied to them
(Alon et al., 1995). Leukocytes also use their mucin to bind to the E or P-selectin expressed on the
surface of endothelial cells. After undergoing trans-endothelial migration, Lymphocyte function-as-
sociated antigen 1 (LFA-1) integrins on rolling neutrophils bind to intercellular adhesion molecules
(ICAMs) present on the surface of endothelial cells. This binding establishes a tight adhesion that

stops neutrophil migration.
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Figure 1.11: Stages in transendothelial migration of leukocytes.

The three stage of leukocyte transendothelial migration involves slow rolling, firm adhesion, intraluminal
crawling and paracellular/transcellular migration through the endothelial cells. Image taken from (Nourshargh
et al., 2010)

1.8.2 Neutrophil swarming

The dynamics of neutrophil migration into the wounded or infected tissue has been studied through
intravital imaging (Ldmmermann et al., 2013; Poplimont et al., 2020; Uderhardt et al., 2019). Neu-
trophils demonstrate a directed and coordinated migration towards the site of infection or tissue in-
jury. Coordinated chemotaxis is ensued by the clustering and accumulation of neutrophils at the epi-
thelial site of inflammation. This coordinated behaviour by neutrophils is known as “neutrophil
swarming” (Kienle and Limmermann, 2016; Limmermann et al., 2013) (Figure 1.12). Neutrophil
swarms have been reported in infections with fungi (Bruns et al., 2010; Hopke et al., 2020; Reategui
et al., 2017), parasites (Coombes et al., 2013; Peters et al., 2008) and bacteria (Kreisel et al., 2010;
Liese et al., 2012; Waite et al., 2011).

36



Step 1 Step 2 Step 3

Swarm inititation Swarm amplification through Swarm amplification through
secondary cell death intercellular signal relay

(7 )

<[ M
A\ NRK

Y 4R VSl

i '; N - \
D \‘

Step 4 Step 5
Swarm aggregation and Recruitment of myeloid cells
tissue remodelling and swarm resolution

Figure 1.12: Schematic of extravascular neutrophil swarming.

The schematic shows the five-step cascade of neutrophil swarm formation. (Step 1) The tissue wound will
release some chemokines (yellow) and neutrophils close to the injury site sense these chemotactic signals.
(Step 2) Chemokines (red) released by death of few early recruited neutrophils amplifies the process of neu-
trophil recruitment. (Step 3) Leukotriene B4 (blue) released by neutrophils amplifies the signal between mi-
grating neutrophils. (Step 4) Aggregated neutrophils remodel the extracellular matrix at the epithelial site of
inflammation. (Step 5) End of neutrophil recruitment and resolution of the neutrophil swarm via delayed mi-
gration of CXCR1-positive myeloid cells (brown). Image taken from (Kienle and Lammermann, 2016).

A screen for the chemokines released within the neutrophil swarm identified lipid attractant leukotri-
ent B4 as the important relay signal molecule responsible for communication among neutrophils
(Lammermann et al., 2013). After the first stages of highly coordinated motion towards the site of
inflammation, neutrophils slow down as primitive neutrophil clusters and initiate formation of larger
and dense neutrophil aggregates (Figure 1.12). The aggregated neutrophils modify and rearrange the
surrounding extracellular matrix in the tissue interstitium. The last phase of swarm resolution is not
well understood whether this step is influenced either by migrated neutrophils or secreted factors
from the tissue interstitium (Kienle and Limmermann, 2016). In the studies of sterile tissue injury
model, neutrophil swarm formation stops soon after formation (ca. 1 hour). This time period also
synchronized with the appearance of CX3CRI1 positive myeloid cells (Ldmmermann et al., 2013).
Tissue-resident macrophages sense the death of neutrophils and form membrane process around the

neutrophil swarm. This “cloaking” mechanism by resident macrophages controls excessive
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neutrophil mediated damage and maintain tissue homeostasis around the local site of tissue injury

(Uderhardt et al., 2019).

Neutrophil swarms have also been categorized into two categories i.e transient and persistent swarms
depending upon the size of the neutrophil swarm and the time taken for the dissolution of the neutro-
phil swarm (Kienle and Limmermann, 2016). Smaller sized neutrophil swarm consisting of between
10 and 100 neutrophils that aggregate and are dispersed within 10-40 minutes after formation of the
neutrophil aggregate are known as transient swarms. On the other hand, persistent neutrophil swarms
consist of more than 300 neutrophils, are larger in size and have an extended recruitment phase with
a slow dispersal of aggregated neutrophils. In a more recent study, Hopke et al. (Hopke et al., 2020)
also labelled another category of neutrophil swarms as dynamic swarms. The size of the dynamic

swarms fluctuated, and the swarms did not resolve at the end of the experiment.

1.8.3 Neutrophil extracellular traps

Neutrophils have complex responses to infections (Oliveira et al., 2016), including the formation of
neutrophil extracellular traps (NETs). NETs are extracellular web like structures made up of uncon-
densed chromatin with attached azurophilic granules. These cytosolic azurophilic granules surround
a scaffold of decondensed chromatin and potentially serves to trap and kill extracellular bacteria
(Brinkmann et al., 2004; Pilsczek et al., 2010; Yipp et al., 2012) (Figure 1.13). NETs have been shown
to consist of antimicrobial granules such as myeloperoxidase (Metzler et al., 2011) and neutrophil
elastase (Papayannopoulos et al., 2010). The content of NETs has been shown to contain both nuclear
and mitochondrial DNA (Mcllroy et al., 2014; Yousefi et al., 2009). NETs have been also been re-
ported to trap and kill viruses (Saitoh et al., 2012; Veras et al., 2020), and suggested to stop fungal
dissemination (Branzk et al., 2014; Hopke et al., 2020; Urban et al., 2006). NET release process has
been demonstrated to be pathogen size dependent (Branzk et al., 2014). Neutrophils have been shown
to release NETs upon incubation with large sized pathogens and not in response to single bacteria or

yeast (Branzk et al., 2014).

The process associated with NET release leading to neutrophil death, is a mechanism known as NE-
Tosis (Fuchs et al., 2007a) (Figure 1.14). Upon pathogen or chemical perturbation (Fuchs et al.,
2007b), the stimulated neutrophils release reactive oxygen species (Zhang et al., 2003). In these cells,
the nucleus becomes delobulated and nuclear membrane is ruptured into vesicles. Subsequently, the
nuclear content (karyoplasm) is mixed with the cytoplasmic granules (cytoplasm) (Brinkmann and

Zychlinsky, 2007). Neutrophils round up, arrest their actin dynamics, undergo depolarization and
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chromatin decondensation. Eventually, the cell membrane is disintegrated to release its milieu of
uncondensed chromatin. Release of NETs into the extracellular environments continues 3-8 hours
after the first stimulation of neutrophils (Fuchs et al., 2007a; Hopke et al., 2020; Pilsczek et al., 2010;
Yipp et al., 2012). NETs can persist for a long duration of time post infection and are known to be
cleared by host secreted plasma nuclear DNasel (Hakkim et al., 2010; Jiménez-Alcazar et al., 2017;
Lim, 2018).

Figure 1.13: Neutrophil extracellular traps associated with bacteria.

Scanning electron micrographs of NETs around S. aureus (A), S. typhimurium (B), and S. flexneri (C). Scale
bars equal to 500nm. Image taken from: (Brinkmann et al., 2004).
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Neutrophil extracellular traps formation can occur through two pathways. The first pathway involves cell death
known as NETosis that starts with disassembly of nuclear membrane followed by chromatin decondensation.
The plasma membrane finally ruptures to release NETs. The second pathway involves non-lytic form of NE-
Tosis that can occur independently of cell death. The secreted nuclear chromatin components assemble extra-
cellularly and leave behind active and alive anucleated cytoplasts that continue to ingest microorganisms by
phagocytosis. Image taken from: (Papayannopoulos, 2017).

Compared to the lytic pathway involving disintegration of the neutrophil plasma membrane (Figure
1.4), there are other mechanisms, which involve non-lytic release of NETs on exposure to pathogens
mediated through secretion of chromatin and granule contents (Pilsczek et al., 2010; Yipp et al.,
2012). Neutrophils can still crawl while undergoing NETosis. These neutrophils develop decon-
densed nuclei and ultimately get rid of their DNA. Post NETs release, anucleated cytoplasts can crawl

and phagocytosize the pathogen Stapholococcus aureus (Yipp et al., 2012).
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1.9 [In vitro model systems to mimic tissue physiology and study diseases

Typically, the interaction of the host and pathogen in diseases is modelled in vivo using animal models
(complex) or in vitro using tissue culture models (simple). Scientists have used animal models to
study human diseases. Animal models have improved significantly in the last decades in developing
more accurate models for disease research. Moreover, transgenic animals allow scientists to decipher
the role played by different molecular pathways in a disease. However, animal models have their own
limitations as described in Table 1. The use of animals for research has led to some ethical concerns
that have been increasing in the society. In this direction, Russel and Burch outlined 3R principles
for use of animals in research (Russell and Birch, 1960). These 3R stand for replacement, reduction
and refinement for animal use in research. Animal models are expensive and moreover animal proto-

cols can be time-consuming.

Imaging experiments with animal models can be technically challenging, it is often difficult if not
impossible to study these interactions at the single-cell level, particularly with a good spatiotemporal
resolution. Apart from being extremely difficult to carry out, animal experiments are unable to capture

the contribution of bacterial phenotypic heterogeneity to disease outcomes (Bumann, 2015).
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Figure 1.15 : Cells in 2D and 3D cell culture systems experience different adhesive, topograph-
ical, mechanical and soluble cues from with their surroundings.

Cells encounter different microenvironmental conditions such as (A) molecular gradients, (B) apical-basal
polarity, (C). extracellular matrix, (D) substrate stiffness, (E) adhesion to substrate, and (F) spatial hindrance
to spreading and migration. Image taken from: (Duval et al., 2017) and adapted from: (Baker and Chen, 2012)

Cell culture model systems have emerged as an alternative approach to complement or replace animal
models. Using cell culture systems, cells harvested from animal or human tissues can be grown in
Cell culture systems are supplemented with growth factors and are grown in controlled microenvi-
ronmental conditions, which include conditions such as temperature, humidity, pH, and gaseous ex-
change (Bédard et al., 2020). Different cell culture techniques with growing cells either in 2D on

planar substrates or 3D in extracellular matrix (ECM) have been developed.

42



Generally, two-dimensional (2D) cell cultures are generated by growing cells as monolayers on plas-
tic surfaces (Figure 1.15). Extensive studies using these 2D monolayers have provided many im-
portant insights into the cellular and molecular mechanisms of host-pathogen interactions. However,
various studies have also demonstrated that 2D cultures sometimes fail to recapitulate the important
phenotypic and functional responses that are observed in whole-animal infection models. 2D plat-
forms fail to mimic the 3D organization of cells around ECM, which varies the cells’ microenviron-
ment from that experienced in vivo. These and other limitations as shown in Figure 1.15, do not allow
recapitulation of cell-to-cell and cell-to-ECM interactions as experienced in vivo. In contrast, 3D cell
culture overcomes these limitations and provide better environment for cell proliferation, differenti-

ation and migration (Figure 1.15).

In vitro tissue-culture models are often too simplistic; typically, they do not capture the diversity of
host-pathogen interactions and are unable to recreate the heterogeneous physical niches that patho-
gens typically encounter. Lesions within the same host are often different and the bacteria within
different regions of the same individual lesion can be in various metabolic states (Dhar et al., 2016;
Manina et al., 2015). Tissue culture models often fail to recapitulate all these diverse interactions.
Taken together, there is a need for “intermediate” model systems that provide the convenience and
experimental power of 2D culture systems while still capturing some of the important complexity of
animal models, as discussed in Table 1. Two bioengineering approaches have emerged to generate
functional and physiological stem-cell derived tissues: organ-chip systems developed by bioengineers

and organoid systems developed by stem cell biologists (Zhang et al., 2018).

Characteristics Animal Models 2D Cell Culture | 3D Cell Culture
Cost +++ + ++
Ethical concerns +++ + +
Gene expression +++ + ++
Morphology -+ + +++
Mimicking in vivo N/A + ++
Transferability to humans ++ + ++
Complexity of environment +4+ + ++
Reproducibility ++ 4+ ++
High throughput + +++ ++
Modularity + + 4+
Vascularization +++ N/A 44+
Immune cell interactions +++ + ++
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Techniques/interventions

Optical imaging + -+ +4+
feature tracking + -+ ++

antibiotic treatment + +++ 44+
electron microscopy ++ +++ -+

Table 1: Comparison of animal models with 2D and 3D cell culture systems

Table adapted from: (Roy et al., 2020)
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1.10 Various architectures used in organ-chip systems

Human tissues and organs are made up of heterogeneous cell populations. The complexity and phys-
iology of organs are achieved through intracellular and intercellular communications across physical
barriers within the tissue microenvironmental niche. These intracellular and intercellular interactions
are possible through organ-chip systems, which are microfluidic cell culture systems (Zhang et al.,
2018). Tissue and organ level physiology could be achieved by reverse engineering the tissue archi-
tecture, recreation of the physiochemical microenvironment niche and with addition of the vascula-

ture (Bhatia and Ingber, 2014).
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Figure 1.16: Reconstituting tissue level physiology and tissue barrier function on-chip.

Organ-chip devices can recapitulate tissue barrier by culturing different cell types either on porous and flexible
PDMS membranes (a) or with flow compatible bioreactors made from microfabricated scaffolds (b), tissue
recapitulation within bioprinted hydrogel (c), molded hydrogels (d), phase-guided hydrogels (e). Image taken
from: (Zhang et al., 2018). The images in the subpanels (a-g) are taken or modified by Zhang et.al (Zhang et
al., 2018) from following studies: a (Huh et al., 2010a), b (Zhang et al., 2016), ¢ (Homan et al., 2016), d (Weber
et al., 2016), e (Trietsch et al., 2017).

45



The organ-chip system offers one or many of the following functionalities:

(a) Geometrically defined co-culture of different cell types

(b) Medium perfusion with physiologically relevant fluid volume and shear stress

(c) Controllable microenvironment with application of tissue specific mechanical or electrical
stimuli, addition or removal of drugs and growth factors, gaseous exchange

(d) Sensor integration to monitor tissue physiological readouts with built-in electrodes, optical

imaging and biomarker detection.

Using the functionalities described by Zhang et.al (Zhang et al., 2018) in Figure 1.16, organ-chip

systems have been developed using several approaches as described in the subsequent sections:

1.10.1 Organ-on-chip based upon microfluidic membrane

The first biomimetic organ-chip system was established to recapitulate the functional alveolar-capil-
lary interface within the human lung (Huh et al., 2010a) (Figure 1.16a). The compartmentalized lung-
on-a-chip microfluidic device was fabricated from the transparent elastomer polydimethylsiloxane
(PDMS), which allowed separate microfluidic control over fluid flow, seeding of cells, and nutrient
delivery to the epithelial and endothelial cell layers. Since the first demonstration of the organ-chip
system (Huh et al., 2010a), PDMS or plastic membranes have been used to recapitulate organ-level
functionality in other organ-chip systems (Benam et al., 2016a; Jalili-Firoozinezhad et al., 2019; Jang

et al., 2013, 2019; Kim and Ingber, 2013; Kim et al., 2016).

1.10.2 Organ-on-chip based upon microfluidic scaffolds

Synthetic scaffolds with inbuilt microfluidic channels can be fabricated to allow generation of vascu-
larized tissue (Zhang et al., 2016) (Figure 1.16b). These scaffolds allow mechanical stability for vas-
cularization and growth of the surrounding epithelial tissue. Microfluidic scaffold system could be
disassembled to recover the mature-functional tissue for surgical implantation inside animals. An-
other organ-on-chip system with inbuilt plastic nanoporous membrane allowed crosstalk between
human gut epithelial cells and microorganisms (Shah et al., 2016). This device provided dynamic

measurements of transepithelial electrical resistance and oxygen concentration (Shah et al., 2016).
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1.10.3 Organ-on-chip based upon microfluidic hydrogels

The natural extracellular matrix around the tissue creates a soft microenvironment for the tissue
growth (Lutolf and Hubbell, 2005). Conventionally the cell culture is done on either plastic or PDMS
substrates that do not reconstitute the biodegradable microenvironmental niche around the growing
tissue (Lutolf et al., 2009). Organ-chip systems with microfluidic hydrogel allow tissue growth and
modelling around more physiologically relevant extracellular niche such as collagen, Matrigel (Zhang
et al., 2016). Microfluidic hydrogels have been used to generate complex vascular networks (Zheng
et al., 2012). Bioprinting of sacrificial hydrogel inside a hydrogel mixture of gelatin-fibrinogen al-
lowed the in vitro recreation of kidney proximal tubule (Homan et al., 2016)( Figure 1.16¢). Medium
perfusion of proximal tubular epithelial cells induced formation of a 3D tubular structure inside col-
lagen extracellular matrix (Weber et al., 2016) (Figure 1.16d). Assembly of endothelial cells in chan-
nels surrounded by collagen matrix led to the generation of vasculature (Zheng et al., 2015). Using
complex geometries, it was found that assembly of von Willebrand factor bundles on endothelial cells
depended upon the microfluidic geometry and applied shear stress. Another system recapitulated ho-

meostatic mini-guts inside a mixture of collagen gel and matrigel (Nikolaev et al., 2020).

1.10.4 Organs-on-plate

Organ-chip devices, membrane-based and hydrogel-based systems are limited in throughput due to
challenges in liquid handling either manually by pipettes or with syringe pumps. Moreover, the tech-
nical expertise required to handle these devices thwarts their clinical translation. Microfluidic hydro-
gel devices have been perfused with gravity-driven flow by periodic tilting of the platform (Duinen
etal., 2017; Trietsch et al., 2017) (Figure 1.16e). This system developed by MIMETAS (Netherlands)
has been used to generate 3D culture of intestinal epithelium and endothelium. Another system in a
96 well-platform allowed high-throughput culture of airway epithelium (Mejias et al., 2020). Another
system developed by SUN bioscience allows scalable generation and analysis of thousands of gastro-

intestinal organoids (Brandenberg et al., 2020).

1.11 Different organ-chip systems developed for various organs
Organ-chip systems have been made using different platforms mentioned in 1.10.1-1.10.4. Here I

mention some of the well-established organ-chip systems.

1.11.1 Lung-chip systems
The first demonstration of organ-chip system was achieved for alveolar-capillary interface for human
lung-on-chip system (Huh et al., 2010b). In lung-on-chip, alveolar epithelial cells upregulated ROS

production when stimulated with both mechanical strain and silica nanoparticles. Mechanical strain
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also upregulated the nanoparticle translocation across the alveolar-capillary interface, compared to
static lung-on-a-chip and similar culture conditions in a transwell insert. The system also demon-
strated the ability to recreate immune responses to infections. Infection of the alveolar epithelial cells

with E.coli resulted in neutrophil migration from vascular to alveolar side (Huh et al., 2010a).

In a follow-up study on lung-chip system, the disease pathology for human pulmonary edema was
simulated with IL-2 treatment. The disease progression was revealed to be independent from flowing
immune cells on the vascular channel. However, cyclic breathing motion resulted in the increased
endothelium-to-epithelium leakage (Huh et al., 2012). Furthermore, endothelium stimulation with
conjunction of IL-2, prothrombin and fibrinogen accentuated formation of fibrin clots on the alveolar

epithelial side (Huh et al., 2012).

Similarly, a model of the upper airway was reconstituted with differentiated bronchiolar epithelium
and supporting lung microvascular endothelium (Benam et al., 2016a). The differentiated mucociliary
epithelium recapitulated synchronous cilial beating with functional mucociliary transport. Cytokine
stimulation with IL-13 treatment resulted in reduced ciliary movement, abnormal epithelium with
hyperplasia and fibrosis, increased secretion of other cytokines such as G-CSF and GM-CSF (Benam
et al., 2016a). In a subsequent study on a small airway-chip (Benam et al., 2016b), the effect of whole
smoke was tested on airway cells derived from healthy normal and chronic obstructive pulmonary
disease (COPD) patients. The smoking lung airway-chip system also revealed irregular ciliary move-

ments, higher oxidative stress and COPD-specific molecular biomarkers” (Benam et al., 2016b).

Lung-chip system can model cancer growth and tumor dormancy for human non-small-cell-lung can-
cer (NSCLC) (Hassell et al., 2017). NSCLC cancer cells co-cultured with lung airway epithelial cells
were found to have reduced growth under conditions of cyclic stretching. Treatment of NSCLC can-
cer cells with tyrosine kinase inhibitor resulted in decreased IL-8 secretion. The human cancer cells
were non-growing and entered into dormant phase, which hinted at the presence of cancer persister

cell population. (Hassell et al., 2017).

Compared to one-dimensional cyclic stretching in lung-chip systems (Huh et al., 2010b, 2012), three-
dimensional cyclic stretching has been incorporated in another lung-system developed by Stucki et.al
(Stucki et al., 2014). This lung-chip system recreated diaphragm mediated breathing motion using
electro-pneumatically actuated micro-diaphragm. This model has reiterated the role for mechanical
strain in influencing the metabolic activity and cytokine secretion by primary pulmonary epithelial

cells. Similarly, another lung-chip model has incorporated lung fibroblasts grown on plastic
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membranes (Sellgren et al., 2014). In this tripartite microfluidic model, the fibroblast layer was sand-

wiched between airway epithelial cells and microvascular endothelial cells.

1.11.2 Gut-chip systems

In the gut-chip system (Kim and Ingber, 2013), human Caco-2 cells subjected to peristaltic and shear
flow conditions stimulated formation of 3D structures mimicking intestinal villi. In this system, me-
chanical stretching induced polarization and differentiation of Caco-2 cells into structures mimicking
intestinal columnar epithelium. The gut-chip was then co-cultured with several commensal microbes
(Kim et al., 2016). Discontinuation of peristaltic motion stimulated “epithelial deformation and bac-
terial overgrowth” despite the presence of shear flow conditions (Kim et al., 2016). The gut-chip
system was further developed to establish long-term co-culture of intestinal epithelium with aerobic
and anaerobic microbiome species (Jalili-Firoozinezhad et al., 2019). In contrast to aerobic gut-chip,
application of hypoxia gradient in the anaerobic gut-chip enhanced tissue barrier formation and sus-
tenance of higher microbial diversity (Jalili-Firoozinezhad et al., 2019). Another gut-chip system al-
lowed crosstalk between human gut epithelial cells and microorganisms using a nanoporous mem-
brane (Shah et al., 2016). This device provided dynamic measurements of transepithelial electrical

resistance and oxygen concentration.

Intestinal-organoids-on-chip was achieved by co-culture of dissociated human intestinal organoids
and human intestinal microvascular endothelial cells on the two sides of the PDMS membrane
(Kasendra et al., 2018). The intestinal organoid-chip recapitulated several intestinal cell types such
as goblet cells, absorptive enterocytes, enteroendocrine cells, and paneth cells as reported in gut-chip
system previously (Kim and Ingber, 2013). Regular isolation of cell fluid exudes allowed quantifi-
cation of nutrient digestion and mucus secretion by intestinal epithelial cells. Co-culture with endo-
thelial cells reduced the confluency time for organoid fragments from 6 days to 2 days, demonstrating

the role played by endothelial-epithelial communication in the intestinal-organoids-on-chip.

Micropatterned collagen hydrogel surrounded by extracellular niche have been shown to recapitulate
self-renewing intestinal epithelium (Wang et al., 2017). Application of chemical gradients enhanced
stem cell proliferation and “allowed cellular migration and rearrangement along the crypt-villus axis”
(Wang et al., 2017). By combining hydrogel patterning and a microfluidics approach, intestinal stem
cells generated tubular shaped intestinal epithelia with an accessible lumen (Nikolaev et al., 2020).
The intestinal tissue consisting of crypts and villi was built by using self-organization properties of

epithelial cells. The continuous perfusion of the mini-gut tubes with medium increased tissue lifespan
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by continuous removal of dead cells. The regenerative potential of the epithelial cells in the mini-gut
tubes was shown via damage induced with (a) ultraviolet laser beam (b) dextran sodium sulfate and
(c) lower doses of gamma-radiation. The mini-gut tubes were also colonized with C. parvum to model
host-pathogen interactions and recapitulate full life cycle of the pathogen within the mini-gut lumen.
The infected mini guts revealed higher interferon-a response and metabolic changes compared to

uninfected mini-guts (Nikolaev et al., 2020).

1.11.3 Liver-chip systems

Liver-chip system created with an interface of primary hepatocytes and liver sinusoidal endothelial
cells was used for testing hepatotoxicities in different species: rat, dog and human (Jang et al., 2019).
Liver-chip was developed to study drug induced liver injury, which is an acute form of liver injury
and leading cause for liver failure. Cells remained in metabolically active state with sustained albumin
production in two-week cultures inside the liver-chip system. Liver-chip also recapitulated “hepato-
cyte necrosis, inflammation and fibrosis” on treatment with some drugs known to have caused similar
effects in animal studies (Jang et al., 2019). Another liver-chip system was developed by culturing
rat primary hepatocytes and endothelial cells (Kang et al., 2015). This liver-chip was further used to

model hepatitis B virus proliferation inside the hepatocytes.

1.11.4 Kidney-chip systems

In the kidney-chip system, primary human kidney epithelial cells were cultured on a polyester mem-
brane coated with collagen IV, thus reconstituting an apical “luminal” and basal “interstitial” inter-
face. In this system, physiologically relevant fluid shear stress (0.2 dyne/cm?) led to increased epi-
thelial polarization and cilia formation. The tubular epithelial cells increased albumin transport and

glucose reabsorption (Jang et al., 2013).

Another kidney-chip system was developed by Zhou et. al (Zhou et al., 2013) to model epithelial-to-
mesenchymal transition in proximal tubular epithelial cells, a known pathology for “proteinuric
nephropathy and renal interstitial fibrosis”. Urine flow on the proximal tubular epithelial cells was
stimulated with heat-inactivated serum and complement C3a. Proximal tubular epithelial cells devel-
oped mesenchymal phenotype on exposure to C3a and not with heat inactivated serum (Zhou et al.,

2013).

In another effort, glomerulus-on-chip system developed for studying human glomerular hypertension

was shown to mimic hypertensive nephropathy (Zhou et al., 2016). Glomerulus-on-a-chip system
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consisted of two apposed layers of podocytes and glomerular endothelial cells cultured under physi-
ologically relevant shear stress conditions. The mechanical forces experienced by glomerulus cells
resulted in increased glomerular leakage and cytoskeleton abnormalities. The increased perfusion was

also found to damage the glomerular endothelium (Zhou et al., 2016).

1.12 Organoid systems

Organoid systems are based upon the premise of isolating stem cells from primary tissue to regenerate
“multicellular self-assembled systems that can recapitulate basic tissue-level functional physiology”
(Rossi et al., 2018). Organoids are complex 3D multicellular structures that are generated either from
stem cells or organ-specific progenitor cells (Clevers, 2020). In the last decade, organoids have

emerged as miniaturized physiological and functionalized versions of organs (Clevers, 2016).

A major advance in the organoid research came from lineage tracing studies done by Barker et.al
(Barker et al., 2007), which demonstrated Lgr5™¢ intestinal stem cells are required for the long-term
renewal of intestinal epithelium. This pioneering study along with the evidence of continuous intes-
tinal turn-over encouraged Toshi Sato to culture intestinal stem cells in an extracellular matrix. In the
first demonstration, the extracellular 3D microenvironment in high Wnt medium provided support
for even a single Lgr5™ intestinal stem cell to form intestinal crypt-villus unit without surrounding
mesenchymal (non-epithelial) niche (Sato et al., 2009). The extracellular niche was supplemented
with growth factors that stimulated pathways for Wnt signalling, Notch signaling and BMP inhibition.
This research about identification of Lgr5™¢ stem cells and optimization of niche factors that control
epithelial stemness has allowed development of other organoid culture systems such as lung (Sachs
etal., 2019), stomach (Barker et al., 2010), liver (Takebe et al., 2013), gut (Sato et al., 2009), pancreas
(Huch et al., 2013), breast (Lee et al., 2007; Sachs et al., 2018) and bladder (Lee et al., 2018b; Mul-
lenders et al., 2019).

1.12.1 Organoid model systems for disease modelling

Biologists have conventionally used different model systems for understanding organ development
and modelling disease pathologies (Figure 1.17). Organoid systems offer convenience of 2D cell cul-
ture systems and tissue complexity achieved in different model organisms (Kim et al., 2020) (Figure
1.17). Specifically, patient derived organoids from cancer and neurodegenerative diseases have
opened up avenues for personalized medicine. The inherent potential of organoids for regenerative
medicine has been supplemented with recent advances with CRISPR gene editing approaches
(Driehuis and Clevers, 2017). As an example, CRISPR was used to repair the disease-causing muta-

tion in human intestinal organoids derived from cystic fibrosis patients (Schwank et al., 2013).
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Figure 1.17: Comparison of human organoid systems with other model systems for disease
modelling and studying developmental biology.

The most widely used model systems are either organisms such as Caenorhabditis elegans, Drosophila mela-
nogaster, Danio rerio, or patient-derived xenografts (PDX). Organoids provide convenience and experimental
power of 2D culture systems while still capturing some of the important tissue complexities of other model
systems. Image taken from:(Kim et al., 2020).

Organoid model systems are now increasingly used to model infectious diseases. The first demon-
stration of the organoid as a model system for studying infectious diseases was done with Helicobac-
ter pylori infection of gastric organoids (Bartfeld, 2016; Bartfeld and Clevers, 2015). In the subse-
quent studies, Clevers and collaborators have also studied Cryptosporidium infection of lung and
small intestinal organoids (Heo et al., 2018). The organoids were able to support the complex life
cycle of the parasite. The parasite C.parvum was able to proliferate and propagate more easily in
differentiated small intestinal organoids compared to highly proliferating lung organoids (Heo et al.,
2018). Recently developed perfusable mini-gut tubes have also been used to recapitulate infection
cycle of the parasite C.parvum (Nikolaev et al., 2020). Another infection model system with Salmo-
nella Typhimurium infection of the intestinal organoids revealed bacterial invasion into the epithe-

lium and found bacteria residing inside vacuoles (Forbester et al., 2015).

The first example of viral infection of human organoids was done with human norovirus infection of
human enteroids (Ettayebi et al., 2016). Further studies with respiratory syncytial virus (RSV) infec-
tion of human airway organoids derived from cystic fibrosis patients recapitulated key features of the
disease and neutrophil migration to viral infected organoids (Sachs et al., 2019). Epithelial cells inside
these RSV infected organoids were remodelled and found with “structural abnormalities such as dis-

rupted cytoskeleton, extruded and multinucleated cells”. RSV infected organoids rotated and moved
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within the surrounding hydrogel. This organoid motility at the macroscale was found to be mediated
through coordinated cell motilities (Sachs et al., 2019). The human airway organoid model system
was also used for influenza infection studies with avian influenza H7N9 virus and pandemic 2009
HI1NTlvirus strain (Zhou et al., 2018), enterovirus 71 infection (Sanden et al., 2018). Hui et.al (Hui et
al., 2018) studied host responses in human influenza, a viral infection of human airway organoids. In
another study, human brain organoids were used to study zika virus induced microcephaly in a de-

veloping human fetal brain (Qian et al., 2017).

The recent viral epidemic caused by severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-
2) in December 2019 (Zhu et al., 2020) resulted in organoids as a potential experimental model system
for studying SARS-CoV-2 infection (Clevers, 2020). Using kidney epithelial organoids established
from human induced pluripotent stem cells (iPSCs), a recent study has shown that intervention of
human Angiotensin converting enzyme 2 (ACE2) led to SARS-CoV-2 recovery of kidney organoids
(Monteil et al., 2020). Three independent studies (Lamers et al., 2020; Zang et al., 2020; Zhou et al.,
2020) from different research groups have shown gut enterocyte infection with SARS-CoV-2 in hu-
man small intestinal organoids. These recent studies demonstrate intestinal epithelium as a permissive
niche for SARS-CoV-2 proliferation (Clevers, 2020; Lamers et al., 2020). Moreover, expression of
two mucosa-specific serine proteases increased SARS-CoV-2 entry into intestinal cells (Zang et al.,
2020). Recently human distal lung organoids were generated from alveolar epithelial type II cells
which expressed basal cell markers such as CK5 (Salahudeen et al., 2020). The SARS-CoV-2 infec-

tion of these distal lung organoids resulted in infection of alveolar epithelial type II cells.

1.12.2 Current technologies to address limitations of the organoid systems

Organoids rely on passive diffusion of the nutrients and oxygen to allow for sustainable growth. With
the increase in the size of the organoids, the trapped dead cells generate toxic metabolites for sur-
rounding live cells. The waste products are removed passively and dying cells are trapped within the
lumen of the organoids. Also, the surrounding extracellular matrix is remodelled and degraded with
growing organoids and larger organoids start collapsing to start 2D growth. The organoids also need

to be passaged continuously and sheared mechanically to scale down its size.

The current approaches rely on cell suspensions inside hydrogels to generate organoids do not allow
for strict control over size and its local microenvironment. The surrounding extracellular matrix also
restricts addition of modular elements to increase complexity and dynamic microenvironment for
organogenesis. Robotic automation and other technological innovations could reduce the size varia-

bility and time spent in organoid culture. In this direction of scaling up the organoid approaches, soft
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hydrogel microwell arrays have been fabricated and functionalized with combination of extracellular
matrix proteins or synthetic designer matrices (Gjorevski et al., 2016) in an automated system (Gobaa
et al., 2011). Such synthetic biomaterials are now further developed and used as in vitro extracellular
microenvironmental niche to mimic iz vivo stem cell niches (Kobel and Lutolf, 2011). Tissues can be
generated in microfluidic PEG hydrogel networks generated with laser ablation (Brandenberg and
Lutolf, 2016). In the direction of standardizing the organoid size, microstructured thin hydrogel films
inside 24 well plate system has been shown to reduce the variability in organoid size due to tight
control on surrounding space. Brandenberg et. al (Brandenberg et al., 2020) used microcavity array
approach for medium throughput real-time analysis of mouse and human gastrointestinal organoids.
A recent study by Serex et al (Serex et al., 2020) has also shown generation of bladder organoids with
a custom-made 3D bioprinter for printing epithelial cells at predefined concentration inside hydro-

gels.

However, despite these tissue patterning approaches, the metabolic and physical requirements for
larger organoids to sustain its growth and differentiation state of underlying epithelial cells is difficult
to maintain for weeks. Inside the body, developing organs requires development of vasculature to
sustain growth through active supply of nutrients, removal of toxic products and maintenance of tis-
sue homeostasis with circulating immune cells. Similarly, the organoids need perfusion-based sys-
tems to remove dead cells inside the lumen. Organoid systems are also limited by vasculature and
possibility to co-culture with resident immune cells or add immune cells under flow. These limitations
make it difficult to achieve immune cell chemotaxis in response to inflammatory insults with cyto-
kines or pathogens. Organoid systems could therefore benefit from the modularity achieved with the

organ-chip systems.

1.12.3 Synergistic studies by combining organ-chip and organoid systems

The organoid and organ-chip systems are being combined to generate organoid-on-chip systems (Park
et al., 2019; Takebe et al., 2017) (Figure 1.18). Some studies have demonstrated enhanced vascular-
ization and maturation of organoids with embedded endothelial cells under flow (Homan et al., 2019).
Whereas others have generated perfusable homeostatic mini-gut tubes capable of tissue regeneration
under different environmental insults (Nikolaev et al., 2020). Luminal flow inside the human gastric
organoids was achieved by cannulating the organoids with micropipettes and connecting it to a peri-
staltic pump (Lee et al., 2018a). The hanging drop method to culture 3D spheroids has also been
integrated with fluidics to control nutrient supply and allow multi-tissue metabolic communication

(Frey et al., 2014).
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Figure 1.18: Combining organoid and organ-chip technologies to build better tissue models.
Organoid technology has higher cellular fidelity and better extracellular niche for culturing tissue. In contrast,
organ-chips have lower structural variability, possibility to add medium flow and tissue relevant mechanical
stresses. Organ-chips also provide easier microenvironmental control and possibility to add vasculature. Both
organoid and organ-chips could be merged to complement their missing advantages or features. Image taken
from: (Takebe et al., 2017). The images in the subpanels (a-g) are taken or modified by Takebe et.al (Takebe
et al., 2017) from following studies: (A) liver organoids (unreported), (B) AngioChip scaffolds (Zhang et al.,
2016), (C) brain organoids (Lancaster et al., 2017), (D) lung-on-chip (Huh et al., 2010a), (E) liver organoid
(Takebe et al., 2013), (F) AngioChip structure (Zhang et al., 2016), (G) liver organoid (Takebe et al., 2013),
(H) microelectrodes on a 96-well plate (unreported), (I) liver organoid , (J) lung-on-chip (Huh et al., 2010a).
PDMS, the structural material of majority of organ-chip systems is known to absorb small drug mol-
ecules due to its hydrophobic nature. This thwarts the process of careful pharmacokinetic-pharmaco-
dynamic modelling of drug availability inside the organ-chip (Meer et al., 2017). Anti-fouling mate-
rials such as self-assembled monolayers, polyethylene oxide (PEO) and polyethylene glycol (PEG)
that introduce steric repulsion or formation of hydration layer have been used in PDMS devices
(Zhang and Chiao, 2015). Such sort of limitations arising in PDMS based culture systems can be

avoided by culturing tissue inside hydrogels.
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Organ-chip systems based upon co-culture of specific and fewer cell types do not faithfully recapitu-
late tissue physiology of a complex organ. The multicellular architecture with different cell types is

better modelled in organoid systems.

1.13 In vitro model systems of UTIs

The potential challenges of performing long-term dynamic studies of IBCs in mouse bladder explants
encouraged researchers to build modular and environmentally controlled in vitro systems over the
past two decades to model early stages of UTI (Andersen et al., 2012; Horsley et al., 2018; losifidis
and Duggin, 2020; Smith et al., 2006).

1.13.1 Flow chamber model for uroepithelial cell culture

Figure 1.19: Flow-chamber based monoculture model for studying dynamics of intracellular
bacterial communities.

(A) The schematic of flow chamber model system for culturing uroepithelial cells. The perfusion inside the
flow chamber system was achieved through upper polycarbonate disk (marked as 1) micromachined with in-
let/outlet channel with connecting pipes. The flow conditions inside the flow chamber were defined through
the spacing between the silicon gasket (marked as 2) and central slit (marked as 3). (B) Orthogonal slice of a
binucleate PD07i uroepithelial cell invaded with UTI89-pEGFP. Coccoid bacteria could be visualized in the
inset on the lower left side of the image. Image taken from (Andersen et al., 2012).

Andersen et.al (Andersen et al., 2012) developed a human bladder cell infection model in a flow
chamber-based system (Figure 1.19A). In this system, a monolayer of PD07i bladder epithelial cells
were cultured on a glass plate and the infection dynamics was monitored through the polycarbonate
disc. The continuous perfusion of the epithelial nutritional media or urine allowed co-culture of UPEC
infected bladder epithelial cell layers for a longer period of time. Invaded bacteria inside the epithelial
cells were observed within vesicles and had coccoid morphology (Figure 1.19B). Urine exposure on

infected bladder epithelial cells recapitulated conditions faced by UPEC on the superficial
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uroepithelial layer. The filamentous bacteria harvested from the flow chamber were shown to convert
back to rod-shaped morphology. The degree of UPEC filamentation was shown to be linked to urine
concentration. Exposure to urine with high urine specific gravity (USG = 1.02 to 1.03) induced fila-
mentous bacterial growth. However, exposure of diluted urine (USG <= 1.106) resulted in non-fila-

mentous bacteria.

1.13.2 Microfluidic model for studying the dynamics of IBCs
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Figure 1.20: Microfluidic monoculture model for studying dynamics of intracellular bacterial
communities.

(A) Diagram of the CellASIC Onix microfluidics system showing the different medium reservoirs (B1-B6)
that were used to exchange medium in the Infection Chamber and waste was collected in B7, B8 reservoirs.
(B) PD07i bladder cells were infected with UTI89/pGI5. Long time-lapse imaging (up to 29 hour) under flow
of epithelial cell medium (supplemented with Gentamicin) captured formation of IBCs. SYTOX Orange stain-
ing indicated permeability of epithelial cells. Image taken from (losifidis and Duggin, 2020).

Recently a microfluidic cell culture model has been developed for studying the dynamics of IBCs in
a monolayer of uroepithelial cells using the CellASIC Onix microfluidics system (losifidis and Dug-
gin, 2020) (Figure 1.20A). The Cell ASIC Onix microfluidics system allowed easier switching of ep-
ithelial cell medium and urine via medium stored in the separate medium reservoirs. The medium
from different medium reservoirs was perfused to the central infection chamber during distinct stages

of the experiment. The microfluidics-based infection model system allowed real time imaging of IBC
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formation and IBC shedding. The medium exchange from nutritional medium to human urine led to
immobilization of bladder epithelial cells. The IBC dispersal events captured with this system showed
that some IBCs released filamentous bacteria whereas other IBCs released rod-shaped bacteria. UPEC
filamentation was not observed in neutralized and acidified human urine. Instead, human urine with

high USG and mildly acidic pH (around 5.3) induced UPEC filamentation.

1.13.3 Organoid model for UPEC infection studies with differentiated urothelial cells

In vitro model systems using 2D monolayers of epithelial cells (1.13.1,1.13.2) have recapitulated
important aspects of the host-pathogen interactions revealed by mouse models of UTIs (Hannan et
al., 2012). However, various studies have also demonstrated that 2D monoculture systems sometimes
fail to recapitulate the important phenotypic and functional responses that are observed in whole-
animal infection models (Abbott, 2003; Barrila et al., 2010; Nickerson et al., 2006). In the context of
UTIs, it could be linked to the role of transitional urothelial layers as potential harbours for quiescent
intracellular populations (Mysorekar and Hultgren, 2006). The monolayer model systems (Andersen
et al., 2012; Iosifidis and Duggin, 2020) did not recapitulate stratified uroepithelium which could be
important for UPEC pathogenesis. Thus, there was a need for “intermediate” model systems that
provide the convenience and experimental power of 2D culture systems while still capturing some of

the important aspects of stratified uroepithelium.

The first organoid model for UPEC infection studies was developed by Smith et.al (Smith et al., 2006)
(Figure 1.21). The stratified urothelial layers were generated using HTB9 cells adhered and grown
on collagen coated beads inside a rotating wall bioreactor (Barrila et al., 2010; Hammond and Ham-
mond, 2001). Cell suspension of HTB9 cells formed stratified organoids over a two-week culture
inside the bioreactor (Figure 1.21A,B). The structural comparison via paraffin embedding and Mas-
son’s trichrome staining revealed stratified layers in the organoids that were comparable to that found
in human uroepithelium Figure 1.21C). UPEC infection of the organoids led to invasion into the

deeper layers of the organoid as early as 2 hours post infection (Figure 1.21D).
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Figure 1.21: Organoid model for UPEC infection studies with terminally differentiated human
urothelial cells.

(A) Organoids were formed by HTB9 cells grown on collagen beads (light blue) in a rotating wall vessel
bioreactor. (B,C) Morphological comparison of cell layers in human organoids (B) with human uroepithelium
(C). (D) Infection of HTB9 organoids with UPEC CP9. Internalized UPEC is marked with a black arrow. All
the samples in the images were paraffin embedded and stained with Masson’s trichrome. Image taken from:
(Smith et al., 2006).

1.13.4 Urine-dependent human urothelial organoid model for infection

A bladder organoid from primary bladder epithelial cells was demonstrated by Horsley et. al (Horsley
etal., 2018) (Figure 1.22). The HBLAK primary bladder epithelial cells were cultured on 0.4 um pore
sized transwell inserts. Urine-liquid interface maintained on the apical and basal side of the insert
resulted in generation of islands of stratified uroepithelium. The cells in the upper layer of the strati-
fied uroepithelium differentiated into umbrella-like cells with flattened morphology. Human urine
was found to be essential for full development and stratification of uroepithelium. E.faecalis infection
of the organoids showed intracellular bacteria (Figure 1.22C). Intracellular bacteria led to the for-
mation of intracellular microcolonies and infected epithelial cells sloughed off from the epithelial

layer.
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Figure 1.22: Generation of urothelial organoids on transwell inserts.

HBLAK bladder epithelial cells grown under urine exposure on transwell inserts differentiate into urothelial
organoids. (B) Orthogonal slice of urothelial organoid shows multiple (5-7) layers with flattened cells in the
upper layer. Cells in the bottom layer are more tightly packed and have spheroid shape. (C) Orthogonal slices
of HBLAK organoid infected with E.faecalis. Instances of intracellular E.faecalis within basal and intermedi-
ate cells of the HBLAK organoid are shown with white arrows. Image taken from: (Horsley et al., 2018).
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1.14 Need for advanced bladder microtissue models

In vitro studies discussed in 1.13.1-1.13.4 have advanced the field of recapitulating early stages of
UTI. However, there is still a need for an advanced bladder microtissue model, which can comple-
ment the advantages of these developed in vitro systems. The novel microtissue model should allow

the following functionalities:

e Recapitulation of bladder epithelium co-culture with bladder vasculature

e Mimicking of bladder filling and voiding through stretching and relaxation of the epithelial
cells

e Addition of immune cells such as neutrophils to study immune cell-bacteria interactions

e Ability to add and remove antibiotics to study bacterial persistence

e Study persistence of IBCs and QIRs in response to antimicrobial stresses such as antibiotics
or neutrophils

e UPEC infection cycle in stratified uroepithelium, recapitulation of IBCs in umbrella cells and

QIRs in intermediate cell layers.
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1.15 Aims of doctoral thesis

The proposed doctoral thesis aims to develop two distinct and complementary microtissue models:
bladder organoids and bladder-chip for studying the dynamics of host-pathogen interactions in the
urinary bladder. The bladder microtissue models should recapitulate the stratified bladder architecture
within a small volume suitable for live-cell imaging of host-pathogen dynamics with high spatiotem-
poral resolution. The bladder organoid model with more tissue compatible physiological niche will
recapitulate the stratified bladder epithelium with lumen and bladder wall. The bladder-chip model
will allow co-culture of epithelial and endothelial cells on with recapitulation of urine and nutritional
media interface. The bladder-chip model should be able to recapitulate the mechanics of bladder fill-
ing and bladder voiding cycles.

The microtissue model systems will be compatible for multi-position, confocal single-cell time-lapse
imaging with the possibility to add or remove antimicrobial stresses. By introducing antibiotics or
neutrophils, the survival strategies adapted by the pathogen under stress will also be studied. The
microtissue model systems will be developed to study motile and flagellated bacterium Uropatho-
genic Escherichia coli (UPEC) that can grow both extracellularly and intracellularly within bladder
epithelial cells as biofilm like communities known as IBCs. Thus, the models should reconstitute both
extracellular and intracellular growth of this pathogen. In particular, the intracellular lifestyle of this
pathogen either as intracellular bacterial communities (IBCs) and quiescent intracellular reservoirs
(QIRs) has been known to cause persistent infection in the bladder epithelium, despite being exposed

to host immune cells and antibiotics.

Thus, in thesis doctoral thesis, I plan to achieve following aims:

(1) Develop a bladder organoid model with differentiated uroepithelium to study the UPEC path-
ogenesis in the stratified uroepithelium. The model should allow study of bacterial persistence
in response to antibiotics and neutrophil mediated stresses.

(2) Develop a novel bladder-chip model system to recapitulate co-culture of differentiated uroep-
ithelial cells and bladder endothelial cells with distinct urine and nutritional medium perfusion
to the respective sides. Moreover, the system should be able to mimic bladder filling and
voiding by application of linear strain. This system will specifically look into the dynamics of
IBC formation and persistence in response to neutrophil and antibiotic treatment.

(3) Optimization of conditions for stratification and differentiation of uroepithelial cells.
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2.1 Abstract

Uropathogenic Escherichia coli (UPEC) is the most common cause of urinary tract infections (UTIs)
and require antibiotic therapy. Recurrent infections, which occur in a quarter of treated individuals,
are thought to be caused by existence of intracellular reservoirs that subsequently reinitiate the infec-
tion cycle. Here, we present a novel bladder organoid model of UPEC infection that recapitulates the
stratified bladder architecture within a small volume suitable for live-cell imaging of host-pathogen
dynamics with high spatiotemporal resolution. We confirm that bacteria injected into the organoid
lumen rapidly enter superficial epithelial cells and proliferate to form IBCs. We also identified indi-
vidual “solitary” bacteria that penetrate deeper layers of the organoid wall, where they evade killing
by antibiotics and neutrophils. Volumetric serial block face scanning electron microscopy of infected
organoids reveals that solitary bacteria may be intracellular or pericellular (sandwiched between
uroepithelial cells). Unlike bacteria within IBCs, which are coccoid-shaped and unflagellated, solitary
bacteria are rod-shaped and flagellated. Through time-lapse imaging, we demonstrate that solitary
bacteria in the bladder organoid wall form independently of IBCs. We conclude that bacterial fluxing
from IBCs is not required for establishment of solitary bacterial subpopulations in the bladder wall

that resist elimination by antibiotics and the host immune response.

Keywords: bladder organoids, uropathogenic Escherichia coli (UPEC), intracellular bacterial
communities (IBCs), pericellular bacteria, bacterial persistence, antibiotic treatment, neutrophil

swarms, live-cell imaging
2.2 Introduction

Urinary tract infections (UTIs) are among the most common bacterial infections and the second most-
common cause for the prescription of antibiotics (Foxman, 2010). Although seldom fatal, UTIs sub-
stantially reduce the quality of life and incur enormous healthcare costs. Recurrence, defined as a
appearance of 2 episodes of UTI in 6 months or 3 episodes of UTI in 12 months despite the apparently
successful completion of antibiotic therapy, occurs in a quarter of all UTIs (Foxman et al., 2000).
Women are at particularly high risk, and more than 60% of women will be diagnosed with a UTT at
least once in their lifetime (Klein and Hultgren, 2020). Uropathogenic Escherichia coli (UPEC) is the
causative agent of about 80% of all UTIs, which can be further complicated by dissemination of

UPEC from the bladder (cystitis) to the kidneys (nephritis) or into the bloodstream (urosepsis).
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Much of our current understanding of UPEC pathogenesis has been derived from experiments in
mouse models of infection (Hannan and Hunstad, 2016; Hung et al., 2009), which reveal that UPEC
can grow extracellularly in the urine within the bladder or intracellularly in the bladder wall. (Ander-
son et al., 2003; Justice et al., 2004; Mulvey et al., 2001). Invasion into the bladder wall is preceded
by adherence of UPEC to the superficial epithelial cell layer of the bladder, mediated by interactions
of the bacterial type I pilus with uroplakin proteins on the surface of the uroepithelium (Martinez et
al., 2000; Mulvey et al., 1998). Following bacterial entry into umbrella cells, a subset of bacteria
proliferates to form biofilm-like “intracellular bacterial communities” (IBCs) (Anderson et al., 2003;
Justice et al., 2004; Mulvey et al., 2000) which may be refractory to clearance by antibiotic treatment
or innate immune responses. At later stages of infection, UPEC has been shown to penetrate into
deeper layers of the bladder to form “quiescent reservoirs” that may also be responsible for recurrent
infection after antibiotic therapy (Mulvey et al., 2000, 2001; Mysorekar and Hultgren, 2006; Schilling
et al., 2002). However, these isolated subpopulations have been difficult to characterize in bladder
sections, and the relative contribution of IBCs and quiescent reservoirs in the persistence of infection
remains unclear (Blango et al., 2014; Mulvey et al., 2001; Scott et al., 2015). The number of bacteria
in these three distinct subpopulations (extracellular bacteria, IBCs, and quiescent reservoirs), their
relative growth dynamics, and their persistence under attack from antibiotics or immune cells are
difficult to characterize in sifu in animal models. Most studies therefore rely on an examination of
bladder explants at specified time points post-infection. However, this technique does not provide
information on the underlying dynamics of host-pathogen interactions, nor does it permit the quanti-
fication of in situ growth of extracellular bacteria (Anderson et al., 2003; Justice et al., 2004). In vitro
models have been developed to probe specific aspects of UPEC infection, such as the role of the
stratified bladder architecture (Horsley et al., 2018) or the effects of micturition on IBC formation
(Andersen et al., 2012; Iosifidis and Duggin, 2020). However, these models suffer from limitations
in their ability to recreate a stratified epithelium with multiple differentiated cell layers (Andersen et
al., 2012) or to reproduce the migration of immune cells into the bladder in response to infection
(Horsley et al., 2018). In many of these systems, live-cell imaging remains technically challenging

(Horsley et al., 2018; Smith et al., 2006).

In the last decade, organoids have emerged as experimentally tractable biomimetics that recapitulate
key physiological and functional features of the cognate organs (Clevers, 2016). These complex 3D
multicellular structures are generated from stem cells or organ-specific progenitor cells (Rossi et al.,
2018) and have now been established for a number of different organs (Liu et al., 2004; Sachs et al.,
2019), including the bladder (Lee et al., 2018b; Mullenders et al., 2019). Recently, organoids have
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also emerged as model systems to study host-pathogen interactions during infections caused by bac-
teria (Bartfeld and Clevers, 2015; Co et al., 2019; Kessler et al., 2019; Pleguezuelos-Manzano et al.,
2020; Williamson et al., 2018), viruses (Qian et al., 2017; Sanden et al., 2018; Zhou et al., 2018), or
parasites (Heo et al., 2018; Nikolaev et al., 2020).

Bladder organoids offer several distinct advantages as model systems for UTIs. They recapitulate the
stratified and differentiated layers of the uroepithelium, possess a lumen that mimics the bladder lu-
men, and are easier to manipulate than whole-animal infection models. Importantly, the compact vol-
ume of individual organoids can be imaged in its entirety with high spatiotemporal resolution using
time-lapse confocal microscopy. This makes it possible to follow the rapidly changing dynamics of
UTTIs and to monitor the responses of host cells and bacterial cell to external perturbations, such as a
defined course of antibiotic treatment or the addition of innate immune cells (Neal et al., 2018; Sachs
et al., 2019). Compared to conventional ex vivo tissue explants (Justice et al., 2004) or in vitro infec-
tion models (Andersen et al., 2012; losifidis and Duggin, 2020), bladder organoids offer a more real-
istic reconstitution of bladder physiology that is accessible to a wider range of experimental tech-

niques for studies of UPEC pathogenesis.

Here, we establish a new model system to study the early dynamics of UPEC pathogenesis based on
recently developed mouse bladder organoids derived from primary cells (Mullenders et al., 2019).
We use a combination of time-lapse laser scanning confocal microscopy and serial block face scan-
ning electron microscopy (SBEM) to monitor the dispersal, death, and morphology of UPEC within
the bladder organoid lumen and wall in response to attack by antibiotics or host neutrophils with
single-cell, sub-micron resolution. We find that isolated “solitary” bacteria are seeded in deeper layers
of the bladder epithelium concomitantly with but independently of the formation of IBCs in the su-
perficial umbrella-like cells. Our observations suggest that early invasion of bacteria into the bladder

wall may play a more diverse and important role in recurrent infections than was previously assumed.

2.3 Results

2.3.1 Establishment of differentiated mouse bladder organoids

We generated mouse bladder organoids from C57BL/6 wild-type (WT) or mT/mG mice (Muzumdar
et al., 2007), which express the red-fluorescent protein tdTomato within cell membranes, following
the procedure of Mullenders et al., Figure 2.1A) (Mullenders et al., 2019). Briefly, mouse bladders
were isolated ex vivo and epithelial cells extracted from the bladder lumen were cultured in basement

membrane extract to generate organoids over a period of 2-3 weeks (Figure 2.1A). We verified that
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these organoids recapitulate the different layers of the stratified mouse uroepithelium by comparative
immunofluorescence staining of bladder organoids and explanted mouse bladders. Staining with an-
tibodies directed against uroplakin-3a (UP3a) or cytokeratin 8 (CKS8) confirmed the presence of su-
perficial umbrella like-cells in bladder organoids (Figure 2.1B) and mouse bladder tissue (Figure
2.1C). CKS8 expression was higher in umbrella cells compared to the underlying intermediate and
basal cells, as expected (Southgate et al., 1994). The presence of intermediate and basal cell layers in
the bladder organoids was confirmed by staining with antibodies directed against cytokeratin 13
(CK13) (Figure 2.1B, C), p63 (Figure 2.7), or cytokeratin 7 (CK7) (Figure 2.7). Bladder organoids
therefore recapitulate the stratified architecture of the mouse uroepithelium with high levels of uro-
plakin expression in the umbrella cell layer, which is important for UPEC adherence and invasion

mediated by type I pili(Mulvey et al., 1998).

2.3.2 Invasion of UPEC into the bladder wall provides protection against antibiotics

Intravital imaging of antibiotic treatment and recovery in the infected bladder is extremely challeng-
ing (Justice et al., 2004, 2006). We therefore modelled the acute phase of a UTI by microinjecting
UPEC expressing yellow fluorescent protein (YFP) into the lumen of individual bladder organoids,
which mimics the natural route of infection through the urethra (Figure 2.2A). The infection cycle
was modelled in three stages: stage one (0-165 minutes), an initial period of unimpeded bacterial
proliferation; stage two (165-345 minutes), treatment with ampicillin at ten-fold the minimum inhib-
itory concentration (10X-MIC); stage three (345-525 minutes), bacterial recovery after ampicillin
washout. Snapshots from time-lapse imaging of two infected organoids are shown in Figure 2.2B-E
(see supplementary movie SMov1) and Figure 2.2F-I (see supplementary movie SMov2); an addi-
tional example is shown in Figure 2.8A (see supplementary movie SMov3). Rapid bacterial growth
within the organoid is observed soon after microinjection (Figure 2.2B, C and Figure 2.2F, G), pre-
dominantly within the lumen (indicated by a yellow arrowhead in Figure 2.2B). As in UTI infections
in humans and in animal models of UTI, bacterial growth over time leads to a gradual exfoliation of
umbrella cells, as indicated by reduced CKS8 levels (cf. Figure 2.9C and controls in Figure 2.9A),
while the overall structure of the organoid is relatively unaffected (cf. Figure 2.9D and Figure 2.9B).

Addition of 10X-MIC ampicillin (64.5 pg/ml, Figure 2.8C) into the medium surrounding the organ-
oids rapidly reduces the bacterial volume within the organoid (Figure 2.2D, H), consistent with the
bactericidal nature of the antibiotic. In most cases, bacterial growth resumed only after the removal
of the antibiotic (Figure 2.2E). Unexpectedly, in two out of the 124 organoids studied, bacterial

growth resumed even in the presence of the antibiotic (Figure 2.2I). A time-profile for the growth
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kinetics of UPEC within the organoids is shown in Figure 2.2J and captures these two different be-
haviors in the presence of antibiotic. A plot of bacterial volume over time within infected organoids
during the growth phase confirms that growth is exponential (Figure 2.2K) with a median growth rate
0f 0.017 min'! (Figure 2.2M), corresponding to a doubling time of 41.5 min, in agreement with meas-
urements of growth in the mouse bladder (Justice et al., 2004; Scott et al., 2015). During ampicillin
treatment, the bacterial volume initially increases before plateauing due to filamentation of the bac-
teria, consistent with the mode of action of ampicillin (Figure 2.2L). Both the fluorescence intensity
and the intra-organoid bacterial volume subsequently decline, with a median killing rate of 0.019 min
' (Figure 2.8D). Compared to growth before ampicillin treatment, regrowth after ampicillin washout
is significantly slower, with a median growth rate of 0.003 min™!, corresponding to a doubling time

of 226.8 min (Figure 2.2M).

Interestingly, the spatial distribution of bacterial regrowth after ampicillin washout is very different
from the luminal growth observed after microinjection (cf. Figure 2.2E vs Figure 2.2B, C and Fig.
Figure 2.21 vs Figure 2.2F, G) and is localized to the bladder wall. These results suggest that, whereas
the lumen or bladder volume may be the preferred site of growth prior to antibiotic exposure, the
bladder wall offers a more protective niche for bacterial survival and regrowth after antibiotic treat-
ment. The small volume of the organoid model allows us to quantify the dynamics of bacterial growth
in both these niches (lumen and bladder wall) simultaneously before, during, and after antibiotic

treatment.

2.3.3 Neutrophils swarm towards intra-organoid UPEC with three distinct migratory profiles
Organoids are powerful systems to study immune cell responses in situ (Nikolaev et al., 2020; Sachs
et al., 2019; Yuki et al., 2020), and, in conjunction with long-term live-cell imaging, can be used to
visualize the spatiotemporal dynamics of immune cell responses. Peripheral innate immune cells such
as neutrophils have been shown to be the first responders in the early phases of bladder infection in
the mouse model (Haraoka et al., 1999). We therefore added murine bone marrow-derived neutrophils
to the collagen matrix surrounding bladder organoids immediately after microinjection of the organ-
oid lumen with UPEC. Neutrophils were pre-labeled with a CellTracker™ dye to enable identifica-
tion. Live-cell imaging revealed three distinct patterns of neutrophil dynamics (see supplementary
movie SMov4, SMovS5, SMovo6). In most cases, neutrophils surrounding an infected organoid migrate
towards and accumulate in the lumen, forming aggregates or swarms (Figure 2.3A1-A3, Figure
2.3B1-B3). Neutrophil migration into the organoid lumen is consistently accompanied by a sharp

reduction in bacterial volume (Figure 2.3A2-A5, Figure 2.3B2-B5, Figure 2.3C2-C5). In some cases,
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the neutrophil swarms remain within the lumen for >30 minutes (Figure 2.3A3-A5), characteristic of
persistent swarms (Kienle and Ldmmermann, 2016; Limmermann et al., 2013). In other cases, the
swarm rapidly disaggregates after clearance of bacteria within the organoid (Figure 2.3B3-B5), char-
acteristic of transient swarms. In a third category, large intra-organoid aggregates of neutrophils do
not form; rather, neutrophil numbers within the organoid fluctuate in response to bacterial numbers.
We classified this third category, with fluctuating neutrophil numbers inside the infected organoid,
as dynamic swarms (Hopke et al., 2020). Additional examples for each type of migratory behaviour

are shown in Figure 2.11A-C (see supplementary movies SMov7, SMov8, SMov9).

Additional verification of the inward migration of neutrophils is afforded by an examination of the
shapes of these cells; neutrophils surrounding the organoid are predominantly spherical in shape,
whereas migratory neutrophils adopt elongated shapes (Figure 2.12C). Importantly, neutrophils do
not migrate towards uninfected “bystander” organoids, as shown in Figure 2.3A, B (colored red),
which confirms that neutrophils can discriminate between uninfected and infected organoids and di-

rect their movement specifically towards infected organoids.

These neutrophil dynamics are better understood from time profiles of the neutrophil volume within
the organoid (amber), the neutrophil volume surrounding the organoid (blue), and the intra-organoid
bacterial volume (green), each normalized by the maximum value attained over the time period of the
experiment. Data for each parameter are shown in Figure 2.3D-F, corresponding to Figure 2.3A1-AS5,
Figure 2.3B1-B5, and Figure 2.3C1-C5, respectively; absolute numbers are shown in Figure 2.10 and
Figure 2.11D-I. Infection of bladder organoids therefore successfully reproduces the range of neutro-
phil migratory responses reported from intravital imaging studies, and bacteria within the lumen are

effectively cleared by neutrophils independent of their migratory profile.

2.3.4 Bacteria within the wall of the bladder organoid are refractory to clearance by neutro-
phils

The rapid clearance of luminal bacteria by migratory neutrophils provides an opportunity to observe
niches where bacteria may be protected from neutrophil attacks, such as intracellular bacterial com-
munities (IBCs) (Justice et al., 2004). We observed IBCs in a subset of infected organoids, reinforcing
the validity of the organoid model. Figure 2.4A1-A3 shows an example of an IBC that forms and
persists despite the presence of a persistent swarm of neutrophils within the organoid that successfully
clears the bacteria from the organoid lumen. Live-cell imaging revealed the IBC to be a dynamic,

fluctuating structure; for example, in the 15-minute interval between Figure 2.4A3 and Figure 2.4A4
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(see supplementary movie SMov10), the IBC begins to shed bacteria, which are rapidly taken up by
nearby neutrophils. The vast majority of the bacteria released from the IBC are processed and killed
within 30 minutes, as evidenced by loss of YFP fluorescence (Figure 2.4A5). In contrast, Figure
2.4B1-B5 (see supplementary movie SMov11) shows another example of an IBC that forms in the
presence of a persistent neutrophil swarm (white arrowhead, Figure 2.4B1-B2), but in this case the
bacteria shed from the IBC are spread by the neutrophils to different regions of the bladder epithelium
(Figure 2.4B3-B4, cyan arrowheads). Some of these bacteria persist as isolated bacteria within the

organoid wall and resist clearance by neutrophils (cyan arrowheads, Figure 2.4B5).

Unexpectedly, at early time points we also identified spatially isolated subpopulations of bacteria,
comprising individual cells or small clusters (threshold of detection set at 10 um?), located within the
organoid wall (yellow arrowheads, Figure 2.4B1). Hereafter, we refer to these subpopulations as “sol-
itary” bacteria to distinguish them from “communal” bacteria within IBCs. The high spatiotemporal
resolution afforded by confocal imaging allowed us to track three such examples, labelled ‘1’ through
‘3, over the entire course of the time series shown in Figure 2.4B1-5. Our results confirm that solitary
bacteria are located within the organoid wall throughout and are refractory to neutrophil-mediated
clearance (Figure 2.4B5, yellow arrowheads and corresponding labels). The number of solitary bac-
teria was enhanced by the addition of some of the bacteria shed by the IBC (cyan arrowheads in
Figure 2.4B5). Even 15 hours after addition of neutrophils, solitary bacteria persist within some or-
ganoids (Figure 2.4C3-C4, Figure 2.3C and analysis in Figure 2.3D, Figure 2.3F, Figure 2.10C, Fig-
ure 2.11D and Figure 2.11G), whereas other organoids are successfully sterilized by the neutrophils
(Figure 2.4C1-C2, and analysis in Figure 2.3E, Figure 2.10B and Figure 2.11E-I). These two out-
comes (persistence and sterilization) occur with roughly equal frequency (Figure 2.4D). Live-cell
imaging confirmed that bacteria shed from IBCs contribute only a small portion of these persistent

bacteria.

These results demonstrate that niches within the deeper layers of the bladder epithelium, below the
superficial umbrella cells containing IBCs, can also harbor subpopulations of bacteria that are re-
sistant to clearance by antibiotics or neutrophils. In the latter case, bacterial persistence is independent
of the migratory profile of the neutrophil swarm (Figure 2.4C3, C4). We attempted to localize these
persistent bacteria with greater precision, but the spatial resolution of confocal microscopy proved to
be insufficient to identify unambiguously the boundaries of the bladder lumen and the precise location
of individual bacteria within the organoid wall. We therefore imaged infected organoids using elec-

tron microscopy, which provides much higher spatial resolution than optical microscopy.
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2.3.5 Volumetric electron microscopy reveals five distinct bacterial niches within infected or-
ganoids

Technical developments in scanning electron microscopy now permit volumetric imaging of large
samples using serial block face scanning electron microscopy (SBEM) (Denk and Horstmann, 2004;
Hoffman et al., 2020; Maclachlan et al., 2018). High-contrast staining used for the preparation of
SBEM samples densely labels cell membranes, which is useful for localizing bacteria within tissue.
We used this imaging method to capture an entire infected organoid at ca. 6 hours after microinjection
of UPEC and addition of neutrophils. The organoid was imaged with optical microscopy (Figure
2.13A, B) prior to staining and resin embedding. It was then mounted inside the scanning electron
microscope and serial images of the entire structure were collected at a lateral resolution of 30 nm
with 100 nm sections separating each image. The imaging parameters allowed us to identify cell
membranes and to localize all bacteria in the organoid. In addition, the light microscopy imaging
prior to embedding provided a 3D map of the organoid in which we could identify fluorescently
labelled cells such as neutrophils in the final EM image series. We identified a total of 2,938 bacteria
and classified them into five distinct subpopulations according to their locations within the organoid

(Figure 2.5A-E, see supplementary movie SMov12).

The majority (62%, n=1,821) of bacteria are extracellular and located within the organoid lumen
(Figure 2.5A). Smaller bacterial fractions are located either as solitary bacteria within the cytoplasm
of bladder epithelial cells (3.8%, n=111) or within the IBC (13.5%, n=398) (Figure 2.5C, D). The
small fraction of bacteria located within neutrophils (4.8%, n=141) is probably an underestimate,
since bacteria are typically degraded after phagocytic uptake (Figure 2.5B). Bacteria within the neu-
trophils have an altered morphology, likely due to exposure to antimicrobial stresses within the neu-
trophil. Unexpectedly, we identified a fifth subpopulation of solitary bacteria, which we term “peri-
cellular” (15.9%, n=467), that is located in between bladder epithelial cells within the organoid wall
(Figure 2.5E). To the best of our knowledge, this pericellular subpopulation of solitary bacteria has
not been reported previously, presumably due to the difficulty of whole-bladder imaging with suffi-

cient spatial resolution to identify individual bacteria located between host cell membranes.

A view inside a model of the organoid, created from a 3D map of coordinates of all cells and bacteria,
shows the arrangement of the different bacterial classes inside (Figure 2.5F). The bacterial population

within the irregularly shaped lumen clusters towards the first quadrant (zoom in Figure 2.5G), likely
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indicating the site of injection. Intracellular and pericellular solitary bacteria can be found scattered
throughout all areas of the organoid wall (evident in zoom in Figure 2.5H). Individual neutrophils
can be observed in all areas of the organoid wall as well as the lumen (Figure 2.5H), and some of
these neutrophils contain numerous bacteria (Figure 2.13C). Bacteria within the IBC form a tight
cluster below the nucleus of the cell hosting the IBC (Figure 2.5F). The protection against phagocytic
uptake conferred by intracellular localization is evident from the fact that the IBC remains intact
despite the infected cell being surrounded by multiple neutrophils. A plot of the shortest distance of
each subpopulation to the organoid lumen is shown in Figure 2.5]. It is noteworthy that intracellular
and pericellular solitary bacteria are found within the deeper layers of the organoid that express in-

termediate and basal cell markers (Figure 2.1C).

We asked whether the intracellular and pericellular solitary subpopulations are phenotypically differ-
ent from bacteria in the organoid lumen. UPEC has been shown to markedly alter flagellar expression
and cell shape during bladder infection (Anderson et al., 2004; Lane et al., 2007; Wright et al., 2007).
We therefore used immunofluorescence to probe flagellin expression in situ. Because paraformalde-
hyde fixation tends to degrade the signal of bacterial YFP, we used immunostaining against lipopol-
ysaccharide (LPS) and a mask of the organoid shape to label intra-organoid bacteria (cyan) and bac-
teria surrounding the organoid (green) in Figure 2.6A. The corresponding image with anti-flagellin
immunostaining (Figure 2.6B) shows that a majority of intra-organoid bacteria have low or no de-
tectable flagellin expression. We applied a threshold on the basis of volume to the intra-organoid
bacteria clumps and found that large bacterial clumps (volume greater than 1,000 pm?) express very
low flagellin levels (Figure 2.6D), whereas smaller clusters (volume smaller than 1,000 um?) and
individual bacteria retain intermediate to high levels of flagellin expression (Figure 2.6C, Figure
2.13B). Thus, bacteria that continue to express flagellin are predominantly single cells or small clus-
ters located within the organoid wall; both observations suggest that these subpopulations correspond
to the intracellular or pericellular subpopulations of solitary bacteria identified in serial electron mi-
crographs. This point is strengthened by our observation that bacteria within the IBC have severely
reduced flagellar expression (Wright et al., 2007), whereas single bacteria surrounding the IBC retain

high-level flagellar expression (Figure 2.6E).

Scanning electron microscopy (SEM) is a powerful technique to examine surface morphology and
overall bacterial shape. We ruptured open an infected organoid using a tungsten needle (Heo et al.,
2018) at ca. 6 hours after microinjection with UPEC to gain access to the interior of the organoid

(Figure 2.6F). We found that the majority of bacteria accessible to SEM imaging are located within
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tight clusters, suggestive of IBC growth (Figure 2.6G, H). These bacteria are coccoid in shape and
are not flagellated (Figure 2.6H), consistent with previous findings (Anderson et al., 2003; Justice et
al., 2004). In contrast, we identified a small subpopulation of bacteria in a different spatial location
within the organoid that retain flagellar expression (Figure 2.61, J). These observations are consistent
with data in Figure 2.6C, D. We verified that bacteria from a stationary-phase axenic culture retain
flagellin expression (Figure 2.6K) and are longer than the coccoid bacteria within IBCs (Figure 2.6L).
The bladder organoid model is therefore able to recapitulate characteristic morphological features of
bacteria within IBCs. It also reveals that the bladder wall comprises distinct niches, including some
in which the bacteria are rod-shaped and retain flagellin expression. These observations highlight the
utility of organoids as a tool to obtain a more comprehensive picture of UPEC phenotypic variants

that arise in the course of infection.

2.4 Discussion

The mouse model of UPEC infection faithfully reproduces key features of UPEC infections in hu-
mans (reviewed in Flores-Mireles et al. (Flores-Mireles et al., 2015) and Hung et al. (Hung et al.,
2009)), but this model is not well suited for live-cell imaging with high spatiotemporal resolution.
There is also a paucity of tractable in vitro models that capture the complex 3D stratified architecture
of the bladder wall and key features of the UPEC pathogenesis cycle, such as bacterial persistence
and regrowth after antibiotic treatment. In an early in vitro model, Smith et al., (Smith et al., 2006)
reported that a human cancer cell line could be induced to establish stratified uroepithelial layers on
collagen beads by exposure to shear stress. This model lacks a lumen where bacteria can be introduced
in a topologically correct manner. Andersen ef a/ (Andersen et al., 2012; losifidis and Duggin, 2020)
developed a model in which a virus-immortalized human bladder cell line is cultured under flow to
mimic micturition, but this model does not include a stratified uroepithelium or the ability to introduce
additional cell components, such as immune cells. More recently, Horsley et al (Horsley et al., 2018)
stratified primary human uroepithelial cells on Transwell® inserts, although stratification is non-uni-
form and it is difficult to reproduce immune cell dynamics or track them using live-cell imaging in
this model. Other stratified bladder epithelium models have been reported (Cattan et al., 2011;
Chabaud et al., 2017; Suzuki et al., 2019), however to the best of our knowledge, none of these models

has been adapted for infection studies.

Here, we show that bladder organoids embedded in a collagen matrix fulfill all these requirements:
the ability to simultaneously track bacterial growth dynamics within the organoid wall and in a central

lumen that mimics the bladder volume; the ability to add and remove soluble compounds, which we
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exploit here for real-time studies of bacterial responses to antibiotic treatment; and the ability to study
immune cell migration into the organoids in response to infection. Organoids are amenable to long-
term live-cell imaging and offer significantly higher throughput and lower costs than the mouse
model, as well as the flexibility to combine different cell types, such as uroepithelial cells and immune
cells derived from different strains of genetically modified mice. These combinations are not possible
in simple monolayer systems (Andersen et al., 2012; losifidis and Duggin, 2020), in previous complex
stratified systems (Horsley et al., 2018; Smith et al., 2006), or in experiments with extracted bladder
tissue (Justice et al., 2004, 2006).

We leverage these advantages to demonstrate that whereas the bladder organoid lumen is the pre-
dominant site of bacterial replication, it is the simultaneous presence of bacteria within the organoid
wall that enables infection to resist clearance by antibiotics and neutrophils. Prior to antibiotic treat-
ment, rapid growth of bacteria in the organoid lumen predominates, although widely scattered inva-
sion of bacteria into the bladder wall occurs at the same time. Some of the invading bacteria take up
residence within the superficial umbrella-like cells abutting the organoid lumen, where they replicate
intracellularly to form IBCs, while others invade into deeper layers of the organoid wall. In contrast
to bacteria within IBCs — which are communal, unflagellated, coccoid-shaped, and intracellular, we
find that bacteria that invade into deeper layers of the organoid wall are solitary, flagellated, rod-
shaped, and may be intracellular or pericellular. Following antibiotic washout, the spatial pattern of
bacterial growth is reversed, occurring at scattered sites throughout the organoid wall but only rarely
within the lumen; also, regrowth in the organoid wall after antibiotic treatment is significantly slower
than growth in the organoid lumen prior to treatment. In rare cases, we found that bacteria within the
organoid wall continue to divide even in the presence of antibiotic. This observation could reflect a
niche within the organoid wall where antibiotic penetration is poor, emergence of spontaneous anti-
biotic resistance, or the fact that bacterial responses to antibiotics are heterogeneous and dynamic and
may, in some cases, involve balanced division and death (Wakamoto et al., 2013). These dynamic
and transient phenotypes are impossible to capture in mouse models or using conventional static
measurements of bacterial numbers such as colony forming units. We conclude that early invasion of
solitary bacteria into deep layers of the bladder wall, concomitant with invasion of superficial um-
brella-like cells and IBC formation, may play an important role in bacterial persistence and relapse

following antibiotic treatment.

