5: Investigation of the iHO luminal response to infection,
iHO as a model for alternative pathogens, competition
between bacterial strains and interactions of Salmonella

with iHO derived from cell lines with isogenic mutations

Collaboration note:

The data in this chapter on Salmonella enterica serovar Enteritidis (S. Enteritidis) were
generated jointly with Rafal Kolenda, a PhD student from the University of Wroctaw whom |

taught how to generate iHO and complete intracellular and luminal infection assays.
5.1 Introduction

As detailed in Chapter 4, it was possible to demonstrate an enhanced barrier phenotype
associated with iHO in response to IL-22. Additionally, whilst we identified a mechanism for
intracellular protection following IL-22 stimulation, further questions can potentially be
answered using this system. Compared to 2-D cell culture, the iHO model incorporates more
components of the intestinal luminal environment found in vivo. The use of microinjection,
allows the introduction of pathogens into a closed system, which reproduces aspects of the
intestinal luminal environment and allows controlled observations to be made. For example,
studies on Helicobacter pylori in gastric organoids were able to demonstrate that bacteria
were attracted to the urea being produced by the gastric organoid epithelial cells, and the
bacteria were able to use this signal to locate the epithelium for binding and subsequent
colonisation.! Similarly, other studies using gastric organoids were able to demonstrate that
parietal cells (which are difficult to maintain in monolayer culture but viable within the
organoid structure), were responsible for Sonic hedgehog (Shh) production, which is a factor
that induces macrophage infiltration post-infection.? More specifically to the small intestinal
organoid model, studies have attempted to look at a-defensin concentrations following

secretion by Paneth cells into the organoid lumen, and whether these exist at high enough
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concentrations to have a directly antimicrobial effect.? These types of question are more
difficult to answer in vivo, given the multiple interactions with the mucosal immune system
and intestinal microbiota.* A study in murine intestinal organoids, demonstrated the ability
of alpha defensins to restrict growth of strains of S. Typhimurium for up to 20 hours after
microinjection, with a 3.9-log reduction in bacterial counts versus those seen in organoids
derived from Mmp77/- mice, which lack matrix metalloproteinase 7 and are unable to
produce functional a-defensins.® Organoids as vessels for infection modeling are growing in
use, with pathogens such as H. pylori,> norovirus,® rotavirus,” Shiga toxin-producing
Escherichia coli,® Cryptosporidium,® and Zika virus!? having been shown to survive and

replicate within these systems.

Having investigated how well S. Typhimurium SL1344 invades intracellularly and survives in
the lumen of the iHO system, it was of interest to expand this line of enquiry to other
serovars of Salmonella, such as S. enterica serovar Enteritidis, which causes both
gastrointestinal disease and invasive non-typhoidal salmonellosis (iNTS).!! Additionally, with
the hypothesis that bacteria may be killed by antimicrobial peptides in the iHO lumen,
assays were performed to assess this with an attaching and effacing pathogen,
Enteropathogenic E. coli (EPEC), which would not be expected to extensively reside within
cells.’? We also wished to investigate how drug-resistant isolates of Salmonella that cause
invasive disease in humans would behave in the iHO model. This is particularly relevant
when considering that these isolates have the potential to outcompete other sensitive
strains in the microbiota in vivo, either within or across species, as suggested by a recent
study.’® A number of Vietnamese clinical strains were therefore put directly in competition
with the laboratory reference strain (S. Typhimurium SL1344) with the hypothesis that
strains causing severe disease in humans may be better able to invade the iHO epithelium.
The clinical strains used were a mixture of those expressing monophasic and biphasic
flagellae. Flagellar protein (fliC or fljB) is the main structural subunit of the flagellar filament
in most Salmonella strains,** with fliC coding phase 1 flagellins and fljB phase 2 flagellins.
FliC is antigenic and is expressed in multiple Salmonella serotypes, as well as having a
homolog in other pathogens such as E. coli.'® FljB is only expressed in S. enterica subspecies
I, 1l, lllb and Vi, and the fljB gene is located on a different part of the chromosome to the fliC

gene.!® Both flagellin genes are not normally expressed at the same time as biphasic
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bacteria display phase variation, switching between the two phases, with the switch

controlled by an invertible element called hin.?” (Figure 5.1)
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Figure 5.1: Interactions of fliC and fIjB loci. This figure demonstrates the locations on the Salmonella genome of the fliC and fljB loci, as
well as the location of the reversible hin element which facilitates phase variation. In one orientation, hin promotes expression of both fjB
and the post-transcriptional repressor fljA, leading to lack of expression of fliC. The converse is true when the orientation of hin is

reversed. (Figure taken from McQuiston et al, 2008%°)

It is unclear what exactly leads to the phase switch. Some Salmonella strains are
monophasic, through the loss or deletion of fIjB. Possible advantages from the biphasic
lifestyle could include limited antigenic diversity and temporary evasion of the immune

response, or improved adaptation to a particular environmental niche.®

Finally, we hypothesised that it would be possible to expand the clinical utility of iHO by
deriving them from individuals with mutations in genes involved in the immune response to
directly investigate the effect of these mutations on IEC response to infection. To this end,
we generated iHO from an individual with a mutation in the caspase recruitment domain-
containing protein 8 (CARD8) gene as described below and conducted infection assays in

this model using S. Typhimurium SL1344.

5.2 Assessing whether luminal bacterial killing occurs in the iHO model

As described in Chapter 4, initial invasion of S. Typhimurium SL1344 was restricted in rhiL-22

treated iHO and there was uncertainty about the location of killing of the less invasive strain

ST4/74 APhoPQ. Therefore, the question arose of whether there was any luminal killing effect
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induced by IL-22 treatment, perhaps mediated by an increased antimicrobial peptide release
into the iHO lumen. This was investigated by microinjecting bacteria and harvesting the
luminal contents of the iHO at 90 minutes post-infection, as described in 2.3. Initial assays
performed with ST4/74 and ST4/74 APhoPQ bacteria at a starting ODgoo of 1 (1.6 x 10°
CFU/mL) did not show any significant difference in bacterial counts recovered from the lumen
with or without rhIL-22 treatment. To assess whether this could be due to the bacterial
inoculum overloading the defensive capacity of the iHO, the assay was expanded by
inoculating iHO with S. Typhimurium SL1344 at a series of 10-fold dilutions. In these assays,
significantly fewer bacteria were recovered from the lumen of rhiL-22 treated iHO compared
to unstimulated equivalents at bacterial concentrations of 1.6 x 108 CFU/mL and 1.6 x 10’

CFU/mL (Figure 5.2).

Recovered luminal bacteria
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Figure 5.2: Luminal bacterial counts using decreasing SL1344 inoculums in Kolf2 iHO pre-treated with rhiL-22 vs unstimulated (US). iHO
were either pre-treated with rhlL-22 at 100 ng/mL for 18 hours or left unstimulated. iHO were injected with a series of 10-fold dilutions of
SL1344 and incubated for 1.5 hours prior recovery of intraluminal bacteria. Data presented are for 3 biological replicates (each averaged
from 3 technical replicates), with 30 iHO injected per replicate +/- SEM. Unpaired Mann-Whitney tests were used for all assays (n.s. — not
significant, ** p< 0.01, *** p < 0.001). There were significantly fewer bacteria recovered from the lumen in iHO pre-treated with rhiL-22 at

both of the lower concentrations of bacteria injected.

Luminal killing assays were additionally performed using an S. Typhimurium SL1344 invA
mutant, which has a deletion in the invA gene of Salmonella pathogenicity island 1. This
derivative has been demonstrated to be less invasive in the iHO system,® and therefore may
remain in the iHO lumen for a longer time before entering the epithelial cells. These assays

were performed over a time course with iHO harvested directly after injection and then
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hourly for 4 hours. Having observed luminal survival differences at the lower inoculums, the
concentration of the bacterial solution used for these assays was 1.6 x 108 CFU/mL. For
SL1344, there appeared to be some luminal killing effect, with significantly fewer bacteria
recovered from the lumen at 1, 2 and 3 hours post injection for those iHO pre-treated with
rhiL-22. For SL1344 AinvA, there were significantly fewer bacteria recovered at the 1 hour
timepoint following rhiL-22 treatment, but this effect was not obvious from the 2 hour
timepoint onwards. It is possible that with increased numbers of bacteria remaining in the
lumen, rather than invading, the bacterial load in the lumen was high enough to exceed any
killing effect related to IL-22 treatment. Interestingly, for both groups treated with rhiL-22,
there were significantly increased counts of bacteria recovered from the lumen at 4 hours,
suggesting that the protective effect of IL-22 on luminal bacteria is limited to the early stages
of infection (Figure 5.3). Perhaps the increased mucus release stimulated by IL-22, whilst
preventing entry into cells, provides a niche in which bacteria can replicate. This is discussed

further later in the chapter.

SL1344 SL1344 AinvA

4.0- n.s.

»
()
[l

-t
°
'l
3
0

Recovered luminal bacteria
Log,, CFU/m

N
()]
'l

.- S|_1344 -2 SL1344 AinvA
2.0+ @ SL1344+ IL-22 @ SL1344 AinvA + IL-22
N NG s A (0 < & s A (N0

Time point

Figure 5.3: Luminal bacterial counts at timepoints following injection of Kolf2 iHO with SL1344 or SL1344 AinvA. iHO were either pre-
treated with rhiL-22 at 100 ng/mL for 18 hours or left unstimulated. iHO were injected with SL1344 or SL1344 AinvA at 1.6 x 108 CFU/mL
and incubated for 0, 1, 2, 3 or 4 hours prior to recovery of intraluminal bacteria. Data presented are for 3 biological replicates (each averaged
from 3 technical replicates), with 30 iHO injected per replicate, +/- SEM. Unpaired Mann-Whitney tests were used for all assays (n.s. — not
significant, * < p<0.05, ** p< 0.01). There were significantly fewer bacteria recovered from the lumen in rhiL-22-treated iHO for the first 3

hours after injection with SL1344. This effect was only detected for the first hour for SL1344 AinvA-infected iHO.
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From these assays it was clear that initially, killing of bacteria in the lumen was occurring,
but eventually, significant numbers of bacteria were able to survive and replicate in the
lumen, enabling them to invade and damage the iHO epithelium. Imaging of iHO using the
Incucyte S3 live cell analysis system (Sartorius) at 3-4 hours post-injection demonstrated
clear destruction of iHO tissue (Figure 5.4). Bacteria used for imaging in the Incucyte system
were TIMERP*-Salmonella SL1344,* which produce differently coloured fluorophores
depending on their growth rate, therefore via measurement of colour change, it was
possible to witness bacterial survival and replication in the lumen over time. Green
fluorophores are initially produced, which later mature into orange fluorophores. Thus,
rapidly dividing cells will fluoresce predominantly green, since the slower maturing orange
fluorophores will be diluted by cell division. On sequential imaging, it was possible to view
areas where TIMERP*“-Salmonella SL1344 had been injected into the iHO and observe these

infected spots fluorescing green over time as exponential growth phase is reached.
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Figure 5.4: Sequential imaging of Kolf2 iHO infected with TIMER®*-Salmonella SL1344. Organoids were imaged every 10 minutes for 24 hours following infection with TIMER®*-Salmonella SL1344. Injection sites on

iHO are visible as green/orange dots (arrow) which initially appear static in terms of growth, but later fluoresce green as bacteria overtake iHO defences and start to replicate rapidly. Visible destruction of the iHO
architecture is witnessed between 3 and 4 hours after injection. By 24 hours after infection, iHO are destroyed and bacteria are dividing rapidly in the culture media. Artefactual green background staining in initial

images is generated by Matrigel embedding scaffold and red staining by phenol red injected with bacteria. Images taken using the Incucyte S3 system at 4x magnification; scale bar = 800um.
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It was also possible to use these images to measure green and red fluorescence of TIMERP-
Salmonella SL1344 over time, for infected unstimulated and rh-IL22-treated iHO. There was
no significant difference in groups between green fluorescence, although some initial
growth advantage was suggested in the unstimulated group (Figure 5.5). Total red
fluorescence was significantly higher in the unstimulated group, particularly in the first 8
hours following infection, suggesting a non-replicating cohort of bacteria surviving either in
the lumen or intracellularly within unstimulated iHO and bacterial death in the IL-22
stimulated group. Studies of S. Typhimurium in human and mouse macrophages have
demonstrated a non-replicating subset of bacteria existing intracellularly following

infection.2021
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Figure 5.5: Total green / red fluorescence over time for TIMER®¢-Salmonella SL1344 following Kolf2 iHO infection. iHO were either pre-
treated with rhIL-22 at 100 ng/mL for 18 hours or left unstimulated, then injected with TIMER®>-Salmonella SL1344 and incubated for 22
hours, and red/green fluorescence recorded over time. Wilcoxon matched pairs signed rank test was used for statistical analysis. There
was no significant difference in green fluorescence over time between the two groups (A), but significantly higher total red fluorescence in

the unstimulated group (B) (p = 0.0005).

5.3 Reviewing the luminal contents of the iHO and their effects on other bacterial strains

Ideally, study of the intra-luminal AMP contents of the iHO would involve being able to
directly extract the luminal contents and run proteomic analysis on them. In lieu of the
ability to do this, transcripts for antimicrobial peptides of interest were measured as a

proxy. RT-gPCR assays using Tagman reagents were completed for REGllla, Lysozyme C
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(LYZ), Alpha defensin 5 (DEFAS), Defensin beta 4B (DEFB4B) and Phospholipase A2 group IIA
(PLA2G2A). These genes were chosen as they represent a combination of alpha and beta
defensins and C-type lectins and would be expected to be upregulated in response to
Salmonella??, or E. coli infections in iHO.%3 It was not possible to consistently detect
transcripts for REGIlla, even at an increased starting concentration of cDNA (1:50 vs 1:100),
therefore these data were excluded from the analysis. iHO were either harvested
uninfected (time 0), or infected with SL1344 and harvested at 1, 2 or 3 hours post-infection
and RNA extracted (Figure 5.6). Transcripts for DEFB4B were significantly upregulated from
1 hour post infection, and DEFAS from 2 hours post-infection. Basal levels of Lysozyme C
were very high (partly to be expected as this AMP should be found in all Paneth cells),

therefore no significant difference in its expression across timepoints was observed.
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Figure 5.6: Expression of antimicrobial peptides over time following Kolf2 iHO infection with SL1344. iHO were injected with SL1344 and
harvested at 0, 1, 2 or 3 hours post-infection, RNA extracted and RT-gPCR completed for AMP transcripts of interest. Data presented are
for 3 biological replicates, each averaged from 4 technical replicates. Data were analysed using the comparative cycle threshold (Cr)
method, with GAPDH as an endogenous control. Unpaired Mann-Whitney test was used to compare results (n.s. not significant, **p <0.01,
***p <0.001, ****p <0.0001). Transcripts for DEFB4B were significantly upregulated from 1 hour post infection, and DEFAS from 2 hours

post-infection.

Having studied a number of strains of S. Typhimurium, and witnessed initial drops in luminal
bacterial counts before a recovery period, the question arose of whether this pattern would
be repeated for other serovars of Salmonella. Assays were completed using S. Enteritidis

strains 6206 and 6174. These were isolates from stool; 6174 from a human sample and 6206
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from a poultry sample. S. Enteritidis 6174 has a mutation in the gene coding the outer
membrane porin protein ompD. Previously, Salmonella with ompD mutations have been
shown to have increased ability to survive and replicate within murine organs,?* and have an
increased resistance to beta-lactam antibiotics.?> S. Enteritidis 6206 has a SNP in the N-
acetylmuramyl-L-alanine amidase (amiA) promoter. amiA has a role in cell wall hydrolysis
during cell division. E. coli with these mutations have been shown to be more susceptible to
human neutrophil peptide 1 (HNP-1; a type of alpha-defensin).?® S. Typhimurium SL1344
was used as a control, given that its behaviour in the iHO model had been previously
established. In addition, P125109 (PT4); a reference isolate of S. Enteritidis?’ frequently used
for laboratory work was trialled in the model as a comparator. Single iHO were harvested
immediately following infection (time 0), and at hourly timepoints thereafter. SL1344
demonstrated intraluminal survival following an initial drop in viable bacteria as seen
previously. Significantly fewer P125109 survived in the lumen, and the luminal bacterial
population appeared to be at an equilibrium between rates of replication and death from 2-
4 hours. Counts for 6174 and 6206 consistently decreased over time, suggesting
intraluminal killing; particularly relevant to 6206 given its increased susceptibility to alpha-
defensins. Modified gentamicin protection assays were completed to assess the ability of
these strains to invade the iHO epithelium. Strains 6206 and 6174 were also consistently
less able to invade and survive within the iHO epithelial cells, with only 6206 being
recoverable at 3 hours post-infection. Whilst P125109 was significantly more invasive than
the other S. Enteritidis strains, intracellular counts at 3 hours remained lower than those for
SL1344, suggesting that these S. Enteritidis are less able to adapt to the iHO environment

than S. Typhimurium (Figure 5.7).
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Figure 5.7: Recovered intraluminal and intracellular counts for S. Enteritidis in Kolf2 iHO. iHO were injected with S. Enteritidis 6174,
6206, P125109 or S. Typhimurium SL1344 and either incubated for 0, 1, 2, 3 or 4 hours, and luminal contents recovered (A), or incubated
for 1.5 or 3 hours and modified gentamicin assays completed to recover intracellular bacteria (B). Data are presented for 3 biological
replicates, (each averaged from 3 technical replicates) per condition +/- SEM. Multiple single iHO were used for luminal assays and 30 iHO
injected per replicate for intracellular assays. Unpaired Mann-Whitney test was used to compare results (n.s. not significant, * p<0.05,
***p <0.001, ****p <0.0001). (A) Intraluminal counts from 0-4 hours post-infection. An initial decrease in recovered counts was observed
for all strains, followed by recovery in SL1344, static counts in P125109 and continuous decrease in 6174 and 6206. (B) Intracellular counts
show significantly more invasion in SL1344 and P125109, with no bacteria from strain 6174 invading and surviving until 3 hours post

infection.

Given the large difference in luminal survival between the serovars of Salmonella, these
assays were repeated using BRD948, an attenuated derivative of S. Typhi

Ty2, with mutations in the aroC and aroD genes (responsible for aromatic amino acid
biosynthesis?®) and htrA (a serine protease required for virulence?®). It was anticipated that
this attenuated S. Typhi derivative would be less invasive than the virulent isolates
previously tested, and should be present for longer in the iHO lumen. Luminal infection
assays and modified gentamicin protection assays were carried out as previously described,
with the exception that BRD948 required growth in LB broth supplemented with aromatic
amino acids (Aro mix: phenylalanine 0.04 g/L, tryptophan 0.04 g/L, para-aminobenzoic acid
0.01 g/L and dihydro-oxbenzoic acid 0.01 g/L) and tyrosine 0.04 g/L. As predicted, numbers
of recovered intracellular BRD948 were markedly lower; in this case ~3-log lower than those
observed in previous assays with SL1344. Similarly, when harvesting iHO at the usual luminal
timepoint of 1.5 hours, no viable bacteria remained, therefore assays were shortened and
iHO harvested at 0, 20 and 40 minutes post-infection to check whether viable bacteria were
present immediately following infection. By 40 minutes post-infection, intraluminal BRD948

counts were only 20% of those recovered at Oh (Figure 5.8). As an additional comparator,
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these assays were completed for S. Typhimurium D23580, a multi-drug resistant ST313
isolate, known to cause invasive salmonellosis in sub-Saharan Africa,3° in order to assess
whether this isolate survived in the iHO prior to its use in experiments discussed later in the

chapter. D23580 survived both intracellularly and in the lumen at higher counts than

BRD948.
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Figure 5.8: Recovered intraluminal and intracellular counts for S. Typhimurium D23580 and S. Typhi BRD948 in Kolf2 iHO. iHO were
injected with S. Typhi BRD942 or S. Typhimurium D23580 and incubated for 1.5 hours, following which they underwent either modified
gentamicin assay to recover intracellular bacteria (A) or recovery of luminal contents (B). Data presented are for 3 biological replicates
(each averaged from 3 technical replicates), with 30 iHO injected per replicate, +/- SEM. Unpaired Mann-Whitney test was used to
compare results (****p <0.0001). (A) Significantly more D23580 were recovered from inside enterocytes at 1.5 hours post-infection. (B)
Intraluminal counts showed no recovery of BRD948 at 1.5 hours post-infection. Therefore, iHO were harvested at 0, 20 and 40 minutes

following infection (C), which demonstrated a rapid drop in numbers of bacteria recovered by 40 minutes post-infection.

Given that intraluminal killing of bacteria was taking place with these ‘less invasive’ isolates,
the question arose as to what would happen in the lumen to diarrhoeagenic bacterial
strains which are non-invasive; preferentially existing in the lumen, such as
Enteropathogenic E. coli (EPEC). In order to image these interactions, EPEC wild type isolate
E2348/69 was transformed using electroporation with the TIMERP plasmid as described in
2.4. Intraluminal assays using single iHO and immunostaining following microinjection into
iHO demonstrated a significant initial decrease in viable bacterial numbers retrieved from
the iHO lumen, followed by some stabilisation of bacterial counts (Figure 5.9).
Immunostaining was performed in order to try and determine whether the TIMERP2-EPEC
were producing attaching and effacing lesions on the iHO epithelium. It was not possible to
clearly demonstrate these lesions, but immunostaining did reveal close interaction and

apparent attachment of TIMERP2-EPEC to the apical surface of the enterocytes.
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Figure 5.9: Recovered intraluminal counts for TIMER®*-EPEC and immunostaining of interactions with the Kolf2 iHO epithelium. (A) iHO
were injected with TIMERP2-EPEC and luminal contents recovered at 0, 1, 2, 3 or 4 hours post-infection. Data presented are for 3 biological
replicates (each averaged from 3 technical replicates) +/- SEM. Unpaired Mann-Whitney test was used to compare results (****p
<0.0001). Intraluminal counts of recovered bacteria displayed a significant drop in initial viable counts followed by some stabilisation. (B)
iHO were injected with TIMER®-EPEC and incubated for 3 hours prior to fixing and immunostaining for nuclei (DAPI) and epithelial brush
border (phalloidin), which demonstrated TIMER®2-EPEC interacting with the iHO epithelium. Images taken on the Leica SP8 confocal

microscope at 63x magnification.

5.4 Other applications for the iHO model — study of competition between bacterial strains

There are a wide range of Salmonella capable of causing different types of disease in
different hosts. S. Typhi are discussed in Chapter 6, but having assessed the survival of an
invasive salmonellosis (iNTS) isolate in the iHO model, it was investigated as to how other
‘invasive’ Salmonella would behave in comparison to the S. Typhimurium reference isolate
SL1344 if iHO were simultaneously infected by multiple isolates. Would the isolates causing
the more severe disease picture outcompete those causing milder disease in vitro? To this
end, as an initial comparator, TIMERP2-Salmonella SL1344 were assayed in competition with
S. Typhimurium D23580. As described in 2.3, modified gentamicin protection assays were
completed, with results recorded for intracellular counts when each isolate was injected
alone into the iHO, followed by both isolates in combination. The fluorescence
demonstrated by the TIMERP2°-SL1344 colonies made it possible to distinguish easily
between the two bacterial strains when colonies were counted at the end of the
experiment. There was no significant difference in recovered counts of each isolate when

injected separately into the iHO, but D23580 outcompeted the TIMERP?°- SL1344, with
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significantly more D23580 being located intracellularly when both isolates were injected in

equal ratios into the iHO (Figure 5.10). Mean competition index was 2.05 (SEM 0.31).

Recovered intracellular bacteria

Figure 5.10: Recovered intracellular counts for TIMERY>-Sa/monella SL1344 and D23580 alone and in competition. iHO were either
injected with TIMERY>-SL1344 or D23580 at 1.6 x 10° alone, or in competition at a 50:50 ratio and incubated for 1.5 hours, prior to
undergoing modified gentamicin assay to recover intracellular bacteria. Data are presented for 3 biological replicates (each averaged from
3 technical replicates) +/- SEM. Unpaired Mann-Whitney test was used to compare results (n.s. not significant, *p <0.05). There was no
significant difference between recovered intracellular counts of each strain when injected alone into Kolf2 iHO, however when injected

together in competition, (Comp TIMER®2¢/ Comp D23580), significantly more D23580 were recovered from within cells.

This investigation into iNTS-causing isolates was continued by undertaking assays with 5
Vietnamese ST34 clinical isolates from the same BAPS (Bayesian analysis of population
structure) cluster, which had been isolated from blood or stool of patients presenting with
salmonelloses.?! Full details of the isolates are provided in Table 3.1. Briefly, the collection
comprised 3 bloodstream isolates, 2 of which had biphasic flagellae (VNB1779, VNB2140)
and 1 monophasic (VNB2315), and 2 stool isolates; 1 biphasic (VNS20081) and 1
monophasic (VNS20101). Cefepime protection competition assays were completed for
these isolates as outlined in 3.2, given their high levels of gentamicin resistance. The three
biphasic isolates VNB1779, VNB2140 and VNS20081 were able to successfully outcompete
TIMERP2¢-SL1344, with mean competition indices (Cl) ranging from 6.35-16.34. Of the
monophasic Salmonella, the bloodstream isolate VNB2315 was less invasive than TIMERP2-
SL1344, with a Cl of 0.64 and the stool isolate VNS20101 was similarly invasive with a Cl of
1.15 (Figure 5.11). These assays demonstrate the utility of the iHO model for examining

interactions between different bacteria within the iHO system, and could pave the way for
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work looking at the interactions and competition between commensals and pathogenic

bacteria.
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Figure 5.11: Competition indices for ST34 Salmonella versus TIMERY>-Salmonella SL1344. Kolf2 iHO were injected with equal ratios of
TIMER®2¢-SL1344 and an ST34 strain and incubated for 1.5 hours prior to undergoing modified Cefepime protection assay and recovery of
intracellular bacteria. Data are presented for 3 biological replicates (each averaged from 3 technical replicates) +/- SEM. ST34 isolates
expressing biphasic flagellae were much more invasive than their monophasic counterparts; outcompeting TIMER"2¢-SL1344 with 6 to 16-

fold higher intracellular counts of recovered bacteria.

5.5 Other applications for the iHO model - investigating mutations of interest

One of the major advantages of hiPSC-derived iHO is the ability to produce models of the
gut epithelium from individuals with disease-causing mutations without requiring an
invasive biopsy. This approach facilitates studies on the function of the epithelium in
diseased individuals compared to healthy controls. As an example, this project utilised hiPSC
from an individual with a mutation in the CARDS8 gene, a host gene with a role in the
immune response to infection. CARDS is an inhibitor of the pro-inflammatory protein,
caspase-1. CARD8 and other CARD-containing proteins regulate apoptosis via interaction
with caspases and control activation of the NF-kB pathway, modulating expression of genes
involved in inflammation.32 CARD8 has no murine homolog. Mutations in CARDS can lead to
loss of inhibition of NF-kB mediated signalling and a clinical phenotype of auto-
inflammation and immune dysregulation, including an association with systemic
inflammatory response syndrome in human studies.? There is debate about where exactly

CARDS fits in with the inflammasome, with some studies suggesting that CARDS8 directly
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interacts with capsase-1 through a CARD-CARD homophilic interaction, negatively regulating
the activation of caspase-1.32 Others have suggested a model where the nucleotide binding
oligomerization domain-like receptor 3 (NLRP3) inflammasome is made up of a complex of
NLRP3, apoptosis-associated speck-like protein (ASC), caspase-1 and CARDS; having
witnessed interactions between the FIIND domain of CARD8 and the NOD domain of
NLRP3.3* More recent studies have demonstrated that NLRP3 interacts with CARDS in the
resting state, but following stimulation with LPS, NLRP3 instead interacts with ASC,
suggesting that CARD8 may hold NLRP3 in an inactive form until a certain stimulation
threshold is reached.3> It may well be that elements of both of these hypotheses are true,
with CARD8 having been shown to interact with the NOD domain of NOD2 (an NLR protein),
decreasing NOD2-mediated defence from Listeria, via inhibition of construction of the
nodosome.3® The outcome of these mechanisms is that CARDS causes caspase-1 inhibition;
resulting in decreased IL-1f levels, in addition to decreasing NF-kB signalling.3® NF-kB-
mediated signalling is also responsible for levels of IFNy, IL-2, IL-6, IL-8 and B-interferon. Loss
of function alleles in CARD8 have been reported to lead to increased cell death during in

vitro Salmonella infections in lymphoblastoid cells.33

To investigate this potential phenotype of attenuated response to infection, hiPSC
reprogrammed from a skin biopsy from a child with a mutation in the CARDS8 gene were
differentiated into iHO. This child had presented to paediatricians with unexplained
multisystem inflammation and cirrhosis (medical history disclosed by T Kuijpers, Academic
Medical Centre, Amsterdam). There was also evidence of ‘immune dysregulation’; although
the patient’s primary humoral responses were normal, they had suboptimal immunologic
memory function for Epstein-Barr virus and varicella-zoster virus and the presence of a
number of autoantibodies. None of the child’s direct relatives were similarly affected.
Whole genome sequencing revealed a SNP causing a homologous missense mutation in an

amino acid of the CARD8 gene (p.His280Tyr c.838C>T exon 7).

iHO generated from this individual were embedded and cultured as outlined in 2.1.2-2.1.4
(and are referred to henceforth as ‘CARDS cell line’). Light microscopy images taken during
the differentiation process did not demonstrate any obvious differences between the

CARD8 mutant line and the healthy control lines previously differentiated (Figure 5.12).
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Figure 5.12: Sequential imaging of differentiation process for CARD8 cell line from hiPSC to iHO. Images taken on Thermo-Fisher EVOS XL

imaging system at 4x (Differentiation and embedding panels) / 10x (iHO in culture) magnification.

CARDS8 RNA and protein were previously shown to be expressed in haematopoietic cells and
some gut tissue, including the small intestine.3” On interrogation of the RNA-Seq data
generated previously by Jessica Forbester on Kolf2 iHO, transcripts for CARDS in intestinal
epithelial cells were detected at a relatively low level. RNA was extracted from Kolf2 and
CARDS8 iPSC and iHO and RT-gPCR completed for genes of interest. There was no significant
difference between the relative expression of the cell markers for iPSC or iHO from each cell
line, although there was a trend towards higher lysozyme expression in CARD8 iHO versus
Kolf2 iHO. Transcripts for CARD8 were expressed at low levels in all 4 conditions, suggesting
that the commercial primers used were able to detect the transcript in both normal and

mutant lines (Figure 5.13).
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Figure 5.13: Expression of cell type markers in Kolf2 vs CARD8 iPSC and iHO. CARDS transcripts appear to be expressed at low levels in
both Kolf2 and CARD8 lines, with highest expression in Kolf2 iPSC. There are no significant differences in relative gene expression between
the cell lines, although markers for Paneth cells appear to be more highly expressed in CARD8 iHO. Data presented are from 4 technical
replicates, with assays repeated 3 times using paired iPSC/iHO of different batches. Data were analysed using the comparative cycle

threshold (Cy) method, with GAPDH as an endogenous control. Unpaired Mann-Whitney test was used to compare results.

175



All expected cell type markers were visible on immunostaining, however the markers for
secretory cell types (goblet cells, Paneth cells, enteroendocrine cells) appeared to be

expressed at a relatively higher level in the CARDS line (Figure 5.14).

Figure 5.14: Cell marker expression in iHO generated from CARD8 versus Kolf2 cell lines. CARD8 iHO immunostaining demonstrates the

presence of enterocytes (Villin), a polarised epithelium (Phalloidin) and components of the IL-22 receptor complex (IL-22R1, IL-10R2).
Comparative to the Kolf2 iHO imaged in the lower panels, there are a relative abundance of goblet, Paneth and enteroendocrine cells in
iHO from the CARDS lineage (Muc2, Lysozyme, Chromogranin A respectively) and a well-formed mucus layer (Lectin). Images taken on

Zeiss LSM 510 Meta confocal microscope at 20x magnification.

iHO from both lineages were then stained for the presence of the CARDS protein, known to
be expressed in both the nucleus and cytoplasm of cells.3” Immunostaining again
demonstrated the presence of the protein in iHO from both cell lines (Figure 5.15). The
antibody used binds to the last 50 amino acids in the C-terminus of the CARD8 protein.
Given the nature of the mutation (a mis-sense mutation, with single aa replacement), this

portion of CARD8 protein may still be transcribed and translated.
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Figure 5.15: CARDS8 protein expression in CARD8 versus Kolf2 cell lines. CARD8 immunostaining demonstrates the presence of CARD8

protein in iHO from both cell lines. Images taken on Zeiss LSM 510 Meta confocal microscope at 20x magnification.

Supernatants were taken from iHO of both Kolf2 and CARDS lines microinjected with SL1344
and assayed for a number of cytokines. Previous data have shown decreased levels of
circulating monocyte chemoattractant protein (MCP-1) associated with those with CARDS8
polymorphisms and atherosclerotic disease3?; our data showed an increased expression
over time post-infection of MCP-1 in Kolf2 versus CARD8 iHO, but this was not significant
(data not shown). Similarly, increase in IL-8 levels over time was greater in Kolf2 iHO, but
this was again not significant due to lack of data points (data not shown). Western blots
were completed for caspase-1 both pre-infection and after 1.5 and 3 hours post-infection
with SL1344. Caspase-1 levels increased over time in the Kolf2 iHO, whereas in the CARD8
iHO caspase-1 levels decreased over time (Figure 5.16). This suggests that in the Kolf2 line,
functional CARDS8 protein may be binding to caspase-1 and inhibiting its activation and
cleavage into active form.3? Levels of caspase-1 thus increase, as production continues as
part of the positive feedback loop in response to infection/inflammatory stimulus.3?
Whereas, in the CARDS line, the lack of CARD8 allows processing and cleavage of caspase-1,

and its autoprocessing, hence the decrease in levels over time.3?
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Figure 5.16: Western blot for caspase-1 using protein from unstimulated and infected iHO from Kolf2 and CARDS8 lines. CARD8 and Kolf2
iHO were injected with SL1344, and harvested either prior to infection (US) or at 1.5 or 3 hours post-infection and protein extracted for
western blotting for the presence of Caspase-1. Samples were also stained with anti-beta actin antibody to ensure equal protein loading
across conditions. Images taken using ImageQuant LAS 4000. Increasing concentrations of caspase-1 are seen over time in Kolf2 iHO

following infection, whereas the converse is seen in CARD8 iHO.

Given the interesting phenotypical differences seen using immunostaining and Western
blotting, CARD8 iHO were microinjected with S. Typhimurium SL1344 to assess their
susceptibility to infection versus their Kolf2 counterparts (Figure 5.17). These assays
demonstrated significantly fewer bacteria invading intracellularly in the CARD8 iHO. Counts
were lower at both 1.5 and 3 hours after infection, suggesting a decreased ability to invade
and replicate intracellularly. It was hypothesised that bacteria may be being killed in the
lumen by an increased concentration of antimicrobial peptides, given the higher proportion
of Paneth cells suggested by staining in the CARDS line. Therefore, luminal infection assays
were done both in bulk and on sequentially harvested single iHO (Figure 5.17). Initial counts
of SL1344 surviving in the lumen were similar for both cell lines, however at 3 hours,
significantly more SL1344 were surviving and replicating in the lumen of the CARD8 iHO
than the Kolf2 iHO. This was contrary to the expectation that more bacteria would be killed
in the lumen by AMPs in the CARD8 iHO. However, it is worth noting that alongside the
increased amount of Paneth cells in CARDS8 iHO, there were also increased numbers of
goblet cells and a more robust mucous layer, which may provide a protective environment
for SL1344 to survive and replicate within in the lumen of the iHO (Figure 5.18). In addition,
it is possible that the thicker mucus layer formed a physical barrier to prevent invasion, or
that decreased intracellular invasion could be due to there being relatively fewer
enterocytes versus secretory cells for the bacteria to invade through; given that epithelial

invasion would be expected to occur via enterocytes (Figure 5.17).
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Figure 5.17: Intracellular and luminal bacterial counts in SL1344-infected Kolf2 and CARD8 iHO. (A) Kolf2 and CARD8 iHO were injected
with SL1344 and incubated for 1.5 or 3 hours post-infection, followed by modified gentamicin protection assay to recover intracellular
bacteria. Intracellular bacterial counts were lower in CARD8 iHO at both 1.5 and 3 hours. (B) TEM imaging of SL1344 bacteria inside of an
enterocyte from CARD8 iHO at 1.5 hours post-infection, with bacteria located in SCV (arrow) and phagolysosome (asterisk). (C)
Significantly more bacteria were recovered from the lumen of CARD8 versus Kolf2 iHO at 3 hours post-infection, with significant increase
in the amount of bacteria between 1.5h and 3 hours in the CARD8 lumen. (D) Similar results were seen when single iHO were harvested at
hourly intervals, with significantly more intraluminal bacteria being recovered from CARD8 iHO at 4 hours post infection. Data are
presented for 3 biological replicates, (each averaged from 3 technical replicates) per condition +/- SEM. Multiple single iHO were used for
luminal assays in D and 30 iHO injected per replicate for intracellular assays in A and luminal assays in C. Unpaired Mann-Whitney test was
used to compare results (*p <0.05, **p<0.01, ****p<0.0001).
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Figure 5.18: Bacterial interactions with the mucus layer following infection. Kolf2 and CARD8 iHO were injected with SL1344 and
incubated for 1.5 hours prior to fixing and undergoing preparations for TEM. Toluidine blue staining demonstrates a thinner mucus layer in
the Kolf2 iHO lumen (A), with more direct interaction between bacteria and epithelium (arrow), versus a thick mucus layer containing
bacteria, seen in CARD8 iHO lumen (arrow) (B). Images taken at 63x magnification. (C) TEM imaging of SL1344 having breached the mucus
layer (asterisk) and damaged microvilli on the apical surface of the epithelium in Kolf2 iHO.
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5.6 Discussion

