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SUMMARY
Recurrence of uropathogenic Escherichia coli (UPEC) infections has been attributed to reactivation of quies-
cent intracellular reservoirs (QIRs) in deep layers of the bladder wall. QIRs are thought to arise late during
infection following dispersal of bacteria from intracellular bacterial communities (IBCs) in superficial umbrella
cells. Here, we track the formation of QIR-like bacteria in a bladder organoid model that recapitulates the
stratified uroepithelium within a volume suitable for high-resolution live-cell imaging. Bacteria injected into
the organoid lumen enter umbrella-like cells and proliferate to form IBC-like bodies. In parallel, single bacteria
penetrate deeper layers of the organoid wall, where they localize within or between uroepithelial cells. These
‘‘solitary’’ bacteria evade killing by antibiotics and neutrophils and are morphologically distinct from bacteria
in IBCs. We conclude that bacteria with QIR-like properties may arise at early stages of infection, indepen-
dent of IBC formation and rupture.
INTRODUCTION

Urinary tract infections (UTIs) are among the most common bac-

terial infections and the secondmost common cause for the pre-

scription of antibiotics (Foxman, 2010). Recurrence, defined as a

reappearance of three or more episodes of infection within

12 months of apparently successful antibiotic therapy, occurs

in a quarter of all UTIs (Epp et al., 2010; Foxman et al., 2000),

and women are at particularly high risk (Klein and Hultgren,

2020). Uropathogenic Escherichia coli (UPEC) is the causative

agent of about 80% of UTIs, which can be further complicated

by dissemination of UPEC from the bladder to the kidneys or

into the bloodstream.

Much of our current understanding of UPEC pathogenesis de-

rives from mouse models of infection (Hannan and Hunstad,

2016; Hung et al., 2009), which reveal that UPEC can grow extra-

cellularly in the urine (Alteri et al., 2009; Forsyth et al., 2018; Hull

and Hull, 1997; Subashchandrabose et al., 2014) or intracellu-

larly in the bladder wall (Anderson et al., 2003; Justice et al.,

2004; Mulvey et al., 2001). Invasion of the bladder wall is medi-

ated by interactions of the bacterial type I pilus with uroplakin

proteins expressed on the superficial umbrella cell layer (Klein

and Hultgren, 2020; Lewis et al., 2016; Martinez et al., 2000; Mul-

vey et al., 1998). Within umbrella cells, a subset of bacteria pro-

liferate to form biofilm-like intracellular bacterial communities

(IBCs) (Anderson et al., 2003; Justice et al., 2004; Mulvey et al.,
This is an open access article under the CC BY-N
2000) that protect the bacteria from clearance by antibiotics

(Blango and Mulvey, 2010) or innate immunity (Justice et al.,

2004). At later stages of infection, UPEC penetrates into deeper

layers of the bladder to form quiescent intracellular reservoirs

(QIRs) that may also be responsible for recurrent infection after

antibiotic therapy (Mulvey et al., 2000, 2001; Mysorekar and

Hultgren, 2006; Schilling et al., 2002).

The bacterial numbers in three identifiable subpopulations

(extracellular bacteria, IBCs, and QIRs), their relative growth dy-

namics, and their survival under attack from antibiotics or im-

mune cells are difficult to characterize in situ in animal models.

Many studies have therefore relied on an examination of bladder

explants at successive time points post-infection (Blango et al.,

2014; Mulvey et al., 2001; Scott et al., 2015). Although powerful,

this technique does not provide information on the underlying

dynamics of host-pathogen interactions, nor does it permit the

quantification of in situ growth of extracellular bacteria (Ander-

son et al., 2003; Justice et al., 2004). In vitro models have been

developed to study 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). However, these models suffer from limitations in

their ability to recreate a stratified uroepithelium with multiple

differentiated cell layers (Andersen et al., 2012), and three-

dimensional (3D) migration of immune cells into the bladder in

response to infection is difficult to model in platforms based on
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Transwell inserts (Horsley et al., 2018). In many in vitro 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 biomimetic systems 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., 2018; Mullenders et al., 2019; Santos et al., 2019).

Recently, organoids have also emerged as model systems to

study host-pathogen interactions during infections caused

by bacteria (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; van der 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 differenti-

ated layers of the uroepithelium, possess a central lumen that

mimics the bladder lumen, and are easier to manipulate than an-

imal infection models. Importantly, the compact volume of an or-

ganoid 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 UTIs and

to monitor the responses of host cells and bacteria to external

perturbations, such as antibiotic treatment or the addition of

innate immune cells (Neal et al., 2018; Sachs et al., 2019).

Compared to in vitro infection models (Andersen et al., 2012),

bladder organoids offer a more realistic reconstitution of bladder

physiology that is accessible to a wider range of experimental

techniques for studies of UPEC pathogenesis than conventional

ex vivo tissue explants (Justice et al., 2004)

Here, we establish amodel system to study the early dynamics

of UPEC pathogenesis based on 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 scanning electron microscopy (SBEM) to

monitor the dynamics of UPEC invasion, growth, and persis-

tence within bladder organoids with single-cell and sub-micron

resolution. We find that individual solitary bacteria are seeded

in deeper layers of the bladder epithelium concomitantly with

but independently of the formation of IBCs in the superficial layer

of umbrella-like cells. These solitary bacteria are refractory to

killing by antibiotics and neutrophils, suggesting that early inva-

sion of bacteria into deeper layers of the bladder wall may play an

important role in recurrent infections.

RESULTS

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 ex-

press the red fluorescent protein tdTomato within cell mem-

branes, following a recently published procedure (Figure 1A;

Mullenders et al., 2019). We verified that these organoids reca-
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pitulate the different layers of the stratified mouse uroepithelium

by comparative immunofluorescence staining of slices of

bladder organoids and explanted mouse bladders. Staining

with antibodies directed against uroplakin-3a (UP3a) or cytoker-

atin 8 (CK8) shows that cells lining the lumen of the bladder orga-

noids strongly express both markers (Figure 1B), consistent with

the staining pattern of the umbrella cell layer in mouse bladder

(Figure 1C). However, we cannot rule out the possibility that

some of the UP3a+ cells in the organoid might be underlying

transitional bladder cells (Mysorekar and Hultgren, 2006). The

presence of intermediate and basal cell layers in the bladder or-

ganoids was confirmed by staining with antibodies directed

against CK13, p63, or CK7 (Figure 1B), which is also consistent

with the staining patterns observed inmouse bladder (Figure 1C).

In addition, CK8 staining is higher in the umbrella-like cell layer

(Figure 1B, demarcated by awhite dashed line) than in the under-

lying intermediate and basal cell layers in organoids and mouse

bladder (Southgate et al., 1994). A 3D view of a bladder organoid

stained with anti-CK8 antibodies confirmed that the cell layer

surrounding the organoid lumen is CK8+ (Figures 1D and 1E).

Bladder organoids therefore recapitulate the stratified architec-

ture of the mouse uroepithelium, with high levels of uroplakin

expression in the superficial umbrella-like cell layer, which is

important for UPEC adherence and invasion (Mulvey et al.,

1998).

Early invasion of UPEC into the bladder wall provides
protection against antibiotics
Intravital imaging of antibiotic treatment and recovery in the in-

fected bladder is challenging and provides limited spatiotem-

poral resolution (Justice et al., 2004, 2006). We therefore

modeled the acute phase of a UTI by microinjecting UPEC ex-

pressing yellow fluorescent protein (YFP) into the lumen of indi-

vidual bladder organoids, which mimics the natural route of

infection by the urethra (Figure 2A). The infection cycle was

modeled in three stages, as follows: stage one (0–165 min), an

initial period of unimpeded bacterial proliferation; stage two

(165–345 min), treatment with ampicillin at 10-fold the minimum

inhibitory concentration (103 MIC, 64.5 mg/ml); and stage three

(345–525min), bacterial recovery after ampicillin washout. Snap-

shots from time-lapse imaging of two infected organoids are

shown in Figures 2B–2E (Video S1) and Figures 2F–2I (Video

S2), and an additional example is in Figure S1A1–7 (Video S3).

We microinjected organoids with 300–1,300 colony-forming

units of UPEC in a 1-nL volume (STAR Methods); the number

of bacteria retained after the washing steps is about 10-fold

lower. Rapid bacterial growth occurs shortly after microinjection

(Figures 2B, 2C, 2F, and 2G), predominantly within the lumen

(yellow arrowhead in Figure 2B). At this stage, we also identified

IBC-like structures in CK8+ cells in a subset of infected organo-

ids (Figures 3A and 3B). Hereafter, for simplicity, we shall refer to

these structures as IBCs, although we acknowledge that IBC-

like structures observed in the organoid model may differ in

some respects from IBCs that form in the bladder wall of infected

animals. In many instances, it was difficult to distinguish orga-

noid IBCs from lumenal bacteria during time-lapse imaging. Bac-

terial growth was measured using an image analysis pipeline in

Imaris Bitplane (STAR methods; Figure S2).



Figure 1. Mouse bladder organoids recapit-

ulate uroepithelial stratification

(A) Schematic of the protocol for the generation of

mouse bladder organoids. Lumenal cells are

cultured in basement membrane extract (BME) to

form differentiated bladder organoids.