We observed similar spatially distinct dynamics for bacterial killing by neutrophils. The small volume

and spherically symmetric geometry of the organoid model allowed us to capture neutrophil migration
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dynamics in a quantitative fashion that is difficult to achieve with other systems. We found that UPEC
infection of organoids generates a strong and highly directed neutrophil migration response, with
three distinct spatiotemporal patterns (persistent, transient, or dynamic) that are reminiscent of de-
scriptions based on intravital imaging of neutrophil responses to bacterial infections (Kienle and
Lammermann, 2016; Lammermann et al., 2013; Liese et al., 2012; Shannon et al., 2013). We also
found that neutrophils migrate out of the lumen of bladder organoids after resolving infection. Re-
gardless of the neutrophil migration pattern, about half of the organoids that we studied were not
completely sterilized by neutrophils even after many hours; in a majority of the cases, bacterial sur-
vival was restricted to the organoid wall while lumenal bacteria were sterilized. Although both IBCs
in superficial umbrella-like cells and solitary bacteria within deeper layers of the organoid wall appear
to be relatively refractory to clearance by neutrophils, we found that the bacteria released when IBCs
rupture are rapidly taken up and destroyed by patrolling neutrophils. In a subset of organoids where
we did not detect any IBCs, solitary bacteria within deeper layers of the uroepithelium were solely
responsible for survival during neutrophil attacks. These observations suggest that early and IBC-
independent invasion of solitary bacteria into deeper layers of the bladder wall may play an important
role in recurrent infections by generating a subpopulation that is refractory to clearance by the host

innate immune response.

Solitary bacteria are phenotypically distinct from bacteria within IBCs, inasmuch as they remain rod-
shaped and flagellated, whereas bacteria within IBCs are coccoid-shaped and unflagellated. The latter
point is interesting because loss of flagellar expression within IBCs has been reported in the study
(Wright et al., 2007), whereas flagellar expression has been shown to be important for generating
persistent infections in the mouse bladder (Lane et al., 2007; Wright et al., 2007). Our findings suggest
that unflagellated bacteria within IBCs and flagellated solitary bacteria seeded throughout deeper
layers of the bladder wall may both contribute to survival during antibiotic treatment and neutrophil
attacks. Given the relatively small numbers of solitary bacteria, it is unlikely that this subpopulation
could be identified by transcriptomic analysis of the total bacterial population within the bladder or

by cursory microscopic imaging of bladders from infected mice.

The small volume of the organoid lumen and the lack of bacterial clearance by micturition might
accelerate the formation of IBCs relative to the mouse model. Even so, it is noteworthy that spatially
distinct IBCs and solitary bacteria within the organoid wall both appear within hours of infection.
This contrasts with the current model of UPEC persistence, which postulates that cycles of formation

and rupture of IBCs, eventually resulting in exfoliation of superficial umbrella-like cells and exposure
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of underlying layers of the stratified epithelium, are a necessary precursor to invasion of bacteria into
deeper layers of the uroepithelium, where they generate “quiescent intracellular reservoirs” (Flores-
Mireles et al., 2015). It is possible that solitary bacteria may eventually develop into quiescent intra-
cellular reservoirs, but we did not test this possibility within the relatively short timescale of our

experiments.

The dynamics of host-pathogen interactions during bladder infections are difficult to capture with
high spatiotemporal resolution in conventional animal models. Bladder organoids, being miniaturized
and experimentally tractable models of the bladder, are well suited to generate new insights into
UPEC pathogenesis. Here, we use time-lapse optical microscopy and electron microscopy to demon-
strate the existence of solitary subpopulations of intracellular and pericellular bacteria located within
deeper layers of the stratified bladder organoid wall, beneath the superficial layer of umbrella-like
cells. These solitary subpopulations appear early in the course of infection, concomitant with the
formation of IBCs in the umbrella-cell layer, and they resist elimination by antibiotics and neutro-
phils. Thus, improved understanding of the physiology of solitary bacteria could contribute to the

development of new strategies to eliminate persistent bladder infections.
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2.5 Figures

A
mouse bladder 3D culture organoid generation
f \“ - o j
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microinjection BME bladder organoids

Figure 2.1: Mouse bladder organoids recapitulate the stratification of bladder uroepithelium.

(A) Schematic of the protocol used for generation of mouse bladder organoids. Lumenal cells, isolated by
microinjection of TryPLE solution into the bladder, are cultured in basement membrane extract (BME) to form
differentiated bladder organoids. (B, C) Immunofluorescence staining confirms that bladder organoids (B)
recapitulate the stratified layers of the uroepithelium observed in mouse bladder tissue (C). The umbrella cell
layer was identified with anti-uroplakin 3a (anti-UP3a) and anti-cytokeratin 8 (anti-CK8) antibodies. The basal
and intermediate cell layers were identified with anti-cytokeratin 13 (anti-CK13) antibody. Cell nuclei were
labeled with DAPI (cyan). The lumens of the bladder organoids and mouse bladder slices are indicated by
yellow asterisks. Scale bars, 20 um in (B) and 100 um in (C).
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Figure 2.2: Bacteria within the bladder organoid wall are refractory to antibiotic clearance.

(A) Schematic of the microinjection protocol. Bacteria are injected via a glass microcapillary into the lumen
of individual organoids and the organoids are resuspended in a collagen matrix for live-cell confocal imaging.
(B-E) Snapshots from time-lapse imaging of an infected organoid over 9 hours. (B) White arrowhead indicates
the organoid boundary. Yellow arrowhead indicates bacteria in the lumen. The bacterial volume within the
organoid increases rapidly during the initial growth phase (B, C, 0-165 min from the start of the experiment)
and occurs predominantly within the lumen. At ca. 165 min, a 10X-MIC dose of ampicillin was added to the
extracellular growth media. (D) Intra-organoid bacterial volume, quantified by bacterial fluorescence, de-
creases due to bacterial killing during this period (ca. 165-345 min). Subsequently, the antibiotic was with-
drawn (recovery phase ca. 345-525 min) and bacterial regrowth appears to be restricted to the organoid wall
(E, see supplementary movie SMovl). In contrast, panels (F-I) highlight an isolated example where bacterial
volume initially decreases (compare H vs G) but growth subsequently resumes (I) even in the presence of the
antibiotic (see supplementary movie SMov2). (J) Time profiles for intra-organoid bacterial volume over the
entire course of the experiment for the organoids in panels B-E (squares) and F-I (circles), respectively. Shaded
region represents the period of antibiotic treatment. (K-M) Characterization of bacterial growth dynamics at
different stages of infection. (K, L) Representative plots of bacterial volume vs. time reveal that growth is
exponential during the pre-ampicillin phase (K, n = 11 organoids) and decay is exponential during ampicillin
treatment (L, n = 10 organoids). In some cases, bacterial volume declines immediately after ampicillin admin-
istration (L, brown lines), while in others, growth continues for some time before declining (L., magenta lines).
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(M) Scatter plot for the growth rate of the bacterial volume within the bladder organoids before (n=124 organ-
oids) and after (n=58 organoids) ampicillin exposure. The growth rate before ampicillin treatment is signifi-
cantly faster than the regrowth rate after ampicillin treatment (p<1E-15, Mann-Whitney Test). Red lines rep-
resent the median values. Scale bars, 50 pm in (B-I).
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Figure 2.3: Neutrophil swarming dynamics in response to bacterial infection.

Characterization of neutrophil migration dynamics by time-lapse imaging of infected mouse bladder organ-
oids. In all panels, surfaces of intra-organoid (amber) and extra-organoid (blue) neutrophils and infected (ma-
genta) and uninfected (red) organoids were generated using a Bitplane Imaris analysis pipeline. UPEC (green)
are shown without processing to identify individual bacteria. (A1-AS5) Persistent swarm. Snapshots show the
migration of neutrophils into the lumen of an infected organoid (yellow arrowhead) but not the adjacent unin-
fected organoid (white arrowhead). A neutrophil swarm forms around the bacteria in the lumen and persists
over the course of the experiment. Solitary bacteria in the bladder wall (A5) appear to be refractory to clear-
ance. Images are presented in a perspective view. (B1-BS) Transient swarm. The image series shows two
consecutive cycles of neutrophil swarm formation and disaggregation in response to intra-organoid bacterial
growth. (C1-C5) Dynamic swarm. The image series shows rapidly fluctuating neutrophil numbers within the
organoid without the formation of large aggregates. (D-F) Time profiles of the relative volumes of neutrophils
within the organoid, neutrophils surrounding the organoid, and bacteria within the organoid for the three pro-
files presented in (A-C), respectively. In each case, the volume is normalized to the maximum volume during
the course of the experiment. Persistent and transient swarms are characterized on the basis of neutrophil re-
verse migration rates. (G) Scatter plots of the maximum number of intra-organoid neutrophils during the ex-
periment in uninfected control organoids, uninfected bystander organoids, and infected organoids provides
clear evidence of directed migration into infected organoids. P<1E-15 comparing control organoids (n = 30)
and infected organoids (n = 75). P=7E-8 comparing bystander organoids (n = 15) and infected organoids (n =
75). P-values were calculated using Kruskal-Wallis ANOVA Test. Red lines represent median values. Scale
bars, 20 pm in (A1-CS).
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Figure 2.4: Bacteria within the bladder organoid wall are protected from clearance by neutro-
phil swarms.

(A1-AS, B1-BS) Two examples of IBCs that are protected from neutrophil-mediated clearance. Shedding of
bacteria from an IBC (A4, A5 and B2, B3) is followed by two outcomes: phagocytic uptake and rapid clearance
(AS), or dispersal to other niches in the bladder epithelium (BS, cyan arrowheads). Three examples of isolated
solitary bacteria in the bladder wall (labelled “1°, ‘2’ ad ‘3”) that are refractory to clearance throughout the time
series in (B1-B5) are indicated by yellow arrowheads and tracked within the organoid over this time period.
(C1-C4) Snapshots at ca. 15 hours after infection and addition of neutrophils. (C1, C2) Examples of bacterial
clearance from organoids following neutrophil treatment. (C3, C4) Examples of bacterial persistence in or-
ganoids where the neutrophil swarm disperses (C3) or persists up to 15 hours post-infection (C4). (D) Quan-
tification of the total bacterial volume at 15 hours post-infection in case of non-sterilized organoids (n=6).
Scale bars, 20 um in (A1-AS), (B1-B5), and (C1-C4).
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Figure 2.5: Volumetric electron microscopy reveals five distinct bacterial niches within an in-
fected organoid.

(A-E) Serial-block face-scanning electron microscopy (SBEM) snapshots of an infected organoid at ca. 6 hours
after microinjection of UPEC and addition of neutrophils. Five distinct niches were identified; bacteria within
each niche are indicated by black arrowheads. (A) Extracellular bacteria within the organoid lumen (brown; n
= 1,821). (B) Bacteria within neutrophils (light cyan) that can be either in the lumen or in the bladder wall (n
= 141). (C) Bacteria within an IBC (n = 398). The area of the IBC is shown in purple. (D) Individual bacteria
in the cytoplasm of epithelial cells (cell boundaries in red; n = 111). (E) Bacteria located between epithelial
cells (cell boundaries in red; n = 467). An additional example of an intracellular bacterium is indicated with a
white arrowhead. (F) Model derived from the serial electron microscopy images of the entire organoid in which
all bacteria and cells were plotted. Image shows the interior of the organoid, revealing the lumen (brown), as
well as epithelial cells (grey) and neutrophils (cyan). Bacteria located within the five niches corresponding to
(A-E) are colored violet (lumenal), grey (neutrophil), yellow (IBC), red (intracellular), and green (pericellular).
The width of the organoid is 85 um. (G) Zoom shows the extracellular bacteria in the lumen (brown). (H)
Zoom shows all other bacterial classifications around the lumen. (I) Zoom shows the bacteria within the IBC,
which appear to be protected from clearance by the surrounding neutrophils. (J) Scatter plot of the distance of
bacteria within each subpopulation from the lumenal surface; lumenal bacteria are located entirely within the
lumen (shaded brown region). Scale bars, 5 um in (A-E) and 20 um in F.
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Figure 2.6: Solitary bacteria within the bladder organoid wall are rod-shaped and flagellated,
whereas coccoid forms are non-flagellated.

(A-D) Perspective views of an infected organoid (surface indicated in grey) at ca. 6 hours after microinjection
with UPEC. (A) Bacteria inside (cyan) and outside (green) the organoid were identified by immunostaining
for bacterial LPS. (B) Flagellated bacteria (magenta) were identified by immunostaining for bacterial flagellin.
Analysis of co-expression of LPS and flagellin for individual bacteria (C) or large clumps of bacteria, which
are predominantly restricted to the lumen (D). Bacteria are color-coded according the intensity of the flagellin
signal. Flagellated bacteria are predominantly observed outside the organoid (C) but can also occur as individ-
ual solitary cells within the organoid wall. (E) Bacteria within an IBC have low-level flagellin expression,
whereas individual bacteria surrounding the IBC retain high-level flagellin expression. (F) Scanning Electron
Microscopy (SEM) image of an infected organoid at 6 hours after microinjection with UPEC. Ruptured organ-
oids reveal multiple areas of bacterial growth. Zooms for two representative areas are shown in (G-J). Bacteria
in (I) are loosely packed, rod-shaped, and express flagella (J, magenta arrowheads), whereas bacteria in (G)
are tightly packed, coccoid-shaped, and do not express flagella (H). (K) SEM image of UPEC grown in axenic
culture, where flagellar expression in rod-shaped bacteria is clearly observed (magenta arrowheads). (L) Size
distributions for bacteria grown to stationary phase in axenic culture and bacteria within tightly packed clusters
in the organoid. Both populations were imaged by SEM. Bacteria in axenic cultures (n=370) are longer than
intra-organoid bacteria (n=136) (p<1E-15, calculated using Mann-Whitney Test). Scale bars, 5 um in (A-E)
and 2 pm in (G-K).
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2.6 Supplementary Figures

Figure 2.7: Mouse bladder organoids recapitulate the stratification of bladder uroepithelium.

Intermediate and basal layers of the uroepithelium were identified in mouse bladder organoids (A) or explanted
mouse bladder tissue (B) by immunofluorescence staining with anti-p63 (left panels) or anti-cytokeratin 7
(anti-CK7, right panels) antibodies. Cell nuclei were labeled with DAPI (cyan). The lumens in the bladder
organoid and mouse bladder slices are indicated with yellow asterisks. Scale bars: 20 pm in (A), 100 pm in

B).
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Figure 2.8: Bacteria within the bladder organoid wall are refractory to antibiotic clearance.
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(A1-A7) An additional example showing bacterial growth within the organoid lumen, killing upon exposure
to ampicillin, and slow regrowth within the organoid wall after ampicillin washout. (B) Corresponding time
profiles for intra-organoid bacterial volume for the organoid in panels (A1-A7). (C) Measurement of ampicillin
minimum inhibitory concentration (MIC) in mouse bladder organoid medium (DMEM) for the UPEC strain
used in these experiments. (D) Scatter plot of the rate of decline of intra-organoid bacterial volume (“killing
rate”) during ampicillin treatment, calculated by fitting the portion of the curves in Figure 2.2M, after the
maximum volume attained, with a linear fit. Scale bars, 50 pm in (A1-A7).

Figure 2.9: Infected organoids have abnormal CKS8 expression.

(A,B) Sliced top view of an uninfected organoid. (A) Immunostaining with anti-CK8 antibody to identify
umbrella cells. (B) Labelling of all cells in the organoid by td-Tomato expression (amber) surrounding the
organoid lumen (yellow asterisk) demonstrates the presence of stratified epithelial cells. (C) Sliced top view
of an infected organoid. Bacteria identified with an anti-LPS antibody (green). Infection reduces and signifi-
cantly alters CK8 expression. (D) Overall integrity of the organoid is maintained during infection. Scale bars,

20 um in (A-D).

© .~ A persistent swarm B transient swarm C dynamic swarm
52100.|.].].|.].|.| 20000 SO 1T 1T T T T T 8000 25— 11T 1T 11112000
=)
= _ ®
x 80“ 15000 40_“\, M—eooo 20 L1500
B 60— 30— 15—
g s —10000 —4000 —1000
2 2 40 20— 10—
g 'g | 500
E% 20 —5000 4q_| —2000 5_| -
[ .
= £ _ sterilized |
A s e S B U SR SR B S N U U B U SO U T Sl L L L B U U B B
zZ =S 0 120240360480600 720840 0 120240360480600 720 840 0 120240360480 600720840
Time (min) Time (min) Time (min)

Figure 2.10: Distinct volume profiles of different neutrophil swarms formed inside infected or-
ganoids.

(A-C) Time profiles of the absolute volume of neutrophils within the organoid, surrounding the organoid,
and the intra-organoid bacterial volume for the three profiles presented in Figure 2.3 A-C respectively.
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Figure 2.11: Additional examples of snapshots from time-lapse imaging showing the formation
of distinct neutrophil swarms.

(A1-AS5) a persistent neutrophil swarm, (B1-B5) a transient neutrophil swarm, and (C1-C5) a dynamic neutro-
phil swarm in response to intra-organoid bacterial infection. In all panels, neutrophil surfaces (intra-organoid,
amber; extra-organoid, blue) and organoid surfaces (infected, magenta; uninfected, red) generated via an anal-
ysis pipeline using Bitplane Imaris. Bacteria (green) are shown without processing to identify individual cells.
(D-I) Time profiles of the volume of neutrophils within the organoid, surrounding the organoid, and the intra-
organoid bacterial volume for the three profiles presented in (A-C), respectively. In each case, the volume
normalized to the maximum volume during the course of the experiment (D-F) or the absolute volume (G-I)
is shown.
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Figure 2.12: Characterization of neutrophil swarm behaviour in infected organoids.

(A) Scatter plot showing the maximum neutrophil volume inside organoids during the experimental time
course. Infection significantly increases neutrophil migration. P<1E-15, control (n=24) and infected (n=54),
respectively. P-values calculated using a Mann-Whitney test. (B) Forward migration towards organoids also
increases the concentration of neutrophils surrounding the organoid for infected organoids but not uninfected
bystander organoids or control organoids. P=8E-13 for control (n=24) vs infected (n= 46). P=1E-3 for by-
stander (n=11) vs infected (n=46). P-values calculated using a Kruskal-Wallis ANOVA test. (C) Migration
can also be characterized by a reduction in the sphericity of the shape of neutrophils surrounding infected
organoids. P<1E-15 for control (n=64) vs infected (n=66). P-values calculated using a Mann-Whitney test.

Figure 2.13: Correlative confocal and serial block electron microscopy image of an infected or-
ganoid.

(A) A fluorescence image of the infected organoid used for SBEM obtained using a confocal microscope. False
coloring indicates epithelial cells (grey), neutrophils (cyan), and IBC (bacteria within the IBC in yellow). (B)
Single slice of the corresponding infected organoid acquired from SBEM shows the organoid lumen (brown),
IBC (area of IBC is shown in purple), and neutrophils (cyan). (C) Magnified image of the neutrophil (cyan)
present inside the lumen (brown) is indicated with red arrowhead. Another neutrophil outside the lumen is
indicated with white arrowhead. Bacteria located within different niches are colored violet (lumenal) and grey
(neutrophil).
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Figure 2.14 : Flagellin expression was attenuated in UPEC found inside the infected organoids.

(A) UPEC {liC mutant does not stain with anti-flagellin antibody. (B) Mander’s overlap coefficient a calcu-
lated for colocalization of anti-LPS and anti-flagellin staining on bacteria found inside and outside organoids
(segmented as shown in Fig. 6A). Data is for n=3 organoids. P-values calculated using Mann-Whitney test.
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2.7 Supplementary Movie Legends

Supplementary movie 1
File Name: SMov1, Description: Intra-organoid UPEC growth is refractory to antibiotic clear-

ance (Figure 2.2B-E).

UPEC (in green) grows inside the organoid (organoid surface in magenta generated by Bitplane
Imaris) for 3 hours during the growth phase (0-165 min). Bacterial growth is predominantly observed
in the organoid lumen. Following addition of ampicillin at a concentration ten times the minimum
inhibitory concentration (10 X MIC at ca. 165 min) in the extracellular medium, bacterial killing is
observed. In response to ampicillin treatment (ca. 165-345 min), UPEC is observed to initially fila-
ment followed by lysis. After removal of the antibiotic (recovery phase ca. 345-525 min), bacterial

regrowth appears to be restricted to the bladder epithelium or organoid wall.

Supplementary movie 2
File Name: SMov2, Description: UPEC growth could be observed in the presence of the antibi-

otic (Figure 2.2F-I).

UPEC (in green) grows inside the organoid (organoid surface in magenta generated by Bitplane
Imaris) for 3 hours during the growth phase (0-165 min). Bacterial growth is predominantly observed
in the organoid lumen. Following addition of ampicillin at a concentration ten times the minimum
inhibitory concentration (10 X MIC at ca. 165 min) in the extracellular medium, bacterial killing is
observed. In response to ampicillin treatment (ca. 165-345 min), UPEC is observed to initially fila-
ment followed by lysis. However, during the later stage of the ampicillin treatment (after 240 min),

UPEC growth is observed in the bladder epithelium or organoid wall.

Supplementary movie 3
File Name: SMov3, Description: Intra-organoid UPEC growth is refractory to antibiotic clear-

ance (Figure 2.8A1-A7). An additional example showing growth of the bacteria within the lumen of
an organoid during the growth phase (0-165 min), bacterial killing upon exposure to ampicillin treat-
ment (ca. 165-345 min), and a slow regrowth after the removal of ampicillin (recovery phase ca. 345-

525 min).

Supplementary movie 4
File Name: SMov4, Description: Neutrophil form a persistent swarm in response to bacterial

infection inside the organoid (Figure 2.3A1-A5).
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Surfaces of intra-organoid neutrophils (amber), extra-organoid neutrophils (blue) and infected (ma-
genta) and uninfected (red) organoids were generated using a Bitplane Imaris analysis pipeline.
UPEC (green) are shown without image processing to identify individual bacteria. During the course
of infection, UPEC grows inside the organoid (observed by increase in green fluorescence), and neu-
trophils migrate into the lumen of an infected organoid (but not the adjacent uninfected organoid
(shown in red). A neutrophil swarm is formed around the bacteria in the lumen and persists over the

course of the experiment. The neutrophil swarm kills a majority of the bacteria in the organoid lumen.

Supplementary movie 5
File Name: SMovS5, Description: Neutrophil form a transient swarm in response to bacterial

infection inside the organoid (Figure 2.3B1-B5).
A transient neutrophil swarm (amber) is formed around the bacteria in the organoid. Following the
bacterial killing, the neutrophil cluster disaggregates, and neutrophils migrate back out of the organ-

oid to the surrounding collagen matrix.

Supplementary movie 6
File Name: SMov6, Description: Neutrophil form a dynamic swarm in response to bacterial in-

fection inside the organoid (Figure 2.3C1-C5).
A dynamic neutrophil swarm (amber) is formed around the bacteria in the organoid. Neutrophils

volume inside the organoid is observed to fluctuate during the course of the experiment.

Supplementary movie 7
File Name: SMov7, Description: Neutrophil form a persistent swarm in response to bacterial

infection inside the organoid (Figure 2.11A1-A5).

Another example of persistent neutrophil swarm formed inside the infected organoid.

Supplementary movie 8
File Name: SMov8, Description: Neutrophil form a transient swarm in response to bacterial

infection inside the organoid (Figure 2.11B1-B5Y).

Another example of transient neutrophil swarm formed inside the infected organoid.

Supplementary movie 9
File Name: SMov9Y, Description: Neutrophil form a dynamic swarm in response to bacterial in-

fection inside the organoid (Figure 2.11C1-C5).

Another example of dynamic neutrophil swarm formed inside the infected organoid.
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Supplementary movie 10
File Name: SMov10, Description: Intracellular bacterial community is protected from sur-

rounding neutrophils (Figure 2.4A1-A5).

Bacteria inside the IBC (imaging time from start of the experiment: 448 min) are protected from a
persistent swarm inside the infected organoid. Following the event of IBC shedding (relative time: 0-
60 min, imaging time: 448-496 min), bacteria are killed by the surrounding neutrophils All the neu-
trophils (inside and outside the organoid) are shown in amber. Segments during the time period (ab-
solute time:192-448 min) were out of focus and could not be captured during imaging. All the neu-

trophils (inside and outside the organoid) are shown in amber.

Supplementary movie 11
File Name: SMov11, Description: Neutrophil swarms spread the IBC bacteria (Figure 2.4B1-

BS).

Bacteria inside the IBC (imaging time from start of the experiment: 160-240 min) are protected from
a persistent swarm inside the infected organoid. Following the event of IBC shedding (relative time:
0-32 min, imaging time: 240-272 min), majority of the bacteria are killed by the surrounding neutro-
phil swarm. However, some of the bacteria are spread away by the persistent swarm. Solitary bacterial
in the organoid wall did not originate from an IBC. These results demonstrate additional niches within
the layers of the bladder epithelium beyond IBCs that can also harbour subpopulations of bacteria
that are resistant to clearance by antibiotics or neutrophils. Neutrophils outside the organoid are not

shown for clarity.

Supplementary movie 12
File Name: SMov12, Description: Volumetric electron microscopy reveals five distinct bacterial

niches within an infected organoid (Figure 2.5F-I).

Model derived from the serial electron microscopy images of the entire organoid in which all bacteria
and cells were plotted. Video shows the interior of the organoid, revealing the lumen (brown), and
epithelial cells (grey), as well as the neutrophils (cyan). Bacteria located within the five niches corre-
sponding to are colored violet (lumenal), grey (neutrophil), lemon yellow (IBC), red (intracellular),
and green (pericellular). An IBC is seen surrounded by neutrophils. Solitary intracellular and pericel-
lular bacterial sub-populations are visible around all the quadrants of the whole organoid. The width

of this organoid is 85 pm.
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2.10 Materials and Methods

Reagent or re-
source

Designation

Source or reference

Identifiers

Additional informa-
tion

Strain, strain back-
ground (Mus muscu-
lus, C57BL6)

Gt(ROSA)26Sortm4(ACTB-
tdTomato,-EGFP)Luo/J

Jackson Laboratory

Cat#: 007576; PMID:

17868096

Female, 6-8 weeks
old

Strain, strain back-
ground (Mus muscu-
lus, C57BL6)

Charles River Labo-
ratory

Cat#: C57BL/6NCrl

Female, 6-8 weeks
old

strain, strain back-
ground

Uropathogenic Escherichia
coli (UPEC) strain CFT073

PMID: 2182540

NCBI:txid199310

originally isolated
from a pyelonephritis
patient and provided
by Prof. H.L.T.
Mobley, University of
Michigan, USA

plasmid

pZA32-YFP

PMID: 9092630

(Lutz and Bujard,
1997)

strain, strain back-

CFT073-pZA32-YFP

this paper

this study

ground
other RPMI-1640 medium ATCC Cat#:30-2001
; ™ _
other Gibco™ RPMI 1640 Me Thermofisher Cat#:11835063
dium, no phenol red
o -
other Gibco™ Fetal Bovine Thermofisher Cat#:A4766801
Serum, Premium Plus
Gibco™ Antibiotic-Antimy- , ,
other cotic (100X) Thermofisher Cat#:15240062
Gibco™ Trypsin-EDTA , .
other (0.05%), phenol red Thermofisher Cat#:25300054
. . . i 34 mg/mL in ethanol
drug Chloramphenicol Sigma-Aldrich Cat#:C1919-25G (stored at -20 °C)
I~ . . . 50 mg/mL in ddH2O
drug Ampicillin Sigma-Aldrich Cat#: A9518-5G (stored at -80 °C)
other Phosphate Buffered Saline | Thermofisher Cat#: 10010056
™
other (T%’LE Express Enzyme | 10 mofisher Cat#: 12605010
other Gibco™ HEPES Thermofisher Cat#: F2006
used at 1pug/mL in
. ) PBS from a stcok of
™ -
other Invitrogen™ DAPI Thermofisher Cat#: D1306 5 mg/mL prepared in
DMSO
other LB (Luria broth base, Mil- | gjma_aldrich Cat#: L1900-1KG
ler's modified)
™ used at 1TuM concen-
other gegTracker Deep Red Thermofisher Cat#: C34565 tration in respective
Y cell medium
used at 1:100 dilution
antibody Anti-CK7 abcam Cat#: ab209599 in 1% BSA (with
.02% Triton)
used at 1:100 dilution
antibody Anti-CK8 abcam Cat#: ab192468 in 1% BSA (with
.02% Triton)
used at 1:100 dilution
in 1% BSA, conju-
gated with Donkey
antibody Anti-LPS abcam Cat#: ab 35654 anti-Mouse second-

ary antibody, Alexa
Fluor 488 (2ug/mL) in
1%BSA (with .02%
Triton)
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used at 1:100 dilution
in 1% BSA, conju-
gated with Donkey
anti-Rabbit second-

antibody Anti-flagellin abcam Cat#: ab 93713 ary antibody, Alexa
Fluor 647 (2ug/mL) in
1%BSA (with .02%
Triton)
used at 1:100 dilution
in 1% BSA, conju-
gated with Donkey
. . anti-Mouse second-
antibody Anti-p63 abcam Cat#: ab 735 ary antibody, Alexa
Fluor 647 (2ug/mL) in
1%BSA (with .02%
Triton)
used at 1:100 dilution
in 1% BSA, conju-
gated with Donkey
antibody Anti-Uroplakin3a Santa Cruz Cat#: sc-166808 anti-Mouse second-
ary antibody, Alexa
Fluor 647 (2ug/mL)in
1%BSA (with .02%
Triton)
used at 1:100 dilution
in 1% BSA, conju-
gated with Donkey
antibody Anti-CK1 Thermofisher Cat#: MA1-06312 anti-Mouse second-
ary antibody, Alexa
Fluor 647 (2ug/mL) in
1%BSA (with .02%
Triton)
Donkey anti-Mouse 1gG
antibody (sg:g_e) dHISger::lgnCdr:r?/SAﬁ?i- Thermofisher Cat#: A-31571 2 mg/mL
body, Alexa Fluor 647
Donkey anti-Rabbit IgG
antibody (sg:g_e) dHISger::lgnCdr:r?/SAﬁ?i- Thermofisher Cat#: A-31573 2 mg/mL
body, Alexa Fluor 647
Goat anti-Mouse IgG (H+L)
antibody glegcrgxcgr?/sz%pt\i%i%?eglexa Thermofisher Cat#: A-11029 2 mg/mL
Fluor 488
Donkey anti-Rabbit IgG
antibody (sg:g_e) dHISger::lgnCdr:r?/SAﬁ?i- Thermofisher Cat#: A10042 2 mg/mL
body, Alexa Fluor 568
Donkey anti-Mouse 1gG
antibody (sg:g_e) dHISger::lgnCdr:r?/SAﬁ?i- Thermofisher Cat#: A10037 2 mg/mL
body, Alexa Fluor 568
peptide, recombinant Nativg Collagen, Bovine AteloCell Cat#: IAC-50 5 mg/mL
protein dermis
supplemented with
other Advanced DMEM/F-12 Thermofisher Cat#: 12634010 1X HEPES and 1X
Glutamax
supplemented with
other DMEM/F-12, no phenol red | Thermofisher Cat#: 21041025 1X HEPES and 1X
Glutamax
) used at 1Xin
other HEPES, 100X Thermofisher Cat#:15630106 DMEM/F12
other Glutamax, 100X Thermofisher LIZJ)SI\’/IEEG}IJ'IXZm
peptide, recombinant | g7 Thermofisher Cat#:17504044 stored at -20 °C

protein
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peptide, recombinant

stock at .1mg/ml in
0.1%BSA, used at

protein Human KGF/ FGF7 Peprotech Cat#:100-19 (100 ng/ml) in
DMEM/F12
stock at .1mg/ml in
. . o
pephde, recombinant Human FGF10 Peprotech Cat#:100-26 0.1%BSA, u§ed at
protein (100 ng/ml) in
DMEM/F12
stock at 5mM con-
A8301 Tocris Cat#: 2939 centration in DMSO ,
Other stored at -20 °C
Rhokinase inhibitor, Y- L . stock at 100mM con-
Other 27632 Abmole Bioscience | Cat#: 2939 centration in ddH,O

peptide, recombinant

Cultrex PathClear Reduced

protein Growth Factor BME, Type Bio-Techne Cat#: 3533-005-02 stored at -80 °C
2
Other Glass Pasteur pipettes VWR Cat#: 612-1701

commercial assay or
kit

Anti-Ly-6G MicroBead Kit,
mouse

Miltenyi Biotec

Cat#: 130-092-332

software, algorithm Imaris 9.5.1 Bitplane
Gas chamber for stages
with k-frame insert Cat#: H201-K-
other (160x110mm) - magnetic | °<°2P FRAME
model with sliding lid.
capillaries were
other Flaming/Brown Micropi- Sutter Instruments model P-87 pulled with settlngs:_
pette Puller pressure 360, heat=
866, velocity =200
Capillary glass, 1.0 mm
other outer diameter, 0.75 mm WPI TW100F-4
inner diameter
other 35mm holder - magnetic okolab Cat#:1x35-M
other p-Dish 35 mm, high ibidi Cat#:81156
other Flexible tubing,
0.76X1.65X0.45X15000 Freudenberg Medical Cat#:0045634143
other 1.00/0.75 x 20mm metallic
tubes Unimed Cat#:200.010-A
other Aladdin programmable
pump WPI Cat#:PUMP-NE-1000
Olympus SZX16 stereo mi-
other
croscope Olympus
Leica SP8 confocal micros-
other .
cope Leica
Olympus MVX10 stereo mi-
other
croscope Olympus

2.10.1 Generation of mouse bladder organoids from mouse bladder uroepithelial cells

Mouse bladder organoids were prepared by selectively isolating lumenal cells from the bladder of

C57BL/6 mice (Charles River Laboratories) or ROSAMTMG mice (Jackson Laboratories) by filling

the clamped mouse bladder ex vivo with TrypLEA, as described (Mullenders et al., 2019). Mice were

housed in a specific pathogen-free facility. Animal protocols were reviewed and approved by EPFL's

Chief Veterinarian, by the Service de la Consommation et des Affaires Vétérinaires of the Canton of

Vaud, and by the Swiss Office Vétérinaire Fédéral.
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Mice were euthanized by CO; overdose and lumenal uroepithelial cells were isolated from three fe-
male mice at an age of four months to optimise the number of uroepithelial cells obtained by mi-
croinjecting approximately 500 pl TryPLE (Gibco) with a 26G needle (Terumo) and placing the
clamped mouse urinary bladder inside a 50 ml Falcon tube surrounded by pre-warmed 20 ml Basal
Medium (Advanced DMEM/F-12 medium). The Falcon tube containing the bladder was incubated
for 1 hour inside a cell culture incubator at 37°C and 5% CO». The bladder was then washed twice
with basal medium containing 20% heat-inactivated fetal bovine serum (FBS) to neutralize the effect
of TryPLE. The cell suspension was passed through a filter with 40 um pores (Fisher) and the flow-
through cells were collected and pelleted at 0.3 g for 5 minutes. The isolated uroepithelial cells were
resuspended in an appropriate volume of Cultrex® Basement Membrane Extract (BME) and seeded
as hemispherical domes (40-50 uL volume) in a 24-well plate. The 24-well plate was inverted to
promote 3D growth and BME was allowed to polymerize at 37°C for 30 minutes. The solidified
hemispherical domes were supplemented with mouse bladder medium (MBM, (Mullenders et al.,
2019)) supplemented with 1X antibacterial/antifungal solution (Gibco). MBM medium consists of
Advanced DMEM/F-12 medium (Thermofisher), 100 ng/ml of FGF10 (Peprotech), 25 ng/ml of FGF7
(Peprotech), 500 nM of A83-01 (Tocris Bioscience), 2% of B27 (Thermofisher), and 10 uM of Y-
27632 ROCK inhibitor (Abmole Bioscience). Over the subsequent 2-3 weeks, the mouse bladder
organoids were passaged every 5 days or sheared with a fire polished glass pipette. Organoids were
used immediately for infection experiments or cryopreserved in freezing media (60% FBS, 30% Ad-

vanced DMEM/F-12, 10% DMSO) at -180°C for later experiments.

2.10.2 UPEC culture and injection of mouse bladder organoids

Uropathogenic Escherichia coli (UPEC) strain CFT073 was isolated from a pyelonephritis patient
(provided by H.L.T. Mobley). A derivative strain expressing yellow fluorescent protein (YFP) was
generated by electroporation of CFT073 with the episomal plasmid PZA32-YFP. To induce expres-
sion of type 1 pili, UPEC was grown in LB media containing 25 pg/ml chloramphenicol in non-
shaking condition at 37°C for 2 days prior to the experiment.

Cryopreserved tdTomato mouse bladder organoids were thawed and recultured in BME for five days
before the experiment. One day before the experiment, organoids were washed twice with ice-cold
DMEM (without antibacterial or antifungal) followed by centrifugation at 100 g for 5 minutes to
remove the spent BME. They were then seeded in fresh BME inside a 35 mm ibidi p-Dish in basal
medium without antibacterial or antifungal supplementation. On the day of the experiment, station-
ary-phase UPEC were microinjected into the organoid lumen using a Pneumatic PicoPump (WPI).

The micropipettes used for microinjection were prepared by laser pulling of thin wall glass capillary
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(TW100F-4 with length 100 mm and diameter 1mm) with Flaming/Brown Micropipette Puller (Sutter
Instruments model P-87) set at pressure 360, heat 866, Vel 200. Prior to UPEC microinjection, mi-
cropipettes were filled with 10 pL of 1:1 volume dilution of UPEC culture with a Phenol Red solution
(Sigma-Aldrich) using Microloader™ flexible tips (Eppendorf) to allow visualization of the injected
volume. The micropipettes were broken with a sharp scalpel under a stereomicroscope (Olympus
SZX-16). The tip size of the cut micropipette was checked by setting pressure conditions on
PicoPump to eject 1 nL volume in mineral oil on thin film of paraffin on a Zeiss coverslide (corre-
sponding to 100 um). 1 nL of diluted bacterial volume corresponds to 100-200 UPEC bacilli, enu-
merated by plating for colony forming units on LB agar. The volume of bacterial inoculum was ad-
justed according to the size of the organoids. Medium-sized organoids (100-300 um in diameter) with
a clearly distinguishable lumen were the easiest organoids to inject.

For the experiments with co-culture with mouse neutrophils, injected organoids were removed from
fresh BME by pipetting 2 ml of ice-cold Cell Recovery Solution (Corning™) after removing MBM
from ibidi p-Dish. The BME hydrogel was mechanically dissociated with a P1000 pipette and the
resulting liquid gel was placed inside a 15 ml falcon tube pre-coated with a 1% BSA solution. The
ibidi p-Dish was washed twice with additional 1.5 ml of Cell Recovery Solution to collect the organ-
oids, and the resulting 5 ml of Cell Recovery Solution containing organoids inside the 15 ml falcon
tube was mechanically dissociated with a non-tapered glass pipette pre-coated with a 1% BSA solu-
tion. The cell recovery solution containing infected organoids was kept on ice for 30 minutes to com-
pletely liquefy the BME. The cell recovery solution was then exchanged through two washes with 10
ml of basal medium (supplemented with 10% FBS) and the organoids were centrifuged at 100 g for
5 minutes at 4°C to remove the recovery solution. The organoid pellet was then ready to be resus-

pended in collagen gel.

2.10.3 TIsolation of neutrophils and labelling with CellTracker™ dye

Neutrophils were isolated from bone marrow of three female WT mice (Charles River) per experi-
ment. Mice were euthanized by CO; overdose and the femur and tibia were isolated. The isolated
bone marrow was crushed with a mortar and pestle and resuspended in 5 ml of cold SM++ solution
(HBSS + 2% serum + 25 mM HEPES). The tissue homogenate was then passed through a pre-wet
filter with 40 um pores. Additional cold SM—++ solution was added to the filtered cell suspension to
make a total volume of 50 mL and then pelleted down at 0.3 g for 5 minutes. The cell suspension was
then processed in batches of 107 cells using positive selection with the Miltenyi Anti-Ly6G kit as
described by the supplier. Isolated Ly6G mice neutrophils were stained with CellTracker™ Deep Red

(Thermofisher) in a serum-free RPMI phenol red free medium at 1 uM and incubated for 30 minutes
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in 5 ml cell suspension inside 50 ml falcon tube maintained at 37°C. Neutrophils were labelled with
Post-CellTracker™ and subsequently washed twice with 10 ml of 20% FBS in RPMI phenol red free
medium to remove the unbound dye. The labelled neutrophils were kept briefly at room temperature

before introduction into a co-culture with infected organoids inside the collagen gel.

2.10.4 Co-culture of mouse neutrophils and infected organoids in collagen gels

Collagen gels were used to co-culture infected organoids and mouse neutrophils. The collagen gel
master mix buffered at pH 7.0 was made by adding 312 pL of ice-cold native bovine collagen with 4
puL of IM HEPES, 4 puL of 1M sodium bicarbonate, 40 pL of 1X DMEM/F-12, and 40 pL of 10X
DMEM/F-12. The collagen gel mixture was stored on ice before use and care was taken to avoid
generating bubbles when pipetting. Freshly isolated neutrophils (107) labeled with CellTracker™
were resuspended in 88 pL of a premade mixture of collagen gel master mix (10X DMEM/F-12, 1X
DMEM/F-12, HEPES, sodium bicarbonate) without native bovine collagen on ice and then mixed
with infected organoids. 156 pL of collagen solution was added twice to the suspension of infected
organoids and neutrophils on ice followed by rapid mixing with a P200 pipette. The obtained collagen
gel suspension of infected organoids and neutrophils was pipetted on a plasma pre-treated ibidi p-
Dish (Diener) at pressure 60 and time 60 s. Plasma pretreatment makes the p-Dish surface more
hydrophilic, which allows a uniform thin layer (1-2 mm) of collagen gel to be deposited on the dish
which is good for imaging with a confocal microscope. The collagen gel was then incubated at 37°C
and 5% CO: for 30 minutes to allow the collagen gel to polymerize and solidify. Lastly, 1.5 ml of a
25 ng/mL solution of murine Granulocyte Colony Stimulating Factor (G-CSF) was added to the co-

culture of infected organoids and neutrophils.

2.10.5 Immunofluorescence of uninfected and infected mouse bladder organoids

Cryopreserved mouse bladder organoids were thawed and maintained in BME culture for five days
before the experiment. The cultured uninfected and infected organoids were fixed with 4% paraform-
aldehyde (PFA) for 6 hours at room temperature with occasional mechanical dissociation with a
P1000 pipette. The fixed organoids were washed with PBS and centrifuged at 100 g for 5 minutes in
a 15 ml falcon tube pre-coated with 1% BSA. The organoids were washed at least twice with PBS to
remove any remaining residues of PFA then resuspended in 50 pL of prewarmed Histogel (Ther-
mofisher) at 50 °C and pipetted out as a small hemispherical dome inside a 1 cm Tissue-Tek Cryom-
old. The cryomold was placed on a cold ice plate for solidification. Subsequently, the hemispherical
Histogel was processed for paraffin embedding. Organoids embedded in paraffin were cut into 4 pm
slices. The thin paraffin sections were deparaffinized and rehydrated by immersing the slides through

the following solutions: xylene, three washes for 5 minutes each; 100% ethanol, two washes for 10
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minutes each; 95% ethanol, two washes for 10 minutes each; 70% ethanol, two washes for 10 minutes
each; 50% ethanol, two washes for 10 minutes each; PBS, three washes for 5 minutes each. Rehy-
drated slides were then processed for heat induced antigen retrieval using 10 mM citrate buffer, pH
=6.0. Slides were washed with 1X PBS, permeabilized with 0.15 % Triton X-100 for 15 minutes,
washed twice with 1X PBS, and blocked with 1% BSA in PBS for 1 hour. The boundaries of paraffin
sections were marked with a hydrophobic pen and slides were labelled with a permanent ethanol-
resistant marker. Primary antibody incubation at a dilution of either 10 pg/ml or 1:100 was performed
overnight in an antibody incubation buffer comprising 1% BSA and 0.01% Triton-100 in PBS. Slides
were subsequently washed three times with PBS for 10 minutes each. Secondary antibody incubation
was performed at 2 pg/ml in antibody incubation buffer for 1 hour at room temperature. Excess anti-
body was removed by washing three times with PBS for 10 minutes each. Cell nuclei were stained
with DAPI (5 ug/ml) for 30 minutes and slides were mounted with Fluoromount-G™ mounting me-
dium (Thermofisher) overnight in a dark chamber.

For immunofluorescence of organoids cultured for 6 hours in collagen gels on Ibidi p-Dishes, unin-
fected and infected organoids were fixed with 1 ml of 4% PFA for 1 hour and antibody labelling was
performed as described above. Images were deconvolved using SVI Huygens (Quality, 0.05; Itera-

tions, 40).

2.10.6 Time-lapse confocal imaging of infected organoids

All imaging experiments were conducted using a Leica SP8 confocal microscope in the inverted con-
figuration with a temperature-controlled microscope environmental chamber at 37°C and a stage-top
chamber that allowed supplementation with 5% CO, (OKOlabs). Time-lapse imaging was conducted
using a Leica HC FLUOTAR 25X (NA 0.95) multi-immersion objective. Water was pumped to the
ring around the water objective at 9 Hz with pumping duration 10 seconds and pumping interval 30
minutes, controlled by SRS software. Microinjected tdTomato-expressing organoids were identified
and imaged on two channels (without neutrophils) or three channels (with neutrophils). Laser excita-
tion wavelengths of 500 nm (YFP), 555 nm (tdTomato), and 630 nm (CellTracker™ Deep Red) were
chosen to allow multi-channel imaging within the same sequence with reduced spectral overlap. Im-
ages were acquired with a scan speed of 700 Hz and a zoom factor of 2.25 resulting in an XY resolu-
tion of 200-450 nm depending on the number of pixels acquired per field of view. Z-stacks were

acquired with 0.5 or 1 um step sizes.

2.10.7 Experimental setup and image analysis for ampicillin treatment experiments
tdTomato organoids suspended in fresh BME were microinjected with UPEC. After UPEC mi-

croinjection, MBOs were resuspended in collagen and supplemented with 1.5 ml of MBM medium
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following collagen polymerization for 30 minutes. Prior to the experiment, Ibidi p-Dishes were mod-
ified by inserting bent metallic tubes (1.00/0.75 X 20mm, Unimed Catalogue 200.010-A) through the
lid and sealing these devices with PDMS cured in an oven at 80°C for 1 hour. Flexible 0.76 mm x
1.65 mm x 1 mm tubing (Mono-Lumen Freudenberg Medical) was connected to these tubes to facil-
itate medium addition and removal. A setup period of 2 to 3 hours was typically required and is not
considered within the time duration of the experiment. Once imaging commenced, bacteria were al-
lowed to grow for a 3-hour “growth phase” (0-165 minutes). The medium in the p-Dish was then
replaced with fresh medium containing ampicillin at 64.5 pg/ml, corresponding to 10X-MIC. The
dynamics of bacterial growth and killing in the presence of ampicillin was then monitored for a 3-
hour “treatment phase” (ca. 165-345 minutes), after which ampicillin was removed from the extra-
cellular medium by gentle exchange with fresh MBM media using a 10 ml syringe. Bacterial growth
after ampicillin washout was then monitored for a further 3-hour “regrowth phase” (345-525

minutes). The drift in focus was adjusted manually at frequent intervals throughout the experiment.

2.10.8 Image analysis for confocal live-cell imaging

Image analysis was performed with Bitplane Imaris 9.5.1. The time-lapse images have four channels
for UPEC (first channel), uroepithelial cells (second channel), neutrophils (third channel), and trans-
mitted light (fourth channel). The organoid surface was generated and tracked over time using the
second channel (Threshold, 5 to 15; Smooth Surfaces Detail, 3 um). When required, nearby organoids
were separated with seed point diameter (depending upon the size of nearby organoids) or adjoining
organoid surfaces were orthogonally trimmed with the cut option. The uroepithelial cell channel was
subtracted from the neutrophil channel to create a fifth channel (neutrophils-epithelial). This channel
subtraction was performed to reduce the crosstalk between the boundaries of the epithelial cells
marked by the tdTomato membrane marker and neutrophils labelled cytoplasmically with CellTrack-
erTM Deep Red. This procedure allowed for a more robust detection of neutrophils inside the organ-
oids. Finally, the organoid surface was used to mask the fifth channel; generate a sixth channel of
intra-organoid neutrophils and a seventh channel for extra-organoid neutrophils. These masked sixth
and seventh channels were used to detect neutrophil surfaces (Threshold, 10; Smooth Surfaces Detail,
0.5 or 1.0 um) inside and outside the organoid respectively. The masked sixth channel was also used
to detect neutrophil spots (Size, 8 um; Quality, 4 to 8) inside the organoid. Neutrophil spots in the
field of view were detected on the neutrophil channel (Size, 8 pm; Quality, 4 to 8). Neither neutrophil
spots nor neutrophil surfaces were tracked over time due to the technical difficulties with imaging
speed and amorphous shapes of migrating neutrophils around infected organoids. Average neutrophil

sphericity (>0.5) for neutrophils around an organoid was obtained with time-collapsed information
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of average neutrophil sphericity for all the neutrophil surfaces per time point. In cases of bigger neu-
trophil clusters, average neutrophil sphericity was obtained by excluding sphericity of the bigger neu-
trophil cluster (<0.5). For UPEC volume inside the organoids, the first channel was sufficient to create
the surface (Threshold, 15; Smooth Surfaces Detail, 0.5 or 1 um)). In cases of extracellular UPEC
growth, organoid surface was used as a mask on UPEC channel to create eighth channel for calculat-

ing intra-organoid UPEC growth.

2.10.9 Serial block face-scanning electron microscopy (SBEM) of co-culture of infected organ-
oids with migrating neutrophils

Organoids expressing tdTomato were grown in Ibidi p-Dishes and microinjected with UPEC, which
was allowed to grow within the organoid lumen for six hours. After two hours of bacterial growth,
injected organoids were removed from fresh BME by pipetting 2 ml of ice-cold Cell Recovery Solu-
tion after removing MBM from the Ibidi u-Dish. The BME hydrogel was mechanically dissociated
with a P1000 pipette and the resulting liquid gel was placed inside a 15ml falcon tube pre-coated with
1% BSA. The Ibidi p-Dish was washed twice with 1.5 ml of Cell Recovery Solution to collect the
organoids and the resulting 5 mL of Cell Recovery Solution containing organoids was occasionally
mechanically dissociated with a non-tapered glass pipette pre-coated with 1% BSA. The Cell Recov-
ery Solution containing infected organoids was kept on ice for 30 minutes to completely liquefy the
BME. The Cell Recovery Solution was washed twice with 10 ml of basal medium and the organoids
were centrifuged at 100 g for 5 minutes at 4°C to remove the recovery solution. The microinjected
tdTomato-expressing organoids grown in Ibidi p-Dishes were co-embedded with freshly isolated
LY6G neutrophils labeled with CellTracker™ Deep Red on a plasma-treated MatTek dish with a
gridded coverslip. The organoids were fixed 6 hours after addition of MBM supplemented with 25
ng/ml of mouse G-CSF. After 6 hours, organoids were fixed for 1 hour at room temperature in a 15
ml falcon tube containing a mix of 1% glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4). Infected organoids were fixed for one hour, washed twice with PBS, and examined
using optical microscopy to identify organoids with at least one IBC and neutrophils within the lumen.
The selected organoid was then imaged on a confocal Leica Sp8 microscope using a 10X objective.
The fluorescent image, acquired with 0.2 pm lateral and 1 pm axial resolution, was used to identify
and locate the target organoid on the gridded coverslip for correlative light and SBEM. This fixed
organoid was kept overnight at 4°C in the fixative.

The fixed organoids were postfixed in potassium ferrocyanide (1.5%) and osmium (2%), then stained
with thiocarbohydrazide (1%) followed by osmium tetroxide (2%) alone. They were finally stained

overnight in uranyl acetate (1%) and washed in distilled water at 50°C before staining with lead
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aspartate at a pH of 5.5 at the same temperature. The entire cover slip, with the organoids attached,
were dehydrated in increasing concentrations of alcohol and then embedded in durcupan resin and
hardened at 65°C for 24 hours. The total thickness of the coverslip and resin was minimized to around
I mm. Once hardened, the coverslip was removed, and the region of resin containing the organoid of
interest was cut away from the others with a scalpel blade. This piece was glued, with conductive
glue, to an aluminium holder, and then placed inside the scanning electron microscope (Merlin, Zeiss
NTS) integrated with an in-chamber ultramicrotome device (3View, Gatan). Serial images,100 nm
part, were collected from the block face using a beam energy of 1.7 kV and 350 pA of current. Each
image contained 6144 x 4608 pixels with a pixel size of 30 nm, and the stack contained 960 serial

images. The overall volume imaged was 184.32 x 138.24 x 96 um®.

2.10.10 Labelling of bacteria, epithelial cells, neutrophils, and organoid lumen in SBEM images
Identification and labelling of different features (e.g., lumen boundary, neutrophils, bacteria) was
done manually; features whose identity was doubtful were not included in the analysis. All the dif-
ferent bacterial categories were identified on the full stack (960 slices). We identified five different
categories of bacteria based on their location: extracellular bacteria in the organoid lumen, bacteria
inside neutrophils, bacteria within an IBC, bacteria inside the cytoplasm of a uroepithelial cell, and
pericellular bacteria sandwiched between the boundaries of adjacent cells. The injection site could be
identified with asymmetry and higher abundance of extracellular lumenal bacteria towards one side
of the lumen.

The selected IBC-containing cell allowed X,Y alignment of the fluorescent images with the SBEM
stack. Boundary of the organoid lumen, organoid coverage, and neutrophil boundaries were marked
on a reduced stack (480 z-stacks) with X, Y, Z pixel resolution of 60 nm, 60 nm, and 100 nm, respec-
tively. We also marked the location of uroepithelial cell nuclei. Fluorescent images of neutrophils
labeled with CellTracker™ Deep Red were used to identify and profile individual neutrophils. Neu-
trophils were identifiable in electron microscope images due to their multi-lobular nuclei and high
electron density. Five neutrophils were identified outside, and nine neutrophils were identified inside
the organoid. After identifying the multi-lobular nuclei of the neutrophils, bacteria were found in the

neutrophil cytoplasm.

2.10.11 3D analysis and modelling of the infected organoid

Serial electron micrographs were imported into the TrakEM2 software operating in FIJI. They were
then aligned and the positions of all cells and bacteria were plotted in the image series. The organoid
lumen was reconstructed by segmenting it in each of the images in which it appeared, as were the

neutrophils and the uroepithelial cell boundaries surrounding the IBC. For ease of manipulating the
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large dataset, reconstruction of the lumen and identification of neutrophils and uroepithelial cells was
done on a reduced stack of 480 slices with corresponding pixel size of 60 nm and spacing between
serial slices of 200 nm.

The segmentations of cells and the organoid lumen, and the coordinates of each mouse cell and bac-
terial cell, were exported to Blender 3D modeling software. The “proximity tool” in the NeuroMorph
toolset (Jorstad et al., 2018) was used to measure the distance of each bacterium to the wall of the
lumen, as well as the organoid’s external surface. To visualize the organoid, with all bacteria, the
particles system in the Blender software was used to place a single generic model of either a bacterium

or a cell at the vertex that marked its 3D coordinate.

2.10.12 Scanning electron microscopy of infected organoids

UPEC-infected tdTomato-expressing organoids were allowed to grow for 6 hours. After 6 hours,
organoids were fixed for 1 hour at room temperature in a 15 ml falcon tube containing a mix of 1%
glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The fixed organoids
were seeded onto 12 mm poly-L-lysine-coated coverslips and stored overnight in the fixative. The
organoids were further fixed with 1% osmium tetroxide in 0.1 M cacodylate buffer, then dehydrated
in increasing concentrations of ethanol (50% to 100% in 10% increments) for 10 minutes per incuba-
tion. The dehydrated organoids were then dried at the critical point of CO2 (Leica CPD300) before
being manipulated with a 0.125 mm tungsten needle (FST, 10130-05) using a stereomicroscope
(Leica M205), and adhered to an aluminium stub using conductive tape (Election Microscopy Sci-
ences, USA). This holder was coated with 5 nm of gold palladium metal using a Q150 sputter coater

(Quorum Ltd, UK), then imaged in a scanning electron microscope (Merlin, Zeiss NTS).
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3.1 Abstract

Uropathogenic Escherichia coli (UPEC) proliferate within superficial bladder umbrella cells to form
intracellular bacterial communities (IBCs) during early stages of urinary tract infections. However,
the dynamic responses of IBCs to host stresses and antibiotic therapy are difficult to assess in situ.
We develop a human bladder-chip model wherein umbrella cells and bladder microvascular endothe-
lial cells are co-cultured under flow in urine and nutritive media respectively, and bladder filling and
voiding mimicked mechanically by application and release of linear strain. Using time-lapse micros-
copy, we show that rapid recruitment of neutrophils from the vascular channel to sites of infection
leads to swarm and neutrophil extracellular trap formation but does not prevent IBC formation. Sub-
sequently, we tracked bacterial growth dynamics in individual IBCs through two cycles of antibiotic
administration interspersed with recovery periods which revealed that the elimination of bacteria
within IBCs by the antibiotic was delayed, and in some instances, did not occur at all. During the
recovery period, rapid proliferation in a significant fraction of IBCs reseeded new foci of infection
through bacterial shedding and host cell exfoliation. These insights reinforce a dynamic role for IBCs
as harbours of bacterial persistence, with significant consequences for non-compliance with antibiotic
regimens.

Keywords: bladder-chip, uropathogenic Escherichia coli (UPEC), intracellular bacterial
communities (IBCs), bacterial persistence, antibiotic treatment, neutrophil swarms, neutrophil

extracellular traps, shear stress, stretching, confocal live-cell imaging
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3.2 Introduction

Urinary tract infections (UTIs), the second most-common cause for the prescription of antibiotics
(Foxman, 2010) are characterized by the high frequency of recurrence, defined as a reappearance of
infection within 12 months despite the apparently successful completion of antibiotic therapy. Recur-
rence occurs in about 25% of all UTIs (Foxman et al., 2000) and strongly impacts the cost of
healthcare and reduces the quality of life, particularly since more than 60% of women are diagnosed
with a UTTI at least once in their lifetime (Klein and Hultgren, 2020). Uropathogenic Escherichia coli
(UPEC), the causative agent for the majority of UTIs, exhibits a complex lifestyle in the bladder, with
planktonic sub-populations within the urine co-existing with intracellular bacteria. UPEC invasion of
the urinary bladder generates substantial changes to bladder morphology and a robust immune re-
sponse. Much of our current understanding of early stages of UTI and the intracellular lifestyle is
derived from studies in the mouse model (Anderson et al., 2003; Duraiswamy et al., 2018; Hannan et
al., 2012; Hung et al., 2009; Justice et al., 2004; Schwartz et al., 2011; Yang et al., 2019). Examina-
tions of mouse bladder explants via microscopy have revealed the formation of intracellular bacterial
communities (IBCs) composed of thousands of bacteria within individual superficial uroepithelial
cells (Justice et al., 2004). IBCs also play a prominent role in clinical infection and have also been
harvested from the urine of cystitis patients (Robino et al., 2013; Rosen et al., 2007). These structures
are considered to have a linear progression from an early stage of colonization by single bacteria to
an intermediate stage of biofilm-like communities culminating in the release of bacteria at the late
stage. However, long-term imaging of infected animals or of explant-tissue is technically challenging
and therefore it has been difficult to capture the dynamic changes that underlie the formation of these
structures and their impact on infection and clearance by subsequent antibiotic treatment.

In addition, the bladder is an extremely complex organ; it has a stratified architecture with well-
differentiated cell types; a lumen filled with urine whose composition and chemical properties can
vary depending on the physiological state of the individual and is subjected to periodic and large
changes in organ volume and surface area (Korkmaz and Rogg, 2007). These features may play im-
portant roles in infection, but they have been hitherto hard to capture outside of a whole animal model,
where they are present in their entirety and cannot be dissected in a modular manner.

Organotypic models are well-suited to address these outstanding questions. A key strength of ad-
vanced organotypic models such as organs-on-chip (Benam et al., 2016a; Huh et al., 2010b; Jang et
al., 2013, 2019; Kim et al., 2016; Novak et al., 2020; Zhou et al., 2016) or organoids (Cakir et al.,
2019; Clevers, 2016; Rossi et al., 2018; Sato et al., 2009) is that they increasingly recapitulate the
complexity of host physiology. Organ-on-chip models have been developed for several organs either

in isolation or in combination (Novak et al., 2020; Ronaldson-Bouchard and Vunjak-Novakovic,
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2018). These systems are increasingly being used to model infectious diseases including viral and
bacterial infections of the respiratory tract (Nawroth et al., 2020; Si et al., 2020; Thacker et al., 2020b,
2020a), gut (Jalili-Firoozinezhad et al., 2019; Kim et al., 2016; Shah et al., 2016; Tovaglieri et al.,
2019), kidney (Wang et al., 2019), and liver (Kang et al., 2017). Recently, bladder organoids that
mimic the stratified architecture of the uroepithelium have been used to study infections (Horsley et
al., 2018; Smith et al., 2006; Sharma et al., 2020). However, the organoid model suffers from certain
shortcomings inherent to the 3-D architecture such as the lack of vasculature, the inability to manip-
ulate the cells mechanically, and the constrained volume of the lumen. In contrast, organ-on-chip
models offer a complementary approach that does not suffer from these limitations. However, to our
knowledge, there have been no reports of a bladder-on-chip model. Although there are studies that
have developed in vitro bladder models that recreate the stratified architecture of the bladder epithe-
lium (Horsley et al., 2018; Smith et al., 2006; Suzuki et al., 2019), they have not been used to reca-
pitulate the multiple stages of IBC formation. Similarly, while a few studies have visualized different
stages of IBC development by culturing human bladder cells under urine flow, these models are re-
stricted to monoculture experiments (Andersen et al., 2012; losifidis and Duggin, 2020). Furthermore,
the lack of vasculature in these models restricts the extent to which immune cell components or drugs
can be introduced in a physiologically relevant manner and none of the systems reported to date offer
the possibility of mimicking the mechanics of filling and voiding in a functioning bladder (Andersen

et al., 2012; Horsley et al., 2018; losifidis and Duggin, 2020; Smith et al., 2006).

Here we report the development and characterization of a bladder-chip model that mimics the bladder
architecture by co-culture of a well-characterized human bladder epithelial cell line with bladder mi-
crovascular endothelial cells in a device geometry that allows the two cell types to be exposed to
urine and nutritive cell culture media, respectively. The flow rates in the apical and vascular channels
can be controlled independently, and multiple rounds of micturition are recreated via the application
of a linear strain to the PDMS membrane that serves as the substrate for co-culture. Using this model,
we show that diapedesis of neutrophils to sites of infection on the epithelial side can lead to the for-
mation of neutrophil swarms and neutrophil extracellular traps (NETs), and that IBCs offer substan-
tial protection to bacteria from antibiotic clearance. Our observations suggest that the role of IBCs in
reseeding bladder infections upon cessation of antibiotic treatment or failure to complete a course of
antibiotics might be more important than previously assumed and therefore strategies aimed towards

eradication of IBCs are very crucial for treatment efficacy.
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3.3 Results

3.3.1 Reconstitution of bladder uroepithelium and bladder vasculature

We established a bladder-chip infection model by co-culturing HTB9 bladder epithelial cells (epithe-
lial cells) and HMVEC-Bd primary human bladder microvascular endothelial cells (endothelial cells)
in a novel bladder-chip approach (Figure 3.1A). Immunostaining verified that the epithelial and en-
dothelial cells formed confluent monolayers (cell densities in Table 1) with high expression of junc-
tion markers such as epithelial cell adhesion molecule (EpCAM) in the epithelial cell layer, and plate-
let endothelial cell adhesion molecule-1 (PECAM-1) and VE-cadherin in the endothelial cell layer
(Figure 3.1B, C, additional images in Figure 3.5A-H). Expression of these and other junction markers
such as E-cadherin and zonula occludens-1 (ZO-1) was consistent across monocultures (Figure 3.6A-

Q).

Similarly, a majority of the epithelial cells expressed cytokeratin 7 (CK7), a general uroepithelial
marker and cytokeratin 8 (CKS), a differentiated uroepithelial marker both in monoculture (Figure
3.61, J) and on-chip (Figure 3.1B, Figure 3.5B, F). Some endothelial cells were also CK7+ (Figure
3.1C, Figure 3.6H). Co-culture of bladder epithelial and bladder endothelial cells in the human blad-
der-chip therefore did not alter the cellular expression patterns of these markers as compared to mon-
ocultures. We further characterized the HTB9 cell line in monoculture for markers for urothelial dif-
ferentiation. HTBO cells showed high expression of uroplakin-3a (UP3a) which has been shown to
be essential for UPEC infection (Figure 3.6K) (Martinez et al., 2000; Mulvey et al., 1998) but only a
small proportion of epithelial cells were positive for the basal cell marker cytokeratinl (CK1), in
agreement with the umbrella cell nature of the HTBO cell line (Figure 3.6L, M) (Duncan et al., 2004;
Smith et al., 2006). Overall, these observations confirmed that the bladder-chip is populated with cells
that mimic the physiology of the bladder vasculature and the superficial urothelial cell layer. Further,
the chip design enables the flow of media with different compositions through the epithelial and vas-
cular channels. We used this feature to mimic bladder physiology by perfusion of diluted pooled

human urine on the epithelial side and endothelial cell medium on the vascular side.

3.3.2 Modelling bladder filling and bladder voiding in the bladder-chip

The human bladder experiences vast changes in volume and surface area on a periodic basis. The first
phase of this cycle, (‘filling bladder state’), occurs through a slow and gradual increase in bladder
volume due to addition of urine from kidney via the ureters, resulting in a large increase in bladder
volume (Figure 3.1D). At the level of the uroepithelium, these changes manifest as a 2-dimensional

biaxial stretch of the bladder tissue. Ex vivo studies in rat bladders report that a maximum strain of
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90% and 130% can be applied to bladder explants in the circumferential and longitudinal directions
(Gloeckner et al., 2002; Parekh et al., 2010), although micturition in vivo is likely triggered before
this maximum value is reached. Subsequently, volume growth slows, and the bladder attains a rela-
tively constant volume, with the bladder epithelium in a corresponding state of maximal stretch,
(‘filled bladder state’). Voiding of the bladder through urination rapidly reduces bladder volume,
(‘voiding bladder state’) and removes the strain experienced by the bladder cells. The bladder epithe-
lium, as a viscoelastic material, responds to the removal of strain and relaxes over the subsequent
period (Pascalis et al., 2018) where the bladder volume remains low (‘voided bladder state’) (Figure
3.1D).

The architecture of the bladder-chip device allows for a linear strain to be applied to the porous mem-
brane via negative pressure in the channels adjacent to the main channel of the device (‘the vacuum
channels’) (Grassart et al., 2019; Huh et al., 2010a) (Figure 3.1A). We characterized the linear strain
experienced by epithelial cells due to application of negative pressure (Figure 3.7). A plot of applied
pressure vs. strain was linear, and we could achieve a dynamic range of linear strain (0 to 19 %) by
application of negative pressure (0 to -900 mbar). High levels of applied strain were incompatible
with long-term time-lapse microscopy as it generated a significant drift in the axial position of the
membrane. We therefore limited the linear strain applied to a maximum of 10%, which is nevertheless
a significant proportion of the typical strain experienced by the bladder tissue in vivo. We then mod-
elled the bladder filling and voiding over a 6-hour duty cycle with different states: filling bladder (0
to 2 hours, 0 to 10% strain), filled bladder (2 to 4 hours, 10% strain), voiding bladder over a period
of 2 minutes (4 hours to 4:02 hours, 10% to 0% strain) and voided bladder (4:02 hours to 6 hours,
0% strain) (Figure 3.1D). This 6-hour duty cycle was then repeated for the remaining duration of each
experiment. Overall, the bladder-chip model enables co-culture of two cell-types in nutritionally dif-
ferent microenvironments with a physiologically relevant level of applied strain that mimics bladder

filling and voiding cycles.

3.3.3 UPEC infection of the epithelial layer under flow in the bladder-chip model

UPEC attachment and invasion of bladder epithelial cells has been shown to be sensitive to fluidic
shear stress (Andersen et al., 2012; Zalewska-Piatek et al., 2020). Although UPEC infection in the
bladder can occur with or without the presence of shear stress, we infected the epithelial layer on the
bladder-chip under flow conditions. The small volumes of the microfluidic chip motivated this ap-
proach, as rapid bacterial growth in the diluted human urine could lead to acidification of the medium.
We therefore maintained a flow rate of 1.2 ml/hour for a period of 1.5 - 2 hours during infection of

the epithelial layer of the bladder-chips with UPEC. Under flow conditions, an overwhelming
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majority of bacteria did not attach to the epithelial cells. Time-lapse microscopy showed that bacterial
attachment to the epithelial cells increased steadily over this period, but that the typical infectious

dose at the end of this period was low (<1 bacterium per epithelial cell, Figure 3.8).

Accordingly, we established a 28-hour live-cell imaging experimental protocol as shown in the sche-
matic in Figure 3.1E and described in greater detail in the subsequent sections and in the Materials
and Methods. Briefly, this consisted of an initial period of acclimatization, followed by UPEC infec-
tion, introduction of neutrophils, and two consecutive cycles of antibiotic treatment and recovery to
monitor IBC dynamics at the single-cell level. This experimental protocol therefore mimicked key
aspects of the host-pathogen interactions in early stages of UTIs as well as the response to antibiotic

treatment.

3.3.4 Diapedesis of neutrophils across the epithelial-endothelial barrier in response to UPEC
infection in the bladder-chip

The bladder-chip platform enables continuous imaging while maintaining flow in both epithelial and
vascular channels and mechanically stretching the membrane as part of the bladder voiding cycle. At
the start of each live-cell imaging experiment, bladder epithelial cells in an initial relaxed state were
perfused with sterile pooled human urine diluted in PBS on the epithelial side and endothelial cell
medium on the vascular side respectively (Figure 3.2A1, B1, Figure 3.9A1). The epithelial side was
inoculated with a low dose of UPEC in diluted urine and infection was performed under flow (Figure
3.2A2, B2, Figure 3.9A2) for ca. 1.5 to 2 hours. The first bladder duty cycle also initiated at this
timepoint. We maintained the optical focus of the microscope on the epithelial layer over the subse-
quent course of infection. UPEC attachment was evident during this infection phase by visual inspec-
tion (Figure 3.2B2, Figure 3.9A2).

After this period of infection, unattached bacteria in the epithelial channel were removed by perfusion
of diluted urine. Our aim was to study the interaction of UPEC with host cells, therefore this perfusion
was maintained throughout the experiment. Continuous perfusion reduced the accumulation of bac-
teria in the urine and enabled imaging of intracellular bacteria without large background noise in the
fluorescence channels from planktonic bacteria. We subsequently performed a series of interventions
that mimic the course of UTI infections and used time-lapse imaging to monitor the simultaneous
changes in host-pathogen interaction dynamics. To mimic the host response, immune cells were in-
troduced into the vascular channel. Among innate immune cells, neutrophils are the first line of de-
fense in UTIs (Haraoka et al., 1999). We isolated neutrophils from human blood and verified that the

isolation procedure yielded neutrophils with a high degree of purity (Son et al., 2017) through
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immunostaining for CD15, a neutrophil specific marker (Zahler et al., 1997) (Figure 3.10). To enable
identification and tracking of neutrophils, they were pre-labelled with CellTracker™ Deep Red dye,
which stains the cytoplasm of these cells.

Neutrophils were subsequently introduced in the bladder-chip devices through the vascular channel,
mimicking the natural route of immune cell migration into the bladder (schematic in Figure 3.2A3-
AS, snapshots in Figure 3.2B3-B5, Figure 3.9A3-A5). We used a cell concentration of ca. 2 million
cells/ml similar to the neutrophil concentration in human blood (Hsieh et al., 2007). During this pe-
riod, the flow rate through the vascular channel was increased to 3ml/hour to provide a shear stress
n= 1 dyne/cm?, which aids neutrophil attachment to endothelial cells (Alon et al., 1995). In uninfected
control chips, neutrophil attachment to the endothelial layer was minimal (Figure 3.11A, B) and dia-
pedesis of neutrophils to the epithelial layer was rare (Figure 3.2C, Figure 3.12A). In stark contrast,
infection of the epithelial layer with UPEC elicited a robust attachment of neutrophils to endothelial
cells (Figure 3.11C, D), along with rapid diapedesis across to the epithelial side (Figure 3.2B2-B4,
Figure 3.9A2-A4, Figure 3.12C). We confirmed that neutrophil diapedesis was also stimulated in the
absence of infection, upon exposure to a gradient of pro-inflammatory cytokines that are typically
upregulated during UTIs (Agace et al., 1993; Hedges et al., 1992; Nagamatsu et al., 2015; Song et
al., 2007) (interleukin-1a, interleukinl-f, interleukin-6 and interleukin-8 each at 100 ng/ml) across
the epithelial-endothelial barrier (Figure 3.12B). However, neutrophil diapedesis was more robust
upon infection as compared to the cytokine gradient, with a higher number of neutrophils observed
across multiple fields of view on the epithelial side (Figure 3.12B-D). These results suggest that in-
fection on-chip generates a strongly pro-inflammatory environment locally and that neutrophil dia-

pedesis is further stimulated by the presence of UPEC (Agace et al., 1995; Oliveira et al., 2016).

Using time-lapse imaging, we were also able to quantify the kinetics of neutrophil migration with a
temporal resolution of up to 7.5 minutes. Neutrophil diapedesis to the epithelial sites of infection was
detected as early as ca. 15-17 minutes post-introduction into the vascular channel (Figure 3.2B3,
Figure 3.9A3, supplementary movie SMov1, SMov2). Neutrophils that migrated to the epithelial side
aggregated on the epithelial cells (Figure 3.2B4-BS5, Figure 3.9A4-A5, supplementary movie SMov1,
SMov2) In some cases, these neutrophils were able to control bacterial growth (Figure 3.2B4-BS5,
solid yellow boxes) whereas in others, bacterial growth was uncontrolled (Figure 3.2B4-B5, dashed
white boxes). Diapedesis was observed in every field of view examined across n=4 infected chips,
whereas diapedesis occurred infrequently in uninfected controls (Figure 3.2C). Furthermore, the size
of these aggregates was significantly larger in infected bladder-chips vs. uninfected controls, with the

aggregates in case of infected-chips exhibiting the characteristic features of neutrophil swarms (Isles
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et al., 2019; Kienle and Lammermann, 2016; Kreisel et al., 2010; Lammermann et al., 2013; Pop-
limont et al., 2020; Uderhardt et al., 2019). We quantified the size of the swarms formed by either
estimating the maximum number of neutrophils observed in fields of view on the epithelial side (Fig-
ure 3.2D) or by measuring the total volume occupied by neutrophils normalized to the volume of a
3D field of view (Figure 3.2E). Using either metric, infection generated large swarms that did not
occur in uninfected bladder-chips. The dynamics of swarm formation across n=51 and n=40 fields of
view in two infected bladder-chips are shown in Figure 3.2F. In infected bladder-chips, swarm for-
mation was rapid, and swarms reached their maximum size typically between 60- and 90-minutes

post-introduction of neutrophils (Figure 3.2G).

3.3.5 Neutrophil extracellular traps (NETs) formation in response to UPEC infection
Neutrophils have complex responses to infections (Oliveira et al., 2016), including the formation of
neutrophil extracellular traps (NETs) that occur by the release of cytosolic azurophilic granules
around a scaffold of decondensed chromatin and potentially serves to trap and kill extracellular bac-
teria (Brinkmann et al., 2004). NETs have been shown to consist of antimicrobial granules such as
myeloperoxidase (Metzler et al., 2011) and neutrophil elastase (Papayannopoulos et al., 2010) and
have been observed in urine harvested from UTI patients (Yu et al., 2017). Interestingly, we observed
NET formation by neutrophils in the infected bladder-chip. We verified the formation of NETs on
the epithelial layer through immunostaining of infected bladder-chips at 3.5 hours post-infection and
2 hours post-introduction of neutrophils in the vascular channel using antibodies against neutrophil
myeloperoxidase (Figure 3.2H, S9A1-A3) and neutrophil elastase (Figure 3.21, Figure 3.13B1-B3).
In each case, areas on the epithelial layer with strong immunostaining were observed (Figure 3.2H3,
13). Neutrophils in these areas were typically in large numbers, characteristic of swarms. In addition,
by this stage of the experiment, neutrophils that had high levels of myeloperoxidase or elastase typi-
cally did not retain strong expression of the cytoplasmic CellTracker dye used for identification of
neutrophils in live imaging (cf. Figure 3.2H2 and Figure 3.2H3, Figure 3.212 and Figure 3.213). For
each example, a zoomed-in image clearly shows long filament-like structures that extend between
cells and are either myeloperoxidase positive (Figure 3.2HS5) or neutrophil elastase positive (Figure
3.215), strongly suggestive of NETs (Brinkmann et al., 2004; Metzler et al., 2011; Papayannopoulos
et al., 2010). NET formation was also observed in some instances by neutrophils in some locations
on the endothelial channel, although large swarms did not form here (Figure 3.13B1-B3).

To further characterize these structures, we imaged the epithelial layer of uninfected and infected
bladder-chips with or without the addition of neutrophils using scanning electron microscopy (SEM).

