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ABSTRACT OF THE DISSERTATION

Regulation of IL-1a and Its Role in Microbial Keratitis
By
Bridget Ratitong
Doctor of Philosophy in Biomedical Sciences
University of California, Irvine, 2022

Professor Eric Pearlman, Chair

Microbial infection of the cornea is one of the leading causes of preventable
blindness world-wide. The infection results in corneal opacity, inflammation, and intense
pain that could lead to permanent blