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Host-defense peptides enhance enteric viral infection in a small intestinal organoid model and
in vivo
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Assistant Professor Jason G. Smith
Department of Microbiology

The human small intestinal epithelium is a physical barrier to microbes, but it also
produces numerous proteins and peptides that form a chemical barrier to infection. The most
abundant of these peptides are the enteric a-defensins, which are produced by specialized
epithelial cells called Paneth cells. Studies examining the role of a-defensins in enteric infection
have been hampered by an inability to grow Paneth cells in culture. Using a recently described
method for growing primary stem cell-derived small intestinal organoids, we established an
infection model to examine the impact of naturally secreted a-defensins on enteric pathogens in
vitro. Small intestinal organoids cultured from wild type and functional a-defensin-deficient
mice (Mmp 777) were microinjected with enteric pathogens to mimic apical infection. Wild type
organoids were shown to produce functional a-defensins, which were capable of restricting the
luminal growth of Salmonella enterica serovar Typhimurium (STM). Growth restriction was
demonstrated for multiple strains of STM by both microscopy and viable bacteria counts, but
growth of STM was not inhibited in Mmp7~ organoids. This model was then validated in a

separate study demonstrating that mucoid Klebsiella pneumoniae variants are more resistant to



mouse enteric a-defensin killing than non-mucoid variants of K. pneumoniae, which lack a
capsule. The small intestinal organoid infection model was next used to examine the impact of
naturally secreted a-defensins on enteric viral infection. Consistent with results using purified
enteric a-defensins, infection by mouse adenovirus-2 (MAdV-2), a natural enteric pathogen of
mice, was enhanced after microinjection into wild type organoids. Enhancement was not
observed upon infection of colonic or Mmp7~~ organoids, which lack mature o-defensins.
Establishing that results observed in small intestinal organoids are predictive of in vivo effects,
wild type mice orally infected with MAdV-2 shed more virus in their feces than Mmp7~~ mice.
In summary, we have created and validated a model to investigate interactions between enteric
pathogens and small intestinal epithelial cells. These studies are the first to examine the impact
of direct prolonged ex vivo co-culture of enteric pathogens with viable primary epithelial cells

capable of naturally producing enteric a-defensins.
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Chapter 1: Introduction

1.1 Mammalian enteric defenses and Paneth cells

The gastrointestinal tract is both home to a diverse repertoire of commensal bacteria and
serves as an entry point for a large number of pathogenic viruses and bacteria. Intestinal
epithelial cells help to define and defend this critical interface through a variety of mechanisms
including (1) physical processes such as cell turnover, (2) chemical barriers provided by secreted
proteins and mucus, and (3) signaling cascades that can augment and shape downstream adaptive
immune responses '. Epithelial cell derived antimicrobial peptides (AMPs) are one of the most
ancient and well-conserved forms of chemical defense. Nearly all multicellular organisms,
including plants, insects and mammals, produce AMPs . In the gastrointestinal tract, AMPs have
a dual role, in that they both protect from pathogen invasion but also maintain homeostasis of the
commensal microbiota *. Therefore, the production of epithelial AMPs is critical in defining the
ecology of the gastrointestinal tract.

The small intestine, a major source of enteric AMPs, is made up of finger-like protrusions
called villi and invaginations known as the crypts of Lieberkuhn. The small intestine is the most
rapidly self-renewing tissue in the body *. Intestinal stem cells in the crypt base can undergo
asymmetric division, with one daughter cell maintained as a stem cell in the crypt base and one
daughter cell immediately differentiating while moving upward toward the villi °. These
upwardly mobile cells differentiate into three main epithelial cell types; mucus-producing goblet
cells, hormone producing enteroendocrine cells, and enterocytes (Figure 1.1). The entire process,
from crypt base to villus tip takes 4-5 days. Cells that reach that villus tip are either sloughed off

or undergo apoptosis and are detached *.
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Figure 1.1 Differentiated epithelial cell types of the small intestine. The small intestinal
epithelium consists of mucus producing goblet cells, hormone producing enteroendocrine cells,
AMP producing Paneth cells and enterocytes. AMPs are retained in the inner mucus layer, where
they restrict they growth of bacteria under homeostatic conditions. Commensal bacteria are

generally found in the outer mucus layer.



In some cases, the daughter cell of an asymmetric division migrates downward into the
crypt base, where it differentiates into a Paneth cell. In contrast to the other differentiated
epithelial cells of the small intestine, Paneth cells are long-lived, and can persist in the crypt base
for weeks to months *. As the primary producers of AMPs in the small intestine, Paneth cells are
defined by their large secretory granules. AMPs packaged in Paneth cell granules include
secretory phospholipases, lysozyme, the antibacterial lectin REG3a (REG3y in mice), and a-
defensins *. However, a-defensins are the major products of Paneth cells and account for the
majority of the antibacterial activity *°.

Paneth cells are restricted to the small intestine, except in cases of disease where ectopic
expression in the colon or esophagus has been described *. In the small intestine, AMPs released
by Paneth cells are trapped in the inner mucus layer, creating a gradient where the highest
concentrations of AMPs are found in closest proximity to the epithelial cells’ (Figure 1.1). Due
to the presence of AMPs, commensal bacteria are virtually absent from the inner mucus layer,

and are most abundant in the lumen’.

1.2. Defensins
a. Classification and structure”

Defensins are small (~29-42 amino acid), cationic, amphipathic peptides with a
predominantly -sheet structure stabilized by 3 disulfide bonds (Figure 1.2). They can be broadly
classified on the basis of structure and disulfide bond organization into three groups: a-, -, and

0-defensins. As humans and mice lack 6-defensins, they will not be discussed further *. Humans

# Adapted in part from Wilson, S.S., Wiens, M.E. and Smith, J.G. Antiviral mechanisms of
human defensins. J Mol Biol 425, 4965-4980 (2013).



Figure 1.2 Structure of a-defensins. A representative structure of HNP3 as a dimer is shown
from two different angles. Disulfides bonds are highlighted in yellow. Residues contributing to
the salt bridge and the dimer interface are shown as ball and stick models. Dotted lines indicate

hydrogen bonds at the dimer interface.



express six o-defensins and up to 31 B-defensins °. The a-defensins can be further subdivided
into myeloid human neutrophil peptide (HNP) 1-4 and enteric [human defensin (HD) 5 and 6]
peptides on the basis of both expression patterns and genetic organization '°. Mice lack
neutrophil a-defensins, but have undergone an expansion of their enteric a-defensin locus, and

11,12

encode upwards of 20 enteric a-defensins, termed cryptdins, for crypt defensins . Mice also

express over 40 B-defensins, though few have been characterized at the protein level " Another
distinct feature of mice is the expression of the antimicrobial cryptdin related sequence peptides
(CRS), which are co-expressed with cryptdins in mouse Paneth cells '*. CRSs are cationic and
cysteine rich, similar to cryptdins, but unlike the six cysteine residues that define a- and 3-
defensins, they have nine or eleven cysteine residues.

All of the human a-defensins have been shown to multimerize into at least dimers either

15-18

in solution or in crystal structures . In contrast, rabbit neutrophil a-defensins and the mouse

519 'HNP1-4 are predominantly

enteric a-defensin Cryptdin-4 (Crp4), are monomeric in solution
expressed by neutrophils but can also be found in or expressed by monocyte/macrophages,
natural killer (NK) cells, some T cells, B cells, and immature dendritic cells (DCs) '“*. HD3,
HD6 and cryptdins are expressed by epithelial Paneth cells of the small intestine '**'*2. HDS is
also expressed by epithelial cells in the male and female genitourinary tract >,

Quantification of physiologic defensin concentrations in vivo is complex, as defensins are
present at high local concentrations within specific cell types or upon release from cells into
confined anatomical niches (e.g., crypts of the small intestine) but can become diluted in
extracellular fluids. For the myeloid a-defensins, Daher et al. estimated ~3 mM (10 mg/ml)

HNPs in neutrophils, with even higher local concentrations in the azurophilic granules in which

they are stored >’. For the enteric o-defensins, Ayabe et al. estimated concentrations of >3.5 mM
y y



(15-100 mg/ml) in the crypt lumen, the site of Paneth cell degranulation °. These concentrations
are likely similar in the human small intestine, where HD5 expression exceeds that of HD6 by 6-
fold **. In healthy patients, epithelial lining fluid of the lung contains 31-79 nM HNP1-3, nasal
fluid contains ~2.7 uM HNP1-3, saliva contains 0.3-3 uM HNP1-3, and vaginal secretions
contain ~1.5 uM HNPs and 0.3-14 uM HD5 **. However, in certain diseased states defensin
levels can be highly elevated. For example, 57 uM to 2.4 mM concentrations of HNP1 have
been found in epithelial lining fluid of cystic fibrosis patients *. Overall, the concentrations of a-
defensins present in vivo are generally within the range that is needed for direct antimicrobial

activity.

b. Processing and expression of enteric a-defensins
All a-defensins are produced as pre-pro-peptides, and undergo proteolytic processing to
their mature forms. Only the mature forms of a-defensins have antimicrobial activity in cell

30-32
culture

. In mice, the protease matrix metalloproteinase 7 (MMP7, or matrilysin) is expressed
in Paneth cell granules and cleaves pro-cryptdins to their mature forms **. As the creation of a
complete a-defensin knock-out mouse is complicated by the large number of a-defensins mice
encode, Mmp 7" mice, which lack mature o-defensins, have been used to study the role of a-
defensins in vivo **. Human Paneth cells lack MMP7, and instead trypsin is responsible for
processing human enteric a-defensins *°. While mouse enteric a-defensins are stored in their
mature form in Paneth cells granules, human enteric a-defensins are stored in pro-forms, and

cleavage to mature forms it thought to happen either during secretion or immediately upon

release of Paneth cell granules into the intestinal crypt .



Unlike some AMPs, enteric a-defensins are constitutively transcribed independent of
microbial signaling. This is supported by the fact that mature enteric a-defensins are produced

both in germ-free mice and prenatally in humans ***°

. Instead, expression of a-defensins is
linked to cellular differentiation and is under the control of TCF4, a WNT pathway transcription
factor >*¥7. Constitutive secretion of a-defensins is detected under baseline conditions **,
although higher levels of secretion can be induced in a calcium dependent manner by
acetylcholinergic agents ***°, bacteria and bacterial derived products ®**', and other TLR
agonists, possibly through IFN-y signaling *****. As discussed previously, Paneth cells can live
for upwards of one month and are thought to constantly release AMPs into the intestinal lumen *,

Therefore, unlike some granulocytes, Paneth cells must be able to survive degranulation,

although the precise mechanism that controls degranulation and regranulation is not clear.

1.3 Interactions between microbes and purified a-defensins in cell culture
a. Mechanisms of antibacterial activity
Membrane disruption

The major mechanism through which defensins kill bacteria is non-enzymatic membrane
disruption. A lipid disruption model of killing is supported by both experiments using model
microbial membranes of various lipid compositions as well as studies using whole bacteria **’.
In this model, cationic a-defensins first bind to negatively charged bacterial surface components,
and then hydrophobic a-defensin regions facilitate membrane insertion **. The specific
membrane disruptive mechanism observed is dependent on defensin quaternary structure. Dimer
forming defensins, such as HD5 and HNP1-3, are predicted to form multimeric pores after

2,49
D =

insertion, as has been shown for HNP . These pores can conduct ions and are highly stable,



as the a-defensins do not undergo secondary structural rearrangements when they enter

2,50,51

membranes . In contrast, defensins such as rabbit NP-1 and Crp4 that are monomers in

solution induce graded leakage from model membranes that is highly dependent on peptide

18,30

concentration, indicating that they do not form stable pores . However, in both cases defensin

binding can lead to permeabilization of the outer and then inner membrane, an efflux of

metabolites and ions, a reduction in membrane potential, and eventual osmotic lysis *%.

Binding to Lipid I1

For some organisms binding and subsequent permeabilization alone is not sufficient to
explain activity. Consistent with this idea, some have hypothesized that pore formation is instead
a means to allow a-defensins to gain access to the bacterial cytosol *°. In this model, the major
antibacterial targets of a-defensins are intracellular, and the concomitant membrane damage is a
transient side effect. Diverse classes of antibacterial compounds, such as such as -lactam
antibiotics (e.g., penicillin, carbapenem, etc.) and glycopeptides (vancomycin, daptomycin, etc.)
target the prokaryotic cell wall and its synthetic machinery. Recently a related mechanism has
been posited for defensins, as HNP1 and human B-defensin (HBD) 3 have been shown to bind to
and sequester the cell wall building block lipid II, which is highly conserved among bacteria *.
Lipid II sequestration leads to bacterial death, an outcome that can be avoided when bacteria
with altered levels of lipid II are used >. More work is needed to elucidate other intracellular
targets of defensins and to understand the relative contributions of membrane disruption and

intracellular targeting to the killing of Gram-positive versus Gram-negative organisms.

Mechanisms of bacterial resistance to defensins



As AMPs represent a major barrier to productive infection, bacteria have evolved
mechanisms to circumvent their effects. These can be divided into 3 main categories (1)
inactivation or degradation of AMPs, (2) repulsion of AMPs through bacterial surface and cell
membrane modifications, and (3) expulsion of AMPs via efflux pumps >*. A number of bacterial
species secrete proteins that can inactivate or degrade AMPs. Streptococcal inhibitor of
complement (SIC) and related proteins are produced by several strains of group A streptococci
and have been shown to bind and inhibit the activity of HNP1 and HBD1-3 in vitro .
Highlighting the importance of this antagonism for productive infection, bacteria with mutations
in SIC display impaired colonization in a mouse model *°. Staphylococcus aureus and
Staphylococcus epidermidis both secrete proteases that have been shown to degrade extracellular
AMPs > A related mechanism of action is secretion of cytolytic toxins that can promote the
degranulation of neutrophils *. In vivo this may allow bacteria to disarm neutrophils at a
distance, thereby enabling escape from a-defensin killing.

The bacterial surface and cell membrane are highly anionic, which plays a crucial role in
a-defensin mediated killing of bacteria as charge drives interactions between these components
and cationic a-defensins. Gram-negative bacteria have a thin layer of peptidoglycan sandwiched
between an inner and outer membrane. The outer membrane has an inner phospholipid layer,
while lipopolysaccharide (LPS) forms the outer leaflet. In contrast, Gram-positive bacteria only
have an inner membrane but are surrounded by a thick, multi-layer peptidoglycan cell wall,
which includes various types of teichoic acid polymers. Both LPS and teichoic acid are highly
anionic and are the major contributors to the net negative charge of the bacterial surface °°'.
Therefore, a major defense mechanism employed by bacteria against a-defensins is to reduce the

negative charge of LPS and teichoic acid, which leads to a direct reduction in a-defensin



accumulation and subsequent killing >*%,

The gram-negative pathogen Salmonella enterica serovar Typhimurium (STM) has been
well studied in this regard, and it has been shown that specific modifications to the lipid A
portion of LPS can increase resistance to AMPs *. Remodeling of lipid A is transcriptionally
regulated via activation of the PhoP-PhoQ two component regulatory system, which has been
shown to directly sense and respond to the presence of AMPs ®. Once phosphorylated, the
transcriptional regulator PhoP activates the PmrA-PmrB two component regulatory system.
Activation of PmrA-PmrB is necessary for the production of charged-neutralized lipid A due to
the incorporation of aminoarabinose and ethanolamine moieties °*. To further defend against
AMPs, PhoP also activates the alternative sigma factor RpoS, which increases resistance to
oxidative stress >*. Finally, PhoP-PhoQ activation leads to a decrease in membrane fluidity and
permeability due to changes in the acetylation of lipid A °*%7. STM mutants unable to alter lipid
A, such as those lacking a functional PhoP-PhoQ regulon, are sensitive to AMPs in vitro and are

628 Furthermore, as PhoP-PhoQ homologs are found in a

avirulent in mouse infection models
variety of other Gram-negative organisms, it is likely that similar mechanisms are employed by
these bacteria to defend against AMP-mediated killing >,

In Gram-positive bacteria, the dltABCD operon is responsible for the charge

. . . . . . . . . 54.69
neutralization of teichoic acids via the incorporation of D-alanine >

. Mutation of this operon
reduces the survival of S. aureus after in vitro exposure to AMPs and has been shown in mouse
models to reduce the virulence and colonization of multiple Gram-positive organisms including
S. aureus and Listeria monocytogenes "7*. A final cell surface modification that can protect from

AMP Kkilling is the production of capsular polysaccharides, such as those made by Klebsiella

pneumoniae, Neisseria meningitidis, and S. epidermidis **. In all cases tested, disruption of

10



capsular biosynthesis sensitized bacteria to AMPs and reduced virulence in relevant mouse
models **.

In addition to having negative surface components, bacterial cell membranes in general
are composed of a high percentage of acidic phospholipids such as phosphatidylglycerol, and
therefore, have a net negative charge *. As eukaryotic membranes are asymmetric and have a
tendency to place negatively charged phospholipid head groups on the inner leaflet, this also
helps explain the lack of toxicity observed to eukaryotic cells in spite of exposure to high local a-
defensins concentrations *. Both Gram-negative and Gram-positive organisms are able to modify
phosphatidylglycerol with lysine in a process dependent on membrane protein MprF "7, MprF
activity decreases the net negative charge of the bacterial cell membrane, and mutations in MprF
have been shown to increase susceptibility to AMP killing in vitro and in vivo "*".

Finally, although efflux pumps have been reported to be important for the bacterial
resistance to some AMPs, including cathelicidins, their importance for defensin resistance is less
clear >*. K. pneumoniae AcrAB efflux pump mutants are more susceptible to HNP1, HBD1 and
HBD2 killing than wild type bacteria '*. However, a separate study found no role for efflux
pumps in AMP resistance, as overexpression of AcrAB, MexAB, and NorA in E. coli,
Pseudomonas aeruginosa, and S. aureus did not confer resistance to HD5, HNP1, HBD2 or

HBD3 . Therefore, the role of efflux pumps is likely both AMP and bacterium specific and

warrants further investigation.

b. Mechanisms of antiviral activity”

Antiviral mechanisms through direct interactions between defensins and virus

# Adapted in part from Wilson, S.S., Wiens, M.E. and Smith, J.G. Antiviral mechanisms of
human defensins. J Mol Biol 425, 4965-4980 (2013).

11



Modes and determinants of defensin binding to viruses

Although lipid membrane disruption is the major mechanism of a-defensin antibacterial
activity, it is insufficient to explain the antiviral activity of a-defensins. A growing literature has
demonstrated that a-defensins inhibit many species of viruses, including numerous non-
enveloped viruses, which by definition lack a lipid target. Therefore, there are likely multiple
modes of defensin binding to viral particles. First, defensins can interact with lipid bilayers of
enveloped viruses, which is facilitated by the presence of negatively charged phospholipids
10:2099 - gecond, four of the a-defensins (HNP1-3 and HD5) and HBD?3 are lectins capable of

767 Third, defensins can potentially engage in protein-

binding to glycoproteins and glycolipids
protein or protein-DNA interactions. As they are both cationic and amphipathic, defensins can
interact with ligands through charge-charge and hydrophobic interactions. Defensin
oligomerization, particularly for a-defensins, and conformational stability imparted by disulfide
bonds may further influence binding. Each of these interactions contributes to the antiviral
activity of defensins, and their relative importance depends on the specific virus/defensin pair
under investigation.

The property of defensins that has been most widely investigated for its contribution to
antiviral activity is stabilization of the 3D structural fold through the formation of disulfide
bonds. Generally, destabilized or “linear” defensins are generated by substituting the conserved
cysteine residues either in toto, individually, or in pairs to natural or non-natural residues that
cannot form disulfide bonds such as serine or a-amino-n-butyric acid (Abu). Alternatively, wild
type defensins are reduced and chemically modified (alkylated) to prevent disulfide bond

formation. All reported studies have shown that the disulfide-stabilized forms of a-defensins are

required to either inhibit [herpes simplex virus-1 (HSV-1), human adenovirus serotype 5

12



(HAdV-5), influenza A virus (IAV), and human immunodeficiency virus-1 (HIV-1)] or enhance

(HIV-1) virus infection *"-**

. Together, these studies suggest that the effects of a-defensins on
virus infection are more likely to be due to their amphipathicity or ability to multimerize, which
are structurally dependent, rather than the net positive charge of the molecule that is common to
both native and “linearized” forms.

The capacity of defensins to function as lectins and bind selectively to sugars contributes
to their antiviral properties; however, defensins also bind to host cellular and serum proteins >”"°.
The relative affinity for viral targets versus serum components may explain why some defensins
are only antiviral against particular viruses in the absence of serum. Although it has been shown
that HD5 binds natural viral glycoproteins, notably HSV-1 glycoprotein D (gD) and HIV-1
gp120, with a higher affinity than bovine serum albumin or fetuin, serum substantially attenuates

27,76,85
77685 Nonetheless,

the antiviral activity of HNP1 against HSV-1, even at low concentrations
this effect can be overcome at higher HNP1 concentrations or by pre-incubating the virus with
HNP1 before it is added to cells. The addition of serum also abrogates the antiviral activity of
HNP1-3 against both X4 and R5 tropic HIV-1 **¥_ Although it has been reported that HD5
enhances HIV attachment and infection of primary T cells in the presence of 5-10% serum, a

recent study suggests that HIV-1 infection of these cells is blocked in 0-2% serum *%*!

. Upon
further investigation, it was revealed that the apparent antiviral activity of HDS5 against HIV-1
infection of primary CD4" T cells in the absence of serum is due to increased HD5-mediated cell
toxicity, which is not observed with other cell types °%. Serum also competes for HD5 binding to
and inhibition of HAdV, which lacks viral glycoproteins **. Two notable exceptions to the
abrogating effects of serum are inhibition of human papillomavirus (HPV) and human BK virus

(BK) infection by a-defensins, which are not blocked by 10% or 5% serum respectively ***°.
Y
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Rapid inactivation by binding to serum components may protect host cells from damage by
defensins; however, defensins likely remain potently antiviral in vivo at high local concentrations
upon initial secretion and in serum-free anatomical locations (e.g., phagocytic vacuoles or the
bowel lumen).

Although much of the antibacterial activity of defensins is attenuated at physiologic salt
concentrations ', this is not generally true for their antiviral activity. We have shown that super-
physiological concentrations of salt inhibit HD5 binding to HAdV, which implicates charge-
charge interactions in HD5 binding to the viral capsid *>*°. In general, differential salt sensitivity
may reflect variation in both the molecular interactions and the mechanisms of defensin-
mediated killing or neutralization of viruses versus bacteria.

A limited number of structure-function studies have evaluated the roles of additional
features of a-defensins in modulating viral infection. We have shown that the conserved salt
bridge stabilizing a loop between two beta strands of HDS5 is dispensable for HAdV-5 inhibition
8! Similarly, mutation of an invariant glycine residue (Gly17) of HNP2 to glutamate severely
attenuates the antibacterial activity of HNP2 but results in only a minor loss of antiviral activity
against HPV-16 °*°"_ In contrast, specific arginine residues are critical for HD5 binding to
HAdV-5 and HPV-16, and this activity is not purely charge-dependent, as lysine substitutions for
selected arginine residues did not preserve antiviral activity °°. Likewise, a double RO9H/R13H
mutant of HD5 was attenuated for enhancement of HIV-1 infection in the presence of serum,
indicating that this property is also not simply charge-dependent *®. Furthermore, the capacity of
HDS to self-associate is critical for antiviral activity against both HAdV-5 and HPV-16 and for
HIV-1 gp120 and HSV-1 gD binding "*****'%. These properties were revealed through

mutations that disrupt defensin activity. In the converse approach, residues in HDS under

14



positive selection were mutated in an effort to augment the antiviral activity of HD5 against
HSV-2 *°. One mutant, (HD5 E21R) demonstrated improved anti-HSV-2 and anti-HIV-1 activity
in cell culture and was both prophylactically (1 hour before infection) and therapeutically (24
hours after infection) protective against lethal HSV-2 challenge in a mouse model. Collectively,
these studies suggest that specific features of viruses are selectively bound by defensins, and that
the binding interface of the defensin is sequence-specific and not merely charge-dependent.

The basis for selective recognition of diverse viruses by defensins is largely unknown.
Defensins may interact with either the lipid bilayer or envelope glycoproteins of enveloped
viruses; however, protein-protein interactions must be critical for binding to non-enveloped
viruses (e.g., HPV and HAdV) and likely contribute to binding to enveloped viruses as well. For
HIV-1, competition with site-specific antibodies was used to map HNP2 binding sites on gp120
%1 For species C HAdV (HAdV-C), we have used structural studies and a chimeric approach to
identify capsid determinants of HD5 binding *""'*. Other than for these two viruses, almost
nothing is known about specific determinants of the viral particle that dictate defensin binding.
Nonetheless, the fact that closely related defensins have differential antiviral (or infection-
enhancing) effects indicates selectivity and may inform the design of future studies to elucidate

the basis for recognition.

Direct virus inactivation by affecting envelope

Direct interactions between defensins and structural components of the virion,
particularly the lipid bilayer of enveloped viruses, could destroy or destabilize the virus and
render it non-infectious. This mechanism was proposed in the first studies of the antiviral

27,80,85,103

activity of human and rabbit neutrophil a-defensins . In support of this hypothesis,
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HSV-1 inactivation by rabbit NP-2 or HNP1 was impaired at temperatures below 20°C and was
more effective at 40°C than 37°C, implicating the fluidity of the membrane rather than binding
as an important parameter >”*. HNP1 has also been shown to bind directly to HSV-1 and to
model membranes containing phosphatidylserine *’. Nonetheless, the morphology of HSV-1 by
electron microscopy was not altered by incubation with a neutralizing concentration of HNP1 *’.
Similarly, treatment of HIV-1 with HNP1 in the absence of serum irreversibly decreases
infectivity, although a physical change in particle integrity was not determined **'**. More
recently, the lipid bilayer of respiratory syncytial virus (RSV) exposed to neutralizing HBD2 but
not non-neutralizing HBD1 was visibly damaged when assessed by electron microscopy .
Although the universality of this phenotype was not quantified, the proteins of the bulk
population of the virus were more buoyant in a density gradient, suggesting that most of the viral
particles were disrupted. The altered morphology was correlated with a 70% reduction in virus
attachment to the cell. This is perhaps the most convincing data for direct viral envelope
disruption by a defensin and likely extends to human parainfluenza virus 3 (HPIV-3), which has
a profile of defensin sensitivity similar to that of RSV '*.

The broad neutralization of many enveloped viruses supports the hypothesis that the lipid
bilayer is the target; however, enveloped viruses are not universally susceptible and their
sensitivity to a-defensins can be highly variable. For example, in one study rabbit NP-1 and NP-
2 inhibited HSV-1 up to 1000-fold, HSV-2 10-fold, vesicular stomatitis virus (VSV) 100-fold,
and AV 56-fold but had no effect on cytomegalovirus (CMV) *. Similarly, HNP1 potently
inhibited HSV-1 (1000-fold) and HSV-2 (100-fold) but only weakly inhibited CMV (6-fold),

VSV (7-fold), and IAV (6-fold) ¥, Defensin perturbation of lipid bilayers is dependent upon

their composition. It is favored by negatively charged phospholipids; whereas, neutral bilayers

16



99,103

are largely inert to defensin . The lipid content of viral envelopes is dependent upon the

subcellular location and membrane microdomains from which they bud and likely varies among

viral families '%

. If direct membrane perturbation contributes to the antiviral effect of defensins,
then differences in the lipid composition of the envelope may in part explain the differential
susceptibility of viruses to defensins.

In contrast to disruption of enveloped viruses, increased capsid resistance to mechanical
force or heat has been observed upon HD5 binding to non-enveloped HAdV-C ***!'%7 This
effect correlates with the inability of the HD5-bound particle to uncoat, similar to a genetic
mutant of HAdV-C that is stabilized by the presence of unprocessed precursor capsid proteins
93108109 © A failure to uncoat precludes release of an internal, membrane-permeabilizing capsid
protein, thereby blocking HAdV-C escape from the endosome and introduction of the viral

93,109-111 . :
’ . Thus, unlike enveloped viruses where

genome into the nucleus, its replication niche
destabilization of the virion impairs infectivity, an opposite, stabilizing interaction with the non-

enveloped HAdV-C capsid produces a similar outcome.

Extracellular aggregation
As many defensins form multimeric structures, which have been demonstrated in both

crystal structures and in solution >*'%70-112

, there is the potential that interactions between
defensin peptides bound to neighboring viruses will cause virions to aggregate. This has been
shown directly for IAV by HNP1 or HNP2 and for HAdV-5 and BK virus by HD5 *>**'* For
IAV, it is unclear if defensin-mediated aggregation is required to block infection. Similarly,

aggregation of HAdV by HDS is not sufficient to inhibit infection, as a mutant of HDS5 that is

able to induce aggregation is non-neutralizing °°. In contrast, aggregation and a concomitant
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inability to bind host cells have been shown to be the dominant mechanisms of neutralization for
BK virus *. In addition to multivalent binding due to defensin oligomerization, neutralization of
capsid charge by defensin binding may reduce repulsion between virions. We have shown this
directly for HAdV-C *°, and this effect may facilitate the aggregation of other viruses. These
effects are likely interrelated, as mutants of HDS that are impaired in self-association are
incapable of both aggregating HAdV-C and fully neutralizing the capsid charge. Aggregation
can impact viral infectivity by directly impeding cell binding or by causing viruses in clumps to

enter fewer cells.

Blocking receptor binding

Defensin binding to viral attachment protein(s) could disrupt receptor interactions critical
for viral entry into the cell. HNP1-3 and HDS5 bind a recombinant viral glycoprotein (gB) of both
HSV-1 and HSV-2, which correlates with the ability of these defensins to inhibit HSV-1 and

79,114

HSV-2 entry and adhesion . Lectin activity of HNP1 is critical, as deglycosylation of HSV-

"4 The contribution of glycoprotein binding to the antiviral mechanism

2 gB abrogates binding
of HDS5 was underscored by a direct correlation between the capacity of HD5 mutants to
neutralize HSV-2 and their affinity for recombinant gD *°. HNP4 and HD6 also inhibit HSV-1
and HSV-2 infection, but do not bind to viral glycoproteins " . Instead, HNP4 and HD6 have
been shown to bind heparan sulfate, the receptor for attachment, as well as other
glycosaminoglycans. Overall, blocking host cell receptors and binding to viral glycoproteins is a
major mechanism by which defensins inhibit HSV-1 and HSV-2 infection.

Similarly, HNP1-4 bind HIV-1 gp41 and gp120 as well as the cell surface receptor CD4

78835115 The binding sites of HNP1 and HNP2 on gp120 have been mapped in antibody
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competition assays to the CD4 and co-receptor binding sites '*'. Conversely, the HNP1 and

11 The mode of a-

HNP2 binding sites on CD4 have been mapped to the gp120 binding site
defensin binding to gp120 and gp41 may be complex, as both lectin-dependent and -independent
binding have been reported. In an early study, deglycosylation of gp120 reduced HNP1 binding
and abolished HNP2 and HNP3 binding ®; however, a more recent paper suggested that
deglycosylation of gp120 or gp41 does not affect HNP1 binding **. In addition, HNP4 binding is
not abolished by deglycosylation of gp120 7, consistent with the observation that HNP4 binds
more weakly to both polysaccharides and serum proteins '°. Nonetheless, HNP4 is a more
potent inhibitor of HIV-1 than are HNP1-3 '*. In summary, like for HSV, defensins directly
interfere with HIV-1 binding and attachment.

In contrast to a block in cell binding, we have observed that receptor-dependent
and -independent binding of HAdV-C to the cell is enhanced in the presence of a inhibitory

8196 This effect may be related to neutralization of the net negative capsid

concentration of HD5
charge, which promotes aggregation, in a manner comparable to enhancement of retrovirus
infections by polybrene or HAdV infections by poly-cations **''®. Similarly, HIV-1 binding to
cells and infection is enhanced by HD5 and HD6 *>**. Thus, although in several cases the net

effect of defensin binding to the virus is to block cellular attachment, the opposite effect has also

been observed. The balance of these activities in vivo is unclear.

Inhibition of viral fusion with or penetration of host cell lipid bilayers
To introduce their genomes into host cells, enveloped viruses must fuse their lipid bilayer
with that of the host cell ''7. The fusion protein of the virus mediates this reaction by inserting a

hydrophobic stretch of amino acids into the target cell membrane followed by a conformational
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change to a less energetic state, termed the six-helix bundle . The energy for lipid fusion is

derived from this conformational change. HIV-1 fusion, mediated by gp41, is inhibited by HNP1
83191 " Inhibition requires the disulfide-stabilized form of HNP1 and is abrogated by serum *°.
HNP1 aggregates recombinant peptides of both the carboxyl- and amino-termini of gp41 that
comprise the six-helix bundle, suggesting a direct effect on formation of the post-fusion

1 ¥ HNP1 also increases the binding and efficacy of neutralizing antibodies

conformation of gp4
specific for the gp41 pre-hairpin conformation, likely due to greater antibody access to hidden
neutralizing epitopes as a consequence of slowed refolding kinetics '*°. Thus, HNP1 binding
directly alters HIV-1 fusion through interactions with gp41. Whether this mechanism of HIV-1
neutralization extends to other viruses has not been shown.

Rather than fuse with the cell membrane, non-enveloped viruses must penetrate the
limiting membrane of the host cell, which is generally mediated by a specific viral protein ''.

This step may occur at the plasma membrane, but often follows a conformational change leading

to uncoating of the viral capsid triggered by a drop in pH or other host factors in the endosomal

122 110,111

pathway “°. For HAdVs, the internal capsid protein VI is the membrane lytic factor
Upon binding to the viral capsid, a-defensins, including HNP1 and HDS, stabilize HAdV-C and
prevent uncoating, release of protein VI, and subsequent disruption of the endosomal membrane
93107199 To mediate this effect, a-defensins bind directly to the virus, either when mixed together
in the absence of cells or when the defensin is added to virus that is pre-bound to receptors on the

81.93.96.102.109 “Thys, the defensins can recognize the virus in the complexity of host

cell surface
proteins, carbohydrates, and lipids that could potentially compete with the virus for defensin

binding. Neutralization of HAdV by a-defensins is restricted to HAdV-B and -C and to a lesser

extent to HAdV-A and -E; whereas, HAdV-D and -F infection is either unaffected or enhanced
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by a-defensins *

. Furthermore, resistance to HD5 neutralization can be conferred to HAdV-C
through the replacement of capsid vertex proteins with those from the resistant HAdV-D . The
basis for enhanced HAdV-D infection is unknown.

Although the molecular mechanism remains unresolved, a-defensins potentially inhibit
the membrane penetration of another non-enveloped virus, the polyoma virus JC virus (JCV) '*.
During infection JCV is trafficked from the early endosome to the endoplamic reticulum, where
the virus uncoats '**. Although HD5 treatment actually increased the amount of virus entering
cells, there was a subsequent reduction in the amount of JCV that reached the endoplasmic

123

reticulum, indicating that HDS alters intracellular trafficking of JCV "*°. That the mechanism of

inhibition of JCV is distinct from that of BKV, another human polyoma virus discussed

previously, highlights the specificity of virus-defensin interactions *>'>.

Inhibition of host-cell mediated viral processing

Multiple papillomaviruses, including human cutaneous and mucosal serotypes as well as
animal papillomaviruses, have been shown to be sensitive to HNP1-4 and HD5 **. Initial studies
indicated that HDS inhibited the nuclear localization of the HPV-16 genome, the last step in the
virus entry pathway °*. Unlike other non-enveloped viruses, for HPV the genome is exposed
under conditions of HNP1 and HD5 neutralization, implying virus uncoating in the presence of
defensins . Consistent with these results, a recent study demonstrated that a-defensins bind to
HPV and prevents cleavage of the minor capsid protein L2 by the host protease furin '*. During
HPV entry L2 interacts with and permeabilizes the host cell membrane, a step that is dependent
on furin cleavage at the cell surface '**'*’. Therefore the HD5-mediated block of furin cleavage

leads to retention of HPV in a non-infectious pathway, inhibiting productive infection '*°.
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Although the mechanisms of inhibition differ, defensins have now been shown to block HPV and

HAGJV penetration of the cell membrane.

Post Entry Neutralization

Infection is not completed by merely penetrating the host cell membrane. Viral
transcription, protein production, assembly, and egress must all occur to complete a replicative
cycle. These steps present opportunities for defensins to block viral infection, either by targeting
the virus specifically or by targeting the cell. In this regard, HNP1 and HDS5 are able to block
HSV-1 and HSV-2 when added post-entry . The defensins accumulated intracellularly in the
human cervical epithelial cell line used in this study, indicating that they can still come in contact
with the viruses in the cell. Hazrati et al. demonstrate that HNP2 and HDS5 can bind HSV-2 DNA
and speculate that this could contribute to inhibition by blocking gene expression, although a
post-transcription block by an unknown mechanism was also suggested by the data .
Post-entry neutralization of HIV-1 has also been reported. In one study, HBD2 blocked reverse
transcription but had no effect on fusion, although the mechanism of this block was not
determined '**. Additional effects of defensins on HIV-1 infection attributable to disruption of

intracellular signaling will be discussed later.

No mechanism but antiviral activity reported
We lack mechanistic insight for a variety of viruses that have been shown to be sensitive
to defensin neutralization. Transduction by recombinant adeno-associated virus is inhibited by

relatively high concentrations (100 pM) of HNPs; however, >100 uM HNPs were measured in
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epithelial lining fluids from cystic fibrosis patients, which were also inhibitory in the same
study®’.

In addition to purified peptides, virus inhibition by degranulated neutrophils has been
noted. When neutrophils degranulate, for example in response to stimulation by leukotriene b4
(LTB4), they release high concentrations of defensins as well as other antimicrobial factors.
CMYV infection of human peripheral blood leukocytes containing neutrophils is weakly inhibited
by LTB4 treatment '*. A combination of a-defensins (HNP1-3), the human cathelicidin LL-37,
and eosinophil-derived neurotoxin mediates much of the effect. Cell-free supernatants from
LTB4-stimulated neutrophils mixed with CMV was similarly inhibitory, and anti-HNP1-3
antibodies reduced the observed activity by half. These results corroborate the data on modest
CMYV neutralization using purified a-defensins, although the antiviral mechanism remains
unknown *'*_ In other studies, supernatants from human neutrophils treated with LTB4 or
stimulated to synthesize LTB4 strongly inhibited human coronavirus and HSV-1 and more

modestly inhibited RSV and influenza B virus "'

. Collectively, these studies demonstrate
that naturally secreted defensins retain antiviral activity. In contrast, HNP1-3 have been shown
to interact with and reduce the activity of surfactant protein D (SP-D) and bronchoalveolar

lavage fluid containing SP-D against [AV 132,133

. These observations reinforce the importance of
studying both purified peptides for their individual biological effects and more complex mixtures
in which defensins and other antimicrobial factors are naturally produced, which could
demonstrate synergistic or, alternatively, mutually inhibitory effects. Additionally, whether

previously described or novel mechanisms contribute to the neutralization of this viruses

warrants further study.
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Antiviral mechanisms targeting the cell
Blocking fusion by crosslinking host proteins

Rather than directly targeting viral fusion proteins to block enveloped virus fusion with
the host cell, HBD3 and a synthetic human 0-defensin called retrocyclin 2 (RC2) have been
shown to inhibit IAV fusion by cross-linking host glycoproteins ’’. RC2 and HBD3 binding limit
the mobility of host surface proteins in the vicinity of the nascent viral fusion pore, restricting its
maturation to full fusion. Inhibition is blocked by serum and by deglycosylation (PNGase
treatment) of the cells, indicating that this effect is due to the lectin activity of the defensins. In
this regard, a non-defensin mannan-binding lectin had a similar effect. This mechanism may be
general, as inhibition is independent of direct binding to the viral hemagglutinin glycoprotein and
extends to fusion reactions mediated by unrelated proteins from baculovirus and Sindbis virus.
More recently for HIV-1, HNP1 treatment has also been shown to decrease the mobile fraction
of CD4, CCRS5, and CXCR4 receptors in the cell membrane, reflecting the same phenomenon
mediated by the lectin activity of HNP1 *.
Modulation of cell surface receptors

HIV-1 has a complex entry pathway that utilizes several cell surface receptors and co-
receptors. The relative ability of defensins to directly modulate host surface receptors important
for HIV-1 infection has been debated by various groups. In peripheral blood mononuclear cells
(PBMCs) and a human T cell line expressing CXCR4 and CCR5, HBD2 and HBD3 but not
HBDI reduced cell surface expression of CXCR4 but not CCRS5 in 0-0.5% serum "'**. A
subsequent study confirmed CXCR4 downregulation in PBMCs by HBD2 and HNP1 under

similar conditions '**. In contrast, the downmodulation of CXCR4 was not observed in PBMCs
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treated with HBD2 in the presence of serum '**'**. Similarly, in primary CD4" T cells in the
presence of 10% serum, HNP1 does not alter CXCR4, CCRS5, or CD4 expression on the cell
surface *; however, this result may be explained by the comparably long (16 hour) period of
defensin treatment, which potentially allowed for surface protein turnover. The differences in
these studies are likely explained by the use of different cell types and serum concentrations, thus

the contribution of changes in cell surface receptor levels to HIV-1 infection remains unresolved.

Changes in intracellular signaling that impact infection

Many viruses regulate protein kinase C (PKC) signaling during entry and infection: HIV-
1 requires phosphorylated PKC for viral fusion, transcription, integration, and assembly **'*%!%7,
IAV requires PKC for endosomal escape and nuclear entry °*'*. HSV requires PKC for cell
entry as well as for nuclear egress of the viral capsid '**'*'. As HNP1-3 are known to inhibit the
activity of PKC in vitro '**, altering or inhibiting this cellular signaling pathway may be another
defensin-mediated antiviral mechanism, which explains the post-entry block to infection
observed for some viruses. HNP1 treatment of cells prior to or during infection with either IAV
or HIV-1 reduces the levels of phosphorylated PKC **. Treatment of CD4" T cells with a PKC
activator, bryostatin-1, partially rescued HIV-1 infection **. In addition, HNP1 and the PKC
inhibitor Go6976 had similar inhibition kinetics *. Inhibition of PKC by HNP1 explains the
observed block in nuclear import of the incoming pre-integration complex as well as
transcription of the integrated viral genome in HIV-1 infected cells **. Although HSV infection is
also inhibited by HNP1 through a post entry mechanism, it is not rescued by pretreatment with

bryostatin-1 ", In addition, cellular entry of some HAdV serotypes is also sensitive to PKC

inhibition '*"'**; however, differential defensin sensitivity of chimeric HAdVs in which only

25



certain capsid proteins are variable argues against a role for cellular targets such as PKC in
HAdV neutralization by a-defensins ®'. Together, these data indicate that the PKC signaling
pathway is involved in defensin mediated neutralization of HIV and possibly IAV, but is
uninvolved in HSV and HAdV neutralization.

Cell signaling pathways mediated by the chemokine receptor CCR6 also play a role in
defensin-mediated HIV inhibition. HBD2 is known to bind CCR6 and has been shown to induce
expression of host restriction factor apolipoprotein B mRNA-editing enzyme-catalytic
polypeptide-like 3G (APOBEC3G) which has antiviral activity against HIV "**'*7. Thus,
defensins can both inhibit cellular pathways required for viral infection and activate intracellular
antiviral mechanisms. The multitude of mechanisms of viral inhibition by a- and B-defensins are

summarized in Figure 1.3.

¢. Enhancement of viral infection’

Although the majority of studies have focused on the antiviral activity of defensins, in

81,148 .
", For both viruses,

some cases a-defensins actually enhance HIV and HAdV infection
enhancement is not observed with linearized defensins, indicating that structure-dependent
interactions are required. Treatment of HIV with HD5 or HD6 substantially increases infection,
which for some strains can reach >100-fold '**. This enhancement is sufficient to overcome the
effects of entry and fusion inhibitors and acts primarily by increasing viral attachment to target
cells . Naturally produced HD5 from N. gonorrhoeae-infected cells also enhances HIV

infection, suggesting that it is likely to occur under physiological conditions in vivo '**. Crp3,

which is potently antibacterial, has also been shown to increase HIV entry in cell culture *'.

t Adapted from Wiens, M.E., Wilson, S.S., Lucero, C.M. and Smith, J.G. Defensins and Viral
Infection: Dispelling Common Misconceptions. PLoS Pathogens. 2014. DOI:
10.1371/journal.ppat.1004186
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Figure 1.3 Major antiviral mechanisms of defensins. Defensins inhibit many steps in
enveloped and non-enveloped viral infection. Mechanistic information is available for
respiratory syncytial virus (RSV), human parainfluenza virus (HPIV), human immunodeficiency
virus (HIV), herpes simplex virus (HSV), influenza A virus (IAV), BK virus (BK), human
adenovirus (HAdV), JC virus (JCV) and human papillomavirus (HPV). Most mechanisms
impact viral entry, but post-entry effects have been described. Omitted are defensin effects that
have been reported but their contribution to blocking infection is in doubt (e.g., aggregation of
HAJdV by a-defensins). Note that although the defensins relevant for each virus at each step are
indicated in broad classifications (e.g., B-defensins), in most cases not all of the defensins within
these groups have been tested or have equivalent activity. Adapted in part from Wilson, S.S.,
Wiens, M.E. and Smith, J.G. Antiviral mechanisms of human defensins. J Mol Biol 425, 4965-
4980 (2013).
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The authors speculate that this could be due to stabilization of the virus-cell interaction by the
defensin or due to Crp3 working as a lectin to stabilize carbohydrate-carboydrate interactions
between virus and a cell surface receptor. However, as Crp3 is known to induce pores in cultured
cells, the authors cannot rule out that these pores are facilitating HIV entry into the cells and
increasing the functional infectious dose '*.

We have observed a similar, albeit much more modest, HNP1- and HD5-dependent
increase in infection by certain serotypes of HAdV, which is also correlated with increased
receptor-dependent and -independent attachment to cells *'*°. Whereas HIV is sensitive to HNPs
but enhanced by HD5, HD6, and Crp3, HAdV serotypes appear to be more uniformly resistant or

sensitive to a-defensins in general.

1.4 In vitro models to study naturally secreted enteric a-defensins

. . . %
a. Ex vivo stimulation

The standard assays for determining the antimicrobial activities of a-defensins described
above use purified peptides and are performed under low salt or serum free conditions, as killing
of bacteria and some viruses is inhibited in buffers with physiologic levels of salt and viral
neutralization can be impacted by serum containing media *'°. As discussed in previous sections,
a limited number of ex vivo studies have examined the ability of naturally produced a-defensins
or defensin-containing extracellular fluids to inhibit bacterial growth ®. For enteric o-defensins,
Ayabe et al. purified villi or Paneth cell containing crypts from wild type mice, incubated them
with STM and enumerated surviving colony forming units (CFU) °. STM killing was observed

after exposure to crypts or crypt secretions but not to villi. In addition, crypts were isolated from

** Adapted from Wilson, S.S., Tocchi, A.T., Holly, M.K., Parks, W.C., and Smith, J.G. A small
intestinal organoid model of non-invasive enteric pathogen-epithelial cell interactions. Mucosal
Immunology 8, 352-361 (2015).
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both wild type and Mmp 7" mice, which lack mature o-defensins. STM killing was markedly
reduced in Mmp7” crypts or by an antibody against mouse a-defensin-1. These data support the
notion that secreted a-defensins are capable of directly killing bacteria. However, this study
utilized freshly isolated small intestinal crypts, which are unstable and only amenable to short-
term experiments. Additionally, bacterial killing was demonstrated under low salt conditions and
overall was modest (<10-fold) compared to the level of killing seen using purified peptides (up

to a 6-log reduction).

b. Small intestinal organoids

A major hurdle to the study of naturally secreted enteric a-defensins is the lack of cell
lines derived from either the small intestine or from Paneth cells specifically. Treatment of
intestinally derived cells, such as the colonic Caco-2 cell line, with the Paneth cell ligand FGF9
induces expression of HD5, HD6, and lysozyme RNA "*°. However, these cells lack a protease to
cleave the pro-defensins, and therefore antimicrobial forms of a-defensins are not produced. In
2009, a new culture system that potentially allows for the study of naturally secreted a-defensins
in vitro was described ">'. When either intestinal stem cells or entire crypts were isolated from
the gastrointestinal tract, embedded in an extracellular matrix, and overlaid with a completely
defined growth media, intestinal organoids were formed "', Organoids form a lumen that is
closed off from the extracellular environment, as well as villus and crypt structures (Figure 1.4).
Importantly, they recapitulate the intestinal organization and epithelial cell diversity of the
section of the gastrointestinal tract from which they are isolated '**. Organoids are comprised of
a variety of epithelial cell types including: enterocytes, enteroendocrine cells, goblet cells, stem
cells, and Paneth cells, and have successfully been created from both human and mouse tissue 4,

However, only mouse small intestinal organoids are able to continuously grow as a differentiated
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Figure 1.4 Organoids recapitulate small intestinal architecture and epithelial cell diversity.
Stem cells and Paneth cells are interspersed in the crypt base in the small intestine and define the
crypt domain of small intestinal organoids. Organoids also contain villus domains composed
mainly of enterocytes. The lumen of the organoid is topologically equivalent to the apical side of

the small intestine.
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structure. Colonic organoids from mice and all human organoids are propagated as cystic
structures composed of stem cells and enterocytes and then can be terminally differentiated into

152

other cells types by withdrawal of growth factors °~. Paneth cells have been identified in small

40,152 Therefore, small intestinal organoids represent the first

intestinal organoids from mice
viable culture system for Paneth cells and potentially a new system to study the impact of

naturally secreted enteric a-defensins on microbial infection.

1.5 Importance of defensins on microbial pathogenesis in vivo
a. Direct impact on bacterial infections

Although purified neutrophil a-defensins are antimicrobial, there is scant evidence to
support an in vivo role for these peptides. This is partly because experiments are confounded by
other antimicrobial neutrophil contents but mostly due to the fact that mice do not express these
peptides and, therefore, animal experiments are lacking. To address this, an HNP1 transgenic

mouse was created, however it has not been used for any microbiological studies *>'>*. I

n
contrast, there are numerous studies that support an in vivo role for enteric a-defensins upon
bacterial infection . One of the earliest studies utilized the Mmp 7"~ mouse, which lacks mature
cryptdins, and showed that these mice succumb more quickly and in greater numbers to oral
challenge with STM than wild type mice **. This work was complemented by studies using a
knock-in mouse, where the human defensin HD5 was transgenically expressed exclusively in

Paneth cells '°°

. In this model, HD5-expressing mice were protected upon oral challenge with a
dose of STM that was lethal for wild type mice. Further supporting a specific role for HDS in

enteric mucosal defense, when the mice were challenged intraperitoneally with STM there was

no difference in survival between the genotypes. Unfortunately this important control experiment
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of bypassing the intestinal barrier via intraperitoneal injection was never performed in the
Mmp7" mice.
Studies of newborn mice infected with Shigella further support a critical role for a-

>% Mice that were 4 days old were

defensins in protection from bacterial infection in vivo '
susceptible to Shigella infection, while mice that were 7 days old were resistant. Transcriptomic
analysis of the mice indicated that AMPs were more highly expressed in the 7-day-old mice as
compared to the 4-day-old mice, and histological analysis revealed that 7-day-old mice had
Paneth cells while 4-day-old mice did not. Infection of Sox9™*"**vil-cre mice, which are
specifically depleted in Paneth cells, restored the susceptibility of 7-day-old mice to Shigella.
Therefore, Paneth cell AMPs are responsible for the resistance to Shigella infection seen in 7-
day-old mice.

The role of HD6 in vivo has long been unclear, as this peptide displayed no antibacterial
activity in vitro. However, mice expressing HD6 in their Paneth cells were protected against
intragastric challenge with STM as compared to wild type littermates "’ Intriguingly, the
phenotype of infected HD6 transgenic mice was similar to the phenotype of wild type mice
infected with a STM mutant that was unable to invade host cells, indicating that HD6 was
blocking STM invasion . HD6 is uniquely able to self assemble into higher order oligomers'®,
and in the HD6 transgenic mouse, extracellular HD6 was assembling around the bacteria and
trapping it in net-like structures on the cell surface where it could presumably could be targeted
for killing by immune cells or other antimicrobial products '>’. Although not directly

bactericidal, this unique mechanism of bacterial elimination highlights the diversity of ways in

which a-defensins can impact bacterial infections.
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B-defensins also have a role in bacterial infection in vivo. Moser et al. showed that mouse
beta-defensin-1 (MBD1) knockout mice had higher bacterial loads of Haemophilus influenzae in
their lungs 24 hours post infection (hpi) as compared to wild type mice '>°. In a separate study,
MBD1 knockout mice had increased colonization of Staphylococcus species in the bladder
compared to wild type littermates, but there was no difference in lung colonization by S. aureus
between the two genotypes '*’. This finding was unexpected, as purified MBD1 was active
against S. aureus in vitro. Administration of synthetic B-defensins has also been shown to protect
from bacterial infection in vivo. Piglets administered porcine BD-1 are protected from respiratory
challenge with Bordetella pertussis, and BD-2 can protect rats against P. aeruginosa

- 161,162
pneéumomia " .

b. Direct impact on viral infections”

There is less evidence to support a direct role for a-defensins in viral infection as the
majority of the work demonstrating the antiviral effect of defensins has been in cell culture.
Although one study has shown an increase in lethality from IAV infection in a MBD1 knockout
mouse, those results are attributed to an increase in inflammation in the knockout mice rather
than direct inhibition of viral replication ', Similarly, administration of rhesus 6-defensin
protected mice from lethal SARS-coronavirus challenge without affecting lung viral titers, likely

164

due to a reduction in immunopathology in the treated animals . Finally, two separate studies

have shown that HDS5 can protect mice from vaginal challenge with HSV-2, but both studies pre-

90,165

treated the mice with purified HD5 before virus administration . In fact, there is no example

of a direct role for endogenous defensins in blocking virus infection in vivo. Indirect evidence for

# Adapted in part from Wilson, S.S., Wiens, M.E. and Smith, J.G. Antiviral mechanisms of
human defensins. J Mol Biol 425, 4965-4980 (2013).
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the importance of defensins in vivo comes from association studies looking at defensin levels
during various viral disease states. For example, patients with atopic dermatitis have reduced
cathelicidin and p-defensins and are at greater risk of developing eczema vaccinatum '**'**. And,
HIV-1 positive women had lower HNP1-3 levels and lower anti-HSV-2 activity in their
cervicovaginal lavage fluid compared to healthy controls '®°. Similarly, cervicovaginal lavage
fluid levels of HNP1-3 have been shown to correlate with the anti-HIV-1 activity of the fluid '%’.
Production of HNP1-3 mRNA and protein in monocyte-derived DCs is higher in HIV-1 infected
individuals compared to healthy non-infected controls '’’. And, the CD4" T cell counts in those
individuals with higher levels of defensin decreased more slowly than the individuals with lower
levels of defensin. o-defensins are also detectable in the breast milk of HIV-1 infected mothers,
although levels vary from approximately 0.1-7 nM, and are positively correlated with levels of
HIV-1 RNA; however, the presence of a-defensins is also positively correlated with higher
maternal CD4 " T cell counts and a decrease in the risk of HIV transmission from the

breastfeeding mother to her infant '’"'7?

. The apparent contradiction between higher a-defensin
levels correlating to higher HIV viral titers and yet lower transmission might be explained by the
fact that the defensin levels were also correlated with a healthier maternal immune system, as
indicated by the increased CD4" T cell count. Alternatively, HIV-1 infection may be stimulating
a-defensin expression and secretion. Thus, a-defensin levels in HIV-1 infected individuals are
correlated with control of viral infection, slowed disease progression, and lower vertical
transmission. Additional evidence for a contribution of defensins to HIV-1 transmission and

. . : 135,173-176
disease progression has been reviewed elsewhere '>>'7>'7°,

c. Indirect impact of a-defensins on microbial infections
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Impact on intestinal ecology and the immune environment

In addition to direct antibacterial activity, defensins can impact bacterial infections in
indirect ways. A clear example of this for enteric infections is the impact of defensin repertoire
on the composition of the commensal microbiota. HD5-transgenic, Mmp 7 and wild type mice
all have the same bacterial load in the ileum '”’. However, there are reciprocal shifts in the
dominant bacterial phyla between defensin deficient mice (low Bacteroidetes and high
Firmicutes) and mice transgenically expressing human defensins (high Bacteroidetes and low
Firmicutes). Therefore, the correlation between defensin expression and increased resistance to
STM infection observed in wild type mice as compared to Mmp7”" mice could be due to
colonization resistance rather than a direct antibacterial effect. This is especially true in light of
evidence suggesting that colonization resistance is impacted by the composition of the
microbiota rather than by the overall number of bacteria '"*'".

Changes in bacterial phyla in HD5-transgenic mice are associated with the specific loss
of segmented filamentous bacteria (SFB) from the commensal microbiota '”’. SFB are a member
of the Firmicutes phyla and are found in mice and other mammals but are not commonly found
in humans '*. Loss of these organisms was associated with a loss of IL-17 producing T helper
cells (Ty17 cells) from the population of lymphocytes in the lamina propria '”’. As Ty17 cells are
an effector cell subset with roles in inflammation and autoimmunity, the modulation of these
cells has implications for systemic inflammatory responses and homeostasis >'*. Although
defensins impact bacterial infection in vivo, it is still not clear if this is due to direct antibacterial

activity or due to indirect effects on the microbiota or immune system.
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Alteration of the immune response to infection”

Defensins are able to augment and direct the immune response to bacteria and viruses in
ways that impact the outcome and resolution of infection. Although there are a myriad of
mechanisms by which defensins can be immunomodulatory which have been reviewed

180-182
elsewhere

, some activities which are highly relevant to microbial infections will be
discussed. Neutrophil and enteric a-defensins have been found to selectively chemoattract
different subsets of T lymphocytes, macrophages, and immature DCs '>'**1% Although the
chemokine receptor used by a-defensins has not been identified, the recruitment of these immune
cell subsets to the site of viral infection undoubtedly contributes to the outcome of viral
infections.

The recruitment of immune cells has been shown to be relevant in vivo, as both
recombinant and naturally produced defensins augment adaptive immune responses. Intranasal
inoculation of mice with ovalbumin (OVA) in combination with HNP1-3 resulted in an increase

OVA specific IgG and IgM titers compared to mice that received OVA alone '*°

. However,
despite mucosal inoculation, no OVA specific IgA was observed, indicating that the HNP
augmentation may not allow for class switching. A subsequent study co-administered OVA
intranasally with HNP1, HNP2, HBD1, or HBD2 individually and found that the predominant
IgG isotypes and interleukin profiles were unique to the defensin used, highlighting the
complexity of the interaction between defensins and immune cells '*’. Finally, the augmented
immune response has been shown to be functionally relevant, as intraperitoneal injection of
HNPs enhanced the antibody response to a syngeneic tumor challenge and increased the survival

188

time of mice after tumor challenge ™. Thus, although not yet shown in the context of an

# Adapted in part from Wilson, S.S., Wiens, M.E. and Smith, J.G. Antiviral mechanisms of
human defensins. J Mol Biol 425, 4965-4980 (2013).
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infectious challenge, stimulation of the adaptive immune response by defensins likely contributes
to antimicrobial immunity.

In addition to inducing antibody secretion, direct contact with defensins can activate
immune cells and induce cytokine secretion. HNP1, HNP2, and HDS5 have been shown to

increase neutrophil uptake of IAV '

. In regards to DCs, HNP1 promotes the activation and
maturation of monocyte-derived DCs and production of pro-inflammatory cytokines .
Defensins can also elicit pro-inflammatory cytokine production from treated cells that could then
stimulate DCs *"*"*!. Moreover, HNP1 and HNP2 have also been shown to induce CC-

192 Therefore,

chemokine expression and secretion in macrophages, which block HIV infection
some of the activation of antigen expressing cells could be explained through an indirect
mechanism. Overall, a-defensins function to augment and alter the immune responses to

microbes, and the response elicited is likely dependent upon the amount of microbial stimuli and

the subsequent concentration of defensin that is produced.
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Chapter 2: A small intestinal organoid model of enteric pathogen-epithelial

. . %%
cell interactions

2.1 Background

The complexity of the small intestinal epithelium has been difficult to model in culture,
and dissection of epithelium-specific functions in vivo is confounded by the influence of signals
arising from local and systemic non-epithelial sources. The discovery of a system to culture
primary stem cell-derived small intestinal organoids has addressed these issues: First, a defined
growth medium allows for the differentiation and maintenance of goblet cells, Paneth cells,
enterocytes, enteroendocrine cells, and stem cells that recapitulates the cellular composition of
the small intestinal epithelium "*"'**. Second, organoids have crypt-like domains and villus-like
regions and can be stably maintained in sterile culture in the absence of mesenchymal and
immune cells. Third, artifacts of transformation inherent in most traditional intestinal epithelial
culture models are absent. Organoids have been increasingly used to uncover aspects of cell
biology, intestinal development, and wound repair but have not been widely utilized to study

3194 “To this end, we have developed a new model of

pathogen-epithelial cell interactions
enteric infection by accessing the apical aspect of the polarized intestinal epithelium of organoids
using microinjection.

As proof of concept, we used our new model to assess the need for a-defensins in
epithelial defense against a replicating bacterial pathogen, STM. a-defensins are small, cationic,

amphipathic peptides that possess broad antimicrobial activity; however, there have been limited

studies of the direct antimicrobial activity of naturally secreted o-defensins in a complex,

** Adapted from Wilson, S.S., Tocchi, A.T., Holly, M.K., Parks, W.C., and Smith, J.G. A small
intestinal organoid model of non-invasive enteric pathogen-epithelial cell interactions. Mucosal
Immunology 8, 352-361 (2015).
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physiologic extracellular milieu °. Moreover, their role in modulating bacterial pathogenesis in
vivo is confounded by indirect effects of a-defensins on the immune system and the composition
of the commensal microbiota '*'77'%,

To address these shortcomings, our enteric infection model enables the first direct
assessment of STM killing during prolonged ex vivo co-culture with viable primary epithelial
cells capable of naturally producing enteric a-defensins. For this purpose, we established small
intestinal organoids from wild type and Mmp7~~ mice. As MMP7 is the protease that converts
mouse pro-a-defensins into their mature forms, Mmp7” mice lack functional a-defensins in the
small intestine *>. Through comparative assays using these two genotypes, we have shown by
two approaches that a-defensins substantially contribute to epithelial host defense and restrict
growth of STM for at least 20 h in culture. Growth inhibition was seen for multiple strains of
STM and at several time-points post-injection. The assay is also responsive to host factors
influencing Paneth cell function, as transgenic expression of HD5 in Mmp7” organoids restored
bacterial killing. Nonetheless, although nucleotide-binding oligomerization domain containing 2
(NOD?2) deficiency has been linked to reduced a-defensin expression and function in the etiology
of Crohn’s disease '”°, we found that bacterial killing in organoids from NOD2”" mice was not
impaired and that a-defensin expression in these organoids was equivalent to wild type. In
summary, we have created and validated a novel model to investigate interactions between

enteric pathogens and small intestinal epithelial cells that can be extended to additional bacterial

and viral pathogens and can be genetically dissected at both the host and pathogen level.

2.2 Results
The organoid lumen is intact and can be accessed by microinjection. For organoids to

accurately model the intestine, their lumen and the apical surface of the cells should be
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sequestered from the extracellular basolateral environment. An intact organoid lumen would
potentially allow for the accumulation of a high local concentration of secretion products
including a-defensins. To access this space and mimic apical enteric infection, we utilized
microinjection. We established primary small intestinal organoid cultures from wild type
C57BL/6 mice "°"'*°. Microinjected PBS caused swelling of organoids, indicating the integrity
of the lumen (Figure 2.1A). To demonstrate further that the lumen was functionally intact, we
microinjected ~5x10* CFU/organoid of the non-invasive STM strain LT2 AphoP either into the
organoid lumen (inside) or in the surrounding Matrigel (outside) proximal to organoids. All
samples received exactly 20 injections total. We then incubated the cultures for 2 h, treated with
or without 100 pg/ml of the cell membrane-impermeant antibiotic gentamicin for 2 h, and
enumerated surviving CFU. We recovered equal numbers of CFU from inside and outside of the
organoids in the absence of gentamicin; however, >10° more CFU were protected from
gentamicin when injected inside the organoids (Figure 2.1B).

Enteric a-defensins are found in secretory granules of Paneth cells in the small
intestine™'””. Unlike humans, mice express an expanded repertoire of enteric a-defensins, termed
cryptdins ''. Mouse o-defensins are produced as pro-peptides and cleaved and activated to their
mature form by MMP7 in Paneth cells **. Accordingly, Mmp 7" mice have normal expression of
pro-defensins in their Paneth cells granules but are functional knockouts of mature a-defensins in
the small intestine *'**. We established organoids from Mmp 7 mice (C57BL/6) and found that
absence of MMP7 did not alter the integrity of the organoid lumen (Figure 2.1B). Overall, these

data show that the organoid lumen is intact and can be accessed via microinjection.
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Ins'ide Out'side Ins'ide Out'side

+ 100 ug/mL Gentamicin

Figure 2.1. The organoid lumen is intact and can be accessed by microinjection. (A) Before
and after images of microinjection of PBS into the organoid lumen. Scale bar is 50 pm (B)
Survival of STM after injection into the organoid lumen (inside) or into the surrounding Matrigel
(outside) in the presence and absence of 100 pg/mL gentamicin. Data for wild type (WT, black
bars) and Mmp 7~ (white bars) organoids are the antilog of the average of log-transformed CFU
from three independent experiments + SD. For statistical significance, one-way analysis of
variance (ANOVA) with Tukey post-tests was used to compare all pairs of columns. Only the
indicated bars (***p< 0.005) were significant, and they were significant in comparison with

every other condition except each other.
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Bacterial growth is inhibited in wild type but not Mmp7~ organoids. We next asked if a-
defensins present in the organoid lumen could inhibit STM growth. Wild type and Mmp7~~
organoids were injected with STM expressing GFP (LT2 4phoP GFP, 5x10° CFU/organoid) and
imaged at 0 h and 5 h post-injection. In three separate experiments, a reduction in fluorescence
occurred by 5 h post-injection in wild type organoids but not in Mmp 7~ organoids (Figure 2.2A-
C). Rather, diffusion of the bacteria within the organoid lumen from the site of injection was
seen in Mmp7~ a organoids. The surviving CFU were quantified at 20 h post-injection, and a 3.9-
log reduction in CFU was seen in wild type organoids compared to Mmp 7~ organoids (Figure
2.2D). To correlate quantification of bacterial killing by fluorescence and CFU, we imaged and
then immediately isolated bacteria from parallel cultures of wild type and Mmp 77" organoids at
0, 5, and 9 h post-infection. Under these conditions we found a close correlation between the
two assays with a 1.3-log reduction in survival and a 1-log reduction in average fluorescence
intensity in wild type compared to Mmp7"at 5 h post-injection that increased to a 1.9-log
reduction in survival and a 1.3-log reduction in average fluorescence intensity in wild type
compared to Mmp 77 at9h (F igure 2.3). These results indicate that changes in CFU over this
time period reflect bacterial dynamics in the lumen.

We then assessed the magnitude of a-defensin-mediated killing in organoids from
multiple independent preparations. Wild type and Mmp7~ a organoids were injected with LT2
AphoP (5x10° CFU/organoid), and surviving CFU from 20 injected organoids were pooled and
assayed at 9 h post-injection. We observed a 1.1-log reduction in wild type organoids compared
to Mmp 77" organoids (Figure 2.2E). In addition, CFU in the Mmp 77 organoids increased in
relation to the inoculum, indicating that the bacteria were able to grow in the organoid lumen

(Figure 2.2E). We then examined the effect of carbamylcholine chloride (CCh), a known
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Figure 2.2. Bacterial growth is inhibited in wild type but not Mmp7”~ organoids.
Representative images from 3 independent experiments of STM LT2 AphoP GFP microinjected
into (A) Wild type organoids and (B) Mmp7~”~ organoids. Images were taken at 0 and 5 h post-
injection, and the bright field (BF) image corresponds to the 0 h GFP image. Signal above
threshold is shown for each image. (C) Data is the relative fluorescence intensity (RFU) of 3
injected organoids per experiment (9 total) for wild type (grey) and Mmp 77" (white). Whiskers
are the minimum and maximum of the data, and the horizontal line is the mean. (D) CFU
recovered 20 h post-injection. Each line corresponds to one experiment in A and B, and each
data point is the average CFU from 2-3 organoids. (E) CFU recovered 9 h post-injection. Each
line represents one independent experiment, and each data point is the total CFU from 20
organoids injected in a single well. Dashed lines with open symbols represent experiments using
organoids pre-treated with 10 puM CCh. Scale bars are 50 pm (A and B). *p<0.05, **p<0.01,
one-way ANOVA with Bonferroni’s Multiple Comparison Test was used for 2.2C and one-way

ANOVA with Tukey post-test for 2.2D and 2.2E.
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Figure 2.3. Fluorescence reduction in wild type organoids correlates with a reduction in
CFU. Images from 2 independent experiments of STM LT2 AphoP GFP microinjected into (A)
Mmp7™" and (B) wild type organoids. Images are representative of the range of data, were taken
at 0, 5 and 9 h post-injection, and both the bright field (BF) image and the GFP image are shown.
Signal above threshold is shown for each GFP image. (C) Data are the log transformed relative
fluorescence units (REU) of injected wild type (closed) and Mmp7~~ (open) organoids at 0, 5 and
9 h post-infection. Each symbol represents the data from one injected organoid, and the
cumulative data from two independent experiments is shown. (D) CFU recovered 0, 5 and 9 h
post-injection from wild type (dotted line) and Mmp 77 (solid line) organoids. Data is the average
CFU recovered per organoid from at least 3 independent experiments. *p<0.05, **p<0.01, by

one-way ANOVA with Tukey post-tests.
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stimulator of Paneth cell secretion®, and found that although CCh induced organoid swelling,
indicative of an effect on secretion, it did not alter the magnitude of bacterial killing (dashed
lines in Figure 2.2E). Taken together, these results by two distinct measures support the
conclusion that STM were viable in the organoid lumen only in the absence of functional a-

defensins.

Organoids from Mmp7”~ mice lack mature a-defensins. To support our hypothesis that
impaired STM killing in Mmp7~ organoids was due to a specific absence of functional a-
defensins, we assessed the relative levels of pro- and mature a-defensins in wild type and Mmp7-
“organoids. Organoids from both genotypes grew at similar rates and contained equivalent
proportions of goblet and Paneth cells, which were readily apparent (Figures 2.4A-B and Figure
2.5A-C). To confirm the production of pro-a-defensins, we stained organoids from both mouse
strains for mouse a-defensin-5 (Crp5). We observed specific staining for Crp5 in the Paneth cells
of both wild type and Mmp7~~ organoids. No staining was observed with the control antibody
(Figure 2.4A). Thus, Paneth cells in organoids from both wild type and Mmp7”~ mice produce
granules containing pro-a-defensins.

Next, the presence and activation state of a-defensins in wild type and Mmp 77 organoids
were directly assessed by acid-urea PAGE (AU-PAGE). Equivalent amounts of total protein
extracted from wild type and Mmp7~~ organoids were compared to extracts of crypt-enriched
fractions from wild type and Mmp7 mice. Purified Crp23, an abundant a-defensin expressed in
C57BL/6 mice, was included as a control''. Extracts from freshly isolated crypts and organoids
derived from wild type mice contained species with mobilities consistent with mature a-

defensins. In contrast, extracts from Mmp7~~ crypts and organoids did not (Figure 2.4D).
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Figure 2.4. Organoids from Mmp7”~ mice lack mature o-defensins. (A)
Immunohistochemistry of wild type and MMP7"" organoids stained with goat anti-Crp5 antibody
or control goat IgG. (B) Wild type (WT) and Mmp7~~ organoids stained with hematoxylin and
eosin. (C) Immunoblots of lysates from wild type and Mmp7~ organoids probed for MMP7.
Recombinant MMP7 (rMMP7) was used as a positive control, and an antibody to GAPDH was
used as a control for loading. The upper band in the rMMP7 lane corresponds to pro-MMP7 (30
kDa) and the lower band is the active form (20 kDa). The mobilities of active rMMP7 and active
MMP7 in the lysates differ due to the presence of additional mass from the purification tag. (D)
Equal amounts (100 pg) of lyophilized extract from freshly isolated crypts or organoids from
wild type and Mmp7~~ mice were analyzed by AU-PAGE. Each lane of organoid extract is from
a separate preparation of organoids from different mice. Purified mouse a-defensin-23 (Crp23, 1

pg) indicates the mobility of mature a-defensins.

46



% Positive for Lysozyme w
o )
[l [
% Positive for Muc2

o
L

0-
WT Mmp?7 -/- WT Mmp7 -

Figure 2.5. Wild type and Mmp7” organoids have similar morphology and cellular
composition. (A) Immunohistochemistry of wild type and Mmp7” organoids stained with goat
anti-Crp5 antibody. Representative images from 3 independent organoid preparations are shown.
Percentage of Paneth cells (B) and Goblet cells (C) in wild type and Mmp7” organoids was
determined by flow cytometry. No significant difference in percentage of either Paneth cells or
Goblet cells between genotypes was observed. Results are expressed as the mean = SEM of 3
separate experiments. Data in B and C were log transformed and analyzed by repeated measures

one-way ANOVA with Tukey post-tests.
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Furthermore, abundant active MMP7, which is present in Paneth cell granules in vivo and
responsible for activation of pro-a-defensins %, was produced in wild type but absent from
Mmp7” organoids (Figure 2.4C). These findings provide further evidence that organoids

recapitulate the state of a-defensin maturation reported for wild type and Mmp 77" mice ',

Increased sensitivity of AphoP STM mutants confirms a role for a-defensins in luminal
killing. To further support the critical and specific role of a-defensin-mediated bacterial killing
in this model, we compared the survival of wild type and LT2 AphoP in organoids from both
genotypes. As discussed in Chapter 1, the STM PhoP-PhoQ two-component regulatory system is
critical for sensing and responding to antimicrobial peptides, and STM phoP mutants are more

.. . . 199
sensitive to purified a-defensins

. For these experiments, we chose a later time point (20 h
post-injection) to amplify any survival difference. A dose-response study identified 50
CFU/organoid as a minimal dose that reliably yielded quantifiable surviving CFU. Significant
bacterial killing was observed for both strains in wild type organoids compared to Mmp 7'~
organoids (Figure 2.6A). Consistent with the role of PhoP in sensitizing STM to a-defensins, the
difference was greater in LT2 AphoP (4.6-log reduction) than in wild type LT2 (1.7-log
reduction).

Next, we assessed the ability of organoids to defend against STM 14028s, a strain
commonly used in mouse models of Salmonella pathogenesis *>. We introduced a chromosomal
sipB mutation that renders the bacteria unable to attach to and therefore invade epithelial cells
and assessed the impact of PhoP **. After 20 h, we observed a 6-log reduction in CFU in the

14028s AphoP background but not in the wild type strain (Figure 2.6B). Thus, the increased

killing of the 4phoP mutants of both STM strains confirms the importance of a-defensins in
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Figure 2.6. Long-term Kkilling of multiple STM strains. STM LT2 and STM LT2 AphoP (A)
or 14028s AsipB (WT) and 14028s AsipB AphoP (B) were injected into wild type and Mmp7 ™~
organoids, and surviving CFU were enumerated 20 h post-injection. Each line represents an
independent paired experiment, and each point is the pooled data from a well of 20 injected
organoids. *p<0.05, **p<0.01. ns, not significant, data were log transformed and analyzed by

paired t test.
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mediating killing in our model.

Transgenic expression of HD5 rescues bacterial killing. Having established the importance of
bacterial genotype in a-defensin mediated killing in our system, we sought to measure the effect
of additional host genotypes relevant to Paneth cell function. We established organoids from
Mmp7™" mice that express transgenic HD5 (Mmp7~~ DEFA5"). Mice expressing transgenic
HDS5 on a wild-type background (Mmp7""" DEFA5"") are resistant to oral challenge with STM;
however, there has been no investigation into the antibacterial activity of Mmp7’~ DEFA5"™"
Paneth cells'”.

We first examined the processing of HDS in organoids. In humans, proHDS is cleaved by
endogenous Paneth cell trypsin; however, trypsin is not present in mouse Paneth cells *°.
Although HD5 can also be processed by MMP7 in vitro >, mature HD5 has also been shown in
vivo in the Mmp7”~ DEFA5"" background and has been attributed to alternative host and
microbial proteinases'". We observed processed HD5 in organoids and isolated crypts from both
Mmp7”~ DEFA5"" and Mmp7*"" DEFA5™" mice via western blot (Figure 2.7A).

We then asked if transgenic expression of HD5 augmented Paneth cell antibacterial
activity. As in our previous assays, 5x10° CFU per organoid of STM LT2 AphoP was injected
into wild type, Mmp7”", and Mmp7”~ DEFA5"" organoids. Surviving CFU were enumerated 7 h
(Figure 2.7B) and 16 h post-injection (Figure 2.7C) to capture the dynamics of STM killing by
HDS5. After 7 h, survival of the inoculum was reduced 50-fold upon injection into wild type
organoids. Although differences among genotypes were not significant, we observed the greatest
survival in Mmp 77 organoids and intermediate survival in Mmp 77" DEFA5™" organoids. By 16

h post-injection, STM grew in organoids from all three genotypes; however, survival between
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Figure 2.7. HD5 maturation and STM Kkilling in Mmp7” DEFA5"" organoids. (A) AU-
PAGE immunoblot of extracts from Mmp7~~ DEFA5"" organoids (lane 1, 500 pg protein) and
freshly isolated crypts (lane 2, 250 pg protein), Mmp7"* DEFA5"" organoids (lane 3, 500 pg
protein) and freshly isolated crypts (lane 4, 250 pg protein), and wild type (WT) organoids (lane
5, 500 pg protein) and freshly isolated crypts (lane 6, 250 pg protein) were probed for HDS. (B
and C) STM LT2 AphoP was injected into WT, Mmp7~~ and Mmp7~~ DEFA5"" organoids, and
surviving CFU were enumerated 7 h (B) and 16 h (C) post-injection. Each symbol represents an
independent paired experiment and is the pooled data from a well of 20 injected organoids.

*p<0.05, **p<0.01. Data was log transformed and analyzed by repeated measures one-way
ANOVA with Tukey post-tests.
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wild type and Mmp7~~ (2.1-log difference) was significant. Moreover, the transgenic expression
of HD5 restored wild type killing in the Mmp7~"~ DEFAS5"" organoids, with a 2.3-log difference
in survival between Mmp7™~ and Mmp7”'~ DEFA5"". Consistent with Figure 2.3, there is an
initial decrease in CFU in all of the organoid genotypes at 7 h, with a larger reduction in
organoids that contain mature a-defensins. By 16 h there is growth across the organoid
genotypes from the 7 h time point, which is much larger in the Mmp7~~ background (3-log
increase) than in the wild type (1.1-log increase) or Mmp7~ " DEFA5" (1 .6-log increase)

organoids.

NOD?2 deletion has no effect on bacterial killing. We next addressed the importance of NOD2
expression on the capacity of organoids to impact bacterial survival. NOD?2 is an intracellular
receptor for peptidoglycan, and loss of function mutations in NOD_2 are associated with ileal

195,201
7. In mouse

Crohn’s disease and correlated with reduced expression of enteric a-defensins
models, NOD2 deficiency is linked to reduced a-defensin expression and impaired antibacterial
activity of crypt secretions, indicating that decreased a-defensin expression might be an inherent

202-204

phenotype of NOD2”" mice . However, a more recent study demonstrated the levels and
activities of a-defensins in NOD2” mice are similar to those in wild type mice **.

To address these questions, we compared the levels of activated a-defensins between
organoids from NOD2” and wild type mice and found that they were equivalent (Figure 2.8A).
To assess the impact of NOD2 expression on bacterial killing, we injected 5x10° CFU of STM
LT2 AphoP into NOD2"~ and wild type organoids and enumerated surviving CFU at 16 h post-

injection. We saw no significant difference in recovered CFU between the organoid genotypes
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Figure 2.8. a-defensin expression and antibacterial activity of NOD2” organoids. (A) Equal
amounts (100 pg) of lyophilized extracts from organoids from wild type, Mmp7~~, NOD2*"*, and
NOD2™"" mice were analyzed by AU-PAGE. Purified mouse a-defensin-23 (Crp23, 1 pg)
indicates the mobility of mature a-defensins. CFU recovered 16 h post-injection of STM LT2
AphoP mixed without (B) or with (C) 100 pg MDP. Each line represents one independent
experiment, and each data point is the total CFU from 20 organoids injected in a single well. For
comparison, data were log transformed and analyzed by repeated measures one-way ANOVA

with Tukey post-tests.
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(Figure 2.8B). To ensure that NOD2 was fully activated, we repeated these experiments with the
addition of muramyl di-peptide (MDP) to the inoculum. We again saw no significant difference
in recovered CFU between the genotypes (Figure 2.8C). Thus, NOD2 expression had no effect
on intrinsic a-defensin levels or Paneth cell antibacterial function in this model, although the
magnitude of killing in these C57BL/6J organoids was weaker than that of C57BL/NHsd

organoids in our other experiments.

2.3 Discussion

We have established a model to mimic apical enteric infection that utilizes microinjection of
small intestinal organoids. Prominent features of this model include an intact lumen that prevents
diffusion of apically secreted products into the bulk volume of the culture medium and the ability
to selectively infect either the apical or basolateral aspect of the polarized epithelium. Thus, this
model allows for a broad range of studies of the interactions between microbes, epithelial cells,
and their secreted products. As proof of concept, we determined the impact of naturally secreted
a-defensins on bacterial survival in the organoid lumen. Growth of non-invasive STM was
significantly reduced in wild type organoids compared to Mmp7~~ organoids. Killing was
observed at multiple time points after injection, by two independent measures, and for two STM
strains. In accordance with the survival data, organoids from wild type mice produced mature a-
defensins, whereas those from Mmp7~~ mice did not. In addition, the decreased relative survival
of strains lacking the PhoP regulon and the ability of transgenic expression of HDS to restore
killing are consistent with an a-defensin-dependent mechanism. These results indicate that

naturally secreted a-defensins in the complex extracellular milieu of the organoid lumen are
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capable of killing bacteria and that a-defensin activity is sustained, protecting the epithelium of
the organoid over time.

This model represents a significant improvement over standard methods to determine
antibacterial activities of a-defensins and can be easily applied to studies of other epithelial
products. Standard assays for determining the antibacterial activities of enteric a-defensins were
discussed in the introduction, and predominately use purified peptides and are performed under
low-salt conditions, as bacterial killing is generally inhibited in buffers with physiologic levels of
salt ¥'°. A limited number of ex vivo studies have examined the ability of naturally produced a-
defensins or defensin-containing extracellular fluids to inhibit bacterial growth *. For enteric a-
defensins, Ayabe et al. performed experiments which first supported the notion that secreted a-
defensins are capable of directly killing bacteria ®. However, this study utilized freshly isolated
small intestinal crypts, which are unstable and only amenable to short-term experiments.
Additionally, bacterial killing was demonstrated under low salt conditions and overall was
modest (<10-fold) compared to the level of killing we saw with wild type organoids (up to a 6-
log reduction).

Thus, our approach supports the antibacterial findings of previous studies with substantial
improvements. First, our model enables the study of defensins in a complex milieu without
purification and without altering buffer constituents. Second, multiple experiments can be
performed with equivalent, stably cultured organoids, which are stable for months to years. In
contrast, while ex-vivo human and mouse biopsy specimens can be apically infected with

2% Third, the fate of bacteria injected into a single

bacterial, they are only viable for 12-48 hours
organoid can be tracked over time. Fourth, the assay is very sensitive, as it can be amplified

through prolonged co-culture of the microbes and organoids and is effective over a wide range of
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input CFU. Finally, organoids can be genetically manipulated or established from genetically
engineered mice, allowing the role of specific proteins and pathways in enteric defense to be
assessed 7",

Given these advantages, we applied our enteric infection model to investigate the ability
of organoids from NOD2™" mice to inhibit bacterial growth compared to wild type organoids. In
genome wide association studies, NOD2 mutations contribute the greatest genetic risk for
Crohn’s disease, although the exact role that NOD2 mutations play in the etiology of Crohn’s
disease is unclear™. Initial studies reported a reduction in a-defensin transcript levels in NOD2™”
mice, which was mirrored in human Crohn’s disease patients with NOD2 mutations '*>***, This
defect was functionally confirmed through a reduction in antibacterial activity in NOD2” crypt

20220 ‘However, recent studies have reported wild type levels of a-defensins in both

secretions
mice and humans with NOD2 deficiency and support a role for NOD2 in stem cell
survival?®>?%2! We found that NOD2”" organoids contain wild type levels of a-defensins.
Moreover, we observed no defect in their ability to restrict growth of luminal bacteria. These
results are most consistent with the absence of an effect of NOD2 on either a-defensin
expression or Paneth cell function.

Despite the strength of our approach, there are some limitations to the design and
interpretation of these and future applications. First, although the epithelial cell diversity of the
small intestine is recapitulated in organoids, the spatial relationships of the crypt-villus axis are
not uniformly preserved. In addition, organisms are introduced in close proximity to crypt cells
in the organoid, whereas in vivo they would need to traverse a greater distance from the bowel

lumen to reach an anatomically equivalent location. The compact spatial organization also

presents a technical challenge, in that there is a finite volume that can be injected into the
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organoid lumen, which could potentially be limiting for organisms that cannot be concentrated
sufficiently. Second, we have shown that the organoid lumen is a discreet environment. We were
unable to directly quantify the concentration of a-defensins at basal levels or in response to
stimuli in the organoid lumen. This issue is specific to defensins, as it is difficult to
biochemically or histologically distinguishes intracellular defensins stored in granules and those
released into the lumen by degranulation, a mechanism well supported by the literature **''. A
recent imaging study demonstrated secretion of lysozyme into the lumen of organoids over a
time frame equivalent to that of our experiments *'*. This supports our interpretation that a-
defensins are secreted even by unstimulated Paneth cells, since a-defensins are stored in Paneth

*+63% Third, the degree to which the organoid lumen recapitulates the

cell granules with lysozyme
small intestinal lumen, particularly in regards to pH and osmolality, is unclear. The organoid
lumen likely more accurately models the confines of intestinal crypts rather than the much larger
bowel lumen. Fourth, although our study demonstrates that naturally secreted a-defensins
substantially contribute to inhibiting bacterial growth, it does not preclude a role for the
microbiota and the immune system in impacting the phenotype of Mmp7~~ mice after enteric
infection **'”7. Additionally, as Mmp7~~ mice lack both mature a-defensins and CRS, both of
which are antibacterial, we cannot formally exclude a role for CRS in the observed killing seen

in wild type organoids *'**'

. Finally, we encountered a quantitative issue in some experiments
due to turbidity of the organoid medium 20 h post-infection in the Mmp7~ cultures, most often
with the 14028s strain. We hypothesize that the absence of a-defensins permitted bacterial
overgrowth that compromised the integrity of the organoid lumen. This complication impacts the

absolute quantification of experimental CFU but does not alter the qualitative interpretation of

the experiments.

57



Overall, we believe that our organoid model has significant potential for future
applications. It is readily applicable to studying the direct impact of antimicrobial peptides and
proteins on pathogen growth, which can likely be extended to viruses and parasites. Although we
limited our assay to non-invasive strains of STM that are more sensitive to defensin killing,
organoids could be used to interrogate invasive bacteria and their effects on host cells, and
additional bacterial mutants could be studied alone or in combination. The veracity of the system
can be further increased by inducing the differentiation of M cells and by co-culturing with

207,215

immune cells . Finally, human organoids can be cultured under similar conditions,

permitting translational studies of acute infection and chronic diseases such as inflammatory

152

bowel disease °°. Thus, the establishment of this model of enteric infection enables a broad

range of studies of host-pathogen interactions.

58



Chapter 3: Capsular polysaccharides protect Klebsiella pneumoniae from a-

defensin killing*

3.1 Background

The opportunistic pathogen Klebsiella pneumoniae is a member of the gut microbiota of
healthy individuals. Although K. pneumoniae’s mucoid capsular polysaccharide (CPS) coat is
considered a key virulence factor, the precise role of exopolysaccharides during colonization of
the gastrointestinal tract is unclear *'®. To elucidate the role of CPS in colonization of the
gastrointestinal tract, the Garrett lab at Harvard School of Public Health assessed the
biogeography of K. pneumoniae in gnotobiotic mice (data not shown). They found that mucoid
K. pneumoniae were outcompeted by naturally arising variants with reduced CPS (non-mucoid
variants, NMVs) throughout the majority of the gastrointestinal tract of gnotobiotic mice. The
only exception was the distal small intestine, where high mucoid K. pneumoniae levels were
observed. Therefore, the distribution of mucoid K. pneumoniae positively correlated with regions
of high Paneth cell AMP expression. To directly test the contribution of Paneth cell a-defensins
to selective pressure to maintain CPS, we determined if there were survival differences between
mucoid and NMVs of K. pneumoniae after exposure to purified enteric a-defensins or upon

infection of small intestinal organoids.

3.2 Results
CPS protects K. pneumoniae from killing by Paneth cell a-defensins. Based on the

correlation between mucoid K. pneumoniae and high host cryptdin (Crp, mouse enteric a-

¥ Adapted from Wardwell-Scott, L., Wilson, S.S., Smith, J.G., and Garrett, W.S. The Klebsiella
pneumoniae Capsular Polysaccharide Coat Affords Survival in a Diverse Microbial Community
and Protection from Host Antimicrobial Peptides in the Gastrointestinal Tract.
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defensin) expression, we hypothesized that CPS provides K. pneumoniae with an advantage in
the presence of Paneth cell a-defensins. We tested the sensitivity of mucoid and NMV K.
pneumoniae to a-defensins. Although we observed killing of both mucoid and NMV strains with
all a-defensins tested, there was increased killing activity against NMVs compared to mucoid K.
pneumoniae. Crp23 did not significantly inhibit the growth of NMV 2, however all other NMV
strain were inhibited 3-6-fold as compared to mucoid K. pneumoniae (Fig. 3.1A). HNP1
inhibited growth of NMV K. pneumoniae 2-3 fold as compared to mucoid strains (Fig. 3.1B)
while HDS inhibited growth of NMV K. pneumoniae 2-8 fold as compared to mucoid strains

(Figure 3.1C).

NMYV K. pneumoniae growth is inhibited by naturally secreted a-defensins. To address the
effects of CPS on survival of K. pneumoniae upon exposure to naturally secreted Paneth cell a-
defensins, we compared the growth of mucoid and NMV variants after microinjection into wild
type and Mmp7” small intestinal organoids, as in Chapter 2. A 2-4 fold growth inhibition was
seen with all NMVs in the wild type organoids compared with growth in Mmp7” organoids (Fig.
3.1D). In contrast, mucoid K. pneumoniae growth actually increased in WT organoids (Fig.
3.1D). These data support a model in which the increased sensitivity of NMVs to AMPs,
specifically a-defensins, imposes selective pressure in the mouse ileum during colonization by K.

pneumoniae.
3.3 Discussion

Understanding the biological implications of a-defensin resistance for individual gut

bacterial species has proven challenging due to the complex microbial environment of the
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gastrointestinal tract. Prior work suggested that resistance to AMPs, such as polymixin B and
HNP1, by K. pneumoniae and other encapsulated bacteria may be driven by entrapment of
cationic peptides in the bacterial capsule, but visualization of how this shapes K. pneumoniae

: . . . : 217,218
populations in vivo has remained elusive

. By employing a gnotobiotic mouse model and a
small intestinal organoid system, we show that Paneth cell a-defensins shape K. pneumoniae
populations, specifically their CPS production, and that mucoid K. preumoniae is maintained in
a-defensin rich regions of the gastrointestinal tract.

Not only did mucoid K. pneumoniae tolerate direct exposure to physiologic levels of
purified a-defensins better than NMVs, but mucoid K. pneumoniae also displayed considerably
enhanced growth in the presence of naturally secreted Paneth cell a-defensins in a small
intestinal organoid system. Therefore, this study provides direct evidence for a-defensins in the

maintenance CPS K. pneumoniae during colonization of the gastrointestinal tract. This may

inform future studies of transmission and pathogenicity.

61



20

14 184
12+ 164
- T 14
T 10 - .=
8¢ S 12
S 3 8 T 2 404
=2 =
35 6 SE 8
g 22
~ @ 4 ~ * 6
R 4
2- 5
0- o-
X
RO SRS PO N S
A A o ¥ S S s
» N
25‘ NS XXX FR* *% *R*
2.0
E
v s 1.5
O *% *% *% * *
Ia g 300
22 104 e
oF S 250
~e S
< 0.5 <& 2004
£g
= S 1504
0.0- agf
OGO g= 1o
SR R s
& 3] 50
=
o
RO
R R
»

Figure 3.1. CPS protects K. pneumoniae against Killing by a-defensins. Relative survival of
mucoid (MUC) and NMV K. pneumoniae in the presence of murine Crp23 (A), human HNP1
(B), and human HDS5 (C). Relative survival compared to untreated samples. (D) Image of a small
intestinal organoid in culture (top). Relative survival of CPS variants in organoids with
functional Paneth cell cryptdin production (WT) compared with organoids defective in cryptdin
production (Mmp7™"). ***p < 0.001, **p< 0.01, *p<0.05, one-way ANOVA with Dunnett’s
posttest.
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Chapter 4: Enteric virus infection is enhanced in a small intestinal organoid

system and in vivo

4.1 Background

In previous studies of defensin-virus interactions, we have shown that while some species
of HAdVs are inhibited by a-defensins, there are other species where infection is enhanced by a-
defensins ®'. We hypothesized that resistance to a-defensin neutralization may be a feature of
viruses that frequently encounter a-defensins in the course of natural infection and therefore have
evolved to resist neutralization by these ancient peptides. However, as humans produce both
enteric and neutrophil a-defensins, determining the levels of a-defensins that viruses are exposed
to during infection is complicated. As the mouse does not have neutrophil a-defensins and only
expresses enteric a-defensins, identifying the natural pathogens of mice that would normally
encounter a-defensins is more straightforward. Additionally, HAdVs do not replicate in mouse
cells, which impacts our ability to test whether enhancement occurs in vivo. Therefore, we
utilized two natural pathogens of mice, mouse adenovirus-1 (MAdV-1), which is tropic for
endothelial cells and causes neurological symptoms in infected mice, and MAdV-2, which
causes no overt disease and is naturally tropic for the small intestine *'°.

Using purified mouse and human enteric a-defensins, we show that mouse adenoviruses
recapitulate the dichotomy seen with human adenoviruses, with MAdV-1 being sensitive to
defensin-neutralization and MAdV-2 being resistant or enhanced by these same peptides. This
enhanced entry occurred in a receptor-independent manner. Using our previously established
small intestinal organoid model **, more virus was produced when MAdV-2 was microinjected
into wild type versus Mmp 7" organoids, demonstrating that naturally secreted a-defensins are

capable of enhancing viral infection. Increased shedding was observed in wild type mice
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compared to Mmp7”~ mice after oral infection with MAdV-2 in two separate experiments,
indicating that small intestinal organoids are predictive of in vivo effects. Therefore, a-defensins

enhance enteric viral infection in cell culture, in small intestinal organoids, and in vivo.

4.2 Results

Mouse adenoviruses recapitulate the dichotomy seen with human adenoviruses. We tested
the activity of the mouse and human enteric a-defensins against MAdV-1 and MAdV-2. HDS
inhibited MAdV-1 infection by 100-fold, while the mouse enteric a-defensins Crp3 and Crp2
were less potent, inhibiting infection approximately 6-fold at the highest concentration tested
(Figure 4.1A). Crp23, which differs from Crp2 by only one amino acid, only reduced MAdV-1
infection 2-fold. In contrast, infection by MAdV-2 was enhanced or unaffected by these same a-
defensins (Figure 4.1B). Incubation with Crp2, Crp3, or Crp23 led to a maximal 1.7-fold, 1.8-
fold, and 2-fold increase in infection, respectively. MAdV-2 infection was also moderately
enhanced by HDS at lower doses, while a modest 2-fold reduction in infection was observed at
higher doses of HDS. Interestingly, Crp4, which is potently antibacterial, had no effect on either
MAdV-1 or MAdV-2, highlighting the specificity of defensin-pathogen interactions.

To visualize and quantify infection without staining, we created a viral construct that
would express a fluorescent protein during infection using a BAC recombineering method to
fuse green fluorescent protein (GFP) to the minor capsid protein IX **. A similar construct on
the MAdV-1 background had already been created by the Spindler Lab. Comparing the growth
of MAdV-2 and MAdV-2.1XeGFP in a multi-cycle infection assay, we observed that MAdV-2

and MAdV-2.IXeGFP grow with similar kinetics, but that MAdV-2.IXeGFP does not replicate
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Figure 4.1. Defensins neutralize infection by MAdV-1 and enhance infection by MAdV-2.
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CMT93 cells were with infected with (A) MAdV-1, (B) MAdV-2, (C and F) MAdV-1.IXeGFP
or (D) MAdV-2.1XeGFP that was pre-incubated with the indicated concentrations of a-defensins.

Data is expressed relative to control cells infected in the absence of a-defensin (100%). Results

are the means of at least three independent experiments + SD. (E) CMT93 cells were infected in

parallel with MAdV-2 or MAdV-2.IXeGFP. Beginning at Ohrs, cells and supernatant were
collected from one well daily for 5 days and viral progeny tittered on a fresh monolayer of
CMT93 cells. Infection levels were quantified by staining for the major capsid protein hexon,

and are presented relative to the input virus (0 hpi). Results are the means of two independent

experiments + SD.
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to the same levels as MAdV-2 (Figure 4.1E). It is possible that less infectious MAdV-2.I1XeGFP
virions are produced because the GFP fusion may affect capsid formation or render the capsid
less stable. Nonetheless, we tested the activity of both mouse and human enteric a-defensins
against the previously created MAdV-1.IXeGFP and the newly engineered MAdV-2.1XeGFP.
Consistent with the results using wild type MAdV-1, we found that MAdV-1.IXeGFP was
strongly neutralized by a-defensins, with HDS inhibiting infection over 100-fold, Crp2 inhibiting
infection 4-fold, and Crp23 inhibiting infection 7-fold (Figure 4.1C). Conversely; Crp4 had no
effect on MAdV-1.IXeGFP, consistent with the phenotype seen with MAdV-1. MAdV-
2.I1XeGFP infection was enhanced by all a-defensins tested, up to 1.3-fold by Crp23, 1.4-fold by
HDS5 and 2.6-fold by Cpr2 (Figure 4.1D). Perhaps reflecting differences in detection sensitivity,
the observed neutralization and enhancement of the GFP expressing viruses were in both cases
more profound than that seen with their wild type counterparts. Therefore, as the addition of the
GFP fusion did not interfere with the defensin phenotype of either virus, MAdV-1.IXeGFP and

MAdV-2.1XeGFP were used in subsequent assays.

Enhancement is observed with naturally secreted a-defensins. Inhibition of viral infection by
a-defensins is well studied. We have mechanistic information for the inhibition of both
enveloped and non-enveloped viral species by a-defensins, including for HAdV's .
Enhancement of viral infection has been less reported and is less studied *'*®. Therefore, it was
possible that enhancement was an artifact of using purified proteins and would not be observed
with naturally secreted a-defensins. To address this issue, we took advantage of the small

intestinal organoid infection model presented in Chapter 2 *°. In small intestinal or anoids,
g p p g

Paneth cell contents, including a-defensins and lysozyme, are constantly released and
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accumulate in the organoid lumen *'?

. Data from Chapter 2 shows that a-defensins produced by
small intestinal organoids are active and potently antibacterial, and that this activity is lost in
organoids from Mmp 7" mice that lack mature o-defensins.

To test whether naturally secreted a-defensins impact MAdV-1 or MAdV-2 infection in
the organoid model, we first needed to confirm that the pro-defensins expressed in Mmp7 .
organoids had no antiviral activity. Using MAdV-1.1XeGFP, we show that pro-HDS5 has no
effect on MAdV-1 infection (Figure 4.1F). The results indicate that the antiviral activity against
MAJdV-1 is only seen with mature a-defensins, and therefore, our organoid model could be
applied to studies of mouse adenovirus.

We next asked if the viruses of interest could infect and replicate in the organoids. Whole
wild type organoids were dissociated with a needle and syringe and infected with MAdV-
1.IXeGFP or MAdV-2.1XeGFP. The mixture was then re-embedded in Matrigel and cultured
over 8 days. Virus released into the supernatant was titered on CMT93 cells as a means to
quantify viral replication. MAdV-1.IXeGFP appeared to persist in culture over 8 days (Figure
4.2). Conversely, we detected a 3-log increase in levels of MAdV-2.IXeGFP, and replication
appeared to plateau around day 3 post-infection. This outcome was somewhat unanticipated;
although MAdV-1 is mainly known to infect macrophages and endothelial cells, it does replicate
in CMT93 cells, which are a murine colorectal cancer cell line. As only MAdV-2 was able to
replicate in organoids, the impact of naturally secreted a-defensins on viral enhancement was
exclusively studied from this point.

To determine if naturally secreted a-defensins impact infection, wild type or Mmp7 a

organoids were infected with MAdV-2.1XeGFP via three distinct routes and infection levels
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Figure 4.2 MAdV-2 replicates in small intestinal organoids. Wild type small intestinal
organoids were dissociated with a needle and syringe and incubated at 4°C with 1-2x10°
infectious units of MAdV-1.IXeGFP or MAdV-2.IXeGFP. Infected organoids were resuspended
in Matrigel and plated in parallel wells of a 24-well plate. Beginning at 0 hpi, cells and
supernatant were collected from one well at the indicated times post-infection and viral progeny
titered on a fresh monolayer of CMT93 cells. Data is expressed relative to input virus (100%)

and results are the means of at least three independent experiments + SD.
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were measured daily for 5 days by titering output virus on CMT93 cells (Figure 4.3A). To model
natural apical infection and to expose the virus to the highest concentrations of a-defensin
possible, we utilized microinjection to directly access the organoid lumen (Figure 4.3A). To
further maximize defensin concentration, organoids were treated with the cholinergic agent CCh,
which induces Paneth cell degranulation, for 30 min prior to injection. After microinjection, 3
times more virus was produced in wild type organoids than in Mmp7”~ organoids on day 2, which
increased to 5 times more virus on day 3 (Figure 4.3A). When organoids were infected
basolaterally (avoiding the accumulated a-defensins) or infected after organoid disruption (which
disperses the a-defensins) there was no difference in infection levels between the genotypes. We
also analyzed the total number of infected cells after microinjection in the two genotypes of
organoids by FACS and found that more cells were infected in wild type organoids than in

Mmp 7" organoids (Figure 4.3B). This difference reached statistical significance at 72 hpi, when
we also saw the biggest difference in output virus. Taken together, these results support the

conclusion that naturally secreted a-defensins increase MAdV-2 infection.

a-defensins increase both the number of cells initially infected and the spread of virus
throughout the well. The increased virus production seen after infection of wild type organoids
could be explained by an increase in initial infection or could be due to a-defensins impacting
subsequent rounds of infection. We first used the MAdV-2.IXeGFP construct to look at the total
number of infected cells in individual wild type and Mmp7” organoids after microinjection. Ten
organoids per well were microinjected with MAdV-2.1XeGFP mixed with FITC-dextran in order
to mark microinjected organoids. At 24 hpi infected cells per organoid were enumerated from

live cultures using a fluorescence microscope outfitted with filters for the visualization of both
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Figure 4.3. MAdV-2 infection is enhanced in microinjected, wild type small intestinal

organoids. (A) Wild type and Mmp7” organoids were infected with MAdV-2 via microinjection,

basolateral infection, or mixing. Infected cells and supernatant were collected daily and viral

progeny titered on CMT93 cells. Data is the relative infection of wild type organoids compared

to Mmp7” organoids from 3 independent experiments. (B) Ten wild type and ten Mmp7”

organoids were infected with MAdV-2.IXeGFP via microinjection. At the designated time

points, organoids were dissociated into single cells, and GFP positive cells were quantified by

FACS. Results are the values from three independent experiments + SD. *p<0.05, ***p<0.01,

analyzed by one-way ANOVA with Tukey post-tests.
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GFP and FITC-dextran. Analysis was restricted to organoids that were still stained with FITC-
dextran to ensure that included organoids were infected by microinjection. Overall,
approximately twice as many infected cells were observed in wild type organoids compared to
the Mmp7 /'organoids (Figure 4.4A). Since 24 hours is essentially a single round of MAdV-2
infection, this data suggests that the mechanism of enhancement by a-defensins in the wild type
organoids is due to an initial increase in infected cells.