Representative images of the epithelial layers of uninfected bladder-chip controls (Figure 3.14A)
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contrast with those from infected bladder-chips after neutrophil diapedesis (Figure 3.2J1-J4, Figure
3.14C) and clearly highlight the distinctive features of NET formation. In Figure 3.2J1, neutrophils
on the surface of the epithelial layer are clearly distinguishable by their distinctive spherical morphol-
ogy and size (amber arrowheads). Thick bundles consisting of many thinner NETs formed between
these neutrophils are shown by white arrowheads and appear to extend between adjacent neutrophils,
as is also evident in Figure 3.14C. A majority of the epithelial cells have a characteristic flattened
morphology with cell appendages that can extend between cells (cyan arrowheads); an example of a
highly infected epithelial cell that is spherical in shape and with bacteria attached to its surface is
indicated with a purple arrowhead (Figure 3.2J1). A series of higher-magnification images in Figure
3.2J2-J4 show the structure of NETs in greater detail. Many individual UPEC bacteria (green arrow-
heads) are captured in these NETs (Figure 3.2J2-J4), which are themselves composed of many indi-
vidual thinner fibers (indicated by yellow arrowheads in Figure 3.2J2-J4). These structures did not
form in infected bladder-chips without the introduction of neutrophils (Figure 3.14B), confirming
their identity as structures identified as NETs via immunofluorescence (Figure 3.2H, I). NET for-
mation was a direct response to UPEC and not caused by hyperactivation of neutrophils due to ex-
perimental handling. To verify this, we collected the neutrophils that passed through an infected blad-
der-chip without attachment. Even upon infection, an overwhelming majority of the cells perfused
into the chip flow out without adhering, because of the geometry of the channels in the device. NET
formation in these samples was not observed unless the neutrophils were themselves infected by
UPEC shed from the bladder-chip (Figure 3.15). The bladder-chip model is therefore able to recapit-
ulate key aspects of the host response to the early stages of UPEC infection while demonstrating that

intracellular bacteria were substantially protected from neutrophil-mediated killing.

3.3.6 Heterogenous dynamics of intracellular bacterial communities within urothelial cells
Urinary tract infections that do not resolve upon intervention by the host immune system often require
treatment with antibiotics. Antibiotics have complex pharmacokinetic and pharmacodynamic profiles
in vivo, which we attempted to model through two successive rounds of high dose administration of
antibiotics (ampicillin at 40x MIC, Figure 3.16A), on both the epithelial and vascular side, interrupted
by periods with no antibiotic (schematics in Figure 3.3A, Figure 3.1E). Continuous time-lapse imag-
ing over this entire period allowed us to capture the responses of bacteria to this simplified model of
antibiotic profiles and to study the persistence of UPEC upon antibiotic treatment in the different
physiological niches (Figure 3.3 and Figure 3.4).

A consequence of the first cycle of antibiotic administration under flow was the elimination of plank-

tonic bacterial growth in the media in the apical channel, as is observed within the lumen of the
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bladder in vivo. Many bacteria that were still intact at the end of the antibiotic treatment intact did not
regrow after the antibiotic was removed (Figure 3.16B). Regrowth commenced in only a small frac-
tion of bacteria (Figure 3.16C) after a variable lag phase (Figure 3.16D) and rapid regrowth was
highly correlated with intracellular location of bacteria within epithelial cells. These subsequently
proceeded to form intracellular bacterial communities (IBCs), with a variable lag period. An example
of an early stage of the IBC formation is shown in the timeseries in Figure 3.3B1-B5, supplementary
movie SMov3. This IBC was initially seeded with few bacteria that are present in Figure 3.3B1 and
clearly visible in Figure 3.3B2. At the end of the timeseries, the entire host cell was packed with
bacteria (Figure 3.3B5). The exponential increase in bacterial numbers frequently led to the saturation
of the 8-bit images in the bacterial channel. We therefore examined similar structures in separate
bladder-chips via immunofluorescence (Figure 3.3C, Figure 3.17) staining. Zooms of two of the four
IBCs highlighted in Fig. 3C show numerous tightly packed bacteria within epithelial cells that are
both CK7+ (Figure 3.3C) and CK8+ (Figure 3.17). These bacterial morphologies are highly similar
to early-stage IBCs observed in the bladder (Anderson et al., 2003; Duraiswamy et al., 2018; Justice
et al., 2004). Higher resolution images of the biofilm-like structures within IBCs obtained via correl-
ative light (Figure 3.3D) and transmission electron microscopy (Figure 3.3E) showed that bacteria in
IBCs can be either coccoid or rod shaped, which is also evident in scanning electron micrographs of
bacteria within IBCs (Figure 3.3F). IBCs within bladder-chip model therefore show many of the dis-
tinctive morphological features reported from images of infected bladders in the mouse model (An-

derson et al., 2003; Hunstad and Justice, 2010).

Numerous reports from the mouse model of infection have shown IBCs to be dynamic structures;
growth in IBCs eventually culminates in bacterial shedding or the complete exfoliation of the IBC.
The underlying dynamics of these phenotypes is hard to capture in the mouse model, but the bladder-
chip model allowed us to track the dynamics of bacterial growth within individual IBCs over extended
periods of time, providing information on bacterial dynamics within so-called early, middle, and late-
stage IBCs. An example of the heterogeneity in growth rates is evident from the timeseries for three
IBCs in Figure 3.3G1-G5, supplementary movie SMov4. IBCs#1 and 2 subsequently began to shed
individual bacteria (Figure 3.3G4), a phenotype not observed in IBC#3. At a later timepoint (Figure
3.3G5) the fates of all three IBCs were dramatically different — the cell containing IBC#1 had com-
pletely exfoliated and was removed from the field of the view by flow in the epithelial channel, IBC#2
continued to shed bacteria, whereas growth remained slow in IBC#3. We monitored the eventual fate
of n=100 IBCs during the first and the second growth cycles which confirmed that shedding and

exfoliation were not mutually exclusive. While some IBCs only shed bacteria (n=28) and others

135



exfoliated without shedding (n=27), a substantial fraction of IBCs showed shedding prior to exfolia-
tion (n=31) and some IBCs displayed neither phenotype (n=14). Furthermore, in addition to the coc-
coid and rod-shaped morphologies highlighted in Figure 3.3C-F, time-lapse imaging also enabled us
to capture morphotypes that occurred relatively rarely such as the intracellular growth of filamentous
forms of UPEC (Figure 3.3H1-HS5, Figure 3.18, supplementary movie SMov5, SMov6). In this time
series, a filamentous bacterium can be seen and appears to encircle the inner boundary of the cell
(Figure 3.3H1-H4) before filling the volume entirely (Figure 3.3H5). Overall, time-lapse imaging
confirms that a significant fraction of bacteria within IBCs can survive the first round of antibiotic
treatment and are the source for reseeding of both the extracellular bacterial populations as well as

the subsequent growth of IBCs in newly infected cells.

3.3.7 Dynamic persistence of intracellular bacterial communities within uroepithelial cells

A subsequent round of antibiotic treatment provided an opportunity to study the dynamic persistence
of bacteria within IBCs in response to an antibiotic profile that was a closer mimic of the periodic
antibiotic exposures in vivo. Furthermore, at this stage of the experiment, we were also able to study
the responses of bacteria in intermediate and mature late-stage IBCs to antibiotic treatment, which
was not possible during the first round of antibiotic administration early in the course of infection. In
the examples highlighted in Figure 3.4A1-A5 and supplementary movie SMov7, bacterial growth
after the first round of antibiotic treatment resulted in the formation of many large IBCs with tightly
packed bacteria (Figure 3.4A1-A2). Many of the bacteria within each of the four IBCs were elimi-
nated by the antibiotic, but a substantial proportion of bacteria in each IBC nevertheless survived the
antibiotic treatment (Figure 3.4A3). Each of these IBCs subsequently regrows when the antibiotic is
removed (Figure 3.4A4-A5), and two additional IBCs are seeded during this time (white arrowheads
in Figure 3.4A5). Overall, the second round of antibiotic administration led to a sharp decline in
instances of subsequent bacterial regrowth (Figure 3.16C). In all instances, regrowth either occurred
directly within IBCs, or was caused by the shedding of bacteria from IBCs to repopulate the extra-
cellular niche and seed new IBCs, highlighting the dynamic stability of this niche and its importance
in establishing persistent infection. We therefore performed a careful analysis to quantify bacterial
growth rate within IBCs. Growth within IBCs across different time periods was exponential (Figure
3.4B). We were able to track a subset of IBCs across two growth cycles (examples in Figure 3.4C).
In a majority of instances these revealed exponential growth in the absence of antibiotic, delayed
response to antibiotic, and a lag phase after the antibiotic was removed. In general, bacterial growth
in IBCs in the second growth cycle was slower than in the first (Figure 3.4D). However, this popula-

tion level statistic may be influenced by the fact that many of the IBCs monitored in the second growth
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cycle had been exposed to two rounds of antibiotic treatment. For this sub-population, in n=16 out of
n=18 IBCs, growth was slower after the second round of antibiotic administration (Figure 3.4E).

Next, we examined the dynamics of bacterial growth within IBCs during the period of antibiotic
treatment in greater detail. In the IBC shown in the timeseries in (Figure 3.4F1-F5, Figure 3.19A1-
A5, supplementary movie SMov8, SMov9), growth before antibiotic administration (Figure 3.4F1-
F2) continued for a considerable period after the antibiotic was administered (Figure 3.4F3-F4, Figure
3.19A1-A3). Eventually, a reduction in bacterial volume towards the end of the antibiotic administra-
tion period was observed (Figure 3.4F5, Figure 3.19A4-A5). In contrast, the relatively smaller IBC
in the timeseries in Figure 3.4G1-GS5, Figure 3.19B2-B5, supplementary movie SMov10, SMovl1
continued to grow throughout the period of antibiotic administration. These different dynamics are
also captured in the plot of bacterial volume for multiple IBCs before, during, and after the antibiotic
treatment (Figure 3.4H). In all cases, bacterial volume continues to increase during a significant pe-
riod of antibiotic administration and in 2 out of 18 cases, there was no decrease in bacterial volume
throughout this period (Figure 3.4H). In contrast, extracellular bacteria likely adherent on the epithe-
lial cells but not internalized within them were rapidly eliminated by combination of antibiotic treat-
ment and flow (Figure 3.41), in all cases the bacterial volume reduced immediately upon antibiotic
administration. This differential killing resulted in a significantly higher proportion of extracellular
population of bacteria being killed (Figure 3.4J). Elimination of bacteria within IBCs was highly
heterogenous. Another consequence of this differential killing was that after the second round of
antibiotic treatment, regrowth was observed in only a very small fraction of non-IBC UPEC (Figure
3.16C). Protection of bacteria within IBCs therefore has a direct outcome of enabling the reseeding

of infection at other locations within the epithelial monolayer.

Lastly, we sought to determine if the bladder duty cycle altered the dynamics of UPEC infection. A
comparison between infected bladder-chips with and without the duty cycle (Figure 3.4K, L, Figure
3.20) revealed a significant increase in the bacterial burden when the duty cycle was implemented
(Figure 3.4M). These results suggest that the bladder filling and voiding cycle influence the uptake
and proliferation of UPEC, possibly through physiological changes in the epithelial cells in response
to applied strains (Apodaca, 2004; Carattino et al., 2013; Truschel et al., 2002; Wang et al., 2005). In
turn, they suggest a deeper connection between the physiology of mechanically active organs such as
the bladder and the processes of infection, which can be characterized in detail using this bladder-

chip model.
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3.4 Discussion

In our human bladder-chip model, we focused on recapitulating the key aspects of bladder physiology
relevant to the study of the earliest stages of UPEC infection and IBC formation. Therefore, superfi-
cial bladder epithelial cells, the first cell-type usually infected by UPEC, were cultured both under
flow in diluted pooled urine and in co-culture with bladder microvascular endothelial cells. The abil-
ity to apply a cyclic mechanical stretch to the PDMS membrane, originally designed to mimic the
breathing motion in the lung (Huh et al., 2010a) or the peristaltic motion in the gut (Kim and Ingber,
2013), has been adapted here to mimic the slow expansion and rapid contraction of bladder volume.
We demonstrate the ability to perform multiple duty cycles while simultaneously imaging the infected
device via long-term time-lapse imaging, a technical advance that is difficult to achieve with bladder
explants (Justice et al., 2004) or other in vitro studies of UPEC infection of bladder epithelial cells
(Andersen et al., 2012; Horsley et al., 2018; Iosifidis and Duggin, 2020; Smith et al., 2006). Using
this approach, we found that the total bacterial burden inside infected bladder-chips was significantly
higher at a late stage of infection if a duty cycle was applied, unlike the non-significant influence of
cyclic stretching on Shigella infection of intestinal-chips under flow conditions (Grassart et al., 2019).
The exact mechanisms underlying this phenomenon remain to be explored, but there is an increasing
understanding of the role of mechanical forces in regulating innate immune function (Solis et al.,
2019). Our results showcase the ability of the bladder-chip model to capture these interactions be-
tween mechanical function, physiology, and infection, unlike other infection models reported thus
far.

A primary focus of in vitro models developed so far has been to probe specific aspects of UPEC
infection, such as the role of the stratified bladder architecture (Horsley et al., 2018) or the effects of
micturition on IBC formation (Andersen et al., 2012; losifidis and Duggin, 2020). However, the mi-
gration of immune cells into the bladder is difficult to reproduce in these models, and in many of
these systems, live-cell imaging remains technically challenging (Horsley et al., 2018; Smith et al.,
2006). Furthermore, the models do now allow mechanical manipulations of the cellular co-culture.
In that sense, the bladder-chip model complements these existing approaches by providing these ad-
ditional functionalities. Further development, potentially through the combination of organoid and

organ-on-chip approaches, could lead to the development of a fully stratified uroepithelium on-chip.

Neutrophils are the first responders to UPEC infection (Abraham and Miao, 2015; Haraoka et al.,
1999), and neutrophil migration involves a series of steps that commences with attachment to the
endothelium under flow, migration on the endothelial surface, diapedesis across the epithelial-endo-

thelial cell barrier and movement towards the site of infection (Ley et al., 2007; Nourshargh et al.,
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2010). Perfusion of the vascular channel with CD15+ neutrophils isolated from human blood shows
that the bladder-chip model recapitulates all these phenotypes, with rapid diapedesis of neutrophils
to sites of infection. There, neutrophils aggregate to form swarms (Hopke et al., 2020; Isles et al.,
2019; Kienle and Limmermann, 2016; Limmermann et al., 2013; Poplimont et al., 2020; Reategui
et al., 2017; Uderhardt et al., 2019) and subsequently, the formation of NETs (Branzk et al., 2014;
Brinkmann et al., 2004; Metzler et al., 2011; Papayannopoulos et al., 2010) around extracellular bac-
teria is observed. Characterization of these structures via SEM shows that they can extend across
many tens of microns and stain positive for myeloperoxidase (Metzler et al., 2011) and neutrophil
elastase (Papayannopoulos et al., 2010), indicative of potent anti-microbial activity. However, neu-
trophil control of infection on-chip is partial; this is possibly due to the unrestricted growth of large
numbers of extracellular bacteria and in some instances, exacerbated by the loss of some neutrophils
due to flow in the channel. Another contributing factor could potentially be the architecture of the
PDMS membrane, which permits neutrophil diapedesis only at fixed spatial locations on-chip. Neu-
trophil migration may also be impacted by the relative stiffness of the PDMS membrane. Neverthe-
less, the demonstration of NET formation is consistent with the occurrence of these structures both
in the mouse model (Ermert et al., 2009) as well as in the urine of infected patients (Yu et al., 2017)
and suggests that the model is able to recapitulate important aspects of disease. It is also an important
advance for the use of organ-on-chip approaches to recapitulate neutrophil swarm and NET formation

in infectious diseases.

IBC formation begins immediately after infection and is already underway upon neutrophil admin-
istration. However, clear demonstration of IBCs with a high degree of confidence was only possible
after an initial treatment with a high dose of antibiotic that eliminated extracellular planktonic bacteria
and improved the optical imaging of bacteria attached to or within epithelial cells. It enabled us to
capture the full cycle of IBC growth from few bacteria to a large biofilm and subsequent release via
shedding and filamentation. Importantly, the compact nature of the device allowed us to image mul-
tiple IBCs concurrently on the same chip with a high temporal resolution while simultaneously mim-
icking the bladder filling and voiding cycles, which is difficult to achieve in bladder explants (Justice
et al., 2004) or bladder monoculture in vitro model systems (Andersen et al., 2012; losifidis and
Duggin, 2020). Our observations reiterate the highly dynamic nature of these structures; growth was
asynchronous and heterogenous and outcomes included bacterial shedding, exfoliation and filamen-
tation (Hunstad and Justice, 2010; Justice et al., 2004; Scott et al., 2015). Notably, shedding and
exfoliation were not mutually exclusive for the time-period of our observations — we report examples

of IBCs that shed bacteria and contract in volume before exfoliation.
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While IBCs are clearly acknowledged as critical players in early infection, the contribution towards
promoting persistence is not completely understood. For example, Blango et al., (Blango and Mul-
vey, 2010) showed that incubation of bladder explants containing IBCs with a high dose of antibiotics
for a period of 18 hours resulted in a substantial sterilization of these structures and concluded that
other populations, notably quiescent reservoirs (Mysorekar and Hultgren, 2006) might play a greater
role in the establishment of persistent populations. However, the pharmacokinetic profiles of most
antibiotics in the host are not time invariant. In case of ampicillin, a standard regimen of ampicillin
treatment is typically a bolus of 250-500 mg of antibiotic administered every 6 hours. Within the
serum, ampicillin concentration peaks at a Cmax ~ 3-40 pg/ml, which is between 1.5 to 20-fold the
MIC as measured in human serum (Bryskier, 2020; Putrins et al., 2015). We therefore chose concen-
trations that captured these antibiotic exposures (we used ampicillin at 40x MIC measured in the
endothelial cell medium perfused in the vascular channel). Ampicillin concentrations in the blood
rapidly decay with a half-life of between 60 and 90 minutes with a characteristic pharmacoki-
netic/pharmacodynamic profile. This period is modelled well by our experimental protocol where
phases with high concentration of ampicillin are interspersed with periods with no antibiotic. We are
therefore able to model the delivery of two consecutive doses of antibiotic and find that IBCs offer
substantial protection against sterilization by a short duration of a high-dose antibiotic treatment and
in many instances, bacterial regrowth after two successive rounds of antibiotic administration. Nota-
bly, in smaller ‘early IBCs’, bacterial growth continues throughout the period of ampicillin admin-
istration, suggesting that the intact nature of the cell membrane likely diminishes the effect of the
drug. Our results suggest that, IBCs may continue to play a role in reseeding sites of infection for a
considerable period after the commencement of antibiotic treatment. This has particularly important
implications with regard to the compliance of antibiotic use as proliferating IBCs could rapidly re-
seed sites of infection throughout the bladder if antibiotic doses are missed. These unique capabilities
of the bladder-chip to realistically model antibiotic treatment regimens for IBCs can be leveraged in
the future to screen compounds (Spaulding et al., 2017) and identify optimal antibiotic treatments
regimens that can eliminate persistent bacterial populations in IBCs or alter the host-pathogen inter-

action dynamic in UTIs.

In summary, the bladder-chip model incorporates aspects of bladder physiology highly relevant to
early UPEC infection in a platform amenable to long-term live-cell imaging as well as for the admin-
istration of antibiotics and therapeutics in a physiologically relevant manner. Our results establish the

suitability of this model for immunological and drug-delivery studies and show that IBCs are highly
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dynamic structures that offer substantial protection from antibiotic clearance for an extended period

of time.

3.5 Figures
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Figure 3.1: Human Bladder-chip model of UTI recapitulates the physiology of bladder filling
and voiding.

(A) Schematic of the human bladder-chip with co-culture of the HTB9 human bladder epithelial cell line (ep-
ithelium, top) and primary human bladder microvascular endothelial cells (endothelial, bottom) on either side
of the stretchable and porous membrane. Pooled human urine diluted in PBS and endothelial cell medium were
perfused in the apical and vascular channels respectively to mimic bladder physiology. A negative pressure in
the ‘vacuum’ channels (magenta) on either side of the main channel was applied to stretch the porous mem-
brane to mimic stretching of the bladder. (B, C) Immunofluorescence staining of confluent epithelial and en-
dothelial cell monolayers (anti-EpCAM (magenta) and anti-CK7 (yellow) for the epithelial cells and anti-
PECAM-1 (green) for the endothelial cells) in an uninfected control chip. Some endothelial cells also stained
positive for CK7. Cell nuclei were labeled with DAPI (azure). (D) Schematic of the reconstitution of the blad-
der filling and voiding cycle via stretching of the membrane with a duty cycle of 6 hours. The cycle consisted
of a linear increase in strain through stretching of the membrane (filling bladder, 0 to 2 hours), maintenance
of the membrane under stretch (filled bladder, 2 to 4 hours), a quick relaxation of applied strain over 2 minutes
(voiding bladder, 4:02 hours) and maintenance without applied strain (voided bladder, 4:02 hours to 6hours).
(E) An overview of the timeline of the experimental protocol including infection, addition of neutrophils via
the vascular channel, and two cycles of antibiotic treatment interspersed by two bacterial growth cycles. The
consecutive bladder duty cycles are indicated.
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Figure 3.2: Neutrophil diapedesis and NET formation on-chip.

(A1-AS) Schematic of the UPEC infection, introduction of neutrophils and diapedesis of neutrophils across
the epithelial-endothelial barrier to sites of infection. Flow in the epithelial and endothelial channels is indi-
cated by arrows; the flow rate was increased upon introduction of neutrophils in the vascular channel to
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increase attachment. Increased flow rate in the epithelial and endothelial channel is indicated by black arrows.
(B1-B5) Snapshots from time-lapse imaging highlighting each stage in the infection cycle shown in (A1-AS).
Bladder epithelial cells (magenta) and neutrophils (amber) were identified with membrane (Cell Mask Orange)
and cytoplasmic (Cell Tracker Deep Red) dyes, respectively. UPEC identified via constitutive expression of
YFP are shown in green. Neutrophil swarms could either control bacterial growth (yellow dashed square,
compare B4 vs BS) or did not manage to restrict bacterial growth (white dashed square, compare B4 vs BS).
(C) Bar charts for relative frequency of neutrophil diapedesis (black) in n=3 uninfected control bladder-chips
and n=4 infected bladder-chips. Data obtained from n=95 and n=116 fields of view, each of which was 206 x
206 um?. (D) Quantification of the number of neutrophils detected on the epithelial layer, in control and in-
fected bladder-chips. The red bar represents the median value, p<1E-15. In many instances in the uninfected
control bladder-chips, no neutrophil diapedesis is detected. Data obtained from n=95 and n=130 across 206 x
206 um? fields of view. (E) A plot of the maximum neutrophil swarm volume on the epithelial layer normalized
to the total volume for n=67 and n=118 fields of view on n=3 uninfected control and n=3 infected bladder-
chips. The red bar represents the median value. p<1E-15. (F) A plot of neutrophil swarm volume on the epi-
thelial layer over time for n=51 and n=40 fields of view for n=2 technical replicates indicated by squares and
circles. For each time profile, the volume is normalized to the maximum volume attained over the timeseries
and t=0 refers to the timepoint at which neutrophils are introduced into the vascular channel (G) Plot of the
time to reach the maximum swarm volume in n=154 fields of view across n=4 infected bladder-chips. (H1-
HS, I1-I5) NET formation by neutrophils on the epithelial layer. The neutrophils are identified by a cytoplas-
mic dye (CellTracker Deep Red, false coloured in amber) (H2, 12) and immunostaining with an anti-myelop-
eroxidase antibody (H3, zooms in HS) or an anti-neutrophil elastase antibody (I3, zooms in I5). Merged im-
ages in each case are shown in H4 and I4. UPEC identified via YFP expression is shown in spring green.
Nuclear labelling with DAPI is shown in azure. (H5) NETs, identified via anti-myeloperoxidase staining or
anti-elastase staining are indicated with white arrows in (HS) and (I5) respectively. (J1-J4) Scanning electron
micrographs of the epithelial layer of an infected bladder-chip 2 hours after the introduction of neutrophils in
the endothelial channel. (J1) Neutrophils (amber arrowheads) are visible above a layer of epithelial cells. Thick
bundles consisting of many thinner NET structures between neutrophils are indicated by white arrowheads,
and examples of individual UPEC bacteria within the NETs are indicated by green arrowheads. A heavily
infected epithelial cell with UPEC visible on the epithelial cell (purple arrowhead), and appendages between
epithelial cells (cyan arrowheads) are also visible. (J2) Micrographs showing thick bundles consisting of many
thinner NET structures (white arrowheads) that extend between cells and trap many individual bacteria. Thin-
ner NET fibers (yellow arrowheads) are also visible. (J3) Zooms of the regions in J2 identified by a yellow
dashed square. Two bacteria held by a thick bundle composed of many thinner NET fibers are shown. (J4)
Micrograph highlighting multiple bacteria trapped between NET bundles. p-values in D and E were calculated
using a Mann-Whitney test. Scale bar = 50 um in B1-BS, H1-HS5, 11-1S5.
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Figure 3.3: Bladder-chip reveals dynamics of IBC growth, shedding and exfoliation.

(A) Schematics of the host-pathogen interactions within IBCs between successive rounds of antibiotic treat-
ment with outcomes including shedding of bacteria and cell exfoliation shown. (B1-B5) Timeseries for the
growth of an IBC from few bacteria (white arrowhead) after the first round of ampicillin treatment. Bacteria
grow to completely fill the cell volume (BS). (C) Immunofluorescence characterization of two IBCs; the in-
tracellular nature of growth is confirmed with staining with an anti-CK7 antibody. Correlative light (D) and
transmission electron micrographs (E) show two IBCs filled with both rod-shaped and coccoid-shaped bacte-
ria. (F) Coccoid-shaped bacteria (yellow arrowheads) and rod-shaped bacteria (magenta arrowheads) are also
visible in a scanning electron micrograph of an infected epithelial cell. IBCs on infected bladder-chips shown
in C-F were fixed ca. 13.5 hours after UPEC infection and 6 hours into the first growth cycle. (G1-G5) Three
examples of IBC growth, labelled 1 — 3 with differing outcomes. Unrestricted bacterial growth is observed
within all IBCs. In IBC#1 at timepoint (G4) the IBC begins to shed bacteria into the surrounding medium. The
cell exfoliates in the time interval between (G4 and G5). In IBC#2, bacterial shedding is visible at (G4) and
shedding continues until end of the timeseries with a reduction in bacterial volume. In contrast, growth within
IBC#3 is slower and neither shedding nor exfoliation occurs within the timeseries. (H1-HS) Timeseries high-
lighting an example of filamentous UPEC growth within an IBC. Scale bars, 10 um in B1-B5, G1-G5 and H1-
HS.

144



A2 ® 1037 min
growth

A5 . 1666 min
> a growth

\

-

_15] amp st amp 2nd 167 £ p=4.7E7 g
S S 14 =~ * ¢ =
© 134 S o o
= ] < L] = * $ £
2 11 g 7] I 3 o
_g y 2 104 =) : £
S o 3 ] 5 c
8 7 8 ° g ® | 3
5 T I T I T I T I T I T 6 T | T l T l T l T I T 8 O l I 8 0 I I
300 600 900 1200 1500 1800 300 600 900 1200 1500 1800  — 1st 2nd = 1st 2nd
Time (min) Time (min) cycle number cycle number

1258 min
Amp

1071 min 1173 min 1190 min 1258 min
Amp Amp Amp Amp

Response of IBC vs Extracellular bacteria to ampicillin treatment

el (]
— H1st amp 2nd | - .81.2—I - § § J T S 22 M
S S P © E1004 p=5.8E-6| & 3 p=8.6E-6
8 - S £10 SE 8 55,
:.)/12 8 80-8_ 8 g 80— [ d:) 5 f..
° -
£ 10 £ 506 2 2 60 o> g2t X
0 g 3 Eps- e e as ;
5 530 S N 40 o 58|34 %
g o © S0 Sgaq ° °g ¥
- 1 T T ©0.0 T S o
[ [ © [ = o o 18
1080 1200 1320 © 1080 1200 ‘l: 20 T | Soss * + -
Time (min) Time (min) B Extra IBC  Duty cycle (+) Duty cycle (-) Duty cycle

Figure 3.4: IBCs offer a semi-protective niche that delays clearance of bacteria by antibiotics.

(A1-AS5) Bacteria persist and grow in IBCs despite antibiotic treatment. Snapshots show the growth of four
IBCs with variable growth rates (A1-A2). Ampicillin treatment eliminates some but not all of the bacteria
within each IBC (A3). Growth resumes at all sites in (A4, AS), formation of new IBCs in the second growth
cycle is indicated by white arrowheads. (B) Plots of logarithm of bacterial volume within five separate IBCs
demonstrates exponential bacterial growth. IBCs are seeded dynamically; growth can occur either in the first
or second growth cycle, or prior to the administration of antibiotic, or in few cases continues in the presence
of the antibiotic. (C) Plots of the logarithm of bacterial volume vs. time for n=8 IBCs tracked across two
growth phases with an intermediate period of ampicillin treatment. In the growth phases, growth is exponential
and bacterial volume continues to increase for up to ca. 120 minutes after administration of antibiotic before
declining due to loss of bacteria. In each case, growth resumes after the antibiotic is removed. (D) Scatter plots
of the doubling time of bacterial volume in IBCs as measured in the first growth cycle (n=102) and the second
growth cycle (n=59). Growth in the second cycle is significantly slower (p=4.7E-7), red line represents the
median value. (E) Doubling time of bacterial volume in IBCs in the first and second growth cycle for some of
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the IBCs in (D) that survived the antibiotic treatment. In n=16 out of 18 instances, growth is slower in the
second growth cycle. (F1-F5) High resolution time-series that highlights bacterial growth within an IBC prior
to (F1, F2) and after (F3-F5) administration of ampicillin. Some bacteria within this IBC are subsequently
eliminated (F5). (G1-GS) High resolution time-series that highlights bacterial growth within an IBC prior to
(G1, G2) and after (G3-G5) administration of ampicillin. The bacterial volume within this IBC is not dimin-
ished by antibiotic treatment (GS). (H) Plots of logarithm of bacterial volume within n=11 IBCs before, during,
and after the second round of antibiotic treatment. (I) Plot of the volume of extracellular bacteria upon antibi-
otic administration from n=103 across 206 x 206 um? field of view from n=3 bladder-chips. The bacterial
volumes are normalized to the volume immediately prior to the antibiotic administration. (J) Scatter plot of
the extracellular bacterial volume (n=105) and bacterial volume within IBCs (n=22) after antibiotic treatment
as a fraction of the maximum bacterial volume prior to antibiotic treatment. Red line represents the median
value, p=5.8E-6 as calculated by Mann-Whitney test. (K, L) Representative images from the epithelial face of
the infected bladder-chips with or without duty cycle. (M) Scatter plots of the logarithm of the total bacterial
area across n=14 from infected bladder-chips with (n=2) and without (n=2) duty cycle, p= 8.6E-6. Infected
bladder-chips shown in K, L. were fixed ca. 13.5 hours after UPEC infection and 6 hours into the first growth
cycle. p-values calculated using a Mann-Whitney test. Scale bars, 10 pm in panels A1-AS, F1-FS5, and G1-
GS.
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Cell type | Cell density/10*um?
Epithelial | 31.7+5.1

Endothelial | 4.0 +£ 0.6

Table 2: Characterization of epithelial and endothelial cell densities from a total of n=18 fields
of view in both the epithelial and endothelial layers from n=2 bladder-chips.

3.6 Supplementary Figures
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Figure 3.5: Characterization of co-cultures of bladder epithelial cells and bladder endothelial
cells in bladder-chip.

Immunofluorescence characterization of HTB9 bladder epithelial cells in bladder-chip for Epithelial Cell Ad-
hesion Molecule (EpCAM) (A), cytokeratin 7 (CK7) (B), and cytokeratin 8 (CK8), a marker for differentiated
urothelial cells (F). Immunofluorescence characterization of primary human bladder microvascular endothelial
cells in bladder-chip for tight junction markers such as Platelet Endothelial Cell Adhesion Molecule-1
(PECAM-1) (C) and vascular endothelial cadherin (VE-cadherin) (G). Some endothelial cells also express
CK7 (D). Filamentous actin staining for epithelial (E) and endothelial (H) cells. Cell nuclei were labeled with
DAPI (azure) in all panels. Scale bars, 50 um in all panels.
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Figure 3.6: Characterization of monocultures of HTB9 bladder epithelial cells and HMVEC-
Bd bladder microvascular endothelial cells.

Characterization of the HTB9 bladder epithelial cells for epithelial tight junction markers such as Epithelial
Cell Adhesion Molecule (EpCAM) (A), epithelial cadherins (E-cadherin) (B), Zonula Occludens-1 (ZO-1)
(C), and filamentous actin (Phalloidin) (D). Bladder endothelial cells express tight junction markers such as
vascular, Platelet Endothelial Cell Adhesion Molecule-1 (PECAM-1) (E), endothelial cadherin (VE-cadherin)
(F) and filamentous actin (Phalloidin) (G). Some endothelial cells also showed staining for CK7 (H). Charac-
terization of the HTBY bladder epithelial cell line for the uroepithelial cell marker cytokeratin 7 (CK7) (I), for
umbrella cell specific markers cytokeratin 8 (CKS8) (J) and uroplakin 3a (Up3a) (K), and the basal cell marker
cytokeratin 1 (CK1) (L). CK1 expression was sparse and lower than CK7 and CK8, data obtained from 2 fields
of view in an ibidi m-Slide 8 well (M). Red lines represent the median value. Epithelial and endothelial cells
were grown to ca. 75-90% confluence in ibidi 8-wells. Cell nuclei were labeled with DAPI (cyan). Scale bars,
10 pm in (A-L).
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Figure 3.7: Quantification of the linear strain in the PDMS membrane as a function of applied
negative pressure in the vacuum channels of the bladder-chip.

Pore-to-pore distance was measured in the PDMS membrane (n=14) on human bladder chip under different
values of applied pressure and used to calculate the linear strain (Al = by

). Iy and [, refer to the pore-to-
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Figure 3.8: Quantification of UPEC attachment to bladder epithelial cells on-chip under flow.

Ratio of number of attached UPEC to the average number of epithelial cells in n=25 (magenta line), n=38
(orange line) and n=34 (blue line) fields of view, each 206 x 206 um?” across on the epithelial layer of n=3
infected bladder-chips. In each case, the protocol results in less than 1 focus of infection per epithelial cell at

the end of the 90-minute infection period. The dotted lines and the shaded regions represent the standard de-
viation.
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Figure 3.9: Timeseries highlighting neutrophil diapedesis and swarm formation.

Additional images that highlight the diapedesis of neutrophils across the epithelial-endothelial barrier and the
formation of neutrophil swarms. Bladder epithelial cells (magenta) and neutrophils (amber) were identified

with membrane (Cell Mask Orange) and cytoplasmic (Cell Tracker Deep Red) dyes, respectively. UPEC iden-
tified via constitutive expression of YFP are shown in green. In all images, scale bar = 50 pm.

B CD 15

A Cell Tracker Deep Red mrged

Figure 3.10: Neutrophils isolated from human blood are CD15+.

Images of neutrophils isolated via negative depletion from human blood and labelled with a cytoplasmic dye
(Cell Tracker Deep Red) (A) and immunostained with an anti-CD15 antibody (B). (C) Merged image for both
channels confirms that all neutrophils are CD15+.
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Figure 3.11: Neutrophil attachment to endothelial cells is enhanced upon bacterial infection.

Fluorescent (A) and brightfield (B) imaging of the endothelial layer of an uninfected bladder-chip. The few
neutrophils (identified by CellTracker Deep Red, amber) attached to the endothelial layer are indicated by
white arrowheads. Fluorescent (C) and brightfield (D) imaging of the endothelial layer of an infected bladder-
chip, 1.5 hours after infection of the epithelial layer. Neutrophils attached to the endothelial layer are marked
by white arrowheads and examples of diapedesis though the PDMS pores to the epithelial layer are marked
with magenta arrowheads. In all panels, neutrophils (amber) were introduced into the vascular channel of the
bladder-chip under a flow rate of 3 ml/hour corresponding to a shear stress n=1 dyne/cm?.
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Figure 3.12: Neutrophil diapedesis is stimulated by a pro-inflammatory cytokine gradient
across the epithelial-endothelial barrier.

(A) Representative images of the epithelial layer of an uninfected control bladder-chip, 2 hours after the intro-
duction of neutrophils in the endothelial channel. No neutrophil diapedesis is observed. (B) Representative
image of the epithelial layer of an uninfected control bladder-chip exposed to a cocktail of pro-inflammatory
cytokines (Interleukin-1o, Interleukin-1p, Interleukin-6 and Interleukin-8, each at 100 ng/ml) added to the
diluted urine on the epithelial side and maintained under flow for 2 hours. Epithelial cells (magenta, identified
via CellMask Orange) and neutrophils (amber, identified via CellTracker Deep Red) are shown. (C) Repre-
sentative image of the epithelial layer of an infected bladder-chip 2 hours after the introduction of neutrophils
in the endothelial channel. (D) Scatterplot of maximum number of neutrophils detected in 206 x 206 pm? fields
of view under control (n= 26), cytokine stimulation (n=26) and infection (n=130). P-values were calculated
using Kruskal-Wallis ANOVA Test. Red lines represent median values. Scale bars, 50 um.
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DAPI Anti-Neutrophil Elastase

Figure 3.13: NETs formation on the epithelial and endothelial layers of an infected bladder-
chip.

(A1-A3) Additional example of NETs formation by neutrophils on the epithelial layer (epi) of an infected
bladder-chip. Neutrophils are identified via immunostaining with an anti-myeloperoxidase antibody (A1-A2).
UPEC identified via YFP expression are shown in spring green (A1). Nuclear labelling with DAPI is shown
in azure (A2). A merged image is shown in A3. (B1-B3) An example of NETs formation by neutrophils on the
endothelial layer (endo) of an infected bladder-chip. UPEC identified via YFP expression are shown in spring
green and nuclear labelling with DAPI is shown in azure (B1). Neutrophils are identified via immunostaining
with an anti-neutrophil elastase antibody (B2). A zoomed image corresponding to the white dashed box in B2
is shown in B3. In all images, scale bar = 50 um.
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NETs in infected bladder-chip

Figure 3.14: SEM characterization of uninfected and infected bladder-chips.

(A) SEM image of the confluent epithelial layer of an uninfected bladder-chip. Appendages between epithelial
cells are indicated by cyan arrowheads. (B) Example from an infected bladder-chip without the addition of
neutrophils. Long filaments characteristic of NET formation is not observed. Individual UPEC on the surface
of the epithelial cells are indicated by green arrowheads. Appendage between epithelial cells is indicated by a
cyan arrowhead (C) Additional example of formation of NETs by a large swarm of neutrophils on the epithelial
layer of an infected bladder-chip. NETs are indicated by white arrowheads, and large clusters of neutrophils
are indicated by dashed amber circles.
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DAPI + Anti-Neutrophil Elastase

Figure 3.15: Neutrophils do not form NETs in response to shear stress in the bladder-chip.

Neutrophils infused through the vascular channel of an infected bladder-chip were collected and characterized
via immunofluorescence for myeloperoxidase (A-C) and neutrophil elastase expression (D-F) to identify the
formation of NETs, indicated by dotted white circles. All neutrophils are labelled by the cytoplasmic
CellTracker dye (shown in amber in B, E). Both myeloperoxidase expression (marked with dotted white circles
in C) and elastase expression (marked with dotted white circles in F) coincide with infected neutrophils (A,
D). UPEC are identified via YFP expression and colored spring green, nuclear labelling is indicated in azure.
Scale bars, 50 um in all panels.
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Figure 3.16: Non growing UPEC in response to ampicillin administration in the bladder-chip.

(A) Measurement of ampicillin minimum inhibitory concentration (MIC) in endothelial cell medium for the
UPEC strain used in these experiments. (B1-B5) Example of a non-growing clump of UPEC within an epithe-
lial cell following the first growth cycle (indicated by white arrowheads in all images). The bacteria are non-
growing throughout the first growth cycle (B1, B2), the second cycle of ampicillin treatment (B3) and subse-
quently after the removal of antibiotic (B4, B5). (C) Classification of the growth state of intracellular bacterial
microcolonies as growing (black) or non-growing (white) across n=108 fields of view in total from n=3 in-
fected bladder chips during the first and second growth periods. (D) Scatter plot for the distribution of lag time
(measured as the time taken to resume growth after removal of antibiotic) for intracellular bacterial microcol-
onies during the first (n=133) and second (n=16) growth cycles. Red line represents the median value. Scale

bars, 10 um in B1-BS.
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Figure 3.17: Immunofluorescence characterization of IBC formation.

(A) Confocal images of two IBCs within epithelial cells with different morphologies. UPEC are labelled in
spring green, anti-CK8 staining is shown in magenta, F-actin labelling is shown in yellow, and nuclear label-
ling with DAPI is shown in azure. IBCs on the infected bladder chip were fixed 13.5 hours after UPEC infec-
tion and 6 hours into the 1st growth cycle.

1 4833 min
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Figure 3.18: IBC formation from filamentous UPEC.

(A1-AS5) Additional example of intracellular growth of filamentous UPEC that develops into an IBC. The
growing filament (A1-A2) is eventually restricted by the cellular volume and bends (A3) before reductive
division (marked by white arrowhead in A3) and IBC formation occurs. Scale bars, 10 um in A1-AS.
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Figure 3.19: UPEC growth in IBCs during ampicillin treatment.

(A1-AS5) Additional examples of UPEC growth during ampicillin treatment. (A1) Two IBCs (marked 1 and 2)
at the start of ampicillin treatment. The IBC marked 1 exfoliates (A2) whereas the remaining IBC-2 continues
to grow (A1-A3). Towards the end of this period, the bacteria filament (A4) before killing due to the antibiotic
is observed (AS). (B1-BS5) High resolution time-series that highlights bacterial growth within an IBC prior to
(B1) and during (B2-B5) administration of ampicillin. The bacterial volume within this IBC is not diminished
by antibiotic treatment (B5). Scale bars, 10 pum in all the panels.

o : A .
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Figure 3.20: UPEC infection leads to a higher bacterial burden in bladder-chips perturbed
with duty cycle.

Additional examples of UPEC growth in infected bladder chips with (A) and without (B) duty cycle.
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3.7 Supplementary Movie Legends

Supplementary movie 1

File Name: SMov1 Description: Infection of bladder-chip with UPEC, diapedesis of neutrophils
across the epithelial-endothelial barrier and formation of swarms (Figure 3.2B1-B5).

Stage 1: Prior to infection, the uninfected cells of the epithelial layer (magenta) are imaged (0-120
mins).

Stage 2: UPEC (green) are introduced into the epithelial channel via flow and infection proceeds
under flow for 120-210 min.

Stage 3: Neutrophils (amber) are introduced into the vascular channel of the infected bladder-chip
via flow (210 min onwards).

Stage 4: Neutrophils undergo diapedesis within 15-30 minutes and are visible on the epithelial side
(210-240 min). UPEC can be seen internalized by neutrophils.

Stage 5: Neutrophils aggregate and form a neutrophil swarm (240 min onwards) on the epithelial

side.

Supplementary movie 2

File Name: SMov2, Description: Neutrophil diapedesis and swarm formation on the epithelial side
of UPEC infection (Figure 3.9A1-A5).

Stage 1: Prior to infection, the uninfected cells of the epithelial layer (magenta) are imaged (0-120
mins).

Stage 2: UPEC (green) are introduced into the epithelial channel via flow and infection proceeds
under flow for 120-210 min.

Stage 3: Neutrophils (amber) are introduced into the vascular channel of the infected bladder-chip
via flow (210 min onwards).

Stage 4: Neutrophils undergo diapedesis within 15 minutes and are visible on the epithelial side
(210-240 min). UPEC can be seen internalized by neutrophils.

Stage 5: Neutrophils aggregate and form a neutrophil swarm (240 min onwards) on the epithelial

side.
Supplementary movie 3
File Name: SMov3, Description: Formation of intracellular bacterial community inside epithelial

cell arising from few bacteria (Figure 3.3B1-B5).
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An intracellular bacterial community is seeded inside a bladder epithelial cell (magenta, stained with
Cell Mask Orange) by few UPEC (green) to form an intracellular bacterial community during the first
growth cycle (578-1054 min, ca. 8 hr.). During subsequent ampicillin treatment (1071-1258 min, ca.
3 hr.), the IBC shed bacteria and eventually exfoliated from the epithelial layer.

Supplementary movie 4

File Name: SMov4, Description: IBC shedding and exfoliation (Figure 3.3G1-G5).

UPEC (green) divide and proliferate intracellularly in three epithelial cells (magenta, stained with
Cell Mask Orange) to form IBCs. Two late-stage IBCs shed bacteria (ca. 935-969 min). One of
these two IBCs subsequently exfoliated (ca. 986 min) whereas the other IBC shrank in volume due
to the loss of shed bacteria. The third IBC did not shed bacteria during the first growth cycle (578-
1054 min, ca. 8 hr.).

Supplementary movie 5

File Name: SMovS5, Description: Filamentous bacterial growth within an IBC (Figure 3.3H1-H5).
Filamentous UPEC (green) grow intracellularly in an epithelial cell (magenta, stained with Cell Mask
Orange) to form an IBC during the second growth cycle (1275 min onwards). Shedding of bacteria,
some of which appear filamentous was subsequently observed later in the time series (ca. 1649-1768

min).

Supplementary movie 6

File Name: SMov6, Description: Filamentous bacterial growth within an IBC (Figure 3.18A1-A5).
Filamentous UPEC (green) grow intracellularly in an epithelial cell (magenta, stained with Cell Mask
Orange) to form an IBC during the first growth cycle (578-1054 min, ca. 8 hr.). The IBC eventually

exfoliates during the time series.

Supplementary movie 7

File Name: SMov7, Description: Bacteria within an IBC can persist and grow within an IBC de-
spite the antibiotic treatment (Figure 3.4A1-A5).

Proliferation of UPEC (green) within four epithelial cells (magenta, stained with Cell Mask Orange)
during the 1°' growth cycle (578-1054 min, ca. 8 hr.) leads to the formation of IBCs. The bacteria
within the four IBCs persist during the (~40x MIC) ampicillin treatment (1071-1258 min, ca. 3 hr.)
In each case, bacterial killing was observed during the ampicillin treatment, but all four IBCs persisted

over the course of the treatment. Bacterial growth subsequently resumed within all four IBCs post
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ampicillin washout during the second growth cycle (1275 min onwards). Two new IBCs were formed
during the second growth cycle (1275 min onwards). IBC fluxing and filamentation could be observed

towards the end of time series.

Supplementary movie 8

File Name: SMov8, Description: Ampicillin mediated bacterial killing is delayed within an IBC
(Figure 3.4F1-F5).

Proliferation of UPEC (green) within an epithelial cell (magenta, stained with Cell Mask Orange)
during the 1% growth cycle (578-1054 min, ca. 8 hr.) to form an IBC. The bacteria within the IBC
persisted during the (~40x MIC) ampicillin treatment (1071-1258 min, ca. 3 hr.). Bacterial prolifera-
tion continued during the first two hours of the ampicillin treatment (1071-1190 min, ca. 2 hr.). Bac-
terial killing was subsequently observed later during the ampicillin treatment (1190-1258, ca. 1 hr.).
Some bacteria within the IBC persisted throughout the ampicillin treatment and resumed proliferation

during the second growth cycle (1275 min onwards).

Supplementary movie 9

File Name: SMov9, Description: Ampicillin mediated bacterial killing is delayed within an IBC
(Figure 3.19A1-A5).

Proliferation of UPEC (green) within two epithelial cells prior to the ampicillin treatment during the
1% growth cycle (578-1054 min, ca. 8 hr.). IBC#1 exfoliates from the epithelial layer (ca. 1105 min).
Bacteria within IBC#2 continued to proliferate during the first two hours of the ampicillin treatment
(1071-1190 min, ca. 2 hr.). Bacterial killing was subsequently observed later during the ampicillin
treatment (1190-1258, ca. 1 hr.). IBC#2 eventually exfoliated from the epithelial layer towards the

end of the time series (1292 min).

Supplementary movie 10

File Name: SMov10, Description: Bacteria can continue growing within an IBC for the entire dura-
tion of ampicillin treatment (Figure 3.4G1-G5).

Proliferation of UPEC (green) within an epithelial cell (magenta, stained with Cell Mask Orange)
during the 1% growth cycle (578-1054 min, ca. 8 hr.) to form an IBC. Bacterial growth within the
intact IBC continued both during the ampicillin treatment (~40x MIC, 1071-1258 min, ca. 3 hr.) as
well as after the ampicillin was washed out during the 2™ growth cycle (1275 min onwards). Even-

tually, the IBCs shed bacteria (1700-1751 min, ca. 1hr) towards the end of time series.

161



Supplementary movie 11

File Name: SMov11, Description: Bacteria can continue growing within an IBC during the ampicil-
lin treatment (Figure 3.19B1-B5).

Proliferation of UPEC (green) within an epithelial cell (magenta, stained with Cell Mask Orange)
during the 1% growth cycle (578-1054 min, ca. 8 hr.) to form an IBC. Bacterial growth within the
intact IBC continued both during the ampicillin treatment (~40x MIC, 1071-1258 min, ca. 3 hr) as
well as after the ampicillin was washed out during the 2™ growth cycle (1275 min onwards). The
late-stage IBC eventually shed bacteria and filamentous bacterial growth (1632-1717 min, ca. 1.5

hr) was also observed towards the end of time series.
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3.10 Materials and Methods

Stain

Reagent or | Designation Source or refe- | Identifiers Additional informa-
resource rence tion
strain, strain | Uropathogenic Escherichia | PMID: 2182540 NCBI: originally isolated
background coli (UPEC) strain CFT073 txid199310 from a pyelonephritis
patient and provided
by Prof. H.LT.
Mobley, University of
Michigan, USA
plasmid pZA32-YFP PMID: 9092630 (Lutz and Bujard,
1997)
strain, strain | CFT073-pZA32-YFP this paper this study
background
cell line (hu- HTB-9™ bladder epithelial | ATCC Cat#:5637
man) cells
Prmary cells HMVEC-Bd — Human Blad- | Lonza Cat#:7016
(human) der Microvascular Endothe-
lial Cells
other RPMI-1640 medium ATCC Cat#:30-2001
other Gibco™ RPMI 1640 Me- | Thermofisher Cat#:11835063
dium, no phenol red
other Gibco™ Fetal Bovine Se- | Thermofisher Cat#t:
rum, Premium Plus A4766801
other EGM™-2 MV Microvascular | Lonza Cat#:CC-3202
Endothelial Cell Growth
Medium-2 BulletKit™
other EBM-PRF Endothelial Me- | Lonza Cat#:CC-3129
dium Phenol-red free, 500
mi
other EGM™-2 Endothelial | Lonza Cat#:CC-4176
SingleQuots™ Kit
other Gibco™  Antibiotic-Antimy- | Thermofisher Cat#:15240062
cotic (100X)
other Gibco™ Trypsin-EDTA | Thermofisher Cat#:25300054
(0.05%), phenol red
drug Chloramphenicol Sigma-Aldrich Cat#:C1919- 34 mg/ml in ethanol
25G (stored at -20 °C)
drug Ampicillin Sigma-Aldrich Cat#: A9518- | 50 mg/ml in ddH20
5G (stored at -80 °C)
other pooled human female urine | Golden West Dia- | Cat#: OH2010-
gnostics pH
other Phosphate Buffered Saline | Thermofisher Cat#:
10010056
other Gibco™ HEPES Thermofisher Cat#: F2006
other Invitrogen™ DAPI Thermofisher Cat#: D1306 5 mg/ml in DMSO
other LB (Luria broth base, Mil- | Sigma-Aldrich Cat#: L1900-
ler's modified) 1KG
other Organ-chips (Standard Re- | Emulate RE1000001024 | Emulate, Inc. 27
search Kit - 24 per Pack) Drydock Ave, 5th
Floor Boston, MA
02210
other CellMask™ Orange Plasma | Thermofisher Cat#: C10045 used at 1uM in re-
membrane Stain spective cell medium
other HCS CellMask™ Deep Red | Thermofisher Cat#: H32721 used at 2uM in PBS
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other

CellTracker™
Dye

Deep Red

Thermofisher

Cat#t: C34565

used at 1uM in re-
spective cell medium

other

Elveflow® OB1 Pressure
Controller OB1 Base MkllI+

Elveflow

Cat#:
OB1MKII|+-
MIX-

connected to 6bar
compressed air
channel

other

Elveflow® OB1 Pressure
Controller OB1 Mklll Chan-
nel-900/1000

Elveflow

Cat#:
Dual-

OB1-

connected to
Elveflow® OoB1
Pressure Controller
OB1 Base MKIlI+

other

Diaphragm moist gas va-
cuum pump

KNF Neuberger

Cat#:LABO-
PORT® UN
820.3 FT.40P

connected to
Elveflow® OoB1
Pressure Controller
OB1 MKl Channel-
900/1000

antibody

Anti-EpCAM

abcam

Cat#: ab71916

used at 1:100 dilu-
tion in 1% BSA, con-
jugated with Donkey
anti-Rabbit second-
ary antibody, Alexa
Fluor 647 (2ug/ml)
and Alexa Fluor 568
(2ug/ml) in 1%BSA

antibody

Anti-PECAM1 or Anti-CD31

abcam

Cat#: ab24590

used at 1:100 dilu-
tion in 1% BSA, con-
jugated with Donkey
anti-Mouse second-
ary antibody, Alexa
Fluor 647 (2ug/ml)
and Goat anti-Mouse
Alexa Fluor 488
(2ug/ml) in 1%BSA

antibody

Anti-CK7

abcam

Cat#:
ab209599

used at 1:100 dilu-
tion in 1% BSA

antibody

Anti-CK8

abcam

Cat#:
ab192468

used at 1:100 dilu-
tion in 1% BSA

other

Alexa Fluor™ 555 Phalloi-
din

Thermofisher

Cat#: A34055

used at 1uM concen-
tration in PBS

antibody

Anti-VE-Cadherin

abcam

Cat#: ab33168

used at 1:100 dilu-
tion in 1% BSA, con-
jugated with Donkey
anti-Rabbit second-
ary antibody, Alexa
Fluor 647 (2ug/ml)
and Alexa Fluor 488
(2ug/ml) in 1%BSA

antibody

Anti-Uroplakin3a

Santa Cruz

Cat#: sc-
166808

used at 1:100 dilu-
tion in 1% BSA, con-
jugated with Donkey
anti-Mouse second-
ary antibody, Alexa
Fluor 647 (2ug/ml) in
1%BSA

antibody

Anti-CK1

Thermofisher

Cat#:
06312

MA1-

used at 1:100 dilu-
tion in 1% BSA, con-
jugated with Donkey
anti-Mouse second-
ary antibody, Alexa
Fluor 647 (2ug/ml) in
1%BSA

165




antibody Anti-E-Cadherin Thermofisher Cat#: MAS- | used at 1:100 dilu-
14408 tion in 1% BSA, con-
jugated with Donkey
anti-Mouse second-
ary antibody, Alexa
Fluor 647 (2ug/ml) in
1%BSA
antibody Anti-ZO-1 abcam Cat#: used at 1:100 dilu-
ab216880 tion in 1% BSA, con-
jugated with Donkey
anti-Rabbit second-
ary antibody, Alexa
Fluor 647 (2ug/ml) in
1%BSA
antibody Anti-myeloperoxidase abcam Cat#: ab9535 used at 1:100 dilu-
tion in 1% BSA, con-
jugated with Donkey
anti-Rabbit second-
ary antibody, Alexa
Fluor 568 (2ug/ml) in
1%BSA
antibody Anti-neutrophil elastase abcam Cat#: ab68672 | used at 1:100 dilu-
tion in 1% BSA, con-
jugated with Donkey
anti-Rabbit second-
ary antibody, Alexa
Fluor 568 (2ug/ml) in
1%BSA
antibody Anti-CD15 abcam Cat#: ab665 used at 1:100 dilu-
tion in 1% BSA, con-
jugated with Donkey
anti-Mouse second-
ary antibody, Alexa
Fluor 568 (2ug/ml) in
1%BSA
antibody Donkey anti-Mouse IgG | Thermofisher Cat#: A-31571 2 mg/ml
(H+L) Highly Cross-Ad-
sorbed Secondary Anti-
body, Alexa Fluor 647
antibody Donkey anti-Rabbit IgG | Thermofisher Cat#: A-31573 | 2 mg/ml
(H+L) Highly Cross-Ad-
sorbed Secondary Anti-
body, Alexa Fluor 647
antibody Goat anti-Mouse 1gG (H+L) | Thermofisher Cat#: A-11029 | 2 mg/ml
Highly Cross-Adsorbed
Secondary Antibody, Alexa
Fluor 488
antibody Donkey anti-Rabbit 1gG | Thermofisher Cat#: A10042 2 mg/ml
(H+L) Highly Cross-Ad-
sorbed Secondary Anti-
body, Alexa Fluor 568
antibody Donkey anti-Mouse IgG | Thermofisher Cat#: A10037 2 mg/ml
(H+L) Highly Cross-Ad-
sorbed Secondary Anti-
body, Alexa Fluor 568
peptide, re- | Fibronectin from human | Sigma-Aldrich Cat#: F1056 500 pg/ml in ddH20
combinant plasma

protein
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peptide, re- | Native Collagen, Bovine | AteloCell Cat#: IAC-50 5 mg/ml
combinant dermis
protein
peptide, re-| Human IL-1a, research | Miltenyi Biotec Cat#:130-093- | 1 pg/mi
combinant grade 894
protein
peptide, re- | Human IL-1B, research | Miltenyi Biotec Cat#:130-093- 1 pg/mi
combinant grade 895
protein
peptide, re-| Human IL-6, research | Miltenyi Biotec Cat#:130-093- | 1 pg/mi
combinant grade 929
protein
peptide, re-| Human IL-8, research | Miltenyi Biotec Cat#:130-122- | 1 pg/mi
combinant grade 354
protein
commercial MACSxpress® Whole | Miltenyi Biotec Cat#:130-104-
assay or kit Blood Neutrophil Isolation 434
Kit, human
software, al- | Imaris 9.5.1 Bitplane
gorithm
other Gas chamber for stages | okolab Cat#: H201-K-
with k-frame insert FRAME
(160x110mm) - magnetic
model with sliding lid.
other Custom holder for 24mm x | okolab Cat#:1x24by60
60mm coverslip -M
other p-Slide 8 Well ibidi Cat#:80826
other Masterflex PharMed tubing, | Cole-Palmer Cat#:GzZ-
0.89mm ID, 100 ft 95709-26
other Masterflex® Transfer Tub- | Cole-Palmer Cat#:Gz-
ing, Tygon® 0.76mm ID 06419-03
other 1.30 x 0.75 x 10 mm metal- | Unimed Cat#:9084 /
lic tubes 200.010-A
other 1.00/0.75 x 20mm metallic | Unimed Cat#:200.010-A
tubes
other Aladdin programmable | WPI Cat#: PUMP-
pump NE-1000

3.10.1 Cell culture of human bladder epithelial and bladder endothelial cells

The HTB9 human bladder epithelial carcinoma cell line (procured from ATCC, 5637) was cultured
in RPMI 1640 medium supplemented with 10% Fetal Bovine Serum (FBS) as recommended by the
supplier. Human Bladder Microvascular Endothelial cells (HMVEC-Bd) (procured from Lonza, CC-
7016) were cultured in Lonza EGM-2 MV BulletKit medium. Both the epithelial and endothelial cells
were generally cultured in their respective medium supplemented with 1X Antibiotic-Antimycotic.
Epithelial cells were passaged by detachment with 0.05% Trypsin at 37°C for 3-5 minutes followed
by neutralization of trypsin with RPMI 1640 medium/10% FBS. Bladder endothelial cells were pas-
saged and split as recommended by the supplier. The cells used in all the experiments were at ten

passages or fewer. The cell lines were tested routinely for mycoplasma contamination during passag-

ing.
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3.10.2 UPEC culture for infection of bladder epithelial cells in the bladder-chip

Uropathogenic Escherichia coli (UPEC) strain CFT073 was originally isolated from a pyelonephritis
patient (Mobley et al., 1990) and provided by Prof. H.L.T. Mobley, University of Michigan, USA. A
derivative strain expressing yellow fluorescent protein (YFP) was generated by electroporation of
CFTO073 with the episomal plasmid pZA32-YFP (Lutz and Bujard, 1997), as described earlier (Dhar
et al., 2015). To induce expression of type 1 pili, UPEC was grown in LB media containing 25 pg/ml
chloramphenicol under non-shaking conditions at 37 °C for 2 days prior to the experiment, to achieve
a stationary phase culture (ODsoo=1.5 and corresponding to a concentration of 1.5 x 10° bacteria/ml).
The bacteria were diluted 10-fold to a final concentration of 1.5 x 108 cells/ml) and resuspended in a

solution of pooled human female urine (procured from Golden West Diagnostics Catalogue OH2010-

pH) diluted 10-fold in Phosphate Buffered Saline.

3.10.3 Recapitulation of human bladder physiology in human bladder-on-a-chip device

Bladder-chip devices made of polydimethylsiloxane (PDMS) were purchased from Emulate (Boston,
USA). The dimensions of the microfluidic device were as follows: width of the channels- 1000 pum,
height of the upper channel- 1000 pm, lower channel — 250 pm). For extracellular matrix (ECM)
coating, a coating solution consisting of the ER-1 compound (Emulate) dissolved in ER-2 solution at
0.5 mg/ml (Emulate) was introduced in both apical and vascular channels and the chips were subse-
quently activated by exposing the bladder-chip for 20 minutes under UV light. The channels were
then rinsed with fresh coating solution and the protocol was repeated once. The channels of the blad-
der-chip were then washed thoroughly with PBS before incubation with an ECM solution of 150
pg/ml bovine collagen type I and 30 pg/ml fibronectin from human plasma in PBS buffered with 15
mM HEPES solution for 1-2 hours at 37°C as described previously (Thacker et al., 2020b). If not
used directly, coated chips were stored at 4°C and pre-activated before use by incubation for 30
minutes with the same ECM solution at 37°C. Three days before the day of the experiment, HMVEC-
Bd cells were seeded into lower channel of the inverted bladder-chip device at 0.5 million cells/ml.
Two days before the experiment, HTBO cells were seeded into upper channel at 5 million cells/ml.
Prior to the infection experiment, bladder endothelial and bladder epithelial cells were cultured in
their respective medium supplemented with the 1X Antibiotic-Antimycotic solution. The antibiotics

were removed prior to the experiment.
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3.10.4 Characterization and immunostaining of human bladder epithelial and human bladder
epithelial cells in ibidi wells and human bladder-chip

Human bladder epithelial and bladder endothelial cells were cultured inside ibidi p-Slide 8 wells for
one day. The cells were subsequently fixed with 4% paraformaldehyde (PFA) for 1 hour at room
temperature. Fixed cells were then washed three times with 200 pl of PBS to remove residues of PFA,
permeabilized with 0.15 % Triton X-100 for 15 minutes; washed three times with 200 ul of PBS to
remove residues of detergent and then incubated in a blocking solution of 1% BSA in PBS for 1 hour.
The cells were then incubated with primary antibodies (anti-EpCAM, anti-PECAM-1, anti-CK7, anti-
CKS, anti-VE-Cadherin, anti-Uroplakin3a, anti-CK1, anti-E-Cadherin, anti-ZO-1, anti-myeloperox-
idase, anti-neutrophil elastase, anti-CD15) at a dilution of 1:100 in an antibody incubation buffer
comprising 1% BSA and 0.01% Triton-100 in PBS. The ibidi 8-wells were subsequently washed three
times with PBS for 10 minutes each. Incubation with secondary antibody (Donkey anti-Mouse Alexa
Fluor 647, Donkey anti-Mouse Alexa Fluor 568, Goat anti-Mouse Alexa Fluor 488, Donkey anti-
Rabbit Alexa Fluor 647, Donkey anti-Rabbit Alexa Fluor 568, Donkey anti-Rabbit Alexa Fluor 488)
at a concentration of 2 pg/ml in antibody incubation buffer was subsequently performed for 1 hour at
room temperature. Excess antibody was removed by washing three times with PBS for 10 minutes
each. Cell nuclei were stained with DAPI (5 pg/ml) for 30 minutes. Ibidi 8-wells were washed three
times to remove unbound DAPI. Cells were covered with appropriate volume of PBS until imaging.
Cells were imaged with 63X oil objective on Leica SP8 confocal microscope. Images were decon-

volved using SVI Huygens (Quality, 0.05; Iterations, 40).

For characterization of the cell types on-chip, bladder-chips with co-culture of bladder epithelial and
bladder endothelial cells were kept under pooled diluted urine and EBM2 medium using P200 pipette
tips for 2 days prior to PFA fixation. The cells in the bladder-chip were then immunostained following
the protocol described above. Images were acquired with Leica HC FLUOTAR 25X (NA 0.95) multi-

immersion objective on Leica SP8 confocal microscope.

3.10.5 Characterization of strain-pressure curve in the bladder-chip model

Elveflow OB1 MK3 — Microfluidic flow control system was used to control the negative pressure
applied to the human bladder-chip. The control system was connected to the compressed air line (6
bar) for the positive pressure and diaphragm vacuum pump for the negative pressure. A negative
pressure (0 to -900 mbar) with a step function of -100mbar was subsequently applied to the vacuum
channels in the bladder-chip using a Pressure Controller (Elveflow OBI pressure controller). For

these experiments, both bladder epithelial and endothelial cells were seeded on the respective sides
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in the devices. This experiment was performed with the chip maintained on the stage of the micro-
scope and a brightfield image was acquired at each step increase of -100mbar, on Leica SP8 confocal
microscope. The PDMS inter-pore-to-pore distance was measured for 14 pore-to-pore combinations

at each input of negative pressure. Linear fitting was performed using GraphPad Prism (version 9).

3.10.6 Mimicking bladder filling and voiding cycle in human bladder-chip

The stretching of the human bladder-chip was done using the Elveflow OB1 MK3 — Microfluidic
flow control system connected to the compressed air line (6 bar) for the positive pressure and dia-
phragm vacuum pump for the negative pressure. Human bladder-chip in the relaxed (voided bladder,
0% strain) state was slowly perturbed with a linear ramp function to reach a stretched (filled bladder,
10% strain) state over a period of 2 hours. Linear strain of 10% strain was achieved by application of
ca. 520-530 mbar negative pressure in the vacuum channels. This period corresponded to the filling
bladder state in Figure 1D. Bladder-chip was kept under stretched (filled bladder, 10% strain) state
over the subsequent 2 hours. Micturition or urination was recapitulated by rapidly reducing the ap-
plied strain on the bladder-chip from the stretched (filled bladder, 10% strain) state to relaxed (voided
bladder, 0% strain) state over a period of 2 minutes. Subsequently, the bladder-chip was maintained
with no negative pressure applied in the vacuum channel under relaxed (voided bladder, 0% strain)
state from (4:02 hours to 6 hours). This 6-hour bladder filling and voiding cycle was repeated contin-

uously for the rest of the experiment.

3.10.7 Experimental setup and imaging parameters for time lapse imaging for UPEC infection
in the human bladder-chip devices

The medium perfusion inside the bladder-chip device was achieved with the Aladdin syringe pumps.
The syringes with respective media were connected to the bladder-chip via gas impermeable
PharMed® tubing (inner diameter =0.89 mm, Cole palmer GZ-95809-26) along with longer transpar-
ent Tygon tubings (internal diameter of 0.76mm, Masterflex transfer tubing, Cole palmer). The
Harmed® tubing was connected to the inlet and outlet of the bladder-chip with 1.30 x 0.75 x 10 mm
metallic tubes (Unimed) and transparent tubing with 1.00/0.75 x 20mm metallic tubes (Unimed). The
bladder-chip connected to external sources of flow was then mounted onto a 24 x 60 mm No. 1 glass
coverslip for microscopy imaging. When required for stretching experiments, tubing was also con-
nected to the stretching channels on either side of the main channel. The connected device was sub-
sequently assembled inside a temperature-controlled microscope environmental chamber at 37°C sup-
plemented with 5% CO; (OKO labs). Time-lapse imaging was conducted using a Leica HC
FLUOTAR 25X (NA 0.95) multi-immersion objective within custom made environmental chamber

set at 37°C for infusion with syringe pumps. Water was pumped to the ring around the water objective
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at 9 Hz with pumping duration of 9 seconds and pumping interval 30 minutes, controlled by SRS
software (HRZ=9, VPP=95). The autofocus mode (best focus, steps =9, range = 30 um) was used to
maintain the optical focus on the apical side of the PDMS membrane. The experiments were moni-
tored frequently to ensure that the optical focus was maintained, and the experiment was halted and
restarted if the focus was lost.

To enable rapid 3-D imaging across multiple spatial locations on-chip, we utilized the capability of
the white light laser on the Leica SP8 confocal microscope to image at multiple wavelengths simul-
taneously. The excitation wavelengths were grouped into two sequences to minimize the spectral
overlap. In the first sequence, laser emission at 555 nm was used to excite the Calmest Orange stain
in the bladder epithelial cells. In the second laser excitation sequence, laser emission at 500 nm and
630 nm were used to excite the YFP within the bacteria and the cytoplasmic CellTracker™ Deep Red
in the human neutrophils. Images were acquired with a scan speed of 400-700 Hz and a zoom factor
0f2.25 (206.67 pm x 206.67 um) resulting in an XY resolution of 450 nm depending on the number
of pixels acquired per field of view. Z-stacks were acquired with 1 um step sizes. Time lapse images
were acquired with interval duration of ca. 15-17 minutes, in a subset of experiments this was further

reduced to 7.5 minutes by imaging with the second sequence only at a z-step size of 2 um.

3.10.8 Time lapse imaging for UPEC infections in the human bladder-chip devices

Pre-infection stage

The time-course of the entire experimental protocol is shown in a schematic in Figure 1. The bladder-
chip device was perfused with diluted urine in the apical channel and EBM Endothelium phenol-red
free medium supplemented with EGM-2 endothelial SingleQuots kit in the vascular channel. Prior to
the commencement of infection, the chip was maintained at homeostasis and the epithelial cells were

imaged for a period of two hours.

Infection stage

Stationary phase UPEC in diluted pooled urine at a concentration of 150 million cells/ml were flowed
through the apical channel of the device at 1200 pl/hour for 1.5 hours. During this period, EBM2
media was flowed through the endothelial channel at 600 pl/hour.

Bacterial washout and neutrophil introduction stage

Next, the syringe connected to the apical channel was replaced with a fresh syringe containing pooled
diluted urine, this solution was then flowed in the apical channel over the epithelial layer of the chip

at a flow rate of 600 pl/hour over the next 3 hours. This allowed for the continuous removal of

171



extracellular planktonic bacteria in the apical channel. At the same time, human neutrophils were
introduced into the endothelial channel of the bladder-chip via flow. A solution of human neutrophils
at a density of 2 million cells/ml isolated via negative selection was flowed through the vascular
channel for 2 hours in EBM2 medium with at higher shear stress of n=1.0 dyne/cm? to enhance neu-

trophil attachment to endothelial cells.

Neutrophil diapedesis stage

Diapedesis of human neutrophils to epithelial side and subsequent interactions of neutrophils with
UPEC was observed for the subsequent 3 hours since introduction of neutrophils into the vasculature
side of the chip. During this period, the flow rate in the apical and vascular channels were maintained
at 600 pl/hour and 3000 pl/hour, respectively. During this period, in a subset of experiments, only
the channels that were part of the second laser scanning sequence were imaged. Images of the
CellTracker Orange dye for epithelial cell identification were not acquired (first laser scanning se-
quence). This enabled a number of fields of view to be captured with an enhanced temporal resolution
and a frame rate of up to 7.5 minutes. For experiments studying the formation of NETs, the experi-
ment was halted at this stage and the infected chips were fixed, permeabilized, blocked, and im-
munostained with anti-myeloperoxidase (abcam) or anti-neutrophil elastase (abcam) antibodies using
the procedure described earlier. For all other experiments, live imaging continued to the subsequent
antibiotic treatment phase, Immunofluorescence for anti-myeloperoxidase and anti-neutrophil elas-

tase was done as the procedure described previously.

Antibiotic treatment and growth cycles

Thereafter, syringes connected to both apical and vascular channels were changed and ampicillin at
250 pg/ml (used at ~40-fold over the minimum inhibitory concentration (MIC) of ampicillin against
UPEC grown in EBM2 medium) was introduced in the diluted urine and the EBM2 media perfused
into the apical and vascular channels, respectively, for 3 hours at a flow rate of 600 pl/hour. This was
the first ampicillin treatment cycle; whose purpose was to eliminate extracellular bacteria in the apical
channel and allow intracellular bacterial colonies (IBCs) to be identified. The medium was subse-
quently switched with antibiotic-free medium for next 8 hours to allow for IBC growth within epi-
thelial cells. During this period, the flow within the apical channel was maintained, to remove bacteria
that grew extracellularly either because they survived the antibiotic treatment or that were released

from infected epithelial cells. The ampicillin and growth cycle were then repeated, to allow the
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assessment of the response of bacteria within IBCs to antibiotic treatment as well as characterize the

subsequent regrowth.

3.10.9 Image analysis of confocal live-cell images

Image analysis was performed with Bitplane Imaris 9.5.1. The time-lapse imaging stack included five
channels: uroepithelial cells (epithelial channel), transmitted light (bright field channel), UPEC (bac-
terial channel), neutrophils (neutrophil channel), and transmitted light (bright field channel). Neutro-
phils were identified via the spot detection algorithm in Imaris used on the images from the neutrophil
channel with the following parameters (Size, 8§ um; Quality, 4 to 8).

Swarms of neutrophils generate dense aggregates that are ill-suited to quantification with the spot
detection algorithm. To quantify the size of the swarms, we therefore segmented images in the neu-
trophil channel to generate surfaces via the automatic segmentation tool in Imaris with the following
parameters (Threshold, 10; Smooth Surfaces Detail, 0.5 or 1.0 um). Unfortunately, the time resolution
was insufficient to track individual neutrophils over time particularly since neutrophils formed small
clumps and rapidly changed their cell shapes.

For UPEC volume inside IBCs, necessary 3D volume was cropped in Imaris to ease image analysis.
Total bacterial volume inside IBC was detected by creating the surface (Threshold, 15; Smooth Sur-
faces Detail, 0.5 or 1 um) on UPEC channel.

In cases of measuring extracellular UPEC growth, surface was generated (Threshold, 15; Smooth
Surfaces Detail, 0.5 or 1 um) on UPEC channel to calculate total extracellular volume in the field of

Vview.

3.10.10 Isolation and Labelling of human neutrophils from fresh human blood

Primary human neutrophils were isolated via negative depletion method from human blood with
MACSxpress® Whole Blood Neutrophil Isolation Kit (Miltenyi Biotec), following the manufac-
turer’s instructions. Isolation was performed without the use of a density-based centrifugation
method. Isolated human neutrophils were then incubated with a 1uM solution CellTracker™ Deep
Red in a serum free RPMI phenol red free medium for 30 minutes in a cell culture incubator main-
tained at 37 C and 5% CO.. Labelled human neutrophils were then washed with 10ml of 20% FBS
in RPMI phenol red free medium twice to remove the unbound dye. The human neutrophils were
suspended in Lonza EBM2 medium at a cell density of 1 million cells/ml. In some instances, labelled
human neutrophils were passed through a filter with 40 pm pores to remove neutrophil clusters that

may have formed during the isolation process.
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3.10.11 Scanning electron microscopy of human bladder-chip

UPEC within infected human bladder-chips were allowed to proliferate for 6 hours (14 hours from
start of UPEC infection) until the end of the first IBC growth cycle. After 6 hours, human bladder-
chip was fixed at room temperature for 1 hour with a mix of 1% glutaraldehyde and 2% paraformal-
dehyde in 0.1 M phosphate buffer (pH 7.4). The fixed bladder-chip was kept in the fixative overnight
(at 4°C). Post overnight fixation, human bladder-chip was cut open from the apical channel side. A
scalpel was used to cut approximately in the middle of the apical channel side (height=1mm) to ex-
pose the bladder epithelial cells. The fixed chip was further fixed for 30 minutes in 1% osmium te-
troxide in 0.1 M cacodylate buffer followed by washing with the distilled water. Next, the bladder-
chip was dehydrated in a graded alcohol series and dried by passing them through the supercritical
point of carbon dioxide (CPD300, Leica Microsystems). Finally, the bladder-chip was attached to an
adhesive conductive surface followed by coating with a 3 — 4 nm thick layer of gold palladium metal
(Quorum Q Plus, Quorum Technologies). Images of the cells were captured using a field emission
scanning electron microscope (Merlin, Zeiss NTS).

Uninfected human bladder-chip controls were fixed at the same time point (14 hours from start of the
experiment). For the case of NETs formed on epithelial layer, an uninfected human bladder-chip was

fixed 2 hours after the introduction of neutrophils into the vascular channel of the chip.