(B and C) Immunofluorescence staining confirms

that bladder organoids (B) recapitulate the strati-

fied 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. Basal and

intermediate cell layers were identified with anti-

CK13, anti-p63, or anti-CK7 antibodies. Cell nuclei

were labeled with 40,6-diamidino-2-phenylindole

(DAPI, cyan). Yellow asterisks, lumens of the

bladder organoids and mouse bladder slices.

Dashed white lines, boundary between the um-

brella-like and intermediate cell layers.

(D and E) Extended orthogonal section views of a

3D volume (20 3 20 3 20 mm3) of an uninfected

organoid. Uroepithelial cells are identifiable by

membrane tdTomato (mT) expression (magenta)

surrounding the organoid lumen in the center,

including CK8+ umbrella-like cells lining the lumen.

The main image, XZ, and YZ show a maximum

intensity projection within this volume along the z,

y, and x axes, respectively. Scale bars, 20 mm in

(B), (D), and (E) and 100 mm in (C).
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Addition of 103MIC ampicillin (Figure S1B) to themedium sur-

rounding the organoids rapidly reduces the bacterial volume

within the organoid (Figures 2D and 2H), consistent with the

bactericidal nature of the antibiotic. In most cases, bacterial

growth resumed only after ampicillin removal (Figures 2E and

S1A6 and 7). Unexpectedly, in 2 of the 124 organoids studied,

slow bacterial growth continued even in the presence of the anti-

biotic (Figure 2I). These two distinct bacterial growth kinetics are

demonstrated by representative time profiles of intraorganoid

UPEC growth for the period before, during, and after ampicillin

administration (Figures 2J and S1C).

A plot of intraorganoid bacterial volume over time confirms

that growth is exponential (Figure 2K), with a median growth

rate of 0.017 min�1 and doubling time of 41.5 min (Figure 2M),

similar to UPEC growth kinetics in the mouse bladder (Justice

et al., 2004; Scott et al., 2015). During ampicillin treatment, the

bacterial volume initially increases before plateauing due to bac-

terial filamentation (Figure 2L). Fluorescence intensity and intra-

organoid bacterial volume subsequently decline, with a median

killing rate of 0.019 min�1 (Figure S1D). Compared to growth

before ampicillin treatment, regrowth after ampicillin washout

is significantly slower, with a median growth rate of

0.003 min�1 and doubling time of 226.8 min (Figure 2M).

To rule out the possibility that delayed killing is due to insuff-
icient or delayed drug penetration, we

measured the diffusion kinetics of lucifer

yellow, a hydrophilic-cell-impermeable

dye with a molecular weight comparable

to ampicillin, administered in the medium

surrounding the organoids (Figures S1E
and S1F). Mean fluorescence intensity values in the intraorga-

noid volume reach a maximum value of ca. 30% of the external

concentration within 15–30 min of dye addition (Figure S1F).

These results demonstrate that intraorganoid bacteria are

rapidly exposed to high concentrations of ampicillin after its

addition to the surrounding medium, presumably by diffusion

of the antibiotic through the organoid wall.

Bacterial regrowth after ampicillin washout is localized exclu-

sively to the organoid wall, in striking contrast to the preponder-

ance of bacterial growth in the organoid lumen prior to antibiotic

treatment (cf. Figures 2E versus 2B and 2C and Figures 2I versus

2F and 2G). At later time points (Figure 2E), the magenta staining

in the interior of the organoid is an artifact of the segmentation

pipeline (Figure S2) and is likely due to expansion of the lumen

due to the accumulation of cell debris. We confirmed that re-

growth originates from individual bacteria within the organoid

wall that survive antibiotic treatment at both 103 MIC (Figures

3C and 3D; Video S4) and 23 MIC (Figures 3E and 3F; Video

S5); in the latter case, a small bacterial cluster in an IBC also ap-

pears to be protected from clearance. These results suggest that

the lumen may be the preferred site of bacterial growth prior to

antibiotic exposure, whereas the bladder wall offers a more pro-

tective niche for bacterial survival and regrowth after antibiotic

treatment.
Cell Reports 36, 109351, July 20, 2021 3
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Figure 2. Bacteria within the bladder organoid wall are refractory to antibiotic clearance

(A) Schematic of the microinjection protocol. Bacteria are injected by a glass microcapillary into the lumen of individual organoids, which are resuspended in a

collagen matrix for live-cell confocal imaging.

(B–E) Snapshots from time-lapse imaging of an infected organoid over 9 h. (B) The volume of bacterial fluorescence within the organoid increases rapidly during

the initial growth phase (0–165 min from the start of the experiment in B and C), predominantly within the lumen. White arrowhead, organoid boundary. Yellow

arrowhead, lumenal bacteria. (D) The intraorganoid bacterial volume decreases after addition of 103MIC ampicillin to the culture medium (ca. 165–345 min). (E)

Bacterial regrowth is restricted to the organoid wall in the recovery phase after antibiotic withdrawal (ca. 345–525 min; Video S1).

(F–I) An unusual example where the bacterial volume initially decreases (cf.H versusG) but subsequently increases (I) even in the presence of antibiotic (Video S2).

(J) Time profiles of intraorganoid bacterial volume over time the organoids in (B)–(E) (squares) and (F)–(I) (circles). Shaded region, period of antibiotic treatment.

(K–M) Bacterial growth dynamics at different stages of infection. (K and L) Representative plots of bacterial volume versus time show exponential growth during

the growth phase (K; n = 11 biological replicates) and exponential decay during antibiotic treatment (L; n = 10 biological replicates). Bacterial volume typically

declines immediately after antibiotic administration (L; brown lines), but in some instances, growth continues for some time before declining (L;magenta lines). (M)

Scatterplot for the growth rate of the bacterial volume within the bladder organoids before (n = 124 biological replicates) and after (n = 58 biological replicates)

antibiotic exposure. (p < 1E-15, Mann-Whitney test). Red lines, median values. Scale bars, 50 mm in (B)–(I).
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Neutrophils swarm toward intraorganoid UPEC with
three distinct migratory profiles
Organoids are powerful systems with which to study immune

cell responses in situ (Nikolaev et al., 2020; Sachs et al., 2019;

Yuki et al., 2020) and to visualize the spatiotemporal dynamics

of immune cell responses by long-term live-cell imaging. Pe-

ripheral innate immune cells such as neutrophils have been

shown to be the first responders in the early phases of bladder
4 Cell Reports 36, 109351, July 20, 2021
infection in the mouse model (Haraoka et al., 1999). We there-

fore added Ly6G+ (Figures S3A–S3C) and CD11b+ (Figures

S3D–S3F) murine bone-marrow-derived neutrophils to the

collagen matrix surrounding bladder organoids immediately

after microinjection of the organoid lumen with UPEC. Neutro-

phils were pre-labeled with CellTracker dye to facilitate

identification (Figures S3B and S3E) and incubated with

murine granulocyte colony stimulating factor (G-CSF) during
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Figure 3. Survival and post-antibiotic re-

growth of solitary bacteria within the

bladder wall

Bacteria are labeled with an anti-LPS antibody

(green).

(A) Orthogonal sections of an infected organoid.

Dashed white line, IBC within a CK8+ cell.

(B) Zoomed-in image of the IBC confirms bacteria

within a CK8+ cell. Cell nuclei were labeled with

DAPI (blue).

(C–F) Orthogonal section views of a 3D volume

(20 3 20 3 20 mm3) within the organoid wall of

infected organoids after ampicillin treatment at

103 MIC (C and D) or 23 MIC (E and F). The main

image, XZ, and YZ show a maximum intensity

projection within the volume along the z, y, and x

axes, respectively. (C and E) Magenta, mT labeling

of the uroepithelial cells. (D and F) Amber, CK8

staining. (D) Yellow arrows, examples of solitary

bacteria in the organoid wall. (E and F) White ar-

rowheads, example of a bacterial clump within

CK8+ cells. Scale bars, 20 mm.
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co-culture to promote maturation. Live-cell imaging revealed

three distinct patterns of neutrophil migration dynamics

(Videos S6, S7, and S8). To quantify the dynamics of migra-

tion, we used an image analysis pipeline described in

Figure S4.

In most cases, neutrophils surrounding an infected organoid

migrate toward and accumulate in the lumen, forming aggre-

gates or swarms (Figures 4A1–3 and 4B1–3). Neutrophil migra-

tion into the organoid lumen is consistently accompanied by a

sharp reduction in bacterial volume (Figures 4A2–5, 4B2–5,

and 4C2–5). In some cases, the neutrophil swarms remain within

the lumen for >30 min (Figures 4A3–5 and S5D1–D5), which
is characteristic of persistent swarms

(Kienle and Lämmermann, 2016; Läm-

mermann et al., 2013; Reátegui et al.,

2017). In other cases, the swarm rapidly

disaggregates after clearance of intraor-

ganoid bacteria (Figures 4B3–5 and

S5E1–5), which is characteristic of tran-

sient swarms. In a third category, large in-

traorganoid aggregates of neutrophils do

not form; rather, neutrophil numbers

within the organoid fluctuate in response

to bacterial numbers (Figures 4C1–5 and

S5F1–5). We classify this third category,

with fluctuating neutrophil numbers

inside the infected organoid, as dynamic

swarms (Hopke et al., 2020).