In these cultures, deletion of MMP?7 is not limited to Paneth cells. To formally rule out a
role for MMP7 other than activation of a-defensins in the observed enhancement, we enumerated
infected cells in colonic organoids. As previously discussed, Paneth cell expression is limited to
the small intestine. Therefore, colonic organoids allow for the impact of MMP7 expression on
enhancement to be addressed in the absence of a-defensins. The lack of a-defensin expression in
colonic organoids was confirmed by qPCR, which showed abundant a-defensin transcripts in
small intestinal but not colonic organoids (Figure 4.4B). After microinjection, no difference in
initially infected cells was seen between wild type and Mmp 7" colonic organoids (Figure 4.4A).
Moreover, the number of infected cells in colonic organoids and Mmp 7" small intestinal
organoids was similar; indicating that the increase in infected cells observed in wild type small
intestinal organoids was due exclusively to a-defensins.

We next looked at whether the observed initial increase in infected cells lead to increased
spread of MAdV-2.IXGFP from organoid to organoid within a well. Ten small intestinal or
colonic organoids of each genotype were microinjected with MAdV-2.IXeGFP and visualized
live using a fluorescence microscope. The number of GFP- positive organoids was quantified via
fluorescence microscopy every 24 hours for 4 days. Total GFP-positive wild type small intestinal

organoids increased on average 3.4-fold over 96 hours (Figure 4.4C). In agreement with previous
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Figure 4.4. An increase in initially infected cells and an increase in viral spread are both
observed in wild type organoids. (A) Total GEP-positive cells in WT and Mmp7” small
intestinal and colonic organoids at 24 hpi. Data is the average number of GFP positive cells from
ten microinjected organoids from at least 9 independent experiments + SEM. (B) qPCR for
MMP7 and Crp4 in organoids 4 days after passage. Data are the average of two replicate wells of
organoids and is relative to expression immediately after passaging. Total GFP-positive WT and
Mmp7” (C) small intestinal and (D) colonic organoids per well quantified daily for 4 days.
Shown is the average number of GFP positive organoids from three individual wells with ten
microinjected organoids each. Data is the average from 3 independent experiments + SEM.
*p<0.05, **p<0.01, ***p<0.005, from repeated measures one-way ANOVA with Tukey post-

tests.
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data, the total number of GFP-positive Mmp 7" small intestinal organoids, or colonic organoids
of either genotype only increased on average 1.3-fold in the same timeframe (Figure 4.4D).
Therefore, a-defensins increase the number of initially infected cells, and this leads to an

increase in organoid to organoid spread.

Enteric a-defensins allow viruses to enter cells in a receptor independent manner. Previous
studies have demonstrated that HAdV entry is blocked when whole virus competes for binding to
cell surface receptors with a molar excess of recombinant fiber knob, which is a domain of the
viral attachment protein *'. We took advantage of this fact in order to address the mechanism of
enhancement that we observed in our assays. CMT93 cell monolayers were incubated with a
molar excess of recombinant MAdV-2 fiber knob. The presence of MAdV-2 fiber knob
specifically blocked infection by MAdV-2 up to a 8.3-fold in a dose dependent manner while
having no effect on infection by MAdV-1 (Figure 4.5A). A MAdV-2 fiber knob concentration of
1.5 uM was chosen for subsequent assays, as it was the minimum concentration with maximal
inhibitory activity.

To determine if a-defensins allow for receptor-independent MAdV-2 entry, MAdV-2 was
pre-incubated with an enhancing a-defensin before being added to cells pretreated with MAdV-2
fiber knob. When MAdV-2 was pre-incubated with SuM Crp2, a 2-fold increase in infection was
observed, independent of the presence of MAdV-2 fiber knob (Figure 4.5B). In contrast,
incubation of MAdV-2 with MAdV-2 fiber knob alone resulted in a 6.6-fold reduction in
infection. This effect was specific to the MAdV-2 fiber knob, as fiber knob from HAdV-16 had
no effect on infection by MAdV-2. No treatment tested had any impact on MAdV-1 infection,

indicating that MAdV-2 fiber knob was specifically blocking MAdV-2 receptor-dependent entry.
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Figure 4.5. a-defensins allow MAdV-2 entry in a receptor-independent manner. (A) MAdV-
1.IXeGFP or MAdV-2.1XeGFP was added CMT93 cells pretreated with MAdV-2 fiber knob,
and infection was quantified 48 hpi. (B) MAdV-1 and MAdV-2 were pre-incubated with 5 uM
Crp2 or left untreated, and then added to CMT93 cells that had been pre-treated with 1.5 uM
MAdV-2 fiber knob (FK), 16 nM HAdV-16 FK, or left untreated. Infection was quantified 48
hpi. Data is expressed relative to control cells infected in the absence of a-defensin or FK
(100%). Results are the means of at least three independent experiments + SD except for MAdV-

1 in panel A, which is one replicate.
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Crp2 did not inhibit MAdV-1 infection due to the low concentration used for these experiments.
Taken together, these results indicate that the presence of a-defensins allows MAdV-2 to enter

cells in a receptor independent fashion.

a-defensin activation in vivo increases MAdV-2 shedding. To investigate viral enhancement in
vivo, wild type and Mmp 7" mice were infected orally with 1x107 iu/mouse of MAdV-2. Infection
was monitored by quantifying viral genomes shed in fecal pellets at 6, 20, and 28 hpi. Wild type
mice shed significantly more virus than Mmp 7"~ mice over the course of the experiment (Figure
4.6A and 4.6C). To see whether this increase in shedding was sustained over a longer time
course, wild type and Mmp 7" mice were infected orally with 1x10° iu/mouse of MAdV-2. Fecal
pellets were collected at 2, 4, and 7 dpi, and viral genomes were quantified. Over one week, wild
type mice shed more virus than Mmp7 " mice (F igure 4.6B and 4.6D). Therefore, a-defensin-

mediated enhancement of MAdV-2 infection results in increased viral shedding in vivo.

4.3 Discussion
Through our studies we have shown that MAdV-2 infection is enhanced by purified a-defensins
in vitro, by naturally secreted a-defensins in small intestinal organoids and in vivo. Numerous

222-225 Kuyss et al

recent papers have implicated the microbiota in promoting viral infection
demonstrated that antibiotic pre-treatment reduced viral replication and mortality in poliovirus
infected mice ***. Reovirus pathogenesis was also reduced in antibiotic treated mice from this
study, indicating that the effect applied to multiple viral families. A subsequent paper showed
that enhanced poliovirus infection was not dependent on live bacteria, but rather on binding of

the virus to bacterial surface polysaccharides, which leads to capsid stabilization and an increase

in infection ***. A separate group demonstrated that
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Figure 4.6. Fecal shedding of MAdV-2 is increased by enteric a-defensin activation. Data
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of MAdV-2. Total virus shed per mouse was calculated by determining the area under the curve

from each mouse after oral infection with MAdV-2. N=7-8 mice per group. P values are noted

from an unpaired t-test.
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infection by the vertically transmitted Mouse Mammary Tumor Virus (MMTV) is impacted by

the presence of LPS **°

. During natural infection, LPS bound to MMTYV particles activates TLR4
and stimulates production of the anti-inflammatory cytokine IL-10. This signaling cascade is
necessary for the induction of host tolerance and potentially allows MMTYV to avoid triggering
an antiviral response during infection. Transmission of MMTV was not seen in germ-free or
antibiotic treated mice. More recently, antibiotic treatment has been shown to prevent acute
mouse norovirus infection and clear persistent mouse norovirus infection in vivo ***. This is
consistent with previous results showing that murine norovirus can directly bind to bacterial
glycans **°. Taken together, these studies support a critical role for the gut microbiota in
facilitating enteric viral infection.

Our results support a new and distinct host-dependent mechanism that augments enteric
viral infection. We observed that infection by an enteric mouse pathogen was enhanced by a-
defensin peptides that are typically potent antivirals in cell culture. The fact that these a-
defensins are highly expressed where natural viral infection occurs implies that MAdV-2 may
have evolved to hijack a host-derived peptide normally associated with inhibiting viral infection
and utilize it to increase its own infection. There are a few other examples of a-defensins
enhancing viral infection: the promotion of HIV attachment by HD5 and HD6 and the
enhancement of some HAdVs by HNP1 and HD5, as mentioned in Chapter 1 *"**. Defensin-
mediated enhancement of HIV is particularly intriguing, as unlike the viruses mentioned
previously, LPS binding to HIV gp120 decreases virus binding to target cells **”. Therefore, it is
possible that the role of a-defensins in augmenting viral infection may complement or counteract
the impact of bound bacterially derived products.

Our results using organoids indicate that a-defensins are capable of enhancing viral
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infection. Although our data indicates that a-defensins allow receptor-independent entry of
MAJdV-2, the precise mechanism of this enhancement was not determined. Potential alternative
routes of entry mediated by a-defensins are summarized in Figure 5.1. As a-defensins are highly
cationic, enhancement may simply be due to charge neutralization allowing more virus to bind to
the cell in the presence of a-defensins, similar to the effects of polybrene or other cationic

228

compounds ““". Indeed, we and others have documented increased cell binding due to defensins

. . 81,96,123
even for viruses that are subsequently neutralized *

. However, increased cell binding is
unlikely to be the sole mechanism of enhancement, as we have observed enhancement of HAdVs
and MAdV-2 even when the virus is pre-bound to cells in the cold, unbound virus is washed
away, and then defensin is added and infection allowed to proceed. This protocol eliminates any
impact of defensins on the initial amount of virus bound to cells, and strongly indicates that
observed enhancement of infection is not simply due to increased cell binding.

There is evidence that some a-defensins can permeabilize eukaryotic membranes, leading
to increased infection °'. To enhance MAdV-2 infection, defensins could be forming pores at the
cell surface and allowing more virus to enter the cell. More intriguingly, enhancement could be
due to a-defensins that enter the cell bound to MAdV-2 and subsequently permeabilize the
endosomal membrane, resulting in more virus reaching the nucleus. Binding studies using HAdV
have shown that there is a 3-30-fold reduction in defensin binding to enhanced HAdV serotypes
compared to binding to the neutralized serotype HAdV-5 *'. However, these results from a
biochemical assay could translate into defensins being able to enter the endosomal pathway
bound to both neutralized and non-neutralized AdVs. At this point, a-defensins would remain

bound to and prevent uncoating of neutralized AdVs, while a-defensins that enter the cell bound

to enhanced AdVs would now interact with the endosomal membrane and potentially disrupt it.
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Nucleus

Based on previous experiments and our own data, there are three major ways that a-defensins
could increase infection by MAdV-2: (1) Defensins could alter MAdV-2 binding to the cell (dark
purple receptor is the putative receptor, light purple receptor is alternate receptor interaction
mediated by a-defensins), (2) increase MAdV-2 binding to the cell or (3) permeabilize cellular

membranes. These mechanisms are not mutually exclusive.

79



This would functionally increase the amount of virus reaching the nucleus and lead to enhanced
infection. Although a-defensins could interact with endosomal constituents while still bound to
MAdV-2, it is also possible that enhancement results from a-defensins bound to MAdV-2 in a
low affinity interaction subsequently entering higher affinity interactions with endosomal
membrane components. Binding affinity studies using recombinant penton from HAdV-5 and
HD5 have been performed **°. Similar studies using the penton from an enhanced serotype need
to be performed to address this possibility.

It is possible that a-defensins bound to MAdV-2 facilitate an interaction with an alternate
cell surface receptor. Testing for the utilization of an alternate cell surface receptor with MAdV-
2 is currently challenging, as the receptor utilized by MAdV-2 is unknown. This question can not
easily be addressed by instead performing experiments with enteric HAdVs, as the receptors

utilized by these viruses are also not completely known ****!

. Therefore, the unknown and likely
novel receptors utilized by enteric AdVs would have to be determined before these experiments
could be performed. An alternative would be to investigate binding to alternative receptors using
the enhanced HAdV-19, as this serotype is well characterized. However, this is not an enteric
virus, therefore the relevance of finding to the mechanism of enteric virus enhancement would be
unclear. However, pursuing this line of investigation should remain a priority, as if defensin-
bound viruses are able to utilize alternate receptors to enter cells this would have implications for
our understanding of enteric virus tropism. It may even suggest that it is the distribution of a-
defensins in the gastrointestinal tract itself that dictates the location of enteric virus infections.

This idea is further bolstered by the fact that neutrophil and enteric a-defensins are hypothesized

to interact with chemokine receptors that have not yet been identified '>'**"'*°_ Identification of a
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cell surface receptor for enteric a-defensins would also inform this question of alternate receptor
usage.

Rather than alter receptor usage a-defensin binding may instead alter intracellular
trafficking of enhanced viruses. To test this, one could infect cells simultaneously with a
neutralized and an enhanced virus, for example MAdV-1 and MAdV-2. If the viruses utilize the
same entry pathway, they should colocalize with both each other and with shared intracellular
markers. However, if the viruses fail to colocalize both with each other and with the same
intracellular markers, then this implies enhancement could be due to the viruses entering a

different and more productive entry pathway.
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Chapter S. Significance and future directions

5.1 Enhancement of enteric viruses by a-defensins
Preliminary data with other viruses

The data in Chapter 4 only demonstrates the enhancement of one virus by a-defensins.
Therefore, a key unanswered question is whether enhancement by a-defensins extends to other
viruses. In preliminary studies we have shown that purified a-defensins enhance the infection of
multiple other enteric viruses. HDS5, Crp2 and Crp23 enhance infection by two strains of mouse
rotavirus, EMcN and EDIM (data not shown). As was observed for AdV infection, enhancement
of mouse rotavirus occurred both after pre-incubated of the virus with a-defensins and when the
virus was pre-bound to the cell and a-defensin subsequently added. Infection of the mouse
norovirus strain MNV-1 is also enhanced by HDS, although 2-fold inhibition by Crp2 was seen
at the highest doses (data not shown). In contrast, when we tested the activity of HD5 against a
second non-enteric mouse virus, mouse papillomavirus, infection was inhibited over 100-fold
(data not shown). Therefore, of the six mouse viruses tested to date, the enteric viruses MAdV-2,
EDIM, EMcN, and MNV-1, representing three distinct viral families are enhanced by enteric a-
defensins. In contrast, non-enteric viruses MAdV-1 and mouse papillomavirus are neutralized.
Given the very restricted distribution of a-defensin expression in the mouse, the fact that all
enteric viruses follow this paradigm is intriguing. Although it remains to be seen if mouse
rotavirus and mouse norovirus infection is enhanced in organoids or in vivo, preliminary data
suggests that enhancement may be a common feature of enteric mouse viruses.

The experiments in chapter 4 and mentioned above were all performed with mouse
viruses. Therefore whether or not enteric a-defensins enhance human enteric viruses infection is

unclear. Preliminary data has demonstrated enhancement of the human rotaviruses WA, HAL
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and DS-1 by HD5. We have also previously published that one of the two naturally enteric
HAdVs is enhanced in cell culture by HD5 *'. As tools to genetically manipulate human
organoids have been described, the creation of HD5”~ human organoids would present a unique
opportunity to address whether human enteric viruses are enhanced by naturally secreted o-
defensins, analogous to the observed enhancement of MAdV-2 in mouse small intestinal

. 232,233
organoids “*

. Enhancement of enteric viruses by enteric a-defensins potentially represents a
novel paradigm in host-pathogen interactions. Further investigation is warranted to determine if

enhancement of diverse viruses species by purified a-defensins is recapitulated in small intestinal

organoids or in vivo.

5.2 The future of intestinal organoids in microbiological research
Using intestinal organoids to reproduce previous results

Intestinal organoids are becoming a widely utilized tool in both microbiological and
biomedical research. However, a number of questions about the relevance of research conducted
in intestinal organoids remain unknown or incompletely explored. Multiple groups have tried to
address the extent to which organoids recapitulate observations made using both traditional cell
culture and in vivo models. Using mouse organoids derived from the jejunum and ileum, Zhang
and colleagues show that STM infection of organoids results in bacterial invasion, disruption of
tight junctions™*, induction of NF-xB mediated inflammatory responses, and a reduction in stem

cell numbers, all of which have been previously demonstrated >+’

. Using human intestinal
organoids it was confirmed that microinjection of a wild type Clostridium difficile, but not a
nontoxigenic strain, results in organoid disruption, consistent with results previously obtained

238,239

from cell lines and hamster infection models . Helicobacter pylori infection of human

gastric organoids has similarly confirmed that specific cell types are more susceptible to
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240242 Finally, mouse

colonization and that colonization results in NK-kB and IL-8 production
intestinal organoids have been used to show that changes in gene expression induced upon
exposure to the microbiota constituents Akkermansia muciniphila and Faecalibacterium
prausnitzii, are in line with those from other mouse studies, which underscores the usefulness of

the organoid model ***

. While showing that organoids recapitulate some aspects of previous cell
culture and in vivo results is no doubt important, if this is the extent of the inquiry, then
experiments in organoids represent no real improvement over traditional cell culture techniques.
In addition, these confirmatory studies might actually mask the true utility of organoids by
ignoring results that are different between organoids and cell lines. Therefore, future studies

seeking to confirm phenotypes should be cognizant of these concerns, and highlight the

discrepancies they uncover as well as the similarities.

Growth of previously unculturable organisms

Intestinal organoids represent the first opportunity for long-term culture of many
intestinal epithelial cell types, there is the potential that organoids will similarly allow for the
growth of previously unculturable organisms. This is especially true for many human enteric
viruses, which grow either very poorly in culture (HAdVs, rotavirus) or not at all (norovirus) ***.
Culturing of human clinical rotavirus samples can be achieved through multiple rounds of tissue
culture adaptation in non-human primate primary cells, followed by growth in cell lines **.
Finkbeiner et al have shown that human organoids support the replication of primary rotavirus

isolates directly from infected feces, negating the need for any tissue culture adaptation in non-

human cells **. Preliminary results from our lab show that enteric HAdV's grow well in human
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organoids, but not in mouse organoids, indicating that this system accurately reflects in vivo
tropism.

An important consideration for the cultivation of organisms is the kind of intestinal
organoid used. Although mouse intestinal organoids are exclusively derived from intestinal
tissue, there are currently two distinct ways to make human intestinal organoids ">"""****"** One
method utilizes inducible pluripotent stem cells (iPSC) and the other relies on intestinal crypts
isolated from biopsies or surgical specimens, but the specific growth factors needed to drive
intestinal organoid formation are consistent between the protocols. Although they are not
dependent on tissue availability, iPSCs are embryonic in phenotype and can only be passaged for
a finite period of time **”. These organoids also take weeks longer to generate cultures and
display less tissue organization than crypt-derived organoids. Finally, iPSC organoids include
mesenchymal cells, which are completely absent in crypt-derived organoids ***. This
mesenchymal cell contamination is especially relevant for work that seeks to establish culture
conditions for unculturable viruses, as it may confuse results. Indeed, rotavirus replication in the
iPSC organoids was detected in both epithelial and mesenchymal cells >*°. Future studies seeking

to determine whether enteric pathogens can grow in organoids would be advised to utilize the

exclusively epithelial crypt-based organoids before claiming epithelial cell specific growth.

The benefits of a reductionist system

Interpretation of enteric experiments in vivo is complicated, as input from epithelial cells,
the microbiota, and the immune system must all be considered. However, organoids represent a
reductionist system, composed exclusively of epithelial cells, making them an ideal platform to

address questions regarding the response of epithelial cells upon encountering microbes. As
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organoids can easily be made from wild type and knockout mice, they represent a powerful tool
to study epithelial intrinsic signaling pathways relevant for infection. To this end, mouse colonic
1L22ral knockout organoids have been utilized to look at the IL.22 receptor dependent signaling
pathway, activation of which is critical for resistance to Citrobacter rodentium infection **.
Infection of mouse gastric organoids with H. pylori has been shown to induce NF-xB mediated
Sonic hedgehog expression, which initiates gastritis associated with infection **°. This process
was long hypothesized to happen but had proven difficult to show in vivo. The same group was
then able to show a previously unappreciated role for CD44 in H. pylori mediated epithelial cell

2! These studies have all benefitted from the

proliferation, again using mouse gastric organoids
newfound availability of primary epithelial cells that intestinal organoids provide, and future
work will only contribute to our understanding of the role of epithelial specific responses to
microbes.

Organoids can also be used to address questions about the sufficiency of microbes or
host-genotypes for the production of observed phenotypes. Our published work in mouse small
intestinal organoids, described in Chapter 2 and Chapter 3, demonstrates that secreted o-
defensins in a natural milieu are capable of restricting bacterial growth. However, this work does
not exclude a role for the microbiota or the immune system in defensin-mediated phenotypes in
vivo. Mouse small intestinal organoids have also been used to explain the observed upregulation

of fut2 in the ileum of Na+/H+-exchange isoform 3 null (NHE3") mice >

. Increased fut2
transcription observed in vivo is not due to host genotype directly, but rather due to a specific
expansion of Bacteroides thetaiotaomicron in the terminal ileum. After microinjection of B.

thetaiotaomicron into wild type and NHE3™" ileal organoids, fir2 was upregulated independent of

genotype, showing that B. thetaiotaomicron is sufficient for fuz2 induction. A separate study
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looked at the ability of stem cells from wild type and NOD2"" mice to form organoids.
Stimulation of stem cells with the NOD2 agonist MDP was sufficient to induce a protective
response in these cells, which increased the number organoids that were eventually formed *'°.
No increase in organoid number was observed after stimulation of NOD2”~ stem cells. Human
iPSCs have also been used to demonstrate that C. difficile infection is sufficient to reduce the
production of mucins and NHE3 expression, both of which have been observed in humans
infected with C. difficile *'**>°. Performing similar experiments in vivo is not possible due to the
presence of commensal microbes. Even in germ-free mice, the presence of immune cells makes
interpretation of experiments complicated. Therefore, these studies highlight a major benefit of
intestinal organoids, which can be used to conclusively link a phenotype to a specific microbe or
host genotype.

With a reductionist system like intestinal organoids, one potential experimental direction
is to add back individual components in an attempt to address specific questions. In this vein, the
conditions to derive Peyer’s patch microfold cells (M cells) in mouse organoids have been
described ***. As M cells are known to be important for the infection of numerous pathogens
such as STM, retroviruses, norovirus, and poliovirus, studies in organoids with and without M
cells may help to fully illuminate the role of these cells in enteric infections *°. Our preliminary
data indicates that murine bone marrow derived macrophages can be successfully co-cultured in
Matrigel with small intestinal organoids (data not shown). Therefore, future studies examining
the specific interactions between immune cells and organoids should be performed. Experiments
looking at immune cell chemotaxis would be especially suited to the organoid system, as
organoids could be microinjected with microbes or left untreated, and the number of immune

cells in association with the respective organoids tracked over time. In general, the potential
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experiments that can be performed in organoids using this kind of an add back approach are
endless and will greatly inform our current understanding the importance of epithelial cells in the

intestine.

Organoids as predictors of in vivo effects

The relevance and future of organoid infection models will be impacted by their ability to
predict in vivo effects. As discussed in Chapter 4, this is one of the most important conclusions
that can be drawn from observed enhancement of MAdV-2 infection. We clearly demonstrate
that there is an increase in viral replication specific to wild type small intestinal organoids, which
is not observed in colonic organoids or Mmp 7" organoids. Based on these results, one could
predict that orally infected wild type mice would produce and shed more virus than Mmp 7"
mice, which is precisely what we observed in multiple experiments. One other published paper
also demonstrates that organoids are predictive of an in vivo phenotype >'’. After establishing the
protective effect of NOD2 stimulation on intestinal stem cells in small intestinal organoids,
Nigro et al were able to demonstrate that MDP administration can also protect stem cells in vivo
in a NOD2 dependent manner. Therefore, the data so far support the idea that mouse organoids
are highly predictive of in vivo effects.

These studies also imply that results from human intestinal organoids would be directly
applicable to the human intestine. It is well established that drugs do not impact all cells
uniformly and instead that cells from different tissues can have very different responses to the
same compound >°. In addition, drug efficacy and toxicity testing in animal models is
confounded by an inability to differentiate between direct and indirect effects. The use of cell

lines can resolve these issues; however, by definition immortalized cells are distinct from the
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primary cells from which they were derived. It has been shown that TNFa and chemotherapeutic
drugs are toxic to human organoids and mouse intestines in vivo, but that toxicity in the
colorectal cell line, Caco-2, was observed at doses 10-30 times higher *°”. This study implies that
human organoids are more predictive of in vivo effects than cell lines. As human organoids are a
renewable source of primary human cells, they represent an unprecedented opportunity to test
candidate pharmaceuticals in a system that more accurately reflects humans than cells lines or
animal testing. This is especially relevant as 80-90% of drugs currently fail when tested in

humans due to toxicity or lack of efficacy **°.