3.10.12 Preparation for transmission electron microscopy (TEM)

UPEC within infected human bladder-chips were allowed to proliferate for 6 hours (14 hours from
start of UPEC infection) during the first IBC growth cycle. After 6 hours, human bladder-chip was
fixed at room temperature for 1 hour with a mix of 1% glutaraldehyde and 2% paraformaldehyde in
0.1 M phosphate buffer (pH 7.4). The fixed bladder-chip was kept in the fixative overnight (at 4°C).
Post overnight fixation, human bladder-chip was cut open from the apical channel side. A scalpel was
used to cut approximately in the middle of the apical channel side (height-1mm) to expose the bladder
epithelial cells. The bladder-chip was then washed in cacodylate buffer (0.1M, pH 7.4), postfixed for
40 minutes in 1.0 % osmium tetroxide with 1.5% potassium ferrocyanide, and then fixed again with
1.0% osmium tetroxide alone. The bladder-chip was finally stained for 30 minutes in 1% uranyl
acetate in water before being dehydrated through increasing concentrations of alcohol and then
embedded in Durcupan ACM (Fluka, Switzerland) resin. The bladder-chip was then placed in Petri

dishes so that approximately 1 mm of resin remained above the cells, and the dish than left in an

174



oven at 65°C for 24 hours. Regions on interest, and corresponding to structures imaged with light
microscopy were trimmed from the rest of the device, once the resin had hardened, and thin, 50 nm-
thick sections were cut with a diamond knife, and collected onto single-slot copper grids with a
pioloform support film. These were contrasted with lead citrate and uranyl acetate, and images taken
with a transmission electron microscope at 80 kV (Tecnai Spirit, FEI Company with Eagle CCD

camera).

Data availability statement
The datasets generated during and analyzed during the current study are available from the corre-

sponding authors on reasonable request and will be uploaded to Zenodo prior to publication.
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Chapter 4. Experimental in vitro
approaches to generate stratified
uroepithelium

4.1 Need for stratified uroepithelium

The uroepithelium is a stratified epithelial tissue that comprises of three distinct layers: basal cells,
intermediate cells, and umbrella cells (Figure 1.5). In the current mouse model of UPEC pathogenesis,
IBCs and QIRs form respectively in the superficial umbrella cell layer and intermediary transitional
cell layers (Figure 1.6). However, in vivo, it is technically challenging to study underlying spatiotem-
poral dynamics of IBCs and QIRs formation using the animal models. In this direction, in vitro mod-
els of stratified bladder tissue have emerged as a promising approach to complement findings from

animal models.

4.2 Invitro systems with stratified uroepithelium

Several studies have tried to recapitulate stratified uroepithelium. Southgate et.al (Southgate et al.,
1994) demonstrated that culture of primary human uroepithelial cells under increased calcium con-
centration (.09 to 4mM) induced stratification and enhanced expression of E-cadherin. However, the
upper layer of this stratified uroepithelium did not show any features of the umbrella cell layer
(Southgate et al., 1994). Follow up studies by Southgate and co-workers achieved terminal differen-
tiation in uroepithelium treated with PPAR- y agonist, troglitazone (Varley et al., 2004). Hypoxia
stress has also been shown to improve urothelial cell expansion compared to normoxic conditions

(Chabaud et al., 2017).

In another approach, urothelial cells cultured on liquid-liquid interface (LLI) were found to achieve
better stratification than air-liquid interface (ALI). The urothelial stratification was achieved both in
the presence or absence of Ca?*(Visnjar and Kreft, 2013). However, with urine-liquid interface (ULI)
maintained on transwell inserts, uroepithelial formed islands of stratified uroepithelium as shown by

Rohn and co-workers (Horsley et al., 2018).
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Human uroepithelial cells cultured on 3T3-J2 fibroblasts culture system (Rheinwatd and Green, 1975)
proliferated to form islands of differentiated uroepithelium (Larsson et al., 2014). However, it was
previously shown that application of shear stress on uroepithelial cell monolayers grown on top of y
-irradiated fibroblasts resulted in uniform stratification and differentiation (Cattan et al., 2011). Com-
pressed tubular collagen scaffolds have also been used to achieve differentiation of human urothelial
cells and smooth muscle cells under shear stress conditions (Vardar et al., 2015). Another approach
with collagen-derived scaffold used a balloon to construct the hollow bladder tissue (Bouhout et al.,
2019). Bladder epithelial cells were cultured on the lumenal surface whereas bladder mesenchymal
cells were embedded in the surrounding collagen scaffold. Using a PPAR- y agonist, troglitazone and
an EGFR inhibitor PD153035, human induced pluripotent stem cells have also been used to achieve
stratified and differentiated uroepithelium (Suzuki et al., 2019). Mature uroepithelium has been
demonstrated in bladder organoids, achieved via collagen beads (Smith et al., 2006), urine-liquid

interface on porous substrates (Horsley et al., 2018) and matrigel (Mullenders et al., 2019).

4.3 Stratification and differentiation of human uroepithelial cells
HTB-9 uroepithelial cells were cultured under many different conditions that were previously

shown to induce stratification and are briefly described below.

1) Different doses of CaCl,

HTB-9 cells were cultured to a confluent monolayer in a 12 well plate pre-coated with 50pg/ml Col-
lagen-1. Thereafter, cells were treated with different concentrations of CaCl, reconstituted in
RPMI/FBS 10% for 1 week. Cells incubated with 0.4, 1 and 4 mM Ca?" did not show any significant
morphological change in cell size and cell shape compared to untreated control. Occasionally HTB-
9 cells were observed to form spherical ball of cells like HTB-9 spheroids in 4 mM Ca?*. However,
cells treated with higher dose i.e 40 mM Ca?" started exfoliating and dying in 2 days after high Ca?*
treatment. In all of the cases with different concentration Ca ¥, cells did not show any sign of strati-

fication.

2) Reducing serum concentration

HTB-9 cells were typically grown as a confluent monolayer in a 12 well plate pre-coated with 50
pg/ml Collagen-1 in 10% FBS as per the recommendations of the supplier. FBS concentration was
reduced to 1, 2.5 and 5% on a confluent monolayer. The effect of the serum was found to be detri-

mental while culturing cells with 1% FBS over a week compared to other concentrations of the serum.
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Also, diminishing the serum concentration did not induce stratification on a confluent monolayer of

cells.

3) Seeding cells on an established monolayer of cells

HTB-9 cells express markers of differentiated uroepithelial cells (Martinez et al., 2000; Mulvey et
al., 1998). Primary human uroepithelial cells (PHUC, a kind gift from Dr. Mattias Larsson, EPFL)
did not express markers of UP3a, a marker of differentiated uroepithelium. The rationale behind this
approach was to test whether differentiated cells could attach and form tight junctions with already
confluent monolayer of undifferentiated PHUC cells in a 12 well plate pre-coated with 50 pg/ml
Collagen-1. HTB-9 cells were seeded on both confluent monolayer of HTB9 cells and PHUCs in
separate experiments. HTB-9 cells could adhere within 2-4 hrs after seeding but failed to proliferate

and establish another confluent layer on top of already established monolayer of cells.

4) Culturing with serum free medium

Southgate et al (Southgate et al., 1994) have shown that growing PHUCs in serum free medium i.e
Keratinocyte serum free medium (KSFM) with Ca?" can induce stratification. Both HTB-9 cells and
PHUC:s were grown as a confluent monolayer in a 12 well plate pre-coated with 50 pg/ml Collagen-
1. Both HTB-9 cells and PHUCs were incubated in KSFM medium with and without Ca?". PHUCs
cells were observed to stratify in 0.4-2 mM Ca?" as reported by Southgate et al (Southgate et al.,

1994). However, HTB-9 cells failed to stratify under similar conditions.

5) Culturing cells under shear stress in ibidi slides

Studies have shown that different cell types such as human uroepithelial cells (Cattan et al., 2011)and
intestinal epithelial cell line such as Caco-2 cells (Kim and Ingber, 2013) can differentiate in a me-
chanically induced environment such as under shear stress. HTB-9 cells were cultured to a confluent
monolayer in ibidi #-Slide VI®# (dimensions: height- 0.4 mm, width- 3.8 mm and length -17 mm) and
put under .02 dyne/cm? shear stress which corresponded to a flow rate of 960 puL/h. HTB-9 cells
failed to stratify and differentiate under this level of shear stress over a period of 2 weeks. However,
we have to specify that there were differences between our experimental setup and that used by Cattan
et al (Cattan et al., 2011), who co-cultured human uroepithelial cells with irradiated human fibroblasts

and were able to subject their cells to 5-fold higher levels of shear stress.
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6) Cell imprinted substrates

Smart micro-nano environments have been used to induce differentiation in fibroblasts and chondro-
cytes through cell imprinted substrates (Bonakdar et al., 2016). Application of cell-imprinted topog-
raphy to cell substrates can induce changes in cell morphology and control stem cell fate. HTB-9 cells
were cultured in tissue culture treated T-75 flasks to a 75% confluence. Cell imprinting process was
done by pouring PDMS on already 4% PFA fixed cells. PDMS curing process was done at 37°C for
24h. Subsequently cured PDMS was peeled off gently and washed twice in IM NaOH solution at 37
°C. The washing process was done to remove residues of PDMS. This cell imprinted PDMS substrate
was cut into small pieces. HTB-9 cells were cultured on these substrates with and without pre-coating
with 50 pg/ml Collagen-1. Cultured cells did form a monolayer on printed substrates but did not show
any sign of stratification over a period of 1-2 weeks when cultured in epithelial cell media supple-

mented with 10% FBS.

7) Supplementation with PPARYy agonists

The path to terminal differentiation of uroepithelium is affected by PPARYy signaling (Varley et al.,
2004). This differentiation program was shown to be enhanced by simultaneous upon treatment with
PPARy agonists : rosiglitazone or troglitazone and by inhibition of epidermal growth factor receptor
(EGFR) signaling through treatment with PD153035 (Varley et al., 2004). HTB-9 cells were gener-
ally grown as a confluent monolayer in a 12 well plate pre-coated with 50 pg/ml Collagen-1. Subse-
quently cells to different combinations of 1 uM rosiglitazone or troglitazone with and without
PD153035 in different media: RPMI (supplemented with 10% FBS) and keratinocyte serum free me-
dium (KSFM). However, we failed to induce any stratification in these HTB-9 cells. Moreover, cells

were found to undergo exfoliation when higher concentrations (5 pM) of these compounds were used.

8) Air-Liquid interface (ALI)
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Figure 4.1: Schematic for generation of islands of stratified uroepithelium under air-liquid in-
terface on transwell inserts.

HTB-9 cells were grown to form a monolayer on 0.4 um pore size Corning Transwell Inserts (detailed
protocol is described in 4.10.1). Post-confluence, cells were incubated with and without 2 mM Ca®*
in different media: RPMI/10% FBS. Cells were observed to undergo stratification in all of these con-
ditions. Generally, cells were observed to undergo proliferation as early as 2-3 days after introduction
of ALI. Two weeks after incubation in ALI, cells proliferated to form patchy islands of 3-4 layers
surrounded by a monolayer of cells. This patchy growth was observed in all conditions under ALI
and was independent of incubation with or without 2 mM Ca?* as also reported previously (Visnjar
and Kreft, 2013). The stratification of uroepithelial cells on bigger pore sized: 3.0 or 5.0 pm transwell
inserts did not occur. For epithelial cells cultured on 3.0 or 5.0 um transwell inserts, the medium was
found to diffuse through the pores to reach the apical side of the insert. Thus, the ALI interface was

never perfectly maintained on epithelial cell layers grown on 3.0 or 5.0 um pore size transwell inserts.

The islands of stratified uroepithelial layers on 0.4 um pore size transwell inserts were fixed 3 weeks
after the cell culture. Prior to the paraformaldehyde (4% PFA) fixation, the uroepithelial layers were
stained for the plasma membrane with Cell Mask Orange (false coloured in green, Figure 4.2(a-d)).
Immunofluorescence staining of the stratified layers revealed islands with 3-4 cell layers (identified
with nuclear staining). The upper layer of the stratified uroepithelium were stained for umbrella-cell
specific markers, identified by staining for anti-uroplakin3a (UP3a, Figure 4.2a), anti-uroplakin2a
(UP2a, Figure 4.2b), anti-cytokeratin-20 (CK20, Figure 4.2c). All the layers of the stratified uroepi-
thelium were stained for general epithelial cell marker cytokeratin-7 (CK7, Figure 4.2d).
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(c) CK20 (d) CK7

B Biomarker [ Plasma Membrane [l DAPI

Figure 4.2: HTB9 cells undergo non-uniform stratification in air-liquid interface on transwell
inserts. Multiple layers were stained for different cellular markers of differentiation: (a) UP3a, (b)
UP2a and (c¢) CK20. The epithelial layer was checked for stratification through general uroepithelial
cell marker: (d) CK 7 and with plasma membrane staining done with Cell Mask Orange. Scale bar
is 20 um in all the panels.

9) Co-culture with bladder endothelial cells in high Ca2+ and human urine

The next step for improving the stratification of uroepithelium was motivated from stratification of
HBLAK bladder epithelial cells (procured from CELLnTEC) under urine-liquid interface (ULI) on
transwell inserts by Horsley et al. (Horsley et al., 2018). Therefore, we tried ULI on the stratified

uroepithelial layers that were achieved from ALI. However, we kept the epithelial-endothelial layer
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tissue physiology on the apical and basal sides of the insert. The detailed schematic (Figure 4.3) and

protocol for the stratification is mentioned in 4.10.1.

(A) Liquid-Liquid Interface (B) Air-Liquid Interface (C) Urine-Liquid Interface

medium
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Figure 4.3: Schematic for generation of uniform stratification in bladder epithelial cells on 0.4
pm pore transwell inserts.

Co-culture of monolayer of bladder epithelial cells with bladder endothelial cells in (A) liquid-lig-
uid interface becomes stratified over a period of 5-7 days in (B) air-liquid interface achieves uni-
form stratification in high calcium on basolateral and urine on apical side in (C) urine-liquid inter-
face.

Horsley et al. (Horsley et al., 2018) cultured HBLAK bladder epithelial cells only under ULI to induce
islands of stratified uroepithelium. The experimental protocol optimized for HTB9 bladder epithelial
cells induced stratification only when ULI was preceded by ALI. The data for HBLAK bladder epi-
thelial cells is not shown in this thesis. This difference in results could be attributed to the difference

in the sources of the cell lines (bladder carcinoma for HTB9 vs normal bladder epithelium for HBLAK
cells).

——
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Figure 4.4: Uniform stratification of epithelial cells under urine-liquid interface maintained across
epithelium-endothelium on transwell inserts. Orthogonal slices of stratified uroepithelium shows
higher CK8 expression on the upper layer. The proliferative cells identified with anti-Ki 67 staining
were sparsely populated throughout the stratified epithelium. Cell nuclei were identified with DAPI

189



staining. The bottom part of the insert was populated with confluent layer of bladder endothelial

cells. Scale bar is 25 pum in all the panels.
Culture of HTBY bladder epithelial cells under ALI for one week followed by ULI for two weeks led

to the generation of uniformly stratified uroepithelium. The bladder endothelial cells were cultured
on the basal side of the medium with endothelial cell medium supplemented with 2 mM Ca?". The
upper layer of the uniformly stratified uroepithelium stained positive for cytokeratin 8 (CKS, Figure
4.4A). Proliferating cells inside the stratified epithelium were identified with anti-Ki 67 staining (Ki
67, Figure 4.4B). The confluent layer of the endothelial cells on the bottom of the insert were identi-

fied with plasma membrane dye (Cell Mask Orange, false coloured in green, Figure 4.4C).

We also confirmed the generation of uniformly stratified uroepithelium by paraffin embedding and
imaging of cut thin slices (4 pm) of uroepithelial layers grown on transwell inserts. The uroepithelial
layers on transwell inserts were isolated by cutting the PETE membrane around the rim of the insert.
The isolated PETE membrane with uroepithelial layers were placed orthogonally in the paraffin
block. The thin slicing process resulted in detachment of the uroepithelial layers from the PETE
membrane. However, the integrity of the multiple uroepithelial layers was maintained during the pro-
cess (Figure 4.5A-C). The nuclear staining with DAPI revealed uniformly stratified epithelium con-

sisting of 4-6 layers as found in vivo within human uroepithelium (Apodaca, 2004).

Figure 4.5: Long sheets of uniformly stratified uroepithelium on transwell inserts. (A) Merged
tilescan of large field of view (16X4) shows the presence of uniform stratified uroepithelium on
transwell inserts. Zooms of two regions (B and C) show 4-5 cell layers identified with DAPI stain-
ing (shown in blue) of the nuclei.
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The orthogonal slice of the uroepithelium revealed that cell nuclei in the upper layer of the transwell
insert were bigger than the lower and middle layers (compare Figure 4.6C vs Figure 4.6A-B) of the
stratified uroepithelium. Few instances of binucleate epithelial cells, a marker of umbrella cells (Apo-

daca, 2004) were observed in the upper layer of the uroepithelium.

Figure 4.6: Uroepithelial cells in the upper layer of the uniformly stratified epithelium had bigger
nuclei. The cells in the lower (A) and middle (B) layers of uniformly stratified uroepithelium had
smaller nuclei compared to those found in the upper layer (C). Few cases of binucleate uroepithelial
cells (marked with white arrows) were identified in the upper layer. For all panels, scale bar is
25um.

In summary, after many trials, the only method that appeared to be promising was growing human
uroepithelial cells under an air-liquid interface. My results from the various methodologies at-

tempted are summarized in Table 3.

Experiment Conditions Incubation | Observations
time
1 | Different doses of CaCl, | 0.4-40mM 1 week no stratification
2 | Reducing serum concen- | 1-10% 1 week no stratification
tration
3 | Seeding differentiated ep- | HTB-9-on-pri- 1 week Cells did not stick to estab-
ithelial cells on an estab- | mary human lished confluent monolayer
lished monolayer of un- uroepithelial
differentiated cells cells
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Culturing with serum free
medium

Keratinocyte
serum free me-
dium

2 weeks

no stratification

Shear stress in ibidi slides | .02 dyne/cm? 2 weeks no stratification

Cell imprinted substrates | RPMI%10 FBS | 1 week no stratification

Rosiglitazone and retinoic | 1_uM in 1 week no stratification

acid RPMI%10 FBS

Air-Liquid Interface Air/RPMI%10 | 2-8 weeks | islands of stratification
FBS

Co-culture with bladder 2mM Ca*"in en- | 2-8 weeks | uniform stratification

endothelial cells in high dothelial cell

Ca’?" medium and human | medium

urine

Table 3: Different methodologies used to induce stratification and differentiation in uroepithe-
lial cells.

4.4 Stratification of bladder epithelial cells inside bladder-chip devices with
plastic and PDMS membranes

Figure 4.7: Schematic diagram of the bladder-chip device with sandwiched membrane.

The bladder-chip consisted of upper PDMS slab, sandwiched membrane and lower PDMS slab. The sche-
matic shows the upper channel (red), polyester (PETE) or PDMS membrane (grey) and the lower channel
(green). Image taken from lab immersion report of Isabelle Heimgartner, Master Student, EPFL.

The bladder-chip is composed of an upper channel, a lower channel and a sandwiched membrane in
between the upper and lower channels (Figure 4.7). Both the upper and lower channels were made
from PDMS base that was mixed with a crosslinker (curing agent) in 10:1 (weight by weight) ratio.

The PDMS base-curing agent mixture was injected inside a lab-made micromachined polycarbonate
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mold. For the sandwiched membrane between the upper and lower channels, we used either 0.4 um
Polyester (PETE) membrane filters (Sterlitech, diameter: 47 mm), or 2 um PDMS membrane
(BI/OND, Netherlands).

Both the upper and lower channels in each device were designed with 20 mm length and 1 mm width.
The height for the upper and lower channel was chosen to be 1 mm and 250 pm respectively. The
plastic membrane was cut (20 mm length and 10 mm width) with a scissor. The plasma treatment of
the polyester membrane and PDMS channels was not sufficient to produce robust binding of the
plastic membrane to the PDMS. We then resorted to plastic-PDMS bonding at room temperature done
by the amine-epoxy chemical bond formation at the plastic-PDMS interface (Tang and Lee, 2010)
(Figure 4.8). This chemical bonding was done via the silane coupling reaction of the amine-termi-
nated silane groups on the PDMS substrate with the epoxy-terminated silane groups on the plastic
substrate. Both the PDMS upper, lower channels and plastic membrane were treated with air-plasma
(Diener, Power= 60 W, time =80 sec). The PDMS upper and lower channels were treated with freshly
prepared 1% solution of (3-Aminopropyl) triethoxysilane (APTES) solution in ddH>O. The plastic
membranes were functionalized with 1% freshly prepared solution of (3-Glycidyloxypropyl) trieth-
oxysilane (GPTES) solution. The PDMS channels and plastic membrane was then washed with
ddH,O water, dried with a nitrogen gun and brought into conformal surface contact with one another.
We reinforced the chemical bonding by applying a constant pressure throughout, using a small weight

(500 g, 5cm X 5cm) on the PDMS-plastic assembly for at least 8 hours.
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Figure 4.8: PDMS-plastic bonding at room temperature by the formation of amine-epoxy bond
at the PDMS-plastic interface.

(a) Plasma treatment of PDMS and plastic substrates generate hydroxyl groups. (b) Aminosilane and
epoxysilane functional groups on the oxygen plasma treated PDMS and plastic substrates. Amine-epoxy bond
formation by PDMS-plastic surface contact at room temperature for one hour. Image taken from Tang et al
(Tang and Lee, 2010).

The bladder-chip devices with sandwiched 2 pm porous PDMS membrane (length-20 mm, width-10
mm, height-5 pm) were assembled post air-plasma treatment (Diener, Power = 60 W) of upper, lower
channels and the PDMS membrane. All the bladder-chip devices were coated with extracellular ma-
trix containing 100 pg/ml of native bovine dermis collagen (Atelocollagen), 50 pg/ml fibronectin
(Gibco), 10 mM HEPES buffer solution (Gibco). The cocktail of extracellular matrix solution was
introduced with 200 pL pipette tips inside the bladder-chip devices and incubated inside the cell cul-

ture incubator at 37°C for 3 hours. The extracellular coated bladder-chip devices were stored at 4°C

until needed for the experiments.

4.4.1 Stratification of bladder epithelial cells inside bladder-chip devices with small pores

Human Bladder Microvascular Endothelial cells (HMVEC-Bd, procured from Lonza) and HTB9
bladder epithelial cells were seeded on each side of the membrane in bladder-chip. The bladder en-
dothelial cells are significantly larger in size (ca. 10X, data not shown) compared to bladder epithelial
cells. Thus, we decided to reduce the seeding density for endothelial cells. The lower channel was
seeded with endothelial cells at 0.5 million cells/ml prior to seeding of the upper channel with bladder

epithelial cells at 5 million cells/ml each in their respective cell culture medium. The monolayer
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confluency of the endothelial cells was assured by repeating the seeding process. Both the endothelial
cell medium as well as the diluted pooled urine (10 times in PBS) were supplemented with 1X Anti-

biotic-Antimycotic solution (Gibco).

4.4.2 Direct exposure of bladder epithelial cells to flow of diluted pooled urine

Confluent monolayer of epithelial cells in the upper channel was exposed to pooled urine (diluted ten
times in PBS) at a flow rate of 60 uL/hr (shear stress=0.001 dyne/cm?). Simultaneously confluent
monolayer of endothelial cells were exposed to endothelial cell medium supplemented with 2 mM
Ca?" under flow of 60 pL/hr (shear stress=0.02 dyne/cm?). The bladder-chip was kept inside the in-
cubator at 37°C, 95% humidity and 5% CO:; for 2-3 weeks. The flow of urine and medium on the
epithelial and endothelial sides, respectively allowed us to remove dead exfoliated cells and cellular
waste products produced over time. Epithelial cells did tolerate the flow of diluted pooled urine;

however, we did not observe any stratification in epithelial layer (Figure 4.9A).
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Figure 4.9: Flow of urine on epithelial side and medium supplemented with 2 mM Ca?"on the
endothelial side did not induce stratification in epithelial cells. Orthogonal slice of the confluent
monolayer of epithelial cells in the upper channel (left) and confluent layer of endothelial cells (right). 0.4
pm PETE membrane is marked with dotted yellow lines. Actin filaments (green) are stained with Phalloidin
and cell nuclei are stained with DAPI (blue). Image was acquired by mechanically isolating the PETE mem-
brane from the bladder-chip.

4.4.3 Air-liquid interface in the bladder-chip followed by urine exposure

The flow of urine did not induce stratification in HTB9 bladder epithelial cells. Then we decided to

incubate confluent monolayer of epithelial cells under ALI for one-two weeks. The endothelial side
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was perfused with endothelial cell medium supplemented with 2 mM Ca?*at flow rate of 60 uL/hr.
We observed islands of stratified epithelium after one week of ALI. The islands of stratified epithe-
lium became larger with exposure to static urine on the epithelial side for the next 1-2 weeks. The
cellular waste products and dead exfoliated epithelial cells were flushed out and replaced with fresh
urine every 3-4 days. The islands of stratified uroepithelium were 40-50 um in thickness and we
estimated that to be 3-5 cell layers of thickness based upon the total thickness and nuclear staining
with DAPI. These stratified epithelial layers with islands of 3-5 cell layers were comparable to the 3-
6 cell layers reported in human uroepithelium (Jost et al., 1989). We could not identify binucleate
umbrella cells in our bladder-chip system as widely present in the human uroepithelium (Apodaca,
2004; Jost et al., 1989). However, this could be attributed to the origins of this cell line, which is
derived from a biopsy of a bladder cancerous tissue. The immunofluorescence staining with anti-
cytokeratin 7 revealed its expression throughout all the stratified layers as reported in normal human
uroepithelium (Hustler et al., 2018). However, we did not manage to achieve uniformly stratified
uroepithelium as observed on 0.4 pm transwell inserts. The islands of stratified epithelium were sim-
ilar in size on 0.4 um pore size PETE membrane (data not shown) and 2 pm pore size PDMS mem-
brane (Figure 4.10 A-B, data from two different bladder-chips). The imaging of stratified epithelium
was better in PDMS membranes compared to PETE membrane. Imaging of the PETE membrane at
1 mm distance from the lower PDMS channel required mechanical isolation of the PETE membrane
from the bladder-chip. This process was tedious and led to disruption of the stratified epithelium.
However, imaging of the stratified uroepithelium at 1 mm distance from the lower channel was al-
ways better in PDMS membrane due to better optical transparency in the PDMS membrane compared

to the PETE membrane.
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Figure 4.10: Island of stratified uroepithelium in bladder-chip.

(A,B) Example of stratified uroepithelial layers in two separate bladder-chips. Exposure of epithelial cells to
a sequence of air-liquid interface followed by exposure to static urine led to islands of stratified epithelium
with 3-5 cell layers. Epithelial side was exposed to static urine whereas endothelial side was exposed to flowing
endothelial cell medium supplemented with 2 mM Ca2+. Actin filaments (magenta), cytokeratin-7 (yellow)
staining shows epithelial cells in the stratified uroepithelium. Cell nuclei are stained with DAPI (blue). 2 pm
PDMS membrane is marked with dotted green lines. Image of the stratified uroepithelium was acquired inside
the intact bladder-chip.

4.5 Infection of stratified uroepithelium in bladder-chip

The protocol for stratified uroepithelium in bladder-chip required 3-4 weeks of epithelial and endo-
thelial cell culture in urine-endothelial cell medium supplemented with an anti-bacterial/anti-fungal
(1X). Still, we lost many bladder-chip devices due to fungal contamination. In the uncontaminated
devices, we removed the antibacterial/antifungal 12 hours prior to the experiment. We then performed
UPEC infection in the islands of stratified uroepithelium in bladder-chip. UPEC inoculum was intro-
duced as a flow (1200 pL/hr) at a cell concentration of 150 million cells/ml in pooled urine (diluted
ten times in PBS) for about 1.5-2 hours. The endothelial side of the bladder-chip was always perfused
with endothelial cell medium at flow rate of 600 uL/hr. Post UPEC infection on the epithelial side,
ampicillin treatment (250 pg/ml~ 40X MIC) was done on both the epithelial and endothelial side for
3 hours to kill UPEC. Ampicillin was washed away, and bladder-chip was perfused with diluted
pooled urine and endothelium cell medium at flow rate of 600 puL/hr for next 6 hours. Then, the
bladder-chip was fixed and analyzed with immunofluorescence staining. UPEC infection under flow
resulted in UPEC attachment to middle (Figure 4.11A) and upper layers (Figure 4.12B) of the strati-
fied uroepithelium. In these experiments, we could not ascertain whether UPEC infection from the

upper layer led to the UPEC infection of the middle layers. However, time-lapse imaging of the
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stratified uroepithelium could answer this question. As the long protocol (3-4 weeks) for stratified
uroepithelium did not result in uniform stratification and many bladder-chip devices were lost due to
fungal contamination, we decided to put an end to this project. However, it must be noted that we did

achieve islands of stratified uroepithelium in bladder-chips.

epithelium ! = epithelium

-
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Figure 4.11: UPEC infection of an island of stratified uroepithelium in bladder-chip.

(A) UPEC (spring green) infection of the middle layer of stratified epithelium (shown by white arrow). (B)
shows the UPEC infection of the upper layer of the stratified uroepithelium. Actin filaments (amber) and cy-
tokeratin-7 (bright pink) staining shows epithelial cells in the stratified uroepithelium. Cell nuclei are stained
with DAPI (blue). 2 um PDMS membrane is marked with dotted yellow lines.

4.6 Stratified uroepithelium from dissociated bladder organoids splayed on
transwell inserts

We also tried generating multiple layers of uroepithelium on a two-dimensional substrate by seeding
stratified mouse bladder organoids on 0.4 um pore size transwell inserts. The detailed protocol is
mentioned in 4.10.2. The bladder organoids were sheared with a fire polished glass pipette and seeded
on transwell inserts under liquid-liquid interface. The epithelial layers of the bladder organoids un-
folded and adhered to form islands of stratified uroepithelium over a period of one-two weeks (Figure
4.12). The attached stratified uroepithelium still expressed markers for umbrella cell layer as shown
with CK8 staining on transwell insert (Figure 4.12). The CK8 expression was similar as seen on cells
inside intact bladder organoids (compare with Figure 2.1). The nuclei of the epithelial cells in the
upper layer were bigger than lower and middle layers of the stratified uroepithelium (compare Figure
4.13C vs Figure 4.13A-B). We did not observe any binucleate cells in the upper layer of the stratified
uroepithelium (Figure 4.13).
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20 um

Cell membrane

Figure 4.12: Bladder organoids back to 2D culture in liquid-liquid interface on transwell in-
serts.

The cell membrane of bladder organoids express TdTomato (false coloured in green). CK8 expression was
still visible in spayed over organoids. Cell nuclei were identified with DAPI staining.

middle
- Cell membrane

Figure 4.13: Cells in upper layers of the splayed bladder organoids were bigger in size com-
pared to the cells in the lower and middle layers of the splayed bladder organoid.

The cell membrane of bladder organoids express TdTomato (false coloured in green). Cell nuclei were iden-
tified with DAPI staining. For all panels, scale bar is 10 pm.

199



4.7 Splaying up isolated mouse bladder for ex vivo UPEC infection

Infected mouse bladder has been used for studying the maturation of IBCs (Justice et al., 2004). This
was made possible by immobilizing and stretching the bladder tissue mounted on the microscope
stage with four single-axis microtranslators (Figure 4.14). The incubation chamber was filled with
RPMI 1640 medium supplemented with 10% FBS. This set up was used for 3-12 hours bladder im-

aging post removal from the mice.

Figure 4.14: Modified incubation chamber for studying infected bladder.
Image taken from Justice et al 2004 (Justice et al., 2004).

In order to study spatio-temporal dynamics of IBCs in mouse bladders, we also explored different
ways of isolating the mouse bladder. We first tried immobilizing the stretched mouse bladder with an
animal retraction system (Fine Science Tools) (Figure 4.15A). The freshly isolated mouse bladder
was either cut into half with a scalpel or with a vibrating microtome (Figure 4.16). The isolated blad-
der was then stretched using a combination of three blunt retractor tips connected to the fixators with
locking jaws (Figure 4.15B). Magnets inside the fixators allowed stability on the steel base plate. The
fixators were kept approximately 120° apart to equally balance the forces on the stretched bladder.
The steel wire connecting the retractor tips to the fixators was used to slowly stretch the bladder with
the help of locking jaws. The bladder was kept initially submerged in PBS and then in RPMI phenol-
red free medium 1640/10% FBS. However, it was difficult to maintain the humidity around the
stretched bladder with this setup. Also, too many separate components used to immobilize the bladder

made it difficult to move and establish this setup on microscope stage.
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Animal retraction system splayed up bladder with magnetic animal retraction system

Figure 4.15: Animal retraction system with magnets used for immobilizing stretched bladder.

(A) shows the schematic of animal retraction system. (B) The mouse bladder was immobilized using a com-
bination of retractor tips connected to the fixators with the locking jaws. The whole setup was kept stable with
magnetic fixators fixed to the steel base plate. The bladder was kept submerged in PBS during the immobili-
zation. (C) shows magnified image of the stretched mouse bladder. Schematic shown in A is taken from small
animal retraction system documentation (Fine Science Tools).

injected mouse  mouse bladder Slicing mouse mouse bladder
bladder in agarose block bladder with cuts into half
mounted on microtome
circular stub

Figure 4.16: Isolation and mounting of mouse bladder in a block of low melting agarose.

(A) Isolated mouse bladder is swollen up by injection with 2% low melting agarose. (B) Swollen up mouse
bladder is embedded inside low melting agarose block (white in color) and fixed on steel stub. (C) Vibrating
microtome is used to cut the bladder. (D) Cut and open mouse bladder.

Then, we followed up with a different approach of mounting the bladder. Bladder is a soft and stretch-
able organ like lung. There have been reports on precisely cutting lung slices with microtome (Bennett
et al., 2014; Carranza-Rosales et al., 2017). We took inspiration from these studies to try and cut the
bladder with microtome. We used 2% Ultrapure low melting point agarose (Thermofisher) to swell
up the bladder before slicing. Low melting agarose was melted at 65 °C and then placed inside a 37°C
bath to cool down and kept in the liquid state. Then the mouse bladder was clamped and injected with
100-200 pL of 2% low melting point agarose. Upon solidification of the low melting agarose in the
bladder, the bladder was isolated from the mice (Figure 4.16A). The isolated bladder was then sur-

rounded by block with a volume of 3-4 ml of 2% low melting point agarose in the TissueTek
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Cryomold. The process of agarose gelification was sped up by placing the block inside the refrigerator
at 4 °C for 15 minutes. The agarose block was removed from the cryomold by cutting the cryomold
with a scalpel. The block was then glued to the stage of the vibrating microtome (Leica) with few
drops of quick glue (Figure 4.16B). The block was then submerged in PBS and cut with the vibrating
microtome. (Settings: sectioning speed-1 mm/s, oscillation amplitude-1 mm, oscillation frequency-
100 Hz) (Figure 4.16C). The bladder was cut to keep approximately 50-60% of the bladder volume
in the agarose block (Figure 4.16D). The cutting process of the bladder resulted in exposing the lu-
menal layer of bladder as the injected solid agarose blob could be removed with a plastic tweezer.
The bladder-agarose block was then again submerged in low melting agarose block inside 35 mm
Fluorodish (Figure 4.17A). The bladder-block was then submerged in RPMI/10% FBS. The ex vivo
bladder was stained with either 1 uM of Cell Mask Deep Red or 1 uM of Sir-Actin for one hour to
stain plasma membrane or Actin filaments respectively. The remaining cell labelling dye was re-

moved by washing with 2 ml of the medium three times.

The UPEC infection was performed at bacterial concentration of 150 million cells /ml in PBS by
pipetting 50 uL of UPEC inoculum in the center of the bladder for 1.5 hours. The surrounding
RPMI/10% FBS medium was removed to just cover the hemispherical dome of the bladder. The
extracellular bacteria were killed by treatment with high concentrations (100 pg/ml) of gentamicin.
The infected bladder was then kept submerged inside medium supplemented with lower concentration
(15 pg/ml) of gentamicin. Figure 4.17A shows the experimental setup of the isolated bladder inside
FluoroDish placed on the Zeiss LSM 700 Upright Microscope. The imaging was performed with a
dipping objective (20X, NA= 0.50). The FluoroDish was placed inside a 50 mm plastic petridish to
avoid any spill over on the microscope (Figure 4.17A). The whole setup was then surrounded by 2-3
tissue wipes soaked in PBS and kept around the FluoroDish in plastic petridish to maintain the hu-
midity and prevent the medium from drying up. Imaging was performed with a sequence of 488 nm
and 639 nm laser lines and green and far-red filter cubes respectively. The green and far-red filter
cubes were used to collect emitted light from UPEC expressing yellow fluorescent protein (YFP) and
bladder stained with plasma membrane (Cell Tracker) or actin labelling (Sir-Actin) with fluorescence

in far-red.
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Figure 4.17: Imaging ex vivo infected mouse bladder with upright confocal microscope.

(A)The bladder was placed inside FluoroDish kept inside 50mm petridish. B shows the FluoroDish with 20X
water dipping objective. C shows the complete imaging setup with CO, and humidity control.

The cell membrane labelling was more useful in looking at cellular features compared to actin-fila-
ment staining (Figure 4.18). The cell membrane staining also revealed the microvascular channels
inside the bladder. We performed live imaging experiments in infected bladder with 10% and 1%
laser intensities for the green and far-red laser lines. The hemispherical dome shape of the bladder
required multi-z-stack imaging (~100-150 pum with 1 pm step-size). We managed to achieve single
bacterium resolution inside the infected bladder uroepithelium (Figure 4.18). However, we did not
identify significant UPEC growth in these bladder hemispherical domes nourished with RPMI
1640/10% FBS supplemented with lower concentration (15 pg/ml) of gentamicin. We performed 2
separate experiments of infected bladder with 12 hours of imaging. In both the experiments, the blad-
der tissue retracted and collapsed slightly which made imaging the same field of view harder to
achieve. This technical problem in keeping the bladder tissue under stretched state can be solved
either by micro translator setup used by Justice et al (Justice et al., 2004) (Figure 4.14) or by advanc-
ing the bladder retraction system tried in our lab (Figure 4.15). Also, the contribution of phototoxicity
on bacterial multiplication in our imaging setup cannot be ruled out (Figure 4.17). The isolation of
the bladder epithelium using the microtome and mounting of the bladder uroepithelium inside the low
melting agarose might also have influenced the viability of bladder epithelium. However, in few in-
stances, we did observe biofilm communities in infected bladder domes ca. 6-8 hours after UPEC
infection. These infected bladder-tissues were housed inside the cell culture incubator with humidity

and CO; control.
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Figure 4.18: Infected bladder tissue stained for actin and cell membrane

UPEC (in green) could be seen inside the uroepithelial cells. Bladder microvascular network could be seen
with cell membrane staining.

Figure 4.19: Biofilm like communities in infected bladder tissue housed inside cell culture in-
cubator. Scale bar is 10pm.
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4.8 Transwell insert as a model system for studying UPEC infection in epithe-
lial monolayer

HTB9 bladder epithelial cells were cultured to confluent monolayers on 0.4 um transwell inserts
precoated with collagen 50 png/ml (Figure 4.20A). The epithelial cells were seeded 36 hours before
the experiment. The epithelial cells were cultured in epithelial cell media RPMI1640/10 % FBS. Prior
to the experiment, the transwell insert was cut from the middle by using a scalpel heated with a flame.
The epithelial cell layer was stained for cell membrane with 1 uM solution of Cell Mask Deep Red
for 30 minutes. The epithelial cell layer was then washed three times to remove the unbound cell
membrane dye. The cut transwell insert was then immobilized on a thin layer of 1% solution of low
melting agarose inside FluoroDish (Figure 4.20B). 500 ul of liquified low melting agarose at 37 °C
was pipetted on the FluoroDish. The cut transwell insert was placed on the thin layer of low melting
agarose. Upon solidification of the agarose, 1.5 ml of RPMI medium was added on the sides of the
transwell insert immobilized inside the FluoroDish (Figure 4.20C). The transwell insert model pro-
vided considerable advantage over epithelial monolayers in ibidi petridishes or ibidi slides. Epithelial
cells formed better tight junctions, moved less under infection conditions. Furthermore, different me-

dia i.e urine and cell media could be applied respectively on the apical and basal side of the insert.

A Dish —| |— Transwell B Dish — C Dish —
insert Transwell | | | medium _| ‘
medium —| Apical side | insert | : Apical side |
epithelial ‘ medium PBS /urine i
cells ——onooancoaneal 1% low melting | (C-CCOOOCCT O UPEC "I Rae L L
porous Basolateral side agarose Basolateral side
membrane

Figure 4.20: Transwell insert model for studying the dynamics of UPEC infection in epithelial
monolayers. (A) Bladder epithelial cells were grown to form a confluent monolayer on apical side of the
transwell insert. (B) Transwell insert was cut horizontally into half and mounted on a FluoroDish with 1%
low melting agarose. (C) Upon agarose solidification, epithelial cell medium was added on the basal side.
UPEC infection in urine diluted ten times with PBS was performed from the apical side.

UPEC infection was done by adding 100l of inoculum in urine (diluted ten times with PBS) at a
concentration of 150 million bacteria/ml on epithelial cells (MOI ~15). The UPEC attachment to
epithelial cells was done for ca. 1.5-2 hours and typical infectious dose at the end of this period was
low (<1 bacterium per epithelial cell, Figure 4.21A). The unattached bacteria were removed by wash-
ing three times with 500 pl of PBS. The PBS washing was done gently, and the washing media was
removed from the side of the inserts. The apical side of the insert was then kept either in 100ul of
PBS or urine. The attached UPEC started growing inside and between epithelial cells as shown in

(Figure 4.21A-B). Eventually UPEC dispersal from infected epithelial cells was observed ca. 3-6

205



hours (Figure 4.21C) after infection. Subsequently we also added ampicillin 20XMIC (125 pg/ml,
calculated in epithelial cell media) for 3 hours to kill susceptible bacteria and study persistence of
intracellular bacteria. The ampicillin was added on both sides of the insert in the respective media.
Antibiotic was removed by washing three times each with 500 pl of diluted urine and epithelial cell
media on the apical and basal sides of the insert. 500 pl of fresh urine and epithelial cell media was
added to the respective sides of the insert. However, in these experiments, post-ampicillin washout,
we never observed regrowth of any surviving UPEC over a period of 12 hours post-washout (data not
shown). From axenic culture experiments carried out in McKinney lab and other previously reported
experiments (Putrins et al., 2015; Wang et al., 2014), we do anticipate survival and regrowth when
starting from such high numbers of bacteria. Therefore, we inferred that this non-recovery of UPEC
was probably due to technical limitations in completely washing out the ampicillin in transwell insert
system. These results eventually motivated us further to perform these infection experiments in blad-
der-chip devices where medium perfusion and washout can be performed continuously and effi-

ciently.

|
Time
200un || tmd ; :

HTB 9 bladder epithelial cells - UPEC (CFTO073)

Figure 4.21: Time lapse imaging of infected epithelial cells on the transwell inserts. UPEC (yellow)
infection of bladder epithelial cells (red) on transwell inserts resulted in UPEC attachment and growth close to
epithelial cell tight junctions. (A) Small foci of UPEC infection in epithelial layer (time = 0 hr). (B) UPEC
growth between epithelial cells (time =1.30 hr). (C) UPEC dispersal from infected epithelial cells. Bladder
epithelial cells were stained for plasma membrane with cell mask deep red dye. For all panels, scale bar is 20
pm.
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4.9 Conclusions

Stratification of bladder epithelial cells can be achieved with growing the cells on porous
substrates under air-liquid interface.

Bladder epithelial cells can undergo uniform stratification under co-culture with bladder en-
dothelial cells with urine and endothelium cell medium interface. Application of urine and
medium supplemented with 2mM Ca?* enhanced the stratification process.

Ex vivo infection experiments with isolated mouse bladders can be technically challenging.
Bladder-chip devices can be fabricated using sandwiched plastic and PDMS membranes
Air-liquid interface followed by urine-liquid interface resulted in islands of stratified uroepi-
thelium in bladder-chip devices.

Preliminary experiments with stratified uroepithelium in bladder-chips revealed that different
layers can be infected with UPEC.

Monolayer of uroepithelial cells grown on transwell inserts with urine-medium interface can

be used as a model system for studying UPEC pathogenesis.
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4.10 Materials and Methods

4.10.1 Protocol for stratification of bladder epithelial cells on the transwell inserts

Epithelial and endothelial cell culture:

HTB9Y bladder epithelial cells (5637 (ATCC® HTB-9"™, ATCC 30-2001) were grown in T75 flasks in
RPMI medium containing 10% FBS, supplemented with 1X antibacterial and 1X antifungal solution.
The HTB9 bladder epithelial cells were passaged and diluted to a fifth or a tenth depending upon the
experimental need. The Human bladder microvascular endothelial cells (HMVEC-Bd, Lonza Catalog
#: CC-7016) were cultured in Lonza EGM-2 MV BulletKit (CC-4147+CC-3156) medium. HBLAK
bladder epithelial cells (CELLnTEC) were proliferated in Cnt57 Basal medium (CELLnTEC).

The epithelial and endothelial cells were cultured in T75 plates with the reagents recommended by
the supplier. For one set of 12 well transwell inserts, we used two T75 flasks of each epithelial and
endothelial cells. Epithelial and endothelial cells were grown, passaged as recommended by the sup-
plier. Lonza did not suggest freezing the endothelial cells. However, we found that endothelial cells
can be recovered quite easily from cryostocks. Both epithelial and endothelial cells were frozen in

60% FBS, 30% medium (RPMI and Lonza EBM-2 for epithelial and endothelial cells respectively).

We have cultured HTB9 and HBLAK bladder epithelial cells (Horsley et. al 2018) in 1X Antimicro-
bial/Antifungal for 3-5 weeks. It is highly recommended to add the antimicrobial/antifungal for avoid-

ing bacterial/fungal contamination. We have used a pre-warmed medium and PBS for this protocol.

Day 1: Collagen coating on transwell inserts

1. Take out the lid of the 12 well plate with transwell inserts and perform air plasma treatment

(Diener electronics Plasma Surface Technology) with Power=6 W, Time=60 seconds.

2. Post plasma treatment, the plastic surface of the transwell insert should be hydrophilic and
flip the insert in a glass petridish (Corning) upside down and put 100-200 pl of native collagen
(AteloCell) at a concentration of 50 pg/ml in the medium (endothelial cell medium/RPMI)
containing 10mM HEPES. The total volume of coating solution corresponds to 200 pl X 2
(apical and basal side) X Number of inserts. The coating solution also contains 1X antimicro-
bial/antifungal. The coating solution is kept on ice to slow down the polymerization of colla-

gen in the falcon tube.
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3.

Day 2:

Cover the surrounding area of the insert in the glass petridish with PBS (containing 1X Anti-
microbial/Antifungal). Collagen coating and polymerization on the inserts is done inside the
incubator at 37°C for 3 hours. The same procedure for collagen coating is followed for the
apical side of the insert. If one is using just the apical side of the insert, the coating solution
can be applied only to the apical side of the insert. If cell seeding on the transwell inserts will
be performed the next day, then store the collagen coated inserts in the required volume of

PBS i.e 500 pl on the apical side and 1.5 ml on basal side.

Endothelial cell seeding on bottom side of the transwell insert

Proceed to seeding of endothelial cells at a concentration of .1 million cells/ml. The endothe-
lial cells are seeded in endothelial cell medium (supplemented to 25% FBS). Higher concen-
tration of FBS assists in attachment of endothelial cells. Pipette 100 ul of endothelial cell
suspension on inverted transwell inserts. The transwell inserts are placed inside the glass
petridish surrounded with PBS (1X antimicrobial/antifungal) for humidification. The glass lid
of the petridish should not be closed completely to block the 5% CO, gas exchange. The glass
lid was kept on the petridish with 1-2 mm opening for air exchange by adding a block of
certain height. Place carefully the glass petridish with inserts inside the incubator for 2 hours
Avoid shaking the glass petridish too much since it could spill over the endothelial cells on
side of the insert). After 2 hours, add 100 pl of endothelial cell medium on inserts (supple-
mented to 25% FBS). 4 hours after the first round of endothelial cell seeding, check the at-
tachment of endothelial cells by flipping the inserts and putting them inside the 12 well plate.
If there is >80% confluency, you can add the endothelial cell medium (500 pL-apical side and
1.5 ml-basal side). If the confluency is still not 80%, try seeding the endothelial cells again

for 2 hours.

Notes:

a. If the inserts are taken out from the refrigerator, warm them inside the incubator at 37
°C for 2 hours. Cells will not stick well on cold plastic surfaces.

b. Endothelial cells can cluster in a small suspension volume (especially with medium
containing 25% FBS), try your best to remove cells from the cluster by using P200 or
P20 pipette.
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c. Remaining endothelial cell suspension (after first round of cell seeding) can be kept at
room temperature. Endothelial cells will need to be pipetted again from the sedimented

cell pellet in the falcon tube.

Day 3: Epithelial cell seeding on apical side of the transwell insert

5. Change the endothelial cell medium on both sides of the insert and add 1.5 ml of fresh endo-
thelial cell medium in the bottom of the insert. Seed HTB9 bladder epithelial cells at a density
of 1 million cells/ ml in a volume of 500 pl on the apical side of the insert. The epithelial

cells can be left overnight for attachment on the transwell insert.

Notes:

d. Check the insert for homogenous distribution of epithelial cells. If the cells have higher
concentration either in the center and edge of the insert, try to pipette in and out the cell
suspension (using P200) to have more uniform distribution of epithelial cells. This
problem happens due to the curved geometry of the insert.

e. Unattached endothelial cells will attach at the bottom of the well plate and start growing
in 2D. It is better to change the 12-well plate during the first week of endothelial cell
culture on the bottom side of the transwell insert.

f.  While washing the inserts with 500 pl and 1.0 ml of PBS on the apical and bottom side
of the insert, the inserts are transferred to another 12 well plate with aliquoted 1.0 ml
PBS in the each well. This process is done to avoid drying of the inserts. Inserts were
always washed twice with PBS (prewarmed at 37°C) to remove the waste material and

dead cell debris.

Day 4: Removal of unattached epithelial cells post cell seeding

6. Wash the apical side of the insert with PBS (1X antimicrobial, antifungal) to remove unat-
tached epithelial cells. The washing step is repeated three times to remove unattached epi-
thelial cells. Allow epithelial cells to achieve 100% confluency within next 1-2 days for all

the inserts

Notes:
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g. While washing the apical side of the insert, the insert can be removed from the well
plate with a plastic tweezer and kept in the air (slightly tilted to get better perspective on
remaining medium inside the insert). Always pipette PBS or medium towards the edge
of the insert. Do not go very close to the center of the insert, you can accidentally touch

and damage the layer of epithelial cells or worst case, puncture the insert.

Day 5: Attainment of 100% epithelial cell confluency

7. Once the epithelial cells have achieved confluency across all the inserts, remove the epithelial
cell medium (RPM1/10% FBS) from the apical side of the insert. Wash twice with 500 ul of
pre-warmed PBS and remove the remaining PBS on top of the inserts. The epithelial cells will
be cultured on air-liquid interface for the next 5-7 days. At this stage, we add 2 ml of endo-
thelial cell medium in the basal side and place the inserts inside 12 well spacers (CELLnTEC).

The CELLnTEC spacers allow larger volumes of media for the cell culture.

Notes:

h. Change the endothelial cell medium after 4-5 days if the endothelial cell medium appears
a bit yellowish. The epithelial cells can be washed to remove dead cells and maintained again
on air-liquid interface. Keep on checking the status of stratification of epithelial cells every 3-
4 days. The stratified areas should start appearing as small patchy islands. When observed

under the optical microscope, light is refracted more from these patchy islands.

Week 3: Generation of islands of stratified epithelium

8. After 7-10 days, epithelial cells reach patchy stratification. Wash both the sides of the insert
to remove cell debris. Add 2ml of pre-warmed endothelial cell medium containing (1mM
Ca?", 0.4 um filter sterilized) into the basal side of the insert and 500 pl of urine on the api-
cal side of the insert (0.4 um filter sterilized). Both urine and endothelial cell medium were

prepared with 1X antimicrobial, antifungal.

Notes:

1. Change the endothelial cell medium after 4-5 days if the endothelial cell medium appears

a bit yellowish. The epithelial cells can be washed to remove dead cells and kept again on
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air-liquid interface. Keep on checking the status of stratification of epithelial cells every 3-4
days. The stratified areas should start appearing as small patchy islands. Light is refracted

more from these patchy islands

J. We got the initial and best results with experimenter’s own pure urine (0.4 pm filter steri-
lized). Subsequent experiments were performed with pooled urine (Golden West Diagnos-
tics). We diluted the pooled urine: PBS as 1:10 for better stratification results. HTB9 and
HBLAK cells did not cope better with pure pooled urine (Golden West Diagnostics).

9. Wash twice with PBS on both apical and basal side of the insert every 4-5 days. Replenish

with fresh medium and urine on basal and apical side of the insert respectively.

Notes:

k. Keep on checking for the improvement in stratification of epithelial cells every 3-4 days.

1. Endothelial cell containing]l mM Ca?* has the tendency to coagulate and form some debris
in the medium. Do not get worried by these clusters. However, make sure to check that there

is no fungal contamination.

m. Shift the inserts to 12-well plate every alternate wash (in 4-5 days).

Week 5: Generation of larger islands of stratified epithelium

10. The epithelial cells should have reached desired stratification. One day before the infection
experiment, both apical and basal sides of the insert are washed thrice with PBS to remove
residual antimicrobial/antifungal in the culture. Fresh endothelial cell medium (without anti-
microbial / antifungal) and urine (without antimicrobial / antifungal) is supplied to the basal

and apical side respectively.
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4.10.2 Protocol for seeding of dissociated bladder organoids on transwell inserts

Generation of mouse bladder organoids from mouse bladder uroepithelial cells

The mouse bladder organoids were prepared by selectively isolating lumenal cells from the bladder
by filling the clamped mouse bladder ex vivo with TryPLE as described in a recent study (Mullenders
et al., 2019). The procedure for generating the organoids was followed for both ROSAMTMG (pyr-
chased from Jackson Laboratories) and C57B1/6 mice (purchased from Charles River Laboratories).
The lumenal uroepithelial cells were isolated from 3 female mice (at an age of four months to isolate
most uroepithelial cells) by microinjecting approximately 500 pl TryPLE with a 26G needle and
placing the clamped mouse urinary bladder inside a 50ml Falcon tube surrounded by prewarmed 20ml
basal medium (Advanced DMEM/F-12 medium). The Falcon tube containing mouse urinary bladder
is incubated for 1 hour inside a cell culture incubator at 37°C and 5% CO». The mouse urinary bladder
is then washed twice with basal medium containing 20% FBS to neutralize the effect of TryPLE. The
cell suspension was passed through a 40 pm filter and flow through cells were centrifuged and pel-
leted at 0.3 rcf for 5 minutes. The isolated uroepithelial cells were resuspended in an appropriate
volume of Cultrex® Basement Membrane Extract (BME) and seeded inside as hemispherical domes
(with 40-50 pL volume) in 24-well plate. The 24-well plate is inverted to promote 3D growth and
BME is allowed to polymerize at 37°C for 30 minutes. The solidified hemispherical domes are sup-
plemented with mouse bladder medium supplemented with 1X antibacterial/antifungal. MBM me-
dium consists of [Advanced DMEM/F-12 (Thermofisher:10565018), 100 ng/ml of FGF10 (Pepro-
tech:100-26), 25 ng/ml of FGF7 (Peprotech:100-19), 500 nM of A83-01 (Tocris Bioscience: 2939),
2% of B27 (Thermofisher: 17504044) and ROCK inhibitor (Y-27632, 10 uM)]. The uroepithelial
cells form tdTomato MBOs (from ROSAMTMG) or C57B1/6 MBOs from respective mice strain over
next 2-3 weeks. The MBOs were passaged in 5 days or sheared with a fire polished glass pipette. The
MBOs were either used for an immediate or cryopreserved in the freezing media (60% FBS, 30%

Advanced DMEM/F-12 and 10% DMSO) for later experiments.

Notes:

We have observed and tested that if we harvest uroepithelial cells grown in 2D from the initial isola-
tion from mouse bladder. These harvested uroepithelial cells have the potential to form more and
better size-controlled organoids compared to standard passaging the organoids by shearing (using
fire-polished glass pipette) the organoids to reduce their size. We harvested 2D cells grown in 1% and

27 passage (cells cultured in four 24-well plates in each passage) to make enough organoids for all
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of our experiments. We were able to harvest ~1 million cells (depends upon how many organoids
settle down to start growing in 2D culture) in the first passage. These organoids were cryopreserved
(60% FBS, 30% DMEM, 10% DMSO) for experiments at later stage. This approach of cryopreser-
vation also saved us the time and resources for keeping the organoids in culture and continuously
shearing them to reduce their size. Long term culture and sequential passaging of the bladder organ-
oids can lead to non-spherical organoids with bud like features. Also Dr. Jasper Mullenders (Mullen-
ders et al., 2019) cautioned us that umbrella cells could be lost after multiple passages. Thus, we used

organoids with less than 5 passages for our experiments.

Day 1: Collagen coating on transwell inserts

1. Take out the lid of the 12 well plate with transwell inserts and perform air plasma treatment

(Diener electronics Plasma Surface Technology) with Power=6 W, Time= 60 seconds.
2. Post plasma treatment, the plastic surface should be hydrophilic and pipette 100-200 pl of
native collagen typel at a concentration of 100 pg/ml in the medium (DMEM medium) con-

taining 10 mM HEPES.

Notes:

a. One could try with higher concentration of collagen but collagen sheets (>200-500 pg/ml)

create lot of problems and get detached while washing away the unbound collagen.

b. Other approach could be trying 50% mixture of Collagen (100 pg/ml) and BME.

Day 2: Seeding of sheared bladder organoids

3. Already prepared MTMG organoids were grown in the BME medium 4-5 days before the

experiment.

Notes:

c. Volume of BME depends upon the volume of your organoid pellet.
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. Mouse bladder medium was removed from the wells and BME dome was mechanically bro-

ken down with P1000 pipette.

. Ice-cold DMEM wash medium (without the growth factors) was added to the wells and or-

ganoids were collected in a 1% BSA pre-coated falcon tubes.

Centrifuge the organoids at .1 rcf for 5 minutes. Remove the supernatant and

Resuspend organoids in fresh BME.

Stratified organoids were mechanically sheared with fire-polished 2 ml glass pipette. Nar-

rower opening of the pipette will allow better shearing of the organoids.

Sheared organoids were resuspended in MBM medium (containing 1X antimicrobial, anti-
fungal) and pipetted in 500 pL volume on the apical side of the 0.4 um transwell insert. The

basal side of the insert was covered with 1.5 ml MBM medium.

Notes:

. Approximately 25-50 of 100-200 um sized sheared organoids can be pipetted inside one of

the 12 well-insert.

This procedure has been done few times and the number of pipetted organoids depends upon

the size of the organoid.

The resuspended sheared organoids will have the tendency to cluster together towards the
center and edge of the insert. Make sure to pipette multiple times to ensure the homogeneous

distribution of the organoids.

. Ideally the same procedure could be applied for human bladder organoids and one could cul-
ture settled down human bladder organoids in human urine on the apical side and bladder

medium on the basal side.

Sheared organoids take 3-5 days to settle down and unfolded epithelial layers attach to the

insert over a period of one week.

215



9. Exchange the medium on the transwell inserts 3 days after the seeding of the dissociated or-
ganoids.
Notes:

i. The transwell inserts were handled gently to not disturb the settling organoids.

10. Wash the inserts thrice with PBS (without antimicrobial, antifungal) and supplement with
fresh MBM medium (without antimicrobial, antifungal). Change the MBM medium on the

apical and basal sides of the insert every 3-4 days.

11. The bladder organoids unfolded to form islands of stratified epithelium over 2-3 weeks.
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Chapter 5. Conclusions and out-
look

Urinary tract infections (UTIs) are the second-most common cause of antibiotic prescriptions, and in
about one-quarter of all treated cases leads to recurrent infection. Therefore, UTIs have an enormous
impact on human health and healthcare costs. Much of our current understanding about UTIs have
come from mouse models of UTI, which have highlighted the intracellular lifestyle of this pathogen
in the forms of IBCs and QIRs. IBCs and QIRs have been implicated in bacterial persistence and
serve to protect bacteria from host immune cells and antibiotic mediated antimicrobial stresses. One
of the reasons behind pathogen survival and relapse of infection is attributed to the heterogeneity at
both the host as well as the pathogen level. Although the mouse model has provided numerous in-
sights, animal models are inherently not amenable to approaches that allows these heterogeneous
interactions to be captured in real-time. Several attempts have been made to develop in vitro model
systems of UTIs in order to dissect this heterogeneity in host-pathogen interactions. These in vitro
systems recapitulated either as monolayers or multiple layers of uroepithelium have modelled acute
phases of infection including the IBC formation and dispersal. However, these models lack vascula-
ture, the possibility to mimic the processes of bladder filling and voiding experienced by this me-
chanically active organ as well as the ability to deliver immune cells in a physiologically relevant
manner. In the last two decades, two bioengineering approaches have emerged to generate functional
and physiological tissues: organoid and organ-chip systems. These developments motivated us to

develop bladder organoid and bladder-chip system for studying early stages of UPEC pathogenesis.

Thus, in this doctoral thesis, we have achieved following aims:

(1) Development and characterization of a bladder organoid model for UPEC pathogenesis,
which demonstrated the ability to recapitulate IBC formation and revealed new insights into
the role of solitary bacteria in the stratified organoid wall during early infection. The bladder
organoid model allowed study of bacterial persistence in response to antibiotics and neutrophil

swarms.
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(2) Development and characterization of a bladder-chip model system which recapitulated co-
culture of epithelial and endothelial cells under flow-driven urine and nutritional medium in-
terface. Moreover, the system mimicked bladder filling and voiding by application of linear
strain. Upon bacterial infection of the bladder epithelium, blood-bladder chemotaxis was
achieved with neutrophils, which formed neutrophil swarms and NETs in response to infec-
tion. Bladder-chip system has emerged as a novel model system to study IBC persistence in
response to antibiotic treatment.

(3) Further steps towards the recapitulation of the stratified bladder architecture for organ-on-
chip type platforms. Islands of stratified uroepithelium can be achieved with co-culture of
bladder epithelial and bladder endothelial cells on porous substrates under urine-liquid inter-

face.

We chose to develop bladder organoids from the mouse to take advantage of knock-in reporter lines
made in the well-characterized C57BL/6 background, which provided a reliable source of primary
uroepithelial cells from a clonal source. The bladder-chip system was developed from human uroep-
ithelial cells to probe the dynamics of IBCs in human cells. Much of the information about the devel-
opment of IBCs and their persistence in vivo is known from mouse models. We wanted to study the
development of IBCs in situ in human uroepithelial cells. So, we developed a human bladder-chip
system to study IBC dynamics and IBC persistence in response to antibiotics. We do understand that
the bladder cell line derived from bladder carcinoma might be more susceptible to infection due to
structural abnormalities in the cell line, as known in the literature. However, we are in the process of
developing a human bladder-chip system using primary uroepithelial cells from healthy individuals
available in an anonymized fashion from a reliable commercial supplier. Also, we understand that the
sex of the donor, male or female, for pooled urine, blood donors and bladder endothelial cells might
elicit different responses to infection. Thus, future studies could be performed with more controlled

availability of the resources from one sex.

CFTO073, an isolate from a pyelonephritis patient was chosen due to the prior expertise available in
the McKinney lab. However, both the mouse bladder organoid and the human bladder-chip system
can be easily adapted to study any other clinically relevant UPEC strain. Similar reasoning motivated
us to use ampicillin to study bacterial persistence to make comparisons between complex microtissue
models with that from monoculture experiments already available in the McKinney lab. Also, ampi-
cillin is known to cause bacterial lysis and loss of bacterial fluorescence. Bacterial lysis was important

for us to quantify bacterial killing.
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Antibiotic treatment and incubation timings were chosen to mimic the early stages of infection, bac-
terial killing and some regrowth after drug washout. Earlier experiments with overnight antibiotic
incubation did not result in any bacterial regrowth for 4-6 hours. Thus, we chose ampicillin treatment
for 3 hours in both the bladder organoid and bladder-chip system. However, now we plan to study

bacterial persistence with clinically used drugs such as Fosfomycin, Nitrofurantoin.

Bladder organoids served as a 3D in vitro model of the organ but also recapitulated the stratified
nature of the uroepithelium. The umbrella cell layer of the different uroepithelium was confirmed by
immunofluorescence staining for markers such as UP3a and CK8. The intermediate and basal cell
layers were confirmed by staining with antibodies directed against CK13, p63 and CK7. Therefore,

bladder organoids recapitulated the stratified architecture of the mouse uroepithelium.

The UPEC infection of these bladder organoids reconstituted bacterial growth both in the lumen and
bladder wall as would happen in situ in the bladder. Ampicillin treatment allowed us to study bacterial
persistence. Compared to the pre-antibiotic phase, bacterial growth in the post-antibiotic phase was
observed majorly from solitary bacteria in the organoid wall. Compared to the end of antibiotic treat-
ment, the total bacterial volume was reduced to approximately 10% of the bacterial volume estimated
prior to the antibiotic administration. Comparing this kill kinetics with ampicillin mediated killing of
UPEC in axenic cultures, suggested that UPEC growing in the organoids were killed at much reduced
rates. This reduced bacterial killing could be due to the discrepancy in estimating bacterial killing
which was evaluated as proxy of total bacterial volume instead of total bacterial numbers. Also, in a
few organoids, bacterial growth continued for the entire duration of antibiotic treatment suggesting a
dynamic balance between bacterial division and bacterial killing inside the bladder organoid. Overall,
high temporal imaging of multiple organoids allowed us to capture the dynamic heterogeneity of host-
pathogen interactions: i.e, differences in bacterial growth, killing and regrowth inside the different

bladder organoids.

The host immune response was mimicked by introduction of neutrophils, which revealed directional
and coordinated migration of neutrophils towards the lumen of infected organoids. In comparison,
neutrophil did not migrate significantly to the bystander uninfected organoids. The migrated neutro-
phils in the infected organoid aggregated to form neutrophil swarms. Neutrophil swarms displayed
remarkably distinct behaviours in clearing infection. Based upon the neutrophil swarm aggregation

and dispersal inside the infected organoids, neutrophils swarms were classified as persistent, transient
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or dynamic swarms. Neutrophil killing of the bacterial subpopulations was selective. The lumenal
bacteria were substantially cleared, whereas solitary bacteria survived in intracellular epithelial niche.
Bacteria inside IBCs proliferated unrestrainedly despite presence of surrounding persistent neutro-
phils swarms. Bacteria inside the IBCs were only cleared post IBC shedding, once they became ex-
tracellular. Here as well, we observed the heterogeneity in bacterial sterilization within the organoids
by the neutrophil swarms. Some organoids were significantly sterilized by the neutrophil swarms,
whereas other infected organoids were not. In majority of the cases, we observed solitary bacterial

subpopulations in the organoid wall that were protected from neutrophil swarms.

In order to study and localize these solitary bacterial subpopulations in the bladder wall, we resorted
to SBEM of infected organoids. Multiple serial stacks (~1000) revealed five distinct microenviron-
mental niches for the bacteria: lumenal, within neutrophils, IBCs, intracellular bacteria and pericel-
lular bacteria. Further investigation of the solitary bacteria within the organoid wall revealed that
these bacterial subpopulations retained flagellin expression, which was substantially reduced in IBCs.
Overall, the bladder organoid model recapitulated different aspects of the host-pathogen interactions
in the early stage of UPEC pathogenesis, as has been previously characterized from patient samples

or animal models.

In contrast to the bladder organoid model which lacks the possibility for medium-exchanges and to
maintain urine-medium interface as found in vivo, the bladder-chip model addresses these limitations
with co-culture of bladder epithelial and bladder endothelial cells under their respective media. The
bladder-chip model was developed with an established terminally differentiated cell line known to
facilitate formation of IBCs. Application of negative pressure controlled via pressure regulator mim-
icked different stages of bladder filling and voiding cycle. Carrying out UPEC infection under flow,
allowed control over infection of epithelial cells, with mean foci of infection less than 1. Using blad-
der filling and voiding duty cycle, we found that the total bacterial burden inside infected bladder-
chips was significantly higher when compared to bladder-chips not stimulated with bladder filling

and voiding cycle.

The blood-bladder chemotaxis was mimicked with neutrophil introduction into the endothelial side
of the bladder-chip. Compared to the uninfected bladder-chip, neutrophils were observed within ca.
15 minutes on the epithelial side. In infected bladder-chips, neutrophils aggregated and formed neu-
trophil swarms. However, neutrophils were not able to control the infection and demonstrate swarm

disaggregation as observed in the bladder organoid model. This is possibly due to the unrestricted
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growth of large numbers of extracellular bacteria and in some instances, exacerbated by the loss of
some neutrophils due to flow in the channel. Moreover, geometrically defined array of pores on the
PDMS membrane permited neutrophil diapedesis only at fixed spatial locations in bladder-chip. This
way of neutrophil migration was different from neutrophil migration via ECM remodelling of colla-
gen gels in the bladder organoid model. The neutrophils formed NETs which were confirmed via

immunostaining for neutrophil myeloperoxidase, neutrophil elastase, and also with SEM.

Extracellular UPEC growth was largely controlled with introduction of ampicillin (~40X MIC) into
the bladder-chip. The ampicillin concentration and duration were chosen to mimic the characteristic
pharmacokinetic/pharmacodynamic profile of ampicillin concentration in the blood. We chose pulsed
exposures to high concentrations of antibiotic, to mimic the periodic boluses of antibiotic taken by
patients. Compared to extracellular bacteria that were substantially killed by ampicillin and removed
via flow, the intracellular bacteria proliferated with exponential growth to form IBCs. These IBCs
that arose initially from few bacteria, exhibited all the characteristic features of IBC dynamics i.e
formation, maturation, dispersal and exfoliation. Investigation of multiple IBCs revealed that shed-

ding and exfoliation were not mutually exclusive events.

Mouse models of UTIs have shown that IBCs provide bacteria with a semi-protective niche as an
enabler for bacterial persistence. We studied persistence of IBCs by subjecting the bladder-chip to a
second round of ampicillin treatment (~40X MIC) treatment for 3 hours. These experiments allowed
us to document exponential growth of bacteria in the absence of antibiotic, delayed response to anti-
biotic, and a lag phase after the antibiotic was removed. Few early-stage IBCs provided a fully pro-
tective niche for proliferating bacteria during the entire duration of the ampicillin treatment. Thus,
pulsed exposures to high concentrations of antibiotic revealed that IBCs provided bacteria with dy-

namic niche to persist and evade clearance.

Features Bladder organoids Bladder-chip
stratified uroepithelium +++ +

size invariability + -+
vasculature not done 4+
medium perfusion + -+
bladder filling and voiding + +++
urine-medium nourishment not possible +++
bacterial growth and intracellular lifecycle ++ +++
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antibiotic persistence ++ -+
solitary bacteria in the uroepithelial wall +++ not done
co-culture with neutrophils +++ -+
neutrophil swarm formation and dispersal +++ ++
NETs formation not detected +++
Techniques/interventions

multi-position confocal imaging ++4++ +++
molecular readouts (qrt-pcr) ++ -+
single IBC tracking + -+
non-growing bacteria tracking ++4++ +++
rounds of antibiotic treatment not done -+
scanning electron microscopy ++4++ +++
transmission electron microscopy ++ +++
serial block face scanning electron microscopy +++ not done

Table 4: Comparative strengths and weaknesses of bladder organoid and bladder chip systems

Despite faithful recapitulation of intracellular UPEC lifestyle in the bladder organoids and bladder-
chips, both systems also suffered from some limitations, as highlighted in Table 4. The bladder or-
ganoids never reconstituted binucleate cells in the umbrella cell layer. The closed lumen of the or-
ganoid also did not facilitate introduction of bacterial culture in urine inside the organoid. Moreover,
as the antibiotic was introduced into the collagen surrounding the organoids, the local concentration
of the antibiotic inside the bladder lumen needs to be determined experimentally. The slower recovery
of UPEC regrowth post-antibiotic washout could also be due to the residual antibiotic in the organoid
volume, due to incomplete washout. Also, as the bladder organoids were not surrounded by vascula-
ture, it is plausible that the neutrophil attachment and migration into the organoid was not optimal.
Moreover, we did not culture bladder organoids with resident immune cells such as macrophages,
mast cells, dendritic cells etc, each of which could have played an important role in UPEC clearance.
NETs were also not observed in infected bladder organoids. However, this could be due to the sur-

rounding ECM.

Compared to the bladder organoid model which did not permit bacterial culture in urine, the bladder-
chip system allowed distinct perfusion of urine and nutritional medium perfusion on the bladder epi-
thelium and endothelium interface respectively. Antibiotic introduction and removal were also better
controlled in bladder-chip system. Apart from these advantages, a major drawback of the bladder-
chip was the absence of uniform stratified architecture of the bladder epithelium, which could also be

attributed to the umbrella cell type nature of the HTB9 cell line. With other complementary
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approaches, including attempts with attempting a feeder layer system, we have demonstrated the abil-
ity to achieve islands of stratified uroepithelium. However, this approach was not robust enough for
infection studies in the non-uniformly stratified uroepithelium. Thus, we did not proceed with that
approach and instead continued with epithelial monolayers. Further intensive efforts in the future
either with iPSC approach or further insights about the exact stem cell population in the bladder
uroepithelium could help in achieving uniform uroepithelium stratification. The approach of primary
uroepithelial cells in microfluidic hydrogels could help in recapitulation of the mature and stratified

uroepithelium surrounded by bladder fibroblasts and bladder smooth muscle cells.

Neutrophil’s antimicrobial arm of defense manifests in different behaviours: neutrophil swarms and
NETs. The bladder-chip recapitulated both types of neutrophil behaviour. By using DNA labelling
dyes such as SYTOX, the bladder-chip could be further explored to study the spatiotemporal dynam-
ics of both neutrophil swarm and NETs formation. This could help in understanding whether one type
of neutrophil behaviour precedes the other or both occur concurrently as a response to bacterial in-

fections.

The proof of concept for blood-bladder chemotaxis recapitulated only a small proportion of innate
immune response to bacterial infection. The bladder-chip did not reconstitute resident immune cell
population in the uroepithelium. Further efforts with differentiation of blood derived monocytes and
other purified immune cells isolated with miltenyi magnetic isolation beads could help in recapitulat-

ing some aspects of the resident immune cell population in the bladder-chip.

Urinary bladder is a highly mechanically active organ that experiences different mechanical stresses.
The bladder-chip was subjected to relatively lower linear strain compared to that experienced in vivo.
This could be improved by culturing epithelial cells on soft and flexible collagen tubes. The uroepi-
thelium experiences shear stress only during the micturition. However, we maintained a continuous
flow in the bladder-chip, which also facilitated imaging by getting rid of extracellular bacteria. The
continuous perfusion and flow-mediated dilution of the inflammatory chemokines could have influ-
enced the behaviour of neutrophil swarms on the infected epithelium. Moreover, the positive corre-
lation observed between stretching and bacterial burden needs to be further probed. Also, the effect
of hydrostatic pressure on bacterial attachment and invasion can be tested by blocking the outlet of

the bladder chip and applying pressure with the pressure control system.
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The biofilm development within IBCs is mediated through differential regulation of different genes.
Using genetic tools to construct fluorescent reporter strains, one can study the heterogeneity in gene
expression of these molecular players and how this heterogeneity affects the outcome of the infection
process at the biofilm level. While imaging of a tightly packed biofilms even with confocal micros-
copy is currently challenging, advances in microscopy and image analysis will allow us to capture

the heterogeneity and the role of these components in UTI pathogenesis.

IBCs provided bacteria with a semi-protective niche for bacterial persistence. In this study, the ex-
periments have used ampicillin as the candidate antibiotic to study bacterial persistence. However, in
the future, it would be very interesting to study bacterial survival in IBCs upon treatment with drugs
currently prescribed in the clinic for simple and recurrent UTIs such as Fosfomycin, Nitrofurantoin,
Trimethoprim-sulfamethoxazole etc. This could greatly help in understanding the bacterial killing
and persistence and aid the design of future treatment regimens. Also, the bladder-chip could be
connected downstream to the temporal antibiotic gradient generator such as the devices developed by
Dr. Katrin Schneider in the McKinney lab. This approach could allow us to monitor bacterial growth
and survival to a more clinically relevant pharmacokinetic/pharmacodynamic profile. These unique
capabilities of the bladder-chip to realistically model antibiotic treatment regimens for IBCs can also
be leveraged in the future to screen non-antibiotic therapies such as mannosides that can eliminate

persistent bacterial populations in IBCs or alter the host-pathogen interaction dynamic in UTIs.

These findings from bladder microtissue models of UTIs will have important ramifications for treat-
ment of not only UTIs but also other bacterial infections that exhibit high levels of recurrence. Thus,
we believe that these two bladder microtissue models will be of considerable interest not only to the
community of microbiologists and immunologists who research UTIs and bacterial biofilms, but also
to the medical doctors who treat bladder morbidities in the clinic. In addition, the development of
these two bladder microtissue models either individually or in combination to form bladder organoid-
on-chip can serve as a useful tool for bioengineers and researchers studying microbiology, bladder

cancers, and immunology.
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The road not taken

By Robert Frost

Two roads diverged in a yellow wood,
And sorry I could not travel both
And be one traveller, long I stood
And looked down one as far as I could

To where it bent in the undergrowth;

Then took the other, as just as fair,

And having perhaps the better claim,
Because it was grassy and wanted wear;
Though as for that the passing there

Had worn them really about the same,

And both that morning equally lay

In leaves no step had trodden black.
Oh, I kept the first for another day!

Yet knowing how way leads on to way,

I doubted if I should ever come back.

I shall be telling this with a sigh
Somewhere ages and ages hence:

Two roads diverged in a wood, and I—
I took the one less travelled by,

And that has made all the difference.
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