The migration of neutrophils into in-

fected organoids is also indicated by a

change in cell shape, as neutrophils sur-

rounding the organoid are predominantly

spherical, whereas migratory neutrophils

adopt elongated shapes (Figure S5O).

Importantly, neutrophils do not migrate

toward uninfected bystander organoids
(Figures 4A and 4B; quantified in Figures S5M and S5N), which

confirms that neutrophils can discriminate between uninfected

and infected organoids and direct their movement specifically

toward infected organoids. These neutrophil dynamics are

exemplified by time profiles of the neutrophil volume surrounding

the organoid, neutrophil volume within the organoid, and intraor-

ganoid bacterial volume. Data for each parameter are shown in

Figures 4D–4F (corresponding to Figures 4A1–5, 4B1–5, and

4C1–5) and Figures S5G–S5I (corresponding to Figures S5D–

S5F); absolute numbers are shown in Figures S5A–S5C and Fig-

ures S5J–S5L. Infected bladder organoids therefore reproduce

the range of neutrophil migratory responses reported from
Cell Reports 36, 109351, July 20, 2021 5
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Figure 4. Neutrophil swarming dynamics in response to bacterial infection

(A1–C5) Surfaces of intraorganoid (amber) and extraorganoid (blue) neutrophils and infected (magenta) and uninfected (red) organoids were generated using a

Bitplane Imaris analysis pipeline. UPEC (green) is shown without processing to identify individual bacteria. Scale bars, 20 mm. (A1–A5) Persistent swarm.

Snapshots show the migration of neutrophils into the lumen of an infected organoid (yellow arrowhead) but not the adjacent uninfected organoid (white

arrowhead). A neutrophil swarm forms around the bacteria in the lumen and persists during the experiment. Solitary bacteria in the bladder wall (A5) appear to be

refractory to clearance. Images are presented in a perspective view. (B1–B5) Transient swarm. The image series shows two consecutive cycles of neutrophil

swarm formation and disaggregation in response to intraorganoid bacterial growth. (C1–C5) Dynamic swarm. The image series shows rapidly fluctuating

neutrophil numbers within the organoid without the formation of large aggregates.

(legend continued on next page)
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intravital imaging studies, and lumenal bacteria are effectively

cleared by incoming neutrophils independently of their migratory

profile.

We characterized mixed populations of infected and

bystander organoids relative to uninfected organoids at ca. 4 h

post-infection by measuring the expression of genes that could

stimulate leukocyte migration and genes that are known to be

upregulated during UPEC infection in vivo (Figure 4H). We found

that expression of the inflammatory cytokine Tnfa (Yu et al.,

2019), neutrophil maturation factor Gcsf (Ingersoll et al., 2008;

Semerad et al., 2002), and neutrophil chemoattract Cxcl2 (Sun-

dac et al., 2016) were more highly expressed in infected and

bystander organoids than uninfected controls (Sundac et al.,

2016). A small but statistically insignificant increase was

observed in the expression of inflammatory cytokine Il6. No

change in expression was observed for macrophage-specific

chemokines such as Ccl2, Ccl3, or Ccl4, which also stimulate

neutrophil migration but are typically produced by resident mac-

rophages (Lacerda Mariano et al., 2020; Schiwon et al., 2014).

These observations are consistent with the cellular composition

of the organoids as well as results from the mouse model, in

which UPEC infection does not increase Ccl3 expression and in-

creases Ccl4 expression only at later stages of infection (Inger-

soll et al., 2008). These infection-driven changes in host-cell

gene expression could partly explain the directed migration of

neutrophils toward infected organoids.

Bacteria within the bladder organoid wall are refractory
to clearance by neutrophils
The rapid clearance of lumenal bacteria by migratory neutrophils

provides an opportunity to observe niches where bacteria may

be protected from neutrophil attacks, such as IBCs (Justice

et al., 2004). Figure 5A1–3 shows an example of an organoid

IBC that forms and persists despite the presence of a persistent

swarm of neutrophils within the organoid that successfully clears

the lumenal bacteria. Snapshots from the raw images at the cor-

responding time points are shown in Figures S3G and S3H to

confirm that the IBC is formed within a uroepithelial cell. Live-

cell imaging revealed the IBC to be a dynamically fluctuating

structure; for example, in the 15-min interval between Figure 5A3

and 4 (Video S9), the IBC begins to shed bacteria, which are

rapidly taken up by nearby neutrophils. Most of the bacteria

released from the IBC are processed and killed within 30 min,

as evidenced by the loss of YFP fluorescence (Figure 5A5). In

contrast, Figure 5B1–5 (Video S10) shows another example of

an IBC that forms in the presence of a persistent neutrophil

swarm (Figure 5B1 and 2, white arrowhead), but in this case,

the bacteria shed from the IBC are spread by the neutrophils

to different regions of the bladder epithelium (Figure 5B3 and
(D–F) Time profiles of the relative volumes of neutrophils within the organoid, n

profiles presented in (A)–(C), respectively. In each case, the volume is normalize

swarms are characterized on the basis of neutrophil reverse migration rates.

(G) Scatterplots of the maximum number of intraorganoid neutrophils during the

infected bystander organoids (n = 15 biological replicates), and infected organoi

(H) Plot of the expression of inflammatory cytokines and chemokines relative to G

bars represent standard deviations (n = 4 biological replicates per condition, eac

1,000 organoids). p values were calculated using a Mann-Whitney test (G) or a K
4, cyan arrowheads). Some of these bacteria persist as isolated

bacteria within the organoid wall and appear to resist clearance

by neutrophils (Figure 5B5, cyan arrowheads).

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 mm3), located

within the organoid wall (Figure 5B1, yellow arrowheads). Here-

after, we refer to these subpopulations as solitary bacteria to

distinguish them from communal bacteria within IBCs. The

high spatiotemporal resolution afforded by confocal imaging al-

lowed us to track three examples of solitary bacteria over the

course of the time series shown in Figure 5B1–B5. Our results

confirm that solitary bacteria are located within the organoid

wall throughout the time course, and they appear to be refractory

to neutrophil-mediated clearance (Figure 5B5, yellow arrow-

heads). At later time points, the number of solitary bacteria

was increased by the addition of bacteria shed by a ruptured

IBC (Figure 5B5, cyan arrowheads). Even 15 h after addition of

neutrophils, solitary bacteria persist within some organoids (Fig-

ures 5C3 and 4, 4A, and 4C; analysis in Figures 4D, 4F, S5A,

S5C, S5G, and S5J), whereas other organoids are successfully

sterilized by the neutrophils (Figure 5C1 and 2; analysis in Fig-

ures 4E, S5B, and S5H–S5L). Persistence (Figure 5D) and steril-

ization occur with roughly equal frequency. Live-cell imaging

confirmed that bacteria shed from IBCs contribute only a small

fraction of these solitary and persistent bacteria.

These results demonstrate that nicheswithin the deeper layers

of the bladder epithelium, below the superficial layer of umbrella-

like cells containing IBCs, can also harbor subpopulations of

bacteria that are resistant to clearance by antibiotics or neutro-

phils, independent of the migratory profile of the neutrophil

swarm (Figure 5C3 and 4). We attempted to localize these

persistent bacteria with greater precision, but the spatial resolu-

tion of confocal microscopy was insufficient to unambiguously

identify the boundaries of the bladder lumen and the precise

location of individual bacteria within the organoid wall.

Volumetric EM reveals five distinct bacterial niches
within infected organoids
Technical advances in electron microscopy (EM) now permit

volumetric imaging of large samples using SBEM (Denk and

Horstmann, 2004; Hoffman et al., 2020; Maclachlan et al.,

2018). We used SBEM to image an entire infected organoid at

ca. 6 h after microinjection of UPEC and addition of neutrophils.

The organoid was imaged with optical microscopy (Figure S6A)

prior to staining and resin embedding. Serial images of the entire

structure were collected at a lateral resolution of 30 nmwith 100-

nm sections separating each image; examples of slices are

shown in Figure S6B1–4. High-contrast staining of SBEM
eutrophils surrounding the organoid, and bacteria within the organoid for the

d to the maximum volume during the the experiment. Persistent and transient

experiment in uninfected control organoids (n = 30 biological replicates), un-

ds (n = 75 biological replicates). Red lines represent median values.

apdh in uninfected and infected organoids. Bars represent mean values; error

h replicate comprising 75–100 infected organoids within a population of 750–

ruskal-Wallis ANOVA test (H).
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Figure 5. Bacteria within the bladder organoid wall are protected from clearance by neutrophil swarms

(A1–A5 and B1–B5) Two examples of IBCs that are protected from neutrophil-mediated clearance. Shedding of bacteria from an IBC (A4, A5, B2, and B3) is

followed by phagocytic uptake and rapid clearance (A5) or dispersal to other niches in the bladder epithelium (B5, cyan arrowheads). Three examples of isolated

solitary bacteria in the bladder wall (yellow arrowheads labeled 1, 2, and 3) that are refractory to clearance throughout the time series in (B1)–(B5).

(C1–C4) Snapshots at ca. 15 h after infection and addition of neutrophils. (C1 and C2) Examples of bacterial clearance from organoids following exposure

to neutrophils. (C3 and C4) Examples of bacterial persistence in organoids where the neutrophil swarm disperses (C3) or persists up to 15 h post-infection (C4).

(A1–C4) Scale bars, 20 mm.

(D) Total bacterial volume at 15 h post-infection in non-sterilized organoids (n = 6 biological replicates).
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samples densely labels cell membranes, which allowed us to

identify cell membranes and to localize all bacteria within the or-

ganoid. In addition, optical microscopy imaging prior to embed-

ding provided a 3D map of the organoid, which facilitated the

identification of fluorescently labeled cells such as neutrophils

in the final EM image series. We identified a total of 2,938 bacte-

ria and classified them into 5 distinct subpopulations according

to their locations within the organoid (Figures 6A–E and S6B1–4).

Most (62%, n = 1,821) of the bacteria are extracellular and

located within the organoid lumen (Figures 6A and S6B1).

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) (Figures 6C, 6D, and S6B2–3).

The small fraction of bacteria located within neutrophils (4.8%,

n = 141) is likely an underestimate because bacteria are

degraded after phagocytosis (Figures 6B and S6B2). Bacteria

within the neutrophils have an altered morphology, likely due to

exposure to antimicrobial stresses within the neutrophil. We

identified a fifth subpopulation of solitary bacteria, which we

classify as ‘‘pericellular’’ (15.9%, n = 467), which is located be-

tween bladder epithelial cells within the organoid wall (Figures

6E and S6B4). To the best of our knowledge, this pericellular

subpopulation of solitary bacteria has not been reported previ-

ously, presumably due to the difficulty of whole-bladder imaging

with sufficient spatial resolution to identify individual bacteria

located between host-cell membranes.
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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 subclasses (Figure 6F; Video S11).

The bacterial subpopulation within the irregularly shaped lumen

clusters toward the first quadrant (zoomed-in image of Fig-

ure 6G), likely indicating the site of microinjection. Intracellular

and pericellular solitary bacteria can be found scattered

throughout all areas of the organoid wall (zoomed-in image of

Figure 6H). Individual neutrophils can be observed in all areas

of the organoid wall as well as the lumen (Figure 6H), and

some of these neutrophils contain bacteria (Figure S6F). Bacteria

within the IBC form a tight cluster below the nucleus of the cell

hosting the IBC (Figure 6F). Protection of intracellular bacteria

from phagocytic uptake is evident from the fact that the IBC re-

mains intact despite the infected cell being surrounded by mul-

tiple neutrophils. A plot of the shortest distance of each subpop-

ulation to the organoid lumen is shown in Figure 6J. Intracellular

and pericellular solitary bacteria are foundwithin deeper layers of

the organoid that express intermediate and basal cell markers

(Figure 1B).

We asked whether the intracellular and pericellular solitary

subpopulations are phenotypically different from bacteria in

the organoid lumen. UPEC has been shown to 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.
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Figure 6. Volumetric electron microscopy reveals five distinct bacterial niches within an infected organoid

(A–E) SBEM snapshots of an infected organoid at ca. 6 h after microinjection of UPEC and addition of neutrophils. Black arrowheads, bacteria within each of the

five distinct niches. (A) Extracellular bacteria within the organoid lumen (brown; n = 1,821). (B) Bacteria within neutrophils (light cyan) in the lumen or bladder wall

(n = 141). (C) Bacteria within an IBC (purple; n = 398). (D) Individual intracellular bacteria within the cytoplasm of epithelial cells (cell boundaries in red; n = 111). (E)

Individual pericellular bacteria located between epithelial cells (n = 467). White arrowhead, an additional example of an intracellular bacterium.

(F) 3D model derived from serial electron microscopy images of the entire organoid. The model shows the interior of the organoid with lumen (brown), epithelial

cells (gray), and neutrophils (cyan). The five bacterial subpopulations corresponding to (A)–(E) are colored violet (lumenal), gray (neutrophil), yellow (IBC), red

(intracellular), or green (pericellular). Organoid diameter, 85 mm. Scale bars, 5 mm in (A)–(E) and 20 mm in (F).

(G) Zoomed-in image of extracellular bacteria in the lumen (brown).

(H) Zoomed-in image of all other bacterial subpopulations outside the lumen.

(I) Zoomed-in image of bacteria within the IBC that are protected from clearance by the surrounding neutrophils.

(J) Scatterplot of the distance of each bacterial subpopulation from the lumenal surface (the shaded brown region indicates the lumen).
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Because paraformaldehyde fixation tends to degrade the fluo-

rescence signal from bacterial YFP, we used immunostaining

against lipopolysaccharide (LPS) and a mask of the organoid

shape to label intraorganoid bacteria and bacteria surrounding

the organoid (Figure 7A). The corresponding image with anti-

flagellin immunostaining (Figure 7B) shows that most intraorga-

noid bacteria have low or no detectable flagellin expression.

The specificity of the anti-flagellin antibody was confirmed using

a flagellin-deficient DfliC strain (Figure S6D). By applying a vol-

ume threshold to the intraorganoid bacterial clusters, we found

that large bacterial clusters (volume, >1,000 mm3) express very

low flagellin levels (Figure 7D), whereas smaller clusters and in-

dividual bacteria retain intermediate to high levels of flagellin

(Figures 7C and S6E). Thus, intraorganoid bacteria that express

flagellin are predominantly single cells or small clusters located

within the organoid wall; both observations suggest that these

subpopulations correspond to the intracellular or pericellular

subpopulations of solitary bacteria identified in our serial elec-
tron micrographs. This point is strengthened by our observation

that bacteria within the IBC have severely reduced flagellar

expression, as shown previously in infected mice (Wright et al.,

2005), whereas single bacteria surrounding the IBC retain a

high level of flagellar expression (Figure 7E).

Scanning EM (SEM) is a powerful technique with which to

examine surface morphology and overall bacterial shape. We

ruptured open an infected organoid by using a tungsten needle

(Heo et al., 2018) at ca. 6 h after microinjection with UPEC to

gain access to the interior of the organoid (Figure 7F). We found

that most bacteria accessible to SEM imaging are located within

tight clusters, which is suggestive of IBC growth (Figures 7G and

7H). These bacteria are coccoid in shape and are not flagellated

(Figure 7H), consistent with previous findings in infected mice

(Anderson et al., 2003; Justice et al., 2004). In contrast, we iden-

tified a small subpopulation of bacteria in a different spatial loca-

tionwithin the organoid that retain flagellar expression (Figures 7I

and 7J), consistent with data in Figures 7C and 7D. We verified
Cell Reports 36, 109351, July 20, 2021 9
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Figure 7. Solitary bacteria within the bladder organoid wall are rod shaped and flagellated, whereas bacteria within clusters are coccoid and

non-flagellated

(A–D) Perspective views of an infected organoid (surface in gray) at ca. 6 h after microinjection with UPEC. (A) Bacteria inside (cyan) and outside (green) the

organoid identified by anti-LPS staining. (B) Flagellated bacteria (magenta) identified by anti-flagellin staining.

(C–E) Co-expression of LPS and flagellin for individual bacteria (C) or large bacterial clusters, which are predominantly restricted to the lumen (D). Bacteria are

color-coded based on the intensity of the flagellin signal. Flagellated bacteria are predominantly observed outside the organoid (C) but also occur as solitary cells

within the organoid wall. (E) Bacteria within an IBC exhibit low levels of flagellin. Solitary bacteria surrounding the IBC retain high levels of flagellin.

(F) SEM image of an infected organoid at 6 h after microinjection with UPEC. Ruptured organoids reveal multiple areas of bacterial growth. Zoomed-in images for

two representative areas are shown in (G)–(J).

(G and H) Bacteria are tightly packed, coccoid shaped, and flagellin negative (H).

(I and J) Bacteria are loosely packed, rod shaped, and flagellin positive (J; magenta arrowheads).

(K) SEM image of UPEC grown in axenic culture. Cells are rod shaped and flagellated (magenta arrowheads). Scale bars, 5 mm in (A)–(E) and 2 mm in (G)–(K).

(L) SEM-derived size distributions for bacteria grown to stationary phase in axenic culture (n = 370) and bacteria within tightly packed clusters in the organoid

(n = 136). (p < 1E-15, calculated using a Mann-Whitney test).
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that bacteria from a stationary-phase axenic culture retain

flagellin expression (Figure 7K) and are longer than intraorganoid

bacteria (Figure 7L). Thus, the bladder organoid model recapitu-

lates characteristic morphological features of bacteria within

IBCs as well as distinct niches in the bladder wall in which the

bacteria are rod shaped and flagellated. These observations pro-

vide amore comprehensive picture of UPEC phenotypic variants

that arise during the course of infection.

DISCUSSION

The mouse model of UPEC infection faithfully reproduces key

features of UPEC pathogenesis in humans (reviewed in Flores-

Mireles et al., 2015 and Hung et al., 2009), but the complexity

of this model poses difficulties for live-cell imaging with high

spatiotemporal resolution. There is also a paucity of tractable

in vitro models that reproduce the complex 3D-stratified archi-

tecture of the bladder wall and key features of the UPEC patho-

genesis cycle, such as bacterial persistence and regrowth after

antibiotic treatment. In an early study, stratified uroepithelial

layers were generated from a human cancer cell line grown on
10 Cell Reports 36, 109351, July 20, 2021
collagen beads by exposure to shear stress (Smith et al.,

2006). However, this model lacks a lumen where bacteria can

be introduced in a topologically correct manner. In another

model, a virus-immortalized human bladder cell line was

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 (Andersen

et al., 2012). In a more recent study, primary human uroepithelial

cells were grown as stratified layers on Transwell inserts; howev-

er, in this model, stratification is non-uniform and it is difficult to

monitor immune cell dynamics using live-cell imaging (Horsley

et al., 2018). Although several stratified bladder epithelium

models have been described (Cattan et al., 2011; Chabaud

et al., 2017; Halstead et al., 2017; Kim et al., 2020; Shin et al.,

2011; Suzuki et al., 2019), to the best of our knowledge, in only

one recent example has an advanced organoid model been

used to model UPEC pathogenesis (Kim et al., 2020). Although

the latter study reported epithelial cell injury and IBC formation

following UPEC infection, consistent with our observations and

previous results from the mouse model, the dynamics of these

changes were not reported.



Article
ll

OPEN ACCESS
Here, we show that bladder organoids embedded in a

collagenmatrix fulfill all of these requirements, namely, the ability

to track bacterial growth within the organoid wall and a central

lumen that mimics the bladder volume; the ability to add and re-

move soluble compounds, which we exploit for real-time anal-

ysis of bacterial responses to antibiotic treatment; and the ability

to study the directed migration of immune cells into organoids in

response to infection. Organoids are amenable to long-term live-

cell imaging and offer a medium-throughput format with the flex-

ibility 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) or in previously re-

ported complex stratified systems (Horsley et al., 2018; Smith

et al., 2006). In these respects, the organoid model also offers

advantages compared to experiments with explanted bladder

tissue (Justice et al., 2004, 2006). Shortcomings of the organoid

model in its current form include the absence of resident immune

cells (Lacerda Mariano et al., 2020; Schiwon et al., 2014) or

vasculature (Homan et al., 2019; Mansour et al., 2018), the accu-

mulation of cell debris in the lumen, and the inability to expose

the cells of the umbrella-like layer facing the lumen to urine.

Some of these limitations may be addressed with a bladder-

chip platform (Sharma et al., 2021) or through the development

of organoid-on-chip systems (Park et al., 2019; Takebe et al.,

2017; Zhang et al., 2018).

We leverage these advantages to demonstrate that whereas

the bladder organoid lumen is the predominant site of bacterial

replication, it is the simultaneous presence of bacteria within

the organoid wall that enables infection to resist clearance by an-

tibiotics and neutrophils. Prior to antibiotic treatment, rapid

growth of bacteria in the organoid lumen predominates, although

widely scattered invasion of bacteria into the bladder wall occurs

at the same time. Some of the invading bacteria take up resi-

dence within the superficial umbrella-like cells abutting the orga-

noid lumen, where they replicate intracellularly to form IBCs,

whereas others invade into deeper layers of the organoid wall.

Bacteria within IBCs are communal, non-flagellated, coccoid

shaped, and intracellular. In contrast, bacteria that invade into

deeper layers of the organoid wall are solitary, flagellated, rod

shaped, and 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. Bacterial 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 antibiotic resistance, or the fact that bacterial re-

sponses to antibiotics are heterogeneous and dynamic and

may, in some cases, reflect balanced division and death (Waka-

moto et al., 2013). These dynamic and transient phenotypes are

difficult to capture in animal models or using conventional static

measurements of bacterial numbers such as colony forming

units. We conclude that early invasion of solitary bacteria into

deeper layers of the bladder wall, concomitant with invasion of

superficial umbrella cells and IBC formation, may play an impor-
tant 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 symmet-

ric geometry of the organoid model allowed us to image and

quantify neutrophil migration dynamics, which would be difficult

to achieve in Transwell-based models. 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 descriptions based on intravital imaging of neutrophil

responses to bacterial infections (Hopke et al., 2020; Isles et

al., 2019; Kienle and Lämmermann, 2016; Lämmermann et al.,

2013; Liese et al., 2013; Poplimont et al., 2020; Shannon et al.,

2013), and relative frequencies of these behaviors may differ

in vivo due to the presence of a complete resident immune sys-

tem. We also found that neutrophils migrate out of the lumen of

bladder organoids after resolving infection. Regardless of the

neutrophil migration pattern, about half of the organoids that

we studied were not completely sterilized by neutrophils even af-

ter many hours. In most of these cases, bacterial survival was

restricted to the organoid wall while lumenal bacteria were

sterilized.

Although both IBCs in superficial umbrella-like cells and soli-

tary 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 orga-

noids where we did not detect any IBCs, solitary bacteria within

deeper layers of the uroepithelium were solely responsible for

survival during neutrophil attacks. Although we observed both

pericellular and intracellular solitary bacteria by SBEM, it is

possible that the intracellular population is better situated to sur-

vive attacks by neutrophils or other resident immune cells. The

organoidmodel may exaggerate the numbers of solitary bacteria

due to the lack of resident macrophages or the insufficient matu-

ration and activation of bone-marrow-derived neutrophils in the

model. Nevertheless, these observations suggest that early

and IBC-independent invasion of solitary bacteria into deeper

layers of the bladder wall might play an important role in recur-

rent infections by generating a subpopulation that is refractory

to clearance by antibiotics and the host innate immune

response.

Solitary bacteria in deeper layers of the bladder wall are

phenotypically distinct from bacteria within IBCs, inasmuch as

they are rod shaped and flagellated, whereas bacteria within

IBCs are coccoid shaped and non-flagellated. The latter point

is interesting because the loss of flagellar expression within

IBCs has been reported previously (Wright et al., 2005), whereas

flagellar expression has been shown to be important for gener-

ating persistent infections in the mouse bladder (Lane et al.,

2007; Wright et al., 2005). Our findings suggest that non-flagel-

lated 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

in the deeper layers of the organoid wall, it is unlikely that this

subpopulation could be identified using population-averaged
Cell Reports 36, 109351, July 20, 2021 11
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measurements, such as transcriptomic analysis of the total bac-

terial population within the bladder, or by non-exhaustive micro-

scopic imaging of bladders from infected mice.

The small volume of the organoid lumen and the lack of bacte-

rial 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 deeper

layers of 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, re-

sulting in exfoliation of superficial umbrella cells and exposure of

underlying layers of the stratified epithelium, are a precursor to

invasion of bacteria into deeper layers of the uroepithelium.

QIRs are thought to arise from bacteria in deeper layers of the

bladder wall (Mysorekar and Hultgren, 2006). At present we

cannot rule out the possibility that QIRs and solitary bacteria in

deeper layers of the bladder wall, as described here, are pheno-

typically equivalent. Although these populations seem to arise on

different timescales, it may be that the barrier to invasion of the

bladder wall is less robust in the organoid model than in the

mouse bladder, permitting earlier colonization of deeper layers.

Alternatively, it is possible that early invasion of bacteria into

deeper layers of the bladder wall may have been overlooked in

previous studies in infectedmice due to the difficulty of detecting

small numbers of isolated bacteria within a large mass of tissue.

The dynamics of host-pathogen interactions during bladder

infections are difficult to capture with high spatiotemporal reso-

lution in conventional animal models. Bladder organoids, being

miniaturized and experimentally tractable models of the bladder,

are well positioned to generate new insights into UPEC patho-

genesis, although it is important to note that organoid models

lack the full complexity of the in vivo tissue environment. Thus,

we view the two models, animal and organoid, as complemen-

tary approaches with distinct advantages and disadvantages.

Here, we use time-lapse optical microscopy and EM to demon-

strate the existence of solitary subpopulations of intracellular

and pericellular bacteria located within deeper layers of the strat-

ified bladder organoid wall, beneath the superficial layer of um-

brella 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 neutrophils. Improved understanding of the physiology of

solitary bladder-wall-associated bacteria could contribute to

the development of new strategies to eliminate persistent

bladder infections.
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Antibodies

Anti-LPS Abcam Cat#: ab 35654; RRID:AB_732222

Anti-CK7 Abcam Cat#: ab 209599

Anti-CK8 Abcam Cat#: ab 192468; RRID:AB_2890258

Anti-CK13 Abcam Cat#: ab 198584

Anti-Ly6G -PE Biolegend Cat#: 127607; RRID:AB_1186104

Anti-CD11b -BV711 Biolegend Cat#: 101241; RRID:AB_11218791

Anti-flagellin Abcam Cat#: ab 93713; RRID:AB_10563522

Anti-p63 Abcam Cat#: ab 735; RRID:AB_305870

Anti-Uroplakin3a Santa Cruz Cat#: sc-166808; RRID:AB_2241422

Donkey anti-Mouse IgG (H+L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor 647

Thermofisher Cat#: A-31571; RRID:AB_162542

Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor 647

Thermofisher Cat#: A-31573; RRID:AB_2536183

Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor 488

Thermofisher Cat#: A-11029; RRID:AB_138404

Bacterial and virus strains

Uropathogenic Escherichia coli (UPEC) strain CFT073 PMID: 2182540 NCBI:txid199310

CFT073-pZA32-YFP This paper N/A

Chemicals, peptides, and recombinant proteins

Native Collagen, Bovine dermis AteloCell Cat#: IAC-50

B27 Thermofisher Cat#:17504044

Human KGF/ FGF7 Peprotech Cat#:100-19

Human FGF10 Peprotech Cat#:100-26

Cultrex PathClear Reduced Growth Factor BME, Type 2 Bio-Techne Cat#: 3533-005-02

Ampicillin Sigma-Aldrich Cat#: A9518-5G

Chloramphenicol Sigma-Aldrich Cat#:C1919-25G

GIBCO Trypsin-EDTA (0.05%), phenol red Thermofisher Cat#:25300054

GIBCO Antibiotic-Antimycotic (100X) Thermofisher Cat#:15240062

GIBCO Fetal Bovine Serum Thermofisher Cat#: 10270106

GIBCO RPMI 1640 Medium, no phenol red Thermofisher Cat#:11835030

RPMI-1640 medium ATCC Cat#:30-2001

Critical commercial assays

Anti-Ly-6G MicroBead Kit, mouse Miltenyi Biotec Cat#: 130-092-332

Deposited data

Data generated in this study Zenodo https://doi.org/10.5281/zenodo.4772818

Experimental models: Organisms/strains

Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J Jackson Laboratory Cat#: 007576; RRID:IMSR_JAX:007576;

PMID: 17868096

C57BL/6 Mouse Charles River Laboratory Cat#: C57BL/6NCrl

Oligonucleotides

GGT GCC TAT GTC TCA GCC TCT T Microsynth Tnfa forward

GCC ATA GAA CTG ATG AGA GGG AG Microsynth Tnfa reverse

(Continued on next page)
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CAT CCA GAG CTT GAG TGT GAC G Microsynth Cxcl2 forward

GGC TTC AGG GTC AAG GCA AAC T Microsynth Cxcl2 reverse

TAC CAC TTC ACA AGT CGG AGG C Microsynth Il6 forward

CTG CAA GTG CAT CAT CGT TGT TC Microsynth Il6 reverse

TGG ACC TTC CAG GAT GAG GAC A Microsynth Il1b forward

GTT CAT CTC GGA GCC TGT AGT G Microsynth Il1b reverse

GCT ACA AGA GGA TCA CCA GCA G Microsynth Ccl2 forward

GTC TGG ACC CAT TCC TTC TTG G Microsynth Ccl2 reverse

ACT GCC TGC TGC TTC TCC TAC A Microsynth Ccl3 forward

ATG ACA CCT GGC TGG GAG CAA A Microsynth Ccl3 reverse

ACC CTC CCA CTT CCT GCT GTT T Microsynth Ccl4 forward

CTG TCT GCC TCT TTT GGT CAG G Microsynth Ccl4 reverse

CGG GAA GAC AAT AAC TGC ACC C Microsynth Il10 forward

CGG TTA GCA GTA TGT TGT CCA GC Microsynth Il10 reverse

Recombinant DNA

pZA32-YFP PMID: 9092630 N/A

Software and algorithms

Imaris 9.5.1 Bitplane RRID:SCR_007370; https://imaris.oxinst.com/

Prism Graphpad RRID:SCR_002798; https://www.graphpad.com/

Other

Advanced DMEM/F-12 Thermofisher Cat#: 12634010

DMEM/F-12, no phenol red Thermofisher Cat#: 21041025

HEPES, 100X Thermofisher Cat#:15630106

Glutamax, 100X Thermofisher Cat#: 35050061

A8301 Tocris Cat#: 2939

Rho kinase inhibitor, Y-27632 Abmole Bioscience Cat#: 2939

Glass Pasteur pipettes VWR Cat#: 612-1701

Gas chamber for stages with k-frame insert

(160x110mm) - magnetic model with sliding lid.

Okolab Cat#: H201-K-FRAME

Flaming/Brown Micropipette Puller Sutter Instruments model P-87

Capillary glass, 1.0 mm outer diameter, 0.75 mm

inner diameter

WPI TW100F-4

35mm holder - magnetic Okolab Cat#:1x35-M

m-Dish 35 mm, high Ibidi Cat#:81156

Flexible tubing, 0.76X1.65X0.45X15000 Freudenberg Medical Cat#:0045634143

1.00/0.75 3 20mm metallic tubes Unimed Cat#:200.010-A

Aladdin programmable pump WPI Cat#:PUMP-NE-1000

Olympus SZX16 stereo microscope Olympus N/A

Leica SP8 confocal microscope Leica N/A

Olympus MVX10 stereo microscope Olympus RRID:SCR_018612

CellTracker Deep Red Dye Thermofisher Cat#: C34565

LB (Luria broth base, Miller0s modified) Sigma-Aldrich Cat#: L1900-1KG

Invitrogen DAPI Thermofisher Cat#: D1306

TrypLE Express Enzyme (1X) Thermofisher Cat#: 12605010

Phosphate Buffered Saline Thermofisher Cat#: 10010056

Lucifer Yellow CH, Lithium Salt Thermofisher Cat#: L453

pHrodo Deep Red E. coli BioParticles Conjugate for

Phagocytosis

Thermofisher Cat#: P35360
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, John D.

McKinney (john.mckinney@epfl.ch).

Materials availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer

Agreement.

Data and code availability
The datasets/code generated during this study are available at Zenodo, https://doi.org/10.5281/zenodo.4772818.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Female C57BL/6 mice (Charles River Laboratories) aged 2-4 months or female ROSAMT/MG mice (Jackson Laboratories) at age

4 months. Mice used for these experiments were housed in a specific pathogen-free facility. All 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.

METHOD DETAILS

Generation of mouse bladder organoids from mouse bladder uroepithelial cells
C57BL/6 mice (Charles River Laboratories) and ROSAMT/MG mice (Jackson Laboratories) were housed in a specific pathogen-free

facility. Mouse bladder organoids were prepared by selectively isolating bladder lumenal cells following the procedure described

in Mullenders et al. (2019). For the generation of large numbers of organoids, three female mice at age four months were euthanized

by CO2 overdose. Lumenal uroepithelial cells were isolated by microinjecting �500 mL TryPLE (GIBCO) with a 26-gauge needle (Ter-

umo) into the bladder lumen. During this procedure, the urinary bladder was clamped at the outlet. Subsequently, the clamped urinary

bladder, filled with TrypLE solution, was immersed in 20mL pre-warmed Basal Medium (Advanced DMEM/F-12medium) and placed

in a 50 mL Falcon tube. The Falcon tube containing the bladder was subsequently incubated for 1 hour in a cell culture incubator

maintained at 37�C and 5% CO2. The lumen of the bladder was then washed twice with basal medium containing 20% heat-inacti-

vated fetal bovine serum (FBS, GIBCO) to neutralize the effect of TryPLE. The cell suspension was passed through a 40 mm filter

(Fisher) and the cells in the flow-through were centrifuged at 300 g for 5 minutes. These isolated uroepithelial cells were then resus-

pended in an appropriate volume of Cultrex Basement Membrane Extract (BME) and seeded as hemispherical domes (40-50 ml) in

individual wells of a 24-well plate (BD Falcon). The 24-well plate was placed in a cell culture incubator for 30 minutes in an inverted

configuration to promote 3D growth. The solidified hemispherical domes were then surrounded by 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 mMof Y-27632 ROCK inhibitor (Abmole Bioscience). Over the subsequent 2-3 weeks,

themouse bladder organoids were either passaged every 5 days or shearedwith a fire-polished glass pipette to reduce the size of the

organoids. Thereafter, the organoids were used immediately or cryopreserved in freezing medium (60% FBS, 30% Advanced

DMEM/F-12, 10% DMSO) at �180�C for subsequent experiments.

UPEC culture and injection of mouse bladder organoids
Uropathogenic Escherichia coli (UPEC) strain CFT073 was isolated from a patient with pyelonephritis and 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 expression of type 1 pili, UPEC was grown in LB media containing 25 mg/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. On the day prior to the experiment, the organoids were washed twice with

ice-cold DMEM (without antibacterials or antifungals) followed by centrifugation at 100 g for 5 minutes to remove the spent BME.

They were then seeded in fresh BME inside a 35mm ibidi m-Dish in basal mediumwithout antibacterial or antifungal supplementation.

On the day of the experiment, stationary-phase UPEC were microinjected into the organoid lumen using a Pneumatic PicoPump

(WPI). The micropipettes used for microinjection were prepared from thin wall glass capillary (TW100F-4 with length 100 mm and

diameter 1 mm) using a Flaming/Brown Micropipette Puller (Sutter Instruments model P-87) set at pressure 360, heat 866, Vel

200. Prior to microinjection, the micropipettes were filled with 10 ml of 1:1 dilution of UPEC culture with a Phenol Red solution

(Sigma-Aldrich) using Microloader flexible tips (Eppendorf) to facilitate the visualization of the injected volume. The micropipettes

were then cut with a sharp scalpel under a stereomicroscope (Olympus SZX-16) to generate a wider tip. The tip size of the cut
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micropipette was verified by setting pressure conditions adjusting the input pressure on PicoPump to eject ca. 1 nL volume of liquid in

mineral oil on a thin film of paraffin on a Zeiss coverslide (corresponding to 100 mm). We verified the inoculum size by plating for

colony-forming units (CFU) on LB agar. The mean inoculum for three separate experiments was 904 ± 340 CFU, 798 ± 199 CFU,

and 413 ± 9 CFU respectively obtained from five technical replicates in each case. Typically, we aimed to inject medium-sized

organoids (100-300 mm in diameter) with a clearly distinguishable lumen, as these were not only the easiest organoids to inject

but were also of a size that was amenable to whole organoid live-cell imaging.

For experiments in which infected organoids were co-culturedwithmouse bonemarrow-derived neutrophils, the injected organoids

were removed from fresh BMEbypipetting 2mLof ice-cold Cell Recovery Solution (Corning) after removingMBM from the ibidi m-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 m-Dish was washed twice with an additional 1.5 mL of Cell Recovery Solution to

collect the organoids, and the resulting 5 mL of Cell Recovery Solution containing organoids inside the 15 mL Falcon tube was further

mechanically dissociated with a non-tapered glass pipette pre-coated with a 1% BSA solution to ensure the complete removal of the

organoids from the BME hydrogel. The cell recovery solution containing infected organoids was kept on ice for 30 minutes to

completely 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 resuspended in a collagen gel that was suitable to observe the migratory dynamics of the neutrophils.

Isolation of neutrophils and labeling with CellTracker dye
For each experiment, neutrophils were isolated from bone marrow of three female WT mice aged between 2 and 4 months (Charles

River). Briefly, mice were euthanized by CO2 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 homog-

enate was then passed through a pre-wet 40 mm filter. An additional volume of cold SM++ solution was added to the filtered cell sus-

pension to make a total volume of 50 mL and then pelleted at 300 g for 5 minutes. The cell suspension was processed in batches of

107 cells and neutrophils were isolated using positive selection with the Miltenyi Anti-Ly6G kit following the manufacturer’s protocol

(Swamydas et al., 2015). Isolated Ly6G mice neutrophils were stained with 1 mM CellTracker Deep Red (Thermofisher) in RPMI me-

dium free of serum and phenol red and incubated for 30minutes in 5mL of cell suspension in a 50mL Falcon tubemaintained at 37�C.
Neutrophils were labeled with Post-CellTracker then washed twice with 10 mL of 20% FBS in RPMI medium free of phenol red to

remove the unbound dye. The labeled neutrophils were kept briefly at room temperature before introduction into a co-culture with

infected organoids inside the collagen gel.

Co-culture of mouse neutrophils and infected organoids in collagen gels
Collagen gels were used to co-culture infected organoids andmouse neutrophils. The collagen gel master mix buffered at pH 7.0 was

made by adding 312 ml of ice-cold native bovine collagen with 4 ml of 1 M HEPES, 4 ml of 1 M sodium bicarbonate, 40 ml of 1X DMEM/

F-12, and 40 ml 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 (ca. 107 cells) labeled with CellTracker were resuspended in 88 ml 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 ml of collagen solution was added twice to the suspension of infected organoids

and neutrophils on ice followed by rapid mixing with a P200 pipette. This collagen gel suspension of infected organoids and neutro-

phils was pipetted onto the surface of an ibidi m-Dish, which was pretreated with plasma (Diener, pressure 60 for 60 s) to increase the

hydrophilicity of the surface. This enabled a uniform thin layer (1-2 mm) of collagen gel to be deposited on the dish, which was

required for imaging with a confocal microscope. The collagen gel was then incubated at 37�C and 5% CO2 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 to ensure that the neutrophils were exposed to chemo-

kines that stimulate maturation (Ingersoll et al., 2008; Semerad et al., 2002).

Quantitative real-time PCR (qRT-PCR) of infected organoid samples
Organoids were infected as described above and four hours after microinjection of UPEC the cell culture media surrounding the or-

ganoids was removed, the organoids were incubated with the appropriate volume of RNA lysis buffer (RNAeasy Plus Micro Kit,

QIAGEN), andRNAwas isolated following themanufacturer’s instructions and resuspended in 14 mL of DEPC-treatedwater. A similar

procedure was followed for uninfected control organoids. 11 mL of the RNA-containing solution was used to generate cDNA using the

SuperScriptIV First-Strand Synthesis System with random hexamers (Invitrogen), which was stored at –20�C. qRT-PCR primer

sequences are listed in the Key resources table. qRT-PCR reactions were prepared with SYBRGreen PCR Master Mix (Applied

Biosystems) with 500 nMprimers, and 1 mL cDNA. Reactionswere run for absolute quantification on an ABI PRISM7900HT Sequence

Detection System (Applied Biosystems) and amplicon specificity was confirmed by melting-curve analysis.

Immunofluorescence of uninfected and infected mouse bladder organoids
For immunofluorescence imaging of paraffin-embedded slices, cryopreserved mouse bladder organoids were thawed and

maintained in BME culture for five days before use. Both uninfected and infected organoids were fixed with 4% paraformaldehyde
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(PFA) for 6 hours at room temperature with occasional mechanical dissociation with a P1000 pipette. Fixed organoids were then

washed twice with PBS and centrifuged at 100 g for 5 minutes in a 15 mL Falcon tube pre-coated with 1% BSA. The organoids

were resuspended in 50 ml of prewarmed Histogel (Thermofisher) at 50�C and pipetted out as a small hemispherical dome inside

a 1-cm Tissue-Tek Cryomold. 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 mmslices. The thin paraffin sections

were deparaffinized and rehydrated by immersing the slides through the following solutions: xylene, three washes of 5 minutes each;

100% ethanol, two washes of 10 minutes each; 95% ethanol, two washes of 10 minutes each; 70% ethanol, two washes of

10 minutes each; 50% ethanol, two washes of 10 minutes each; PBS, three washes of 5 minutes each. Rehydrated slides were

then processed for heat-induced antigen retrieval using 10 mM citrate buffer (pH 6.0). Slides were washed with 1X PBS, permeabi-

lized with 0.15%Triton X-100 for 15minutes, washed twice with 1X PBS, and blockedwith 1%BSA in PBS for 1 hour. The boundaries

of paraffin sections were marked with a hydrophobic pen and slides were labeled with a permanent ethanol-resistant marker. Incu-

bation with primary antibodies at a dilution of 10 mg/ml or 1:100 was performed overnight in an antibody incubation buffer comprising

1%BSA and 0.01%Triton X-100 in PBS. Slides were subsequently washed three timeswith PBS for 10minutes per wash. Incubation

with secondary antibodies was performed at 2 mg/ml in antibody incubation buffer for 1 hour at room temperature. In each step,

excess antibody was removed by washing three times with PBS for 10 minutes per wash. Cell nuclei were stained with DAPI

(5 mg/ml, Thermofisher) for 30 minutes and slides were mounted with Fluoromount-G mounting medium (Thermofisher) overnight

in a dark chamber. For immunofluorescence imaging of whole organoids, uninfected and infected organoidswere cultured for 6 hours

in collagen gels on ibidi m-Dishes, fixed with 1 mL of 4% PFA for 1 hour, and antibody labeling was performed as described above.

Time-lapse confocal imaging of infected organoids
Imaging experiments were conducted using a Leica SP8 confocal microscope in the inverted configuration with a temperature-

controlled microscope environmental chamber maintained at 37�C and 5% CO2 in a stage-top chamber (OKOlabs). Time-lapse

imaging was conducted using a Leica HC FLUOTAR 25X (NA 0.95) multi-immersion objective. To maintain the water immersion

for the objective, water was pumped to the ring around the water objective at 9 Hz with pumping duration 10 s and pumping interval

30 minutes, controlled by SRS software. Microinjected tdTomato-expressing organoids were identified and imaged on either two

channels (for experiments without neutrophils) or three channels (for experiments with neutrophils); in each case, multiple channels

were acquired during the same imaging sequence to improve the temporal resolution. We used laser excitation wavelengths of

500 nm (YFP), 555 nm (tdTomato), and 630 nm (CellTracker Deep Red) to enable multi-channel imaging within the same sequence

with reduced spectral overlap. Images were acquired with a scan speed of 700 Hz and a zoom factor of 2.25, which provided an XY

resolution of 200-450 nm, corresponding to images of 10243 1024 pixels or 5123 512 pixels, respectively. Z stacks were acquired

with 0.5 or 1 mm step sizes.

Ampicillin treatment of infected organoids
After UPECmicroinjection, MBOs were resuspended in collagen and supplemented with 1.5 mL of MBMmedium following collagen

polymerization for 30 minutes. Prior to the experiment, ibidi m-Dishes were modified by inserting bent metallic tubes (1.00/0.75 3

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 facilitate 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 exper-

iment. Once imaging commenced, bacteria were allowed to grow for a 3-hour ‘‘growth phase’’ (0-165 minutes). The medium in the

m-Dish was then replaced with fresh medium containing ampicillin at 64.5 mg/ml, corresponding to 10X MIC. The dynamics of bac-

terial 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 extracellular medium by gentle exchange with fresh MBMmedia using a 20 mL syringe. Bac-

terial growth after ampicillin washout was monitored for a further 3-hour ‘‘regrowth phase’’ (345-525 minutes). Focus drift was

adjusted manually at frequent intervals throughout the experiment.