Future Perspectives

One of the early limitations to studies in organoids was cost, as a completely defined cell
culture media using purified proteins is extremely expensive in comparison to traditional cell
culture media. However, many of the necessary growth factors can now be produced as

196,259 o . . .
7. In addition, for mouse small intestinal organoids,

conditioned medias, driving down costs
there is now a commercially available complete culture media. The benefits to performing

studies in non-transformed epithelial cells are immense, and it is likely that enteric research will

move to preferentially utilizing organoids over cell lines.
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Chapter 6. Materials and Methods

Purified defensin and fiber knob production. Crp23 was generated from a synthesized 80%
pure linear peptide (CPC Scientific) as previously described *°. HD5 was refolded as above or
purchased from Hycult Biotech (HC2121). HNP1 was purchased from Abcam (ab9934). Crp2
was a gift from Wuyuan Lu (University of Maryland) and Crp 3 and Crp4 were a gift from
Andre Ouellete (University of Sothern California). All a-defensin concentrations were
quantified by UV absorbance at 280 nm using calculated molar extinction coefficients.

MAdV-2 fiber knob was generated from a bacterial expression plasmid (pET28(+))
encoding MAdV-2 residues 517-586 with an N-terminal 6xHis tag (a gift from Mark J van Raaij,
Spanish National Center for Biotechnology). MAdV-2 fiber knob was expressed in BL21-
CodonPlus (DE3)-RIPL cells (Stratagene) upon induction at an ODg of 0.6—0.8 using 0.4 mM
IPTG for 4 hr at 37°C. Cell pellets were frozen at —80°C in lysis buffer, lysed by sonication, and

d 2°*%!Fractions containing the

purified by a TALON column (Clontech) as previously describe
highest concentrations of eluted protein were pooled and concentrated/desalted into desalting
buffer (50 mM Na2HPO4/NaH2PO4, 130 mM NaCl, 10% glycerol, pH 8.0). Fiber knob

oligomerization was confirmed by non-reducing gel analysis.

Bacterial strains, culture conditions and antibacterial assays. STM strains used are listed in
Table 1. Mutants were generated in STM 14028s by P22 phage transduction. K. pneumoniae
WGLWS (mucoid parent; BEI HM-749) was previously cultured from the stool of BALB/c 7-
bet” x RagZ‘/' (TRUC) mice 22 MUC 1, NMV 1, NMV 2, NMV 3, and NMV 4 are derivatives
of WGLWS isolated from stool after a 4 wk passage of WGLWS5 through a germ-free mouse.

Strains were grown in LB-Miller (STM) or LB (K. preumoniae) at 37 °C with aeration.
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Antibiotics were added at 50 pg/mL.

For in vitro killing assays, overnight K. pneumoniae cultures were diluted 20x into fresh

LB and incubated at 37°C for 1 h with shaking. Cultures were diluted to OD600 0.5 with 10 mM

PIPES and 1% tryptic soy broth (PIPES-TSB). Bacteria were washed 2x and resuspended in 1

mL PIPES-TSB. After a 1:10 dilution in PIPES-TSB, 25 pl bacteria were mixed with 7.5 uM

HNP1, HDS, or Crp23. Samples were incubated at 37°C for 2 h with shaking before serial

dilution onto MacConkey agar. Percentage of relative survival was determined by comparison to

untreated bacterial samples.

Table 1. Strains and plasmids used

Strain or plasmid name

Genotype or Plasmid
Backbone vector

Source

BC155 S. typhimurium LT2 Brad Cookson (University of
Washington, Seattle)
BC132 S. typhimurium LT2 Brad Cookson (University of
phoP::Tn10Cam Washington, Seattle)
BC156 S. typhimurium 14028s Brad Cookson (University of
Washington, Seattle)
BC1563 S. typhimurium 14028s =03
fliBA::FRT sipB::FKF KanR
SSW1 BC156 sipB::FKF KanR (Wilson citation)
BC162 BC156 phoP::Tn10Cam Brad Cookson (University of
Washington, Seattle)
SSW3 BC162 sipB::FKF KanR 40
pDW5 pPtetA::GFP “04
SSW4 BC132 pDW5 40

Viruses and cell culture conditions. Wild type MAdV-1 was originally obtained from Steven

Larsen (Indiana University Medical Center) and MAdV-1.IXeGFP was a kind gift from

Katherine Spindler (University of Michigan). Wild type MAdV-2 was a gift from Susan

Compton (Yale University School of Medicine). The replication-competent MAdV-2 construct

with a GFP reporter fused to the minor capsid protein IX (MAdV-2.IXeGFP) was produced
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using recombineering with a bacterial artificial chromosome containing the genome of MAdV-2
(pKSB2 MAdV-2, a kind gift from Silvio Hemme) **.

All mouse adenoviruses were propagated in CMT93 cells (a kind gift from Susan
Compton, Yale University School of Medicine). CMT93 cells were cultured in DMEM
supplemented with 10% fetal bovine serum (Sigma-Aldrich), 4 mM L-glutamine, 100 units/ml
penicillin, 100 pg/ml streptomycin, and 0.1 mM nonessential amino acids (complete DMEM).
Virus for all studies were concentrated from supernatant by polyethylene glycol precipitation and
purified by CsCl gradient ultracentrifugation as described *'*. The particle concentration of
purified virus was determined using a Bio-Rad Protein Assay (Bio-Rad) with a bovine serum
albumin standard.

The infectious titers of wild type MAdV-1 and MAdV-2 stocks were determined by
infecting CMT93 cells with serial dilutions of virus. The cells were then fixed in 2%
paraformaldehyde, permeabilized with 20 mM glycine and 0.5% Triton X-100 in phosphate
buffered saline (PBS), and stained with anti-hexon antibody 8C4 (Fitzgerald Industries
International) and an Alexa Fluor 488-conjugated secondary antibody (Life Technologies).
Hexon positive cells were enumerated by flow cytometry. For GFP expressing MAdVs, cells
were infected and fixed as above, and GFP positive cells were enumerated by flow cytometry.

The infectious titer of the viral stock was calculated using the Poisson distribution.

Virus growth curves. To compare growth kinetics of MAdV-2 and MAdV-2.1XeGFP, parallel
wells of CMT93 cells seeded in 24-well plates were infected at an MOI of 3. Infected cells were
collected at 0, 24, 48, 72 and 96 hpi and freeze-thawed three times to make lysates. Lysates were

serially diluted on fresh monolayers of CMT93 cells seeded in black wall, clear bottom 96-well
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plates (Perkin-Elmer, San Jose, CA) and infection quantified via hexon staining 48 hpi as
previously described. The daily viral titer for each virus was calculated using the Poisson

distribution.

Defensin and fiber knob assays inhibition assays. CMT93 cells were seeded into black wall,
clear bottom 96-well plates and infected with serial dilutions of MAdV-1, MAdV-2, MAdV-
1.IXeGFP or MADV-2.1XeGFP. At 48 hpi plates of GFP expressing MAdVs were fixed and
scanned as described above. Cells infected with wild type viruses were fixed and stained with the
anti-hexon primary antibody and an Alexa Fluor 488-conjugated secondary antibody as above.
Infection was quantified by measuring total monolayer fluorescence using a Typhoon 9400
variable mode imager (GE Healthcare, Piscataway, NJ). A virus concentration producing 30%
maximal signal was chosen for further studies where enhanced infection was anticipated, and a
virus concentration producing 80% maximal signal was chosen for further studies where
inhibition of infection was anticipated.

For defensin studies, serum-free DMEM (SFM) alone or containing increasing
concentrations of mouse or human defensins was incubated with purified virus for 45 min on ice.
The mixture (35 ul/well) was added to a confluent monolayer of CMT93 cells and incubated at
37°C for 2 h with rocking, washed, and cultured with complete DMEM for 48 h. For initial fiber
knob inhibition studies (Figure 4.5A) increasing concentrations of MAdV-2 fiber knob were
mixed with virus in SFM and a total volume of 50ul, added to cells, and incubated at 37°C for 2
h. Cells were then washed and cultured with complete DMEM for 48hr. For experiments in
Figure 4.5B, virus was pre-incubated with a final concentration of 5 uM Crp2 in a total volume

of 37.5 ul for 45 mins on ice. In parallel, a confluent monolayer of CMT93 cells was pre-treated

93



fro 45mins at 37°C with SFM containing 1.5 uM MAdV-2 fiber knob, 16 nM HAdV-16 fiber
knob, or BSA as a protein control in a final volume of 50ul SFM. After 45 minutes on ice, 12.5
ul of SFM containing 1.5 uM MAdV-2 fiber knob, 16 nM HAdV-16 fiber knob or BSA was
added to the virus and defensin mixture. The pre-treated CMT93 monolayer was then washed
twice with SFM, and 45 ul of the virus, defensin, and fiber knob or BSA mixture added to cells
and incubated for 2 h at 37°C. Cells were then washed twice with complete media and 48 hpi
plates were fixed and scanned for eGFP signal as above, and background-subtracted total well

fluorescence was quantified using Imagel software.

Mice. All mouse experiments were performed in strict accordance with the Guide for the Care
and Use of Laboratory Animals of the National Institutes of Health and following the
International Guiding Principles for Biomedical Research Involving Animals. Protocols were
approved by the Institutional Animal Care and Use Committee of the University of Washington.
Wild type and Mmp 7~ mice were on a C57BL/6NHsd background®®. Mmp7""*
DEFAS5"" mice on a C57BL/6 background*” were obtained by cryorecovery from Jackson Labs
and were interbred to yield Mmp7""" DEFA5"" mice. Mmp7"" DEFA5"" mice were then
backerossed onto the Mmp7™~ background to yield Mmp7"~ DEFA5"" mice. NOD2”" (stock

number 5763) and control wild type C57BL/6J mice were obtained from Jackson labs.

Organoid production and maintenance. Small intestinal organoids were cultured from crypt
enriched ileal fractions from 6-10 wk old wild type and Mmp7”" mice as previously described *'.
Briefly, the distal 10 cm of the small intestine was removed and flushed with 0.04% sodium

hypochlorite in PBS. After removal of mucus and villi, the epithelium was dissociated for 90 min
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at RT in a solution of 3 mM EDTA and 0.5 mM DTT in Hank’s Buffered Salt solution (HBSS).
Crypt enriched fractions were identified following vigorous shaking into sequential changes of
fresh, ice cold, sterile Ca*"/Mg*'-free HBSS. Cells were then concentrated by centrifugation at
300 x g for 5 min at 4 °C, and the pellet was resuspended in 300 pl of HBSS containing 0.5 mM
Rock inhibitor (Fisher) and 10 uM Jagged-1 (Anaspec). After a second round of centrifugation,
the cell pellet was resuspended in growth factor reduced Matrigel (BD Biosciences). 50 ul
aliquots were plated in the center of 24 well plates and overlayed with 500 pl of Complete Crypt
Culture Medium (CCCM)'*®. Once established, culture media was supplemented with 200 pl
CCCM every 2-3 days. Organoids were subcultured every 6-7 days'™°.

Colonic organoids were cultured from crypt enriched colonic fractions from 6-10 wk old
wild type and Mmp7” mice as above with the following modifications. Crypts were dissociated
via incubation for 90 min at RT in a solution of 3 mM EDTA, 0.5 mM DTT, and 1x Antibiotic
Antimycotic Solution (Sigma-Aldrich) in HBSS. As colonic crypts have a tendency to adhere to
plastic surfaces, all plastic wear was pretreated either with 10% FBS for 30 minutes on ice, or
10% FBS was pre-pipetted into pipette tips and stripettes. Pelleted crypts were resuspended in
5SmLs TrypLE (Life Technologies) and incubated at 37 °C for 5 min, followed by addition of an
equal volume of DMEM/F12 (Gibco) and pelleting before resuspension in HBSS containing
Rock Inhibitor and Jagged-1. Finally, colonic crypt culture media is identical to small intestinal
organoids media, with the following additions: murine Wnt-3A (0.1ug/mL, Sigma-Aldrich),

CHIR99021 (2.5uM final, Stemcell Technologies), and valproic acid (1 mM, Sigma-Aldrich)

Organoid bacterial infection assays. Organoids were subcultured as above 3-4 days prior to

microinjection, deposited in 30 pul Matrigel on glass coverslips in 12-well tissue culture dishes,
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and overlaid with 1 mL CCCM. Before injection, organoids on coverslips were washed twice
with Advanced DMEM/F12 and overlaid with 1 mL CCCM without antibiotics. A Nikon Ti
microscope with Nomarski optics fitted with a rotating glide stage and a FemtoJet Microinjector
(Eppendorf) was used for microinjection. Injection needles were pulled from glass capillaries
(1B100-4, World Precision Instruments) on a horizontal bed puller (Sutter Instruments). The tip
ends were broken using tweezers.

For injection, overnight cultures of bacteria grown in LB-Miller broth were subcultured for
an additional 2 h at 37 °C with aeration under selection. 1 mL of subculture was washed twice
and serially diluted in PBS to the desired concentration. The CFU of each inoculum was
quantified from 20 injections into PBS prior to organoid injection. To enumerate surviving CFU,
media was removed from wells and centrifuged to recover bacteria, while organoids were
removed from Matrigel using Cell Dissociation Solution (BD Biosciences) at 4 °C for 30 min.
Organoids in solution were added to the bacterial pellet, centrifuged at 300 x g for 5 min, and
resuspended in 100 pl sterile water for 5 min to lyse eukaryotic cells. The sample was then
vortexed for 15 sec before serial dilution in PBS and plating on LB agar plates. Plates were
incubated at 37 °C, and colonies were counted after 18-20 h to determine CFU.

20 organoids per sample were injected one time each with STM. Each injection
contained 5x10* CFU for Figure 2.1B; 5x10° CFU for Figure 2.2A-E, Figure 2.7A-C, Figure
2.8B-C, Figure 6B-C, and Supplementary Figure 1; and 50 CFU for Figure 2.6A-B. Note that
we have graphed the total inoculum delivered to the entire well in all figures except Figures 2.2D
and Figure 2.3D in which the inoculum delivered to a single organoid is graphed. Samples were
then incubated in CCCM without antibiotics (1 h for Figure 2.3A-D, Figure 2.7B-C, and Figure

2.8B-C or 2 h for Figure 2.1B, Figure 2.2A-E, and Figure 2.6A-B) and then for an equal amount
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of time with 100 pg/mL gentamicin. Where indicated, 10uM CCh (Sigma-Aldrich) was added to
the culture well 30 min before injection. For Figure 2.1B, CFU were enumerated at this point.
For subsequent experiments, injected organoids were washed twice with Advanced DMEM/F12
and grown in CCCM without antibiotics. Surviving CFU was enumerated at 0, 5, 7, 9, 16, or 20

h post-injection, as indicated in each figure legend.

Organoid viral infection assays. For infection by mixing, organoids were subcultured prior to
infection and overlaid with 500 uL CCCM in a 24-well tissue culture dish. After 3-4 days,
organoids in Matrigel plugs from 6 wells from a 24-well dish were disrupted with a pipette tip,
and the solution was then dissociated with a 25-gauge needle and 1 mL syringe. Cells were then
pelleted by pulse centrifugation in a mini-centrifuge, and resuspended in 250ul of CCCM.
MAdV-2.IXeGFP (1-2x10’ infectious units) in 250ul of CCCM was added to the cells, and
incubated at 4°C for 30 minutes rocking to allow for virus binding. Cells were then washed twice
in CCCM to remove unbound virus, and resuspended in 30ul CCCM and 120ul Matrigel. 30ul
was plated into 5 wells of a 24 well plate, allowed to dry and then overlayed with 500ul CCCM.
For basolateral infections, media was removed from 2-3 day old organoids seeded in 24-well
plates and replaced with 500ul of fresh CCCM containing MAdV-2.IXeGFP (1-2x10’ infectious
units).

For viral infection by microinjection, organoids were split and re-embedded in Matrigel,
deposited on glass coverslips and overlaid with 1 mL CCCM in a 12-well tissue culture dish 3-4
days before infection. Prior to injection, wells were treated with 10 uM CCh (Sigma-Aldrich) for
30 min. The microscope used for injection and needles were the same as for bacterial

microinjection. Each needle was loaded with MAdV-2.IXeGFP (Figure 4.3) or with virus mixed
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1:5 with 80,000 MWCO FITC-dextran (Figure 4.4, Life Technologies). After needle tips were
broken with tweezers in halocarbon oil (Sigma-Aldrich), 10 organoids per coverslip were
injected. The same needle was used for injection of all wild type and Mmp7” organoids from a
single experiment. After injection, wells were washed twice with 1X DMEM/F12 (Gibco) and
overlaid with 1 mL CCCM. Samples were collected daily for 5 days, and day 0 samples were
collected immediately after media addition.

For Figure 4.4A and Figures 4.4C-D, infected (GFP positive) cells and organoids were
counted using a fluorescence microscope with a GFP filter. For Figure 4.2 and Figure 4.3,
samples were collected by disrupting the Matrigel plug with a P1000 pipette tip. Cells and
supernatant were transferred to an eppendorf tube and frozen at -80°C. After three freeze thaw
cycles, viral lysate was serially diluted on CMT93 cells previously seeded in black-well, clear
bottomed 96 well plates. At 48 hpi plates were fixed and scanned for eGFP signal as above, and

background-subtracted total well fluorescence was quantified using ImageJ software.

Immunohistochemistry. Small intestinal organoids were removed from Matrigel using Cell
Dissociation Solution as above, concentrated by centrifugation, and fixed in 10% neutral
buffered formalin (NBF). Fixed organoids were then resuspended in Histogel (Thermo-
scientific), stored overnight in 10% NBF, and embedded in paraffin. Deparaffinized samples

were incubated with goat anti-Crp5 (1:8000, a kind gift from Dr. Andre Ouellette*'*

) or goat IgG
(0.6 ng/ml, Life Technologies) followed by diaminobenzidine precipitation and hematoxylin

counterstaining. Non-sequential sections from the same blocks were stained with hematoxylin

and eosin.
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Western blot. Small intestinal organoids were cultured for 6 days and removed from Matrigel
using Cell Dissociation Solution as above. Cell lysates were prepared in RIPA buffer (50 mM
Tris-HCI, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% deoxycholate, 0.1% sodium dodecyl
sulfate) with protease inhibitors. After separation by SDS-PAGE, immunoblots were probed for
MMP7 (ab5706, Abcam) or GAPDH (sc-32233, Santa Cruz) and visualized with
chemiluminescence. To generate rIMMP7, the Mmp7 gene was cloned into a pET27 vector with a
C-terminal Strep tag. Upon expression in E. coli strain BL21, rMMP7 was purified from
solubilized inclusion bodies by affinity chromatography using StrepTactin Sepharose (IBA

GmbH).

FACS analysis. Wild type and Mmp7” organoids were dissociated by incubation in Accutase
Cell Detachment Solution (BD) for 20 minutes, followed by physical disruption via pipetting
with a 25 G needle on a 1 mL syringe. This solution was then filtered to obtained a single cell
suspension and fixed in 2% paraformaldehyde. For cells infected with MAdV-2.1XeGFP, cells
were analyzed at this point for infection via quantification of GFP expression. For detection of
specific cell varieties, cells were next quenched and permeabilized in PBS containing 20 mM
glycine and 0.5% Triton-X 100. For Paneth cell detection, cells were incubated with a 1:200
dilution of rabbit-anti-lysozyme antibody (A 0099, Dako) at 4 °C for 45 min, followed by
incubation with a 1:500 dilution of goat-anti-rabbit alexa fluor 647. For goblet cell detection,
cells were incubated with a 1:50 dilution of rabbit-anti-Mucin 2 antibody (sc-15334, Santa Cruz)
at 4 °C for 45 min, followed by incubation with a 1:200 dilution of goat-anti-rabbit alexa fluor

647. All primary and secondary antibodies were diluted in FACS buffer (PBS with 1% FBS and
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0.05% sodium azide) and all washes were performed with FACS buffer. Data was acquired using

a BD FACS Canto II and analyzed using FACS Diva (BD) and FlowJo (Tree Star).

AU-PAGE and AU-PAGE western blot. Organoids or crypt-enriched fractions from mouse
ileum were concentrated by centrifugation, resuspended in 30% acetic acid, and sonicated. After
incubation overnight at 4 °C with agitation, samples were diluted 3-fold with water. Insoluble
material was removed by centrifugation at 100,000 x g for 2 h at 4 °C, protein concentrations of
the supernatants were determined by Bio-Rad Protein Assay (Bio-Rad), and equivalent amounts
of each sample were lyophilized. Lyophilized samples were dissolved in 5% acetic acid and
separated by 17% AU-PAGE '®. Folded Crp23 was created from a synthesized 80% pure linear
peptide (CPC Scientific) by the same procedure as previously reported for the a-defensin HD5 *°.
Proteins were visualized with SYPRO Ruby (Life Technologies). Gels were imaged using a
Typhoon 9400 variable mode imager (GE Healthcare). For western blot, samples were separated
by 12.5% AU-PAGE and semi-dry transferred to nitrocellulose membranes. Membranes were
immediately fixed in glutaraldahyde and blocked in 5% milk, before overnight RT incubation in
rabbit anti-HD5 antibody (kind gift from Edith Porter '°7) at a 1:1000 dilution. Membranes were
incubated in goat-anti-rabbit Alexa Fluor 488 (Life Technologies) and imaged using a Typhoon

9400 variable mode imager (GE Healthcare).

Quantitative PCR. Total RNA was extracted from small intestinal and colonic organoids after 0
days and 4 days in culture. Media was removed from the well and the Matrigel plug containing
organoids was immediately resuspended in ImL of RNAbee (Tel-test) and frozen at -80C. Tubes

were thawed at room temperature and RNA extracted according to the manufacturer’s
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instructions. RNA pellets were resuspended in 10ul of DEPC water. RNA was primed with Oligo
DT (Integrated DNA Technologies) and reverse transcribed using Superscript III (Life
Technologies). qPCR was performed using cDNA, Ssofast EvaGreen Supermix (Life
Technologies), and the primers listed in Table 2. Reaction conditions consisted of 45 cycles of
PCR with 55°C annealing temperatures using an iCycler (Bio-Rad). Relative change in gene
expression is expressed as compared to organoids immediately after split (Day 0) and is

normalized to the housekeeping gene RPLS.

Table 2. Primers used.

Name Sequence

RPLS F 5’- GGAAGCACATCATGGGTCAGA -3’
RPL5 R 5’- TACGCATCTTCATCTTCCTCCATT -3’
Defcrd F 5’- CCAGGGGAAGATGACCAGGCTG -3’
Defcr4 R 5’- TGCAGCGACGATTTCTACAAAGGC -3’
M2FF2 5’- GTCCGATTCGGTACTACGGT -3’
M2FR2 5’- GTCAGACAACTTCCCAGGQGT -3’

Mouse infections and fecal genome quantifications.

Mice were housed under specific pathogen-free conditions and were infected under
ABSL2 conditions between 5 and 7 weeks of age. Mice were infected via oral gavage with
purified virus diluted in sterile PBS. For experiments in Figure 4.6A and 4.6C mice were housed
5 per cage and segregated by genotype. Fecal pellets were collected beginning immediately

before infection and every 6 h for the duration of the experiment. For the experiments in Figure
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4.6B and 4.6D mice were individually housed beginning 3 or 4 d prior to infection and for the
duration of the experiment. Fecal samples consisted of ten fecal pellets that accumulated in the
cages of single-housed mice since the previous collection. Accordingly, on the day of infection
and after every fecal collection, mice were transferred to new cages with clean bedding.

Viral DNA was extracted from fecal pellets using the QIAamp DNA Stool Mini Kit
(Qiagen) into a total volume of 200 pl. MAdV-2 genomes were quantified by qPCR using the
SsoFast EvaGreen Supermix (Bio-Rad) against a standard curve of pKSB2-MAdV?2 using
primers M2FF2 and M2FR2 (sequences in Table 2). Reaction conditions consisted of 40 cycles
of PCR with 55°C annealing temperatures using an iCycler (Bio-Rad). The limit of detection was

defined by the number of viral copies detected in feces from uninfected mice.

Statistics. Experiments were analyzed using Prism (v. 5.0d, GraphPad). Specific statistical tests
used are indicated in the relevant figure legend. In all analyses, p < 0.05 was considered
significant. In the figures, * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p <

0.005.

102



10.

11.

12.

13.

14.

15.

16.

17.

18.

Bibliography

Bevins, C.L. Innate immune functions of alpha-defensins in the small intestine. Dig
Dis 31, 299-304 (2013).

Mukherjee, S. & Hooper, L.V. Antimicrobial defense of the intestine. Immunity 42,
28-39 (2015).

Ouellette, A.]. Paneth cell alpha-defensin synthesis and function. Curr Top Microbiol
Immunol 306, 1-25 (2006).

Clevers, H.C. & Bevins, C.L. Paneth cells: maestros of the small intestinal crypts. Annu
Rev Physiol 75, 289-311 (2013).

Bach, S.P., Renehan, A.G. & Potten, C.S. Stem cells: the intestinal stem cell as a
paradigm. Carcinogenesis 21, 469-476 (2000).

Ayabe, T, et al. Secretion of microbicidal alpha-defensins by intestinal Paneth cells
in response to bacteria. Nature immunology 1, 113-118 (2000).

Hooper, L.V. Epithelial cell contributions to intestinal immunity. Adv Immunol 126,
129-172 (2015).

Lehrer, R.I. & Lu, W. alpha-Defensins in human innate immunity. Immunol Rev 245,
84-112 (2012).

Schutte, B.C, et al. Discovery of five conserved beta -defensin gene clusters using a
computational search strategy. Proc Natl Acad Sci US A 99, 2129-2133 (2002).
Selsted, M.E. & Ouellette, A.J. Mammalian defensins in the antimicrobial immune
response. Nature immunology 6, 551-557 (2005).

Shanahan, M.T., Tanabe, H. & Ouellette, A.J. Strain-specific polymorphisms in Paneth
cell alpha-defensins of C57BL/6 mice and evidence of vestigial myeloid alpha-
defensin pseudogenes. Infect Immun 79, 459-473 (2011).

Eisenhauer, P.B. & Lehrer, R.I. Mouse neutrophils lack defensins. Infect Immun 60,
3446-3447 (1992).