This chapter addresses a number of questions about the intraluminal environment of the
iHO system, which is challenging to study. Ideally, obtaining material from the iHO lumen
would involve a reverse microinjection system, and direct removal of luminal contents, since
even breaking up iHO and releasing their luminal contents into small amounts of PBS will
markedly dilute any peptides held within the lumen. Harvesting of cells and transcriptional
analysis seemed an initial logical proxy as a method of making this measurement, but this
would rely upon harvesting at the correct moment that each cytokine is being transcribed.
The timing may, of course, differ amongst cytokines, which could explain why limited
response was recorded amongst some of the AMPs studied in this chapter. Perhaps a later
harvesting point and blotting for protein would have yielded additional data, as attempted
in the mouse model described by Wilson et al.3 This study notes restriction of S.
Typhimurium LT2 strain growth in the lumen of murine organoids for up to 20 hours post
infection due to alpha-defensin production, however, results presented at 9 hours post
infection showed killing / growth restriction in some replicates and replication over the
initial inoculum in others. In addition, the infective dose administered in these experiments
was between 50 and 5000 CFU per organoid, versus ~17,000 CFU per iHO in this study,
suggesting that there are sufficient defensin concentrations in the lumen to restrict growth
of a small inoculum, but that this system can become overwhelmed with a larger infective

dose, as seen in the current study.

It was curious to note that strains of S. Enteritidis, despite their ability to cause a similar
clinical picture to S. Typhimurium of gastrointestinal disease and iNTS (even being recorded
as a more common cause of invasive disease in some studies**%4!), were much less
successful at invading the epithelium. Both serovars harbour SPI-1 and SPI-2, so would be
expected to have similar machinery for invading and replicating within cells.*® None of the S.
Enteritidis strains trialled in this study were known to have mutations in SPI-1 or SPI-2
genes. S. Enteritidis are known to have monophasic flagellae, as compared to S.
Typhimurium SL1344 which is biphasic. The monophasic ST34 S. Typhimurium variants used
in the competition model did however invade to a greater extent than S. Enteritidis, so it is

unlikely that this is the sole cause of their limited invasion potential. Other outcomes of
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genetic differences between S. Enteritidis and S. Typhimurium such as differing O antigens
may have played a role in their ability to be recognised by an inflammatory response
induced by the iHO epithelium. S. Enteritidis with outer membrane instabilities (such as
antimicrobial peptide resistance gene mutations) were demonstrably less effective at
colonising the avian intestine.*? In this study, both S. Enteritidis 6206 and 6174 harboured
membrane-related mutations, in addition to which, the amiA mutation in 6206 may have

rendered it more sensitive to luminal AMP killing.

It was satisfying to witness the survival of EPEC within the iHO lumen. If time allowed, it
would have been useful to obtain more detailed imaging, via TEM, of the interactions
between the bacteria and the epithelial surface. This could clarify whether A/E lesions are
being formed, and allow study of survival of mutant strains of this bacteria, such as those
with mutations in adhesins such as bundle forming pili and EspA filaments, which have been

demonstrated to be key in brush border attachment.*

The results generated when clinical isolates of Salmonella were placed into competition
with a reference strain produced evidence of the potential of the iHO model for
investigating differences between native and invasive bacteria in the gut. They also
demonstrated a possible role for biphasic flagellae in success at invading the epithelium and
evading the antibacterial response in the iHO system. Assays performed using these strains
in murine bone marrow-derived macrophages demonstrated the same pattern of increased
invasiveness of the biphasic versus monophasic strains, greater release of IL-153 in
supernatants and pyroptosis of macrophages following infection with biphasic strains (S.
Baker, unpublished data). The isolates used here were all multiply drug-resistant, so it may
be that the plasmids encoding AMR are partly responsible for their increased invasiveness. It
would be useful to generate mutants of these strains lacking their MDR plasmids and
observe whether there is still a difference between monophasic and biphasic serovars. High
resolution TEM imaging may also provide information as to the nature of flagellin

expression during interactions with the epithelium.

The CARDS8 work outlined in this chapter demonstrates the potential of the iHO model for

the non-invasive investigation of response to infection in patients with genetic mutations
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causing immune dysregulation. There were some interesting phenotypical differences in iHO
generated from the patient cell line, which correlated with a differing response to S.
Typhimurium infection than that seen in the healthy volunteer cell lines used elsewhere in
this project. It would be of interest to look at responses in macrophages generated from this
stem cell line too, as their response to infection will likely differ; one would expect to see a
caspase-1 dependent inflammatory pyroptosis in Salmonella-infected macrophages (also
witnessed in dendritic cells) versus the caspase-1 independent apoptosis seen in epithelial
cells.** Given their lack of inhibition of caspase-1, one may expect CARD8-deficient
macrophages to undergo pyroptosis more quickly following infection. Caspase-1 deficient
mice demonstrated increased susceptibility to invasive salmonellosis, suggesting that in
vivo, controlled pyroptosis is a protective mechanism to prevent disseminated infection.*>4®
In the pilot experiments with the CARDS8 cell line outlined in this chapter, the patient line
was being compared to a healthy control line with a different genetic background, meaning
that there is the possibility of other genetic sources of variance causing the unusual CARD8
iHO phenotype and response to infection. It was therefore planned to construct an isogenic
control line with which to repeat these experiments; using CRISPR/Cas9 to reproduce the
point mutation seen in the patient line in the Kolf2 hiPSC background. This however proved
more challenging than expected and at the time of writing, only heterozygous mutants have
been produced, with one allele edited to have the CARD8 mutation and one remaining wild
type. Once a homozygous mutant is produced, this work could be taken forwards by
repeating the assays outlined above, completing experiments to assess relative proportions
of iHO epithelial cell death following infection and investigating more closely the luminal
environment produced during infection in iHO from a cell line deficient in CARDS. It would
also be interesting to produce macrophages from this cell line with which to perform
invasion assays and imaging, transcriptomics and supernatant analysis to study differences

in inflammatory response between cells expressing CARD8 versus those that do not.
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