For experiments to test the kinetics of ampicillin diffusion into the organoids, organoids were microinjected with pHrodo Deep Red

E. coli BioParticles diluted ten times in LB to mimic microinjection with UPEC. The injected organoids were then resuspended in

collagen in the m-Dish as described previously. Organoids injected with pHrodo particle and uninjected bystander organoids were

imaged for a period of 45 minutes with an imaging period of 15 minutes. Thereafter, we administered lucifer yellow (Thermofisher,

0.2 mM reconstituted in a 0.1 M solution of Tris buffer at pH 7.4) along with ampicillin (64.5 mg/ml) in MBMmedium. The medium con-

taining lucifer yellow and ampicillin was removed from the extracellular medium at the end of the 3-hour treatment period by gentle

exchange with fresh MBM media using a 20 mL syringe. The mean intensity of lucifer yellow was computed within injected and

bystander organoids by creating intraorganoid mask using tdTomato fluorescence of the epithelial cells as described in the section

below. Mean lucifer yellow intensity in the extraorganoid environment was calculated within a bounding box (20 3 20 3 33 mm3)

located within an appropriate volume outside the organoid.

Image analysis for confocal live-cell imaging
Image analysis was performedwith Bitplane Imaris 9.5.1. as outlined in greater detail in Figure S2 (for the analyses related to Figures 2

and S1) and Figure S4 (for the analyses related to Figures 4, 5, and S5). The following is a step-by-step summary of the analysis
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pipeline as applied for the analysis in Figures 4 and 5. The time-lapse images acquired have four optical channels for UPEC (first

channel), uroepithelial cells (second channel), neutrophils (third channel), and transmitted light (fourth channel). First, a background

subtraction for the neutrophil channel was performed due to spectral overlap between the tdTomato expression from the epithelial

cells and the CellTracker Deep Red staining of the neutrophils. This procedure allowed for a more robust detection of neutrophils

inside the organoids. This created a fifth channel (Figure S4B). Next the organoid surfaces were generated using the Surface Gen-

eration Tool as outlined in Figure S4C.When required, adjacent bystander organoids were separated by setting the expected volume

of the organoids using the seed point diameter function to automatically segment the organoids (depending upon the size of nearby

organoids). In some cases, adjoining organoid surfaces were orthogonally trimmed with the cut tool. The organoid surface was then

used as a mask to spatially distinguish intraorganoid versus extraorganoid bacterial and neutrophil populations (Figures S4D and

S4E). These were stored as separate imaging channels in Imaris. Lastly, the intraorganoid and extraorganoid neutrophil channels

were segmented to generated structures whose surfaces are depicted in the processed images in Figures 4A–4C, 5A–5C, and

S5D–S5F and whose volumes are quantified in Figures 4D–4F, S5A–S5C, and S5G–S5L. In a similar fashion, intraorganoid UPEC

was segmented to generate structures whose surfaces are shown in Figures 2B–2I and S1A and whose volumes were used to calcu-

late the intraoorganoid bacterial growth kinetics in Figures 2J–2M and S1C and total bacterial volume inside the organoid in Figures

5D, S5A–S5C, and S5J–S5L.

Neutrophil spot detection
The masked sixth channel was also used to detect neutrophil spots (Size, 8 mm; Quality, 4 to 8) inside the organoid. Neutrophil spots

in the field of viewwere detected on the neutrophil channel (third channel) with parameters (Size, 8 mm;Quality, 4 to 8). Neither neutro-

phil 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 (R0.5) for neutrophils around an organoid was ob-

tained with time-collapsed information of average neutrophil sphericity for all the neutrophil surfaces per time point. In cases of larger

neutrophil clusters, average neutrophil sphericity was obtained by excluding sphericity of the larger neutrophil cluster (< 0.5).

Serial block face-scanning electron microscopy (SBEM) of an infected organoid
Organoids expressing tdTomato were grown in ibidi m-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 and resuspended

in collagen gel surrounded by isolated bone marrow-derived neutrophils, as described above. The organoids were then plated in

MBM supplemented with 25 ng/ml of mouse G-CSF on a plasma-treated MatTek dish with a gridded coverslip that enabled corre-

lated light and electron microscopy. After 6 hours, organoids were fixed for 1 hour at room temperature in a 15 mL Falcon tube con-

taining a mix of 1% glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Infected organoids were fixed for

one hour then washed twice with PBS. The organoids were screened using optical microscopy to rapidly identify infected organoids

with at least one IBC and neutrophils within the lumen suitable for volumetric electron microscopy. The selected organoid was

imaged on the Leica SO8 microscope using a 10X objective to acquire a fluorescence image, which was used to identify and locate

the target organoid on the gridded coverslip for correlated optical microscopy and SBEM. The fixed organoids were kept overnight at

4�C in the fixative, then postfixed in potassium ferrocyanide (1.5%) and osmium (2%) and stained with thiocarbohydrazide (1%) fol-

lowed by osmium tetroxide (2%) alone. The organoids were finally stained overnight in uranyl acetate (1%) and washed in distilled

water at 50�C before staining with lead aspartate (pH 5.5) at the same temperature. The entire coverslip, with the organoids attached,

was 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 1 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 aluminum holder, then placed inside the scanning electron microscope (Merlin, Zeiss NTS) integrated with

an in-chamber ultramicrotome device (3View, Gatan). Image of serial slices, 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 61443 4608 pixels with a pixel size of 30 nm. The stack con-

tained 960 serial images. The overall volume imaged was 184.32 3 138.24 3 96 mm3.

Labeling of bacteria, epithelial cells, neutrophils, and organoid lumen in SBEM images
Identification and labeling of different features (e.g., lumen boundary, neutrophils, bacteria) was donemanually; features whose iden-

tity was doubtful were not included in the analysis. All of the different bacterial categories were identified on each slice of the full stack

(960 slices). We identified five different categories of bacteria based on their location: extracellular bacteria in the organoid lumen,

bacteria within neutrophils, bacteria within an IBC, bacteria within the cytoplasm of an uroepithelial cell, and pericellular bacteria

sandwiched between the boundaries of adjacent cells. The injection site could be identified by the asymmetric distribution of lumenal

bacteria with a higher abundance of extracellular lumenal bacteria toward one side of the lumen. We used the high fluorescence in-

tensity of the large number of bacteria within the IBC to register and align the fluorescent image with the SBEM stack. In order to

delineate structural features of the organoid, such as the boundary of the organoid lumen and the boundaries of the neutrophils

as well as the overall organoid volume, a reduced stack (480 slices) with X, Y, Z pixel resolution of 60 nm, 60 nm, and 100 nm

was generated.We also used this reduced stack tomark the location of all the uroepithelial cell nuclei within the organoid. Neutrophils

were identified in electron microscope images based on their multi-lobular nuclei and high electron density; in ambiguous cases, the
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fluorescent images of neutrophils labeled with CellTracker Deep Red were used to verify neutrophil identity. Altogether we identified

five neutrophils surrounding the organoid and nine neutrophils inside the organoid.

3D analysis and modeling of the infected organoid
Serial electronmicrographswere imported into the TrakEM2 plugin in FIJI. They were then aligned and registered and the locations of

all cells and bacteria were annotated manually through the image stack. The organoid lumen was demarcated by segmenting the

lumen boundary in each of the slices of the stack in each of the images in which it appeared. A similar procedure was used to define

the boundaries of the neutrophils and the boundaries of the cells surrounding the IBC and containing the IBC. For ease of manipu-

lating the large dataset, reconstructions 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 bacterial cell, were then exported as a 3D wavefront object in

TrakEM2 and imported into the Blender 3D modeling software. The proximity tool in the NeuroMorph toolset for Blender (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.

Scanning electron microscopy of infected organoids
tdTomato-expressing organoids were infected with UPEC and incubated at 37�C for 6 hours. After this period the 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). Fixed organoids were then seeded onto 12 mm poly-L-lysine-coated coverslips and stored over-

night in the fixative. The organoids were further fixed with 1% osmium tetroxide in 0.1M cacodylate buffer, followed by a dehydration

step in increasing concentrations of ethanol (50% to 100% in 10% increments, 10 minutes per incubation). The dehydrated organo-

ids were then dried at the critical point of CO2 (Leica CPD300) before being ruptured with a 0.125 mm tungsten needle (FST, 10130-

05) using a stereomicroscope (Leica M205). The ruptured organoid was then adhered to the surface of an aluminum stub using

conductive tape (Election Microscopy Sciences, USA). This holder was coated with a 5-nm-thick layer of gold palladium metal using

a Q150 sputter coater (Quorum Ltd, UK), then imaged in a scanning electron microscope (Merlin, Zeiss NTS). Images were acquired

with an electron beam voltage of 1.50 kV and current of 80 pA with an HE-SE2 detector.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis was performed using Graphpad Prism. Details of the statistical tests and exact numbers of biological and tech-

nical replicates are provided in the figure legends, which also provide information about the depiction of the mean or median values

and standard deviations or standard errors of the mean and confidence intervals where appropriate.
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