Diamond, G. Mammalian Beta-defensins in mucosal host defense. in Mammalian
Host Defense Peptides (ed. REW, D.D.a.H.) pg. 349-373 (Cambridge University Press,
New York, 2004).

Bevins, C.L. & Salzman, N.H. Paneth cells, antimicrobial peptides and maintenance of
intestinal homeostasis. Nat Rev Microbiol 9, 356-368 (2011).

Szyk, A, et al. Crystal structures of human alpha-defensins HNP4, HD5, and HDé6.
Protein Sci 15, 2749-2760 (2006).

Hill, C.P,, Yee, ], Selsted, M.E. & Eisenberg, D. Crystal structure of defensin HNP-3, an
amphiphilic dimer: mechanisms of membrane permeabilization. Science (New York,
N.Y 251, 1481-1485 (1991).

Pardi, A., Zhang, X.L., Selsted, M.E,, Skalicky, ].]. & Yip, P.F. NMR studies of defensin
antimicrobial peptides. 2. Three-dimensional structures of rabbit NP-2 and human
HNP-1. Biochemistry 31, 11357-11364 (1992).

Hristova, K., Selsted, M.E. & White, S.H. Interactions of monomeric rabbit neutrophil
defensins with bilayers: comparison with dimeric human defensin HNP-2.
Biochemistry 35, 11888-11894 (1996).

103



19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Jing, W., Hunter, H.N., Tanabe, H., Ouellette, A.]. & Vogel, H.]. Solution structure of
cryptdin-4, a mouse paneth cell alpha-defensin. Biochemistry 43, 15759-15766
(2004).

Pazgier, M,, Li, X, Lu, W. & Lubkowski, ]. Human defensins: synthesis and structural
properties. Current pharmaceutical design 13, 3096-3118 (2007).

Ouellette, A.]. Paneth cell alpha-defensins in enteric innate immunity. Cell Mol Life
Sci 68, 2215-2229 (2011).

Wilson, C.L, et al. Regulation of intestinal alpha-defensin activation by the
metalloproteinase matrilysin in innate host defense. Science (New York, N.Y 286,
113-117 (1999).

Spencer, ].D,, et al. Human alpha defensin 5 expression in the human kidney and
urinary tract. PloS one 7,e31712 (2012).

Quayle, A.J., et al. Gene expression, immunolocalization, and secretion of human
defensin-5 in human female reproductive tract. Am | Pathol 152, 1247-1258
(1998).

Com, E, et al. Expression of antimicrobial defensins in the male reproductive tract of
rats, mice, and humans. Biology of reproduction 68, 95-104 (2003).

Svinarich, D.M., Wolf, N.A., Gomez, R., Gonik, B. & Romero, R. Detection of human
defensin 5 in reproductive tissues. American journal of obstetrics and gynecology
176,470-475 (1997).

Daher, K.A,, Selsted, M.E. & Lehrer, R.I. Direct inactivation of viruses by human
granulocyte defensins. J Virol 60, 1068-1074 (1986).

Wehkamp, |, et al. Paneth cell antimicrobial peptides: topographical distribution
and quantification in human gastrointestinal tissues. FEBS Lett 580, 5344-5350
(2006).

Virella-Lowell, I, Poirier, A., Chesnut, K.A., Brantly, M. & Flotte, T.R. Inhibition of
recombinant adeno-associated virus (rAAV) transduction by bronchial secretions
from cystic fibrosis patients. Gene Ther 7, 1783-1789 (2000).

Satchell, D.P, et al. Interactions of mouse Paneth cell alpha-defensins and alpha-
defensin precursors with membranes. Prosegment inhibition of peptide association
with biomimetic membranes. ] Biol Chem 278, 13838-13846 (2003).

Valore, E.V. & Ganz, T. Posttranslational processing of defensins in immature human
myeloid cells. Blood 79, 1538-1544 (1992).

Wu, Z, et al. From pro defensins to defensins: synthesis and characterization of
human neutrophil pro alpha-defensin-1 and its mature domain. J Pept Res 62, 53-62
(2003).

Ghosh, D, et al. Paneth cell trypsin is the processing enzyme for human defensin-5.
Nature immunology 3, 583-590 (2002).

Putsep, K,, et al. Germ-free and colonized mice generate the same products from
enteric prodefensins. ] Biol Chem 275, 40478-40482 (2000).

Mallow, E.B,, et al. Human enteric defensins. Gene structure and developmental
expression. J Biol Chem 271, 4038-4045 (1996).

Batlle, E, et al. Beta-catenin and TCF mediate cell positioning in the intestinal
epithelium by controlling the expression of EphB/ephrinB. Cell 111, 251-263
(2002).

104



37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

van Es, ].H, et al. Wnt signalling induces maturation of Paneth cells in intestinal
crypts. Nat Cell Biol 7, 381-386 (2005).

Satoh, Y. Effect of live and heat-killed bacteria on the secretory activity of Paneth
cells in germ-free mice. Cell Tissue Res 251, 87-93 (1988).

Qu, X.D,, Lloyd, K.C., Walsh, ].H. & Lehrer, R.I. Secretion of type II phospholipase A2
and cryptdin by rat small intestinal Paneth cells. Infection and immunity 64, 5161-
5165 (1996).

Wilson, S.S., Tocchi, A., Holly, M.K,, Parks, W.C. & Smith, ].G. A small intestinal
organoid model of non-invasive enteric pathogen-epithelial cell interactions.
Mucosal Immunol 8, 352-361 (2015).

Tanabe, H,, et al. Mouse paneth cell secretory responses to cell surface glycolipids of
virulent and attenuated pathogenic bacteria. Infection and immunity 73, 2312-2320
(2005).

Rumio, C, et al. Degranulation of paneth cells via toll-like receptor 9. The American
journal of pathology 165, 373-381 (2004).

Foureau, D.M,, et al. TLR9-dependent induction of intestinal alpha-defensins by
Toxoplasma gondii. ] Immunol 184, 7022-7029 (2010).

Rumio, C, et al. Induction of Paneth cell degranulation by orally administered Toll-
like receptor ligands. J Cell Physiol 227,1107-1113 (2012).

Lehrer, R.1, et al. Interaction of human defensins with Escherichia coli. Mechanism
of bactericidal activity. J Clin Invest 84, 553-561 (1989).

Hristova, K., Selsted, M.E. & White, S.H. Critical role of lipid composition in
membrane permeabilization by rabbit neutrophil defensins. ] Biol Chem 272, 24224-
24233 (1997).

Gazit, E., Boman, A., Boman, H.G. & Shai, Y. Interaction of the mammalian
antibacterial peptide cecropin P1 with phospholipid vesicles. Biochemistry 34,
11479-11488 (1995).

Tai, K.P., Le, V.V, Selsted, M.E. & Ouellette, A.]. Hydrophobic determinants of alpha-
defensin bactericidal activity. Infection and immunity 82, 2195-2202 (2014).
Wimley, W.C,, Selsted, M.E. & White, S.H. Interactions between human defensins and
lipid bilayers: evidence for formation of multimeric pores. Protein Sci 3, 1362-1373
(1994).

Brogden, K.A. Antimicrobial peptides: pore formers or metabolic inhibitors in
bacteria? Nature reviews. Microbiology 3, 238-250 (2005).

Madison, M.N,, et al. Human defensin alpha-1 causes Trypanosoma cruzi membrane
pore formation and induces DNA fragmentation, which leads to trypanosome
destruction. Infection and immunity 75, 4780-4791 (2007).

Ouellette, A.]. Paneth cell alpha-defensins in enteric innate immunity. Cellular and
molecular life sciences : CMLS 68, 2215-2229 (2011).

de Leeuw, E, et al. Functional interaction of human neutrophil peptide-1 with the
cell wall precursor lipid II. FEBS letters 584, 1543-1548 (2010).

Koprivnjak, T. & Peschel, A. Bacterial resistance mechanisms against host defense
peptides. Cellular and molecular life sciences : CMLS 68, 2243-2254 (2011).
Fernie-King, B.A,, Seilly, D.]. & Lachmann, P.]. Inhibition of antimicrobial peptides by
group A streptococci: SIC and DRS. Biochem Soc Trans 34, 273-275 (2006).

105



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Lukomski, S, et al. Nonpolar inactivation of the hypervariable streptococcal
inhibitor of complement gene (sic) in serotype M1 Streptococcus pyogenes
significantly decreases mouse mucosal colonization. Infection and immunity 68, 535-
542 (2000).

Sieprawska-Lupa, M,, et al. Degradation of human antimicrobial peptide LL-37 by
Staphylococcus aureus-derived proteinases. Antimicrob Agents Chemother 48, 4673-
4679 (2004).

Lai, Y, et al. The human anionic antimicrobial peptide dermcidin induces proteolytic
defence mechanisms in staphylococci. Mol Microbiol 63, 497-506 (2007).
Menendez, A. & Brett Finlay, B. Defensins in the immunology of bacterial infections.
Curr Opin Immunol 19, 385-391 (2007).

Weidenmaier, C. & Peschel, A. Teichoic acids and related cell-wall glycopolymers in
Gram-positive physiology and host interactions. Nature reviews. Microbiology 6,
276-287 (2008).

Cloud-Hansen, K.A, et al. Breaching the great wall: peptidoglycan and microbial
interactions. Nature reviews. Microbiology 4, 710-716 (2006).

Gunn, J.S., Ryan, S.S., Van Velkinburgh, ].C., Ernst, RK. & Miller, S.I. Genetic and
functional analysis of a PmrA-PmrB-regulated locus necessary for
lipopolysaccharide modification, antimicrobial peptide resistance, and oral
virulence of Salmonella enterica serovar typhimurium. Infection and immunity 68,
6139-6146 (2000).

Peschel, A, et al. Staphylococcus aureus resistance to human defensins and evasion
of neutrophil killing via the novel virulence factor MprF is based on modification of
membrane lipids with I-lysine. ] Exp Med 193, 1067-1076 (2001).

Richards, S.M., Strandberg, K.L. & Gunn, ].S. Salmonella-regulated lipopolysaccharide
modifications. Subcell Biochem 53, 101-122 (2010).

Bader, M.W,, et al. Recognition of antimicrobial peptides by a bacterial sensor
kinase. Cell 122, 461-472 (2005).

Guo, L, et al. Regulation of lipid A modifications by Salmonella typhimurium
virulence genes phoP-phoQ. Science (New York, N.Y 276, 250-253 (1997).

Miller, S.I., Pulkkinen, W.S,, Selsted, M.E. & Mekalanos, ].]. Characterization of
defensin resistance phenotypes associated with mutations in the phoP virulence
regulon of Salmonella typhimurium. Infection and immunity 58, 3706-3710 (1990).
Miller, S.I., Kukral, A.M. & Mekalanos, ].J]. A two-component regulatory system (phoP
phoQ) controls Salmonella typhimurium virulence. Proc Natl Acad Sci U S A 86,
5054-5058 (1989).

Neuhaus, F.C. & Baddiley, J. A continuum of anionic charge: structures and functions
of D-alanyl-teichoic acids in gram-positive bacteria. Microbiol Mol Biol Rev 67, 686-
723 (2003).

Weidenmaier, C, et al. DItABCD- and MprF-mediated cell envelope modifications of
Staphylococcus aureus confer resistance to platelet microbicidal proteins and
contribute to virulence in a rabbit endocarditis model. Infection and immunity 73,
8033-8038 (2005).

Collins, L.V, et al. Staphylococcus aureus strains lacking D-alanine modifications of
teichoic acids are highly susceptible to human neutrophil killing and are virulence
attenuated in mice. J Infect Dis 186, 214-219 (2002).

106



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Abachin, E, et al. Formation of D-alanyl-lipoteichoic acid is required for adhesion
and virulence of Listeria monocytogenes. Mol Microbiol 43, 1-14 (2002).

Peschel, A, et al. Staphylococcus aureus resistance to human defensins and evasion
of neutrophil killing via the novel virulence factor MprF is based on modification of
membrane lipids with I-lysine. The Journal of experimental medicine 193, 1067-1076
(2001).

Padilla, E, et al. Klebsiella pneumoniae AcrAB efflux pump contributes to
antimicrobial resistance and virulence. Antimicrob Agents Chemother 54, 177-183
(2010).

Rieg, S., Huth, A, Kalbacher, H. & Kern, W.V. Resistance against antimicrobial
peptides is independent of Escherichia coli AcrAB, Pseudomonas aeruginosa MexAB
and Staphylococcus aureus NorA efflux pumps. Int ] Antimicrob Agents 33, 174-176
(2009).

Lehrer, R.I, et al. Multivalent binding of carbohydrates by the human alpha-
defensin, HD5. ] Immunol 183, 480-490 (2009).

Leikina, E,, et al. Carbohydrate-binding molecules inhibit viral fusion and entry by
crosslinking membrane glycoproteins. Nature immunology 6, 995-1001 (2005).
Wang, W, et al. Activity of alpha- and theta-defensins against primary isolates of
HIV-1. ] Immunol 173, 515-520 (2004).

Hazrati, E, et al. Human alpha- and beta-defensins block multiple steps in herpes
simplex virus infection. ] Immunol 177, 8658-8666 (2006).

Lehrer, R.I,, Daher, K., Ganz, T. & Selsted, M.E. Direct inactivation of viruses by MCP-1
and MCP-2, natural peptide antibiotics from rabbit leukocytes. J Virol 54, 467-472
(1985).

Smith, J.G, et al. Insight into the mechanisms of adenovirus capsid disassembly from
studies of defensin neutralization. PLoS Pathog 6, €1000959 (2010).

Rapista, A, et al. Human defensins 5 and 6 enhance HIV-1 infectivity through
promoting HIV attachment. Retrovirology 8, 45 (2011).

Demirkhanyan, L.H,, et al. Multifaceted mechanisms of HIV-1 entry inhibition by
human alpha-defensin. / Biol Chem 287, 28821-28838 (2012).

Salvatore, M,, et al. alpha-Defensin inhibits influenza virus replication by cell-
mediated mechanism(s). J Infect Dis 196, 835-843 (2007).

Ganz, T, et al. Defensins. Natural peptide antibiotics of human neutrophils. J Clin
Invest 76, 1427-1435 (1985).

Mackewicz, C.E, et al. alpha-Defensins can have anti-HIV activity but are not CD8 cell
anti-HIV factors. AIDS (London, England) 17, F23-32 (2003).

Quinones-Mateu, M.E, et al. Human epithelial beta-defensins 2 and 3 inhibit HIV-1
replication. AIDS (London, England) 17, F39-48 (2003).

Chang, T.L., Vargas, ]., Jr., DelPortillo, A. & Klotman, M.E. Dual role of alpha-defensin-
1 in anti-HIV-1 innate immunity. J Clin Invest 115, 765-773 (2005).

Furci, L., Tolazzi, M,, Sironi, F., Vassena, L. & Lusso, P. Inhibition of HIV-1 infection by
human alpha-defensin-5, a natural antimicrobial peptide expressed in the genital
and intestinal mucosae. PloS one 7, e45208 (2012).

Wang, A, et al. Enhancement of Antiviral Activity of Human Alpha-Defensin 5
against Herpes Simplex Virus 2 by Arginine Mutagenesis at Adaptive Evolution Sites.
J Virol 87, 2835-2845 (2013).

107



91.

92.

93.

94,

95.

96.

97.

98.

99,

100.

101.

102.

103.

104.

105.

106.

107.

108.

Tanabe, H., Ouellette, A.]., Cocco, M.]. & Robinson, W.E,, Jr. Differential effects on
human immunodeficiency virus type 1 replication by alpha-defensins with
comparable bactericidal activities. ] Virol 78, 11622-11631 (2004).

Ding, ], et al. Anti-HIV activity of human defensin 5 in primary CD4+ T cells under
serum-deprived conditions is a consequence of defensin-mediated cytotoxicity. PloS
one 8,¢e76038 (2013).

Smith, ].G. & Nemerow, G.R. Mechanism of adenovirus neutralization by human
alpha-defensins. Cell Host & Microbe 3, 11-19 (2008).

Buck, C.B, et al. Human alpha-defensins block papillomavirus infection. Proc Natl
Acad SciUS A103,1516-1521 (2006).

Dugan, A.S,, et al. Human alpha-defensins inhibit BK virus infection by aggregating
virions and blocking binding to host cells. ] Biol Chem 283, 31125-31132 (2008).
Gounder, A.P., Wiens, M.E., Wilson, S.S., Lu, W. & Smith, ]J.G. Critical determinants of
human alpha-defensin 5 activity against non-enveloped viruses. J Biol Chem 287,
24554-24562 (2012).

Xie, C, et al. Reconstruction of the conserved beta-bulge in mammalian defensins
using D-amino acids. J Biol Chem 280, 32921-32929 (2005).

Klotman, M.E, et al. Neisseria gonorrhoeae-Induced Human Defensins 5 and 6
Increase HIV Infectivity: Role in Enhanced Transmission. /] Immunol 180, 6176-6185
(2008).

Pazgier, M,, et al. Sometimes it takes two to tango: contributions of dimerization to
functions of human alpha-defensin HNP1 peptide. J Biol Chem 287, 8944-8953
(2012).

Wei, G, et al. Trp-26 imparts functional versatility to human alpha-defensin HNP1. J
Biol Chem 285, 16275-16285 (2010).

Furci, L., Sironi, F., Tolazzi, M., Vassena, L. & Lusso, P. Alpha-defensins block the
early steps of HIV-1 infection: interference with the binding of gp120 to CD4. Blood
109, 2928-2935 (2007).

Flatt, ].W.,, Kim, R., Smith, ].G., Nemerow, G.R. & Stewart, P.L. An intrinsically
disordered region of the adenovirus capsid is implicated in neutralization by human
alpha defensin 5. PloS one 8, 61571 (2013).

Nakashima, H., Yamamoto, N., Masuda, M. & Fujii, N. Defensins inhibit HIV
replication in vitro. AIDS (London, England) 7, 1129 (1993).

Seidel, A, et al. Cyclic and acyclic defensins inhibit human immunodeficiency virus
type-1 replication by different mechanisms. PloS one 5,e€9737 (2010).

Kota, S, et al. Role of human beta-defensin-2 during tumor necrosis factor-
alpha/NF-kappaB-mediated innate antiviral response against human respiratory
syncytial virus. ] Biol Chem 283, 22417-22429 (2008).

Nayak, D.P. & Hui, E.K. The role of lipid microdomains in virus biology. Subcell
Biochem 37, 443-491 (2004).

Snijder, ], et al. Integrin and defensin modulate the mechanical properties of
adenovirus. J Virol 87, 2756-2766 (2013).

Perez-Berna, A.], et al. The role of capsid maturation on adenovirus priming for
sequential uncoating. ] Biol Chem 287, 31582-31595 (2012).

108



109.

110.

111.

112.

113.

114.

115.

116.

117.

118.
119.

120.

121.

122.

123.

124.

125.

126.

Nguyen, E.K,, Nemerow, G.R. & Smith, ].G. Direct evidence from single-cell analysis
that human alpha-defensins block adenovirus uncoating to neutralize infection. |
Virol 84, 4041-4049 (2010).

Moyer, C.L., Wiethoff, C.M., Maier, O., Smith, ].G. & Nemerow, G.R. Functional genetic
and biophysical analyses of membrane disruption by human adenovirus. J Virol 85,
2631-2641 (2011).

Wiethoff, C.M., Wodrich, H., Gerace, L. & Nemerow, G.R. Adenovirus protein VI
mediates membrane disruption following capsid disassembly. J Virol 79, 1992-2000
(2005).

Schibli, D.],, et al. The solution structures of the human beta-defensins lead to a
better understanding of the potent bactericidal activity of HBD3 against
Staphylococcus aureus. ] Biol Chem 277, 8279-8289 (2002).

Tecle, T., White, M.R,, Gantz, D., Crouch, E.C. & Hartshorn, K.L. Human neutrophil
defensins increase neutrophil uptake of influenza a virus and bacteria and modify
virus-induced respiratory burst responses. ] Immunol 178, 8046-8052 (2007).
Yasin, B, et al. Theta defensins protect cells from infection by herpes simplex virus
by inhibiting viral adhesion and entry. J Virol 78, 5147-5156 (2004).

Wu, Z, et al. Human neutrophil alpha-defensin 4 inhibits HIV-1 infection in vitro.
FEBS Lett 579, 162-166 (2005).

Wang, C.H, et al. The transduction of Coxsackie and Adenovirus Receptor-negative
cells and protection against neutralizing antibodies by HPMA-co-oligolysine
copolymer-coated adenovirus. Biomaterials 32, 9536-9545 (2011).

Harrison, S.C. Viral membrane fusion. Nature structural & molecular biology 15, 690-
698 (2008).

Weissenhorn, W., Hinz, A. & Gaudin, Y. Virus membrane fusion. FEBS Lett (2007).
Klasse, P.]. The molecular basis of HIV entry. in Cellular Microbiology, Vol. 14 1183-
1192 (2012).

Demirkhanyan, L., Marin, M., Lu, W. & Melikyan, G.B. Sub-Inhibitory Concentrations
of Human alpha-defensin Potentiate Neutralizing Antibodies against HIV-1 gp41
Pre-Hairpin Intermediates in the Presence of Serum. PLoS Pathog 9, e1003431
(2013).

Tsai, B. Penetration of nonenveloped viruses into the cytoplasm. Annu Rev Cell Dev
Biol 23, 23-43 (2007).

Mercer, ., Schelhaas, M. & Helenius, A. Virus entry by endocytosis. Annual review of
biochemistry 79, 803-833 (2010).

Zins, S.R, et al. The human alpha defensin HD5 neutralizes JC polyomavirus infection
by reducing endoplasmic reticulum traffic and stabilizing the viral capsid. Journal of
virology 88, 948-960 (2014).

Querbes, W., O'Hara, B.A., Williams, G. & Atwood, W.]. Invasion of host cells by JC
virus identifies a novel role for caveolae in endosomal sorting of noncaveolar
ligands. Journal of virology 80, 9402-9413 (2006).

Wiens, M.E. & Smith, ].G. Alpha-defensin HD5 inhibits furin cleavage of human
papillomavirus 16 L2 to block infection. Journal of virology 89, 2866-2874 (2015).
Richards, R.M., Lowy, D.R,, Schiller, ].T. & Day, P.M. Cleavage of the papillomavirus
minor capsid protein, L2, at a furin consensus site is necessary for infection. Proc
Natl Acad Sci U S A 103, 1522-1527 (2006).

109



127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Kamper, N,, et al. A membrane-destabilizing peptide in capsid protein L2 is required
for egress of papillomavirus genomes from endosomes. Journal of virology 80, 759-
768 (2006).

Sun, L, et al. Human beta-defensins suppress human immunodeficiency virus
infection: potential role in mucosal protection. J Virol 79, 14318-14329 (2005).
Gaudreault, E. & Gosselin, ]J. Leukotriene B4-mediated release of antimicrobial
peptides against cytomegalovirus is BLT1 dependent. Viral Immunol 20, 407-420
(2007).

Widegren, H,, et al. LTB4 increases nasal neutrophil activity and conditions
neutrophils to exert antiviral effects. Respiratory medicine 105, 997-1006 (2011).
Chouinard, F, et al. 2-Arachidonoyl-glycerol- and arachidonic acid-stimulated
neutrophils release antimicrobial effectors against E. colj, S. aureus, HSV-1, and RSV.
Journal of leukocyte biology 93, 267-276 (2013).

Hartshorn, K.L., White, M.R,, Tecle, T., Holmskov, U. & Crouch, E.C. Innate Defense
against Influenza A Virus: Activity of Human Neutrophil Defensins and Interactions
of Defensins with Surfactant Protein D. ] Immunol 176, 6962-6972 (2006).

Doss, M, et al. Interactions of alpha-, beta-, and theta-defensins with influenza A
virus and surfactant protein D. ] Immunol 182, 7878-7887 (2009).

Feng, Z., Dubyak, G.R., Lederman, M.M. & Weinberg, A. Cutting edge: human beta
defensin 3--a novel antagonist of the HIV-1 coreceptor CXCR4. ] Immunol 177, 782-
786 (2006).

Garzino-Demo, A. Chemokines and defensins as HIV suppressive factors: an evolving
story. Current pharmaceutical design 13, 163-172 (2007).

Yu, G, et al. Regulation of HIV-1 gag protein subcellular targeting by protein kinase
C.J Biol Chem 270, 4792-4796 (1995).

Contreras, X., Mzoughi, O., Gaston, F., Peterlin, M.B. & Bahraoui, E. Protein kinase C-
delta regulates HIV-1 replication at an early post-entry step in macrophages.
Retrovirology 9, 37 (2012).

Sieczkarski, S.B., Brown, H.A. & Whittaker, G.R. Role of protein kinase C betall in
influenza virus entry via late endosomes. J Virol 77, 460-469 (2003).

Root, C.N., Wills, E.G., McNair, L.L. & Whittaker, G.R. Entry of influenza viruses into
cells is inhibited by a highly specific protein kinase C inhibitor. The Journal of
general virology 81, 2697-2705 (2000).

Constantinescu, S.N., Cernescu, C.D. & Popescu, L.M. Effects of protein kinase C
inhibitors on viral entry and infectivity. FEBS Lett 292, 31-33 (1991).

Leach, N.R. & Roller, R.J. Significance of host cell kinases in herpes simplex virus type
1 egress and lamin-associated protein disassembly from the nuclear lamina.
Virology 406, 127-137 (2010).

Charp, P.A, et al. Inhibition of protein kinase C by defensins, antibiotic peptides from
human neutrophils. Biochemical pharmacology 37,951-956 (1988).

Amstutz, B, et al. Subversion of CtBP1-controlled macropinocytosis by human
adenovirus serotype 3. Embo | 27,956-969 (2008).

Kalin, S., et al. Macropinocytotic uptake and infection of human epithelial cells with
species B2 adenovirus type 35. ] Virol 84, 5336-5350 (2010).

110



145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Nakano, M.Y., Boucke, K., Suomalainen, M., Stidwill, R.P. & Greber, U.F. The first step
of adenovirus type 2 disassembly occurs at the cell surface, independently of
endocytosis and escape to the cytosol. J Virol 74, 7085-7095 (2000).

Yang, D,, et al. Beta-defensins: linking innate and adaptive immunity through
dendritic and T cell CCR6. Science (New York, N.Y 286, 525-528 (1999).

Lafferty, M.K,, Sun, L., DeMasi, L., Lu, W. & Garzino-Demo, A. CCR6 ligands inhibit HIV
by inducing APOBEC3G. Blood 115, 1564-1571 (2010).

Klotman, M.E, et al. Neisseria gonorrhoeae-induced human defensins 5 and 6
increase HIV infectivity: role in enhanced transmission. Journal of immunology 180,
6176-6185 (2008).

Yue, G, et al. Cryptdin 3 forms anion selective channels in cytoplasmic membranes
of human embryonic kidney cells. Am | Physiol Gastrointest Liver Physiol 282, G757-
765 (2002).

Tan, G, et al. Down-regulation of human enteric antimicrobial peptides by NOD2
during differentiation of the paneth cell lineage. Sci Rep 5, 8383 (2015).

Sato, T, et al. Single Lgr5 stem cells build crypt-villus structures in vitro without a
mesenchymal niche. Nature 459, 262-265 (2009).

Sato, T, et al. Long-term expansion of epithelial organoids from human colon,
adenoma, adenocarcinoma, and Barrett's epithelium. Gastroenterology 141, 1762-
1772 (2011).

Ibusuki, R, et al. Transgenic expression of human neutrophil peptide-1 enhances
hepatic fibrosis in mice fed a choline-deficient, L-amino acid-defined diet. Liver Int
33,1549-1556 (2013).

Glenthoj, A., Cowland, ].B., Heegaard, N.H., Larsen, M.T. & Borregaard, N. Serglycin
participates in retention of alpha-defensin in granules during myelopoiesis. Blood
118, 4440-4448 (2011).

Salzman, N.H., Ghosh, D., Huttner, K.M., Paterson, Y. & Bevins, C.L. Protection against
enteric salmonellosis in transgenic mice expressing a human intestinal defensin.
Nature 422,522-526 (2003).

Fernandez, M.I, et al. Maturation of paneth cells induces the refractory state of
newborn mice to Shigella infection. Journal of immunology 180, 4924-4930 (2008).
Chu, H, et al. Human alpha-defensin 6 promotes mucosal innate immunity through
self-assembled peptide nanonets. Science (New York, N.Y 337,477-481 (2012).
Szyk, A, et al. Crystal structures of human alpha-defensins HNP4, HD5, and HDé6.
Protein science : a publication of the Protein Society 15, 2749-2760 (2006).

Moser, C, et al. beta-Defensin 1 contributes to pulmonary innate immunity in mice.
Infection and immunity 70, 3068-3072 (2002).

Morrison, G., Kilanowski, F., Davidson, D. & Dorin, ]. Characterization of the mouse
beta defensin 1, Defb1, mutant mouse model. Infection and immunity 70, 3053-3060
(2002).

Elahi, S, et al. The host defense peptide beta-defensin 1 confers protection against
Bordetella pertussis in newborn piglets. Infection and immunity 74, 2338-2352
(2006).

Shu, Q, et al. Protection against Pseudomonas aeruginosa pneumonia and sepsis-
induced lung injury by overexpression of beta-defensin-2 in rats. Shock 26, 365-371
(2006).

111



163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Ryan, L.K, et al. Modulation of human beta-defensin-1 (hBD-1) in plasmacytoid
dendritic cells (PDC), monocytes, and epithelial cells by influenza virus, Herpes
simplex virus, and Sendai virus and its possible role in innate immunity. Journal of
leukocyte biology 90, 343-356 (2011).

Wohlford-Lenane, C.L, et al. Rhesus theta-defensin prevents death in a mouse model
of severe acute respiratory syndrome coronavirus pulmonary disease. J Virol 83,
11385-11390 (2009).

John, M, et al. Cervicovaginal secretions contribute to innate resistance to herpes
simplex virus infection. J Infect Dis 192, 1731-1740 (2005).

Howell, M.D. The role of human beta defensins and cathelicidins in atopic dermatitis.
Curr Opin Allergy Clin Immunol 7, 413-417 (2007).

Howell, M.D,, et al. Mechanism of HBD-3 deficiency in atopic dermatitis. Clin
Immunol 121, 332-338 (2006).

Howell, M.D,, et al. Selective killing of vaccinia virus by LL-37: implications for
eczema vaccinatum. / Immunol 172, 1763-1767 (2004).

Levinson, P, et al. Levels of innate immune factors in genital fluids: association of
alpha defensins and LL-37 with genital infections and increased HIV acquisition.
AIDS (London, England) 23, 309-317 (2009).

Rodriguez-Garcia, M, et al. Increased alpha-defensins 1-3 production by dendritic
cells in HIV-infected individuals is associated with slower disease progression. PloS
one 5,€9436 (2010).

Kuhn, L., et al. Alpha-defensins in the prevention of HIV transmission among
breastfed infants. ] Acquir Inmune Defic Syndr 39, 138-142 (2005).

Bosire, R, et al. Breast milk alpha-defensins are associated with HIV type 1 RNA and
CC chemokines in breast milk but not vertical HIV type 1 transmission. AIDS
research and human retroviruses 23, 198-203 (2007).

Shah, R. & Chang, T.L. Defensins in Viral Infection. in Small Wonders: Peptides for
Disease Control, Vol. 1095 137-171 (American Chemical Society, 2012).

Klotman, M.E. & Chang, T.L. Defensins in innate antiviral immunity. Nat Rev Immunol
6,447-456 (2006).

Cole, A.M. & Cole, A.L. Antimicrobial polypeptides are key anti-HIV-1 effector
molecules of cervicovaginal host defense. Am | Reprod Immunol 59, 27-34 (2008).
Igbal, S.M. & Kaul, R. Mucosal innate immunity as a determinant of HIV
susceptibility. Am | Reprod Immunol 59, 44-54 (2008).

Salzman, N.H,, et al. Enteric defensins are essential regulators of intestinal microbial
ecology. Nature immunology 11, 76-83 (2010).

Ivanov, I], et al. Induction of intestinal Th17 cells by segmented filamentous
bacteria. Cell 139, 485-498 (2009).

Brand], K, et al. Vancomycin-resistant enterococci exploit antibiotic-induced innate
immune deficits. Nature 455, 804-807 (2008).

Bowdish, D.M., Davidson, D.]. & Hancock, R.E. Inmunomodulatory properties of
defensins and cathelicidins. Curr Top Microbiol Immunol 306, 27-66 (2006).
Rehaume, L.M. & Hancock, R.E. Neutrophil-derived defensins as modulators of
innate immune function. Crit Rev Immunol 28, 185-200 (2008).

Yang, D., Biragyn, A., Kwak, L.W. & Oppenheim, ].]. Mammalian defensins in
immunity: more than just microbicidal. Trends in immunology 23, 291-296 (2002).

112



183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Grigat, ]., Soruri, A., Forssmann, U., Riggert, J. & Zwirner, ]. Chemoattraction of
macrophages, T lymphocytes, and mast cells is evolutionarily conserved within the
human alpha-defensin family. ] Immunol 179, 3958-3965 (2007).

Ito, T, et al. Paneth cells regulate both chemotaxis of immature dendritic cells and
cytokine production from epithelial cells. Tohoku | Exp Med 227, 39-48 (2012).
Yang, D., Chen, Q., Chertov, O. & Oppenheim, ].J. Human neutrophil defensins
selectively chemoattract naive T and immature dendritic cells. Journal of leukocyte
biology 68, 9-14 (2000).

Lillard, ].W,, Jr., Boyaka, P.N., Chertov, O., Oppenheim, ].]. & McGhee, ].R. Mechanisms
for induction of acquired host immunity by neutrophil peptide defensins. Proc Natl
Acad Sci US A 96, 651-656 (1999).

Brogden, KA, et al. Defensin-induced adaptive immunity in mice and its potential in
preventing periodontal disease. Oral Microbiol Immunol 18, 95-99 (2003).

Tani, K,, et al. Defensins act as potent adjuvants that promote cellular and humoral
immune responses in mice to a lymphoma idiotype and carrier antigens.
International immunology 12, 691-700 (2000).

Presicce, P., Giannellj, S., Taddeo, A., Villa, M.L. & Della Bella, S. Human defensins
activate monocyte-derived dendritic cells, promote the production of
proinflammatory cytokines, and up-regulate the surface expression of CD91. Journal
of leukocyte biology 86, 941-948 (2009).

Sakamoto, N,, et al. Differential effects of alpha- and beta-defensin on cytokine
production by cultured human bronchial epithelial cells. Am | Physiol Lung Cell Mol
Physiol 288, L508-513 (2005).

Niyonsaba, F., Ushio, H., Nagaoka, 1., Okumura, K. & Ogawa, H. The human beta-
defensins (-1, -2, -3, -4) and cathelicidin LL-37 induce IL-18 secretion through p38
and ERK MAPK activation in primary human keratinocytes. | Immunol 175, 1776-
1784 (2005).

Guo, CJ., Tan, N,, Song, L., Douglas, S.D. & Ho, W.Z. Alpha-defensins inhibit HIV
infection of macrophages through upregulation of CC-chemokines. AIDS (London,
England) 18,1217-1218 (2004).

Sato, T. & Clevers, H. Growing self-organizing mini-guts from a single intestinal stem
cell: mechanism and applications. Science (New York, N.Y 340, 1190-1194 (2013).
Miyoshi, H., Ajima, R, Luo, C.T., Yamaguchi, T.P. & Stappenbeck, T.S. Wnt5a
potentiates TGF-beta signaling to promote colonic crypt regeneration after tissue
injury. Science (New York, N.Y 338, 108-113 (2012).

Wehkamp, |, et al. Reduced Paneth cell alpha-defensins in ileal Crohn's disease. Proc
Natl Acad Sci US A 102,18129-18134 (2005).

Sato, T. & Clevers, H. Primary mouse small intestinal epithelial cell cultures. Methods
Mol Biol 945, 319-328 (2013).

Porter, E.M.,, Liuy, L., Oren, A., Anton, P.A. & Ganz, T. Localization of human intestinal
defensin 5 in Paneth cell granules. Infect Immun 65, 2389-2395 (1997).
Mastroianni, J.R, et al. Alternative luminal activation mechanisms for paneth cell
alpha-defensins. | Biol Chem 287,11205-11212 (2012).

Miller, S.I., Pulkkinen, W.S,, Selsted, M.E. & Mekalanos, ].]. Characterization of
defensin resistance phenotypes associated with mutations in the phoP virulence
regulon of Salmonella typhimurium. Infect Immun 58, 3706-3710 (1990).

113



200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

Lara-Tejero, M. & Galan, J.E. Salmonella enterica serovar typhimurium pathogenicity
island 1-encoded type III secretion system translocases mediate intimate
attachment to nonphagocytic cells. Infect Immun 77, 2635-2642 (2009).

Philpott, D.J., Sorbara, M.T., Robertson, S.J., Croitoru, K. & Girardin, S.E. NOD
proteins: regulators of inflammation in health and disease. Nature reviews.
Immunology 14, 9-23 (2014).

Petnicki-Ocwieja, T., et al. Nod2 is required for the regulation of commensal
microbiota in the intestine. Proc Natl Acad Sci US A 106, 15813-15818 (2009).
Biswas, A, et al. Induction and rescue of Nod2-dependent Th1-driven
granulomatous inflammation of the ileum. Proc Natl Acad Sci US A 107, 14739-
14744 (2010).

Kobayashi, K.S,, et al. Nod2-dependent regulation of innate and adaptive immunity
in the intestinal tract. Science (New York, N.Y 307, 731-734 (2005).

Shanahan, M.T,, et al. Mouse Paneth cell antimicrobial function is independent of
Nod2. Gut (2013).

Tsilingiri, K, et al. Probiotic and postbiotic activity in health and disease:
comparison on a novel polarised ex-vivo organ culture model. Gut 61, 1007-1015
(2012).

Koo, B.K, et al. Controlled gene expression in primary Lgr5 organoid cultures. Nat
Methods 9, 81-83 (2012).

Sun, L., Nava, G.M. & Stappenbeck, T.S. Host genetic susceptibility, dysbiosis, and
viral triggers in inflammatory bowel disease. Curr Opin Gastroenterol 27,321-327
(2011).

Simms, L.A, et al. Reduced alpha-defensin expression is associated with
inflammation and not NOD2 mutation status in ileal Crohn's disease. Gut 57, 903-
910 (2008).

Nigro, G., Rossi, R., Commere, P.H., Jay, P. & Sansonetti, P.]. The cytosolic bacterial
peptidoglycan sensor nod2 affords stem cell protection and links microbes to gut
epithelial regeneration. Cell Host & Microbe 15,792-798 (2014).

Porter, E.M., Bevins, C.L., Ghosh, D. & Ganz, T. The multifaceted Paneth cell. Cellular
and molecular life sciences : CMLS 59, 156-170 (2002).

Schwank, G., Andersson-Rolf, A., Koo, B.K,, Sasaki, N. & Clevers, H. Generation of BAC
transgenic epithelial organoids. PloS one 8, e76871 (2013).

Hornef, M.W.,, Putsep, K., Karlsson, J., Refai, E. & Andersson, M. Increased diversity of
intestinal antimicrobial peptides by covalent dimer formation. Nature immunology
5,836-843 (2004).

Shanahan, M.T, et al. Elevated expression of paneth cell CRS4C in ileitis-prone
samp1/YitFc mice: Regional distribution, subcellular localization, and mechanism of
action. J Biol Chem 285, 7493-7504 (2010).

de Lau, W, et al. Peyer's patch M cells derived from Lgr5(+) stem cells require SpiB
and are induced by RankL in cultured "miniguts". Mol Cell Biol 32, 3639-3647
(2012).

Highsmith, A.K. & Jarvis, W.R. Klebsiella pneumoniae: selected virulence factors that
contribute to pathogenicity. Infect Control 6, 75-77 (1985).

Spinosa, M.R, et al. The Neisseria meningitidis capsule is important for intracellular
survival in human cells. Infection and immunity 75, 3594-3603 (2007).

114



218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

Llobet, E., Tomas, ].M. & Bengoechea, ].A. Capsule polysaccharide is a bacterial decoy
for antimicrobial peptides. Microbiology 154, 3877-3886 (2008).

Cauthen, A.N., Welton, A.R. & Spindler, K.R. Construction of mouse adenovirus type 1
mutants. Methods Mol Med 130, 41-59 (2007).

Warming, S., Costantino, N., Court, D.L., Jenkins, N.A. & Copeland, N.G. Simple and
highly efficient BAC recombineering using galK selection. Nucleic Acids Res 33, e36
(2005).

Wilson, S.S., Wiens, M.E. & Smith, J.G. Antiviral mechanisms of human defensins. |
Mol Biol 425, 4965-4980 (2013).

Kuss, S.K, et al. Intestinal microbiota promote enteric virus replication and systemic
pathogenesis. Science (New York, N.Y 334, 249-252 (2011).

Robinson, C.M,, Jesudhasan, P.R. & Pfeiffer, ].K. Bacterial lipopolysaccharide binding
enhances virion stability and promotes environmental fitness of an enteric virus.
Cell Host & Microbe 15, 36-46 (2014).

Baldridge, M.T, et al. Commensal microbes and interferon-lambda determine
persistence of enteric murine norovirus infection. Science (New York, N.Y 347, 266-
269 (2015).

Kane, M, et al. Successful transmission of a retrovirus depends on the commensal
microbiota. Science (New York, N.Y 334, 245-249 (2011).

Miura, T, et al. Histo-blood group antigen-like substances of human enteric bacteria
as specific adsorbents for human noroviruses. Journal of virology 87, 9441-9451
(2013).

Majerle, A., Pristovsek, P., Mancek-Keber, M. & Jerala, R. Interaction of the HIV-1
gp120 viral protein V3 loop with bacterial lipopolysaccharide: a pattern recognition
inhibition. The Journal of biological chemistry 286, 26228-26237 (2011).

Wiens, M.E., Wilson, S.S., Lucero, C.M. & Smith, ].G. Defensins and viral infection:
dispelling common misconceptions. PLoS pathogens 10, 1004186 (2014).

Tenge, V.R,, Gounder, A.P., Wiens, M.E., Lu, W. & Smith, ].G. Delineation of interfaces
on human alpha-defensins critical for human adenovirus and human papillomavirus
inhibition. PLoS pathogens 10, e1004360 (2014).

Seiradake, E. & Cusack, S. Crystal structure of enteric adenovirus serotype 41 short
fiber head. Journal of virology 79, 14088-14094 (2005).

Roelvink, P.W,, et al. The coxsackievirus-adenovirus receptor protein can function as
a cellular attachment protein for adenovirus serotypes from subgroups A, C, D, E,
and F. Journal of virology 72, 7909-7915 (1998).

Schwank, G,, et al. Functional repair of CFTR by CRISPR/Cas9 in intestinal stem cell
organoids of cystic fibrosis patients. Cell Stem Cell 13, 653-658 (2013).

Matano, M,, et al. Modeling colorectal cancer using CRISPR-Cas9-mediated
engineering of human intestinal organoids. Nat Med 21, 256-262 (2015).

Zhang, Y.G., Wu, S., Xia, Y. & Sun, . Salmonella-infected crypt-derived intestinal
organoid culture system for host-bacterial interactions. Physiol Rep 2(2014).

Bruno, V.M, et al. Salmonella Typhimurium type III secretion effectors stimulate
innate immune responses in cultured epithelial cells. PLoS pathogens 5,e1000538
(2009).

115



236.

237.

238.

239.

240.

241.

242,

243.

244,

245,

246.

247.

248.

249,

250.

251.

252.

253.

Radtke, A.L., Wilson, ].W,, Sarker, S. & Nickerson, C.A. Analysis of interactions of
Salmonella type three secretion mutants with 3-D intestinal epithelial cells. PloS one
5,e15750 (2010).

Liu, X, Lu, R, Wy, S. & Sun, J. Salmonella regulation of intestinal stem cells through
the Wnt/beta-catenin pathway. FEBS letters 584, 911-916 (2010).

Kuehne, S.A,, et al. The role of toxin A and toxin B in Clostridium difficile infection.
Nature 467,711-713 (2010).

Leslie, ].L, et al. Persistence and toxin production by Clostridium difficile within
human intestinal organoids result in disruption of epithelial paracellular barrier
function. Infection and immunity 83, 138-145 (2015).

Ogura, K, et al. Interleukin-8 production in primary cultures of human gastric
epithelial cells induced by Helicobacter pylori. Dig Dis Sci 43, 2738-2743 (1998).
Viala, ], et al. Nod1 responds to peptidoglycan delivered by the Helicobacter pylori
cag pathogenicity island. Nature immunology 5, 1166-1174 (2004).

Bartfeld, S, et al. In vitro expansion of human gastric epithelial stem cells and their
responses to bacterial infection. Gastroenterology 148, 126-136 e126 (2015).
Lukovac, S, et al. Differential modulation by Akkermansia muciniphila and
Faecalibacterium prausnitzii of host peripheral lipid metabolism and histone
acetylation in mouse gut organoids. MBio 5(2014).

Foulke-Abel, ], et al. Human enteroids as an ex-vivo model of host-pathogen
interactions in the gastrointestinal tract. Exp Biol Med (Maywood) 239, 1124-1134
(2014).

Ward, R.L, et al. Culture adaptation and characterization of group A rotaviruses
causing diarrheal illnesses in Bangladesh from 1985 to 1986. J Clin Microbiol 29,
1915-1923 (1991).

Finkbeiner, S.R, et al. Stem cell-derived human intestinal organoids as an infection
model for rotaviruses. MBio 3,e00159-00112 (2012).

Spence, J.R, et al. Directed differentiation of human pluripotent stem cells into
intestinal tissue in vitro. Nature 470, 105-109 (2011).

Jung, P, et al. Isolation and in vitro expansion of human colonic stem cells. Nat Med
17,1225-1227 (2011).

Pham, T.A, et al. Epithelial IL-22RA1-mediated fucosylation promotes intestinal
colonization resistance to an opportunistic pathogen. Cell Host & Microbe 16, 504-
516 (2014).

Schumacher, M.A, et al. Helicobacter pylori-induced Sonic Hedgehog expression is
regulated by NFkappaB pathway activation: the use of a novel in vitro model to
study epithelial response to infection. Helicobacter 20, 19-28 (2015).
Bertaux-Skeirik, N, et al. CD44 plays a functional role in Helicobacter pylori-induced
epithelial cell proliferation. PLoS pathogens 11, 1004663 (2015).

Engevik, M.A, et al. Loss of NHE3 alters gut microbiota composition and influences
Bacteroides thetaiotaomicron growth. Am J Physiol Gastrointest Liver Physiol 305,
G697-711 (2013).

Engevik, M.A, et al. Human Clostridium difficile infection: inhibition of NHE3 and
microbiota profile. Am J Physiol Gastrointest Liver Physiol 308, G497-509 (2015).

116



254. deLau, W, etal Peyer's patch M cells derived from Lgr5(+) stem cells require SpiB
and are induced by RankL in cultured "miniguts". Molecular and cellular biology 32,
3639-3647 (2012).

255. Mabbott, N.A,, Donaldson, D.S., Ohno, H., Williams, I.LR. & Mahajan, A. Microfold (M)
cells: important immunosurveillance posts in the intestinal epithelium. Mucosal
Immunol 6, 666-677 (2013).

256. Svoboda, M., Riha, ]., Wlcek, K., Jaeger, W. & Thalhammer, T. Organic anion
transporting polypeptides (OATPs): regulation of expression and function. Curr
Drug Metab 12,139-153 (2011).

257. Grabinger, T, et al. Ex vivo culture of intestinal crypt organoids as a model system
for assessing cell death induction in intestinal epithelial cells and enteropathy. Cell
Death Dis 5,e1228 (2014).

258. Woodcock, ]. & Woosley, R. The FDA critical path initiative and its influence on new
drug development. Annu Rev Med 59, 1-12 (2008).

259. Moon, C., VanDussen, K.L., Miyoshi, H. & Stappenbeck, T.S. Development of a primary
mouse intestinal epithelial cell monolayer culture system to evaluate factors that
modulate IgA transcytosis. Mucosal Immunol 7, 818-828 (2014).

260. Nepomuceno, R.R, Pache, L. & Nemerow, G.R. Enhancement of gene transfer to
human myeloid cells by adenovirus-fiber complexes. Mol Ther 15,571-578 (2007).

261. Henry, L], Xia, D., Wilke, M.E., Deisenhofer, ]. & Gerard, R.D. Characterization of the
knob domain of the adenovirus type 5 fiber protein expressed in Escherichia coli.
Journal of virology 68, 5239-5246 (1994).

262. Garrett, W.S, et al. Enterobacteriaceae act in concert with the gut microbiota to
induce spontaneous and maternally transmitted colitis. Cell Host & Microbe 8, 292-
300 (2010).

263. Stewart, M.K,, Cummings, L.A., Johnson, M.L., Berezow, A.B. & Cookson, B.T.
Regulation of phenotypic heterogeneity permits Salmonella evasion of the host
caspase-1 inflammatory response. Proc Natl Acad Sci U S A 108, 20742-20747
(2011).

264. Cummings, L.A.,, Wilkerson, W.D., Bergsbaken, T. & Cookson, B.T. In vivo, fliC
expression by Salmonella enterica serovar Typhimurium is heterogeneous,
regulated by ClpX, and anatomically restricted. Mol Microbiol 61, 795-809 (2006).

265. Kassim, S.Y, et al. Individual matrix metalloproteinases control distinct
transcriptional responses in airway epithelial cells infected with Pseudomonas
aeruginosa. Infection and immunity 75, 5640-5650 (2007).

117



Vita
Education

Sc.B. in Biology with Honors, 2006
Brown University
Providence, RI

Publications

1. Wardell-Scott, L., Wilson, S.S., Smith, J.G. and Garrett, W. The gut microbiota and host
anti-microbial peptides influence Klebsiella pneumoniae population dynamics. Under
review.

2. Wilson, S.S., Tocchi, A., Holly, M.K., Parks, W.C. & Smith, J.G. A small intestinal
organoid model of non-invasive enteric pathogen-epithelial cell interactions. Mucosal
Immunology 8(2):352-61 (2015).

3. Wiens, M.E., Wilson, S.S., Lucero, C.M. & Smith, J.G. Defensins and viral infection:
dispelling common misconceptions. PLoS Pathogens 10, e1004186 (2014).

4. Wilson, S.S., Wiens, M.E. & Smith, J.G. Antiviral mechanisms of human defensins.
Journal of molecular biology 425, 4965-4980 (2013).

5. Gounder, A.P., Wiens, M.E., Wilson, S.S., Lu, W. & Smith, J.G. Critical determinants of
human alpha- defensin 5 activity against non-enveloped viruses. The Journal of
biological chemistry 287, 24554- 24562 (2012).

Conference presentations

1. Wilson S.S., Bromme, B.A., Holly, M.K., and Smith, J.G. (2014) a -defensin
enhancement of mouse adenovirus infection. Poster presentation delivered at the
International Adenovirus Meeting, San Diego, CA., July, 2014.

2. Wilson, S.S., Tocchi, A., Parks, W.C., and Smith, J.G. (2014) A Small Intestinal Organoid
Model of Enteric Pathogen-Epithelial Cell Interactions. Oral presentation delivered at the
annual meeting of the American society for Microbiology, Boston, MA, May 2014.
Abstract selected for Young Investigator Oral Presentation.

3. Wilson, S.S. and Smith, J.G. Evaluating interactions between epithelial cells and enteric
pathogens in a small intestinal organoid model. Oral presentation delivered at the annual
meeting of the Northwest Chapter of the American society for Microbiology. Seattle,
WA, November 2012.4)

4. Wilson, S.S. and Smith, J.G. Cell Type Specific Neutralization of Adenovirus Infection by
a-defensins. Poster presentation delivered at the annual meeting of the American society
for Virology. Madison, WI, July 2012.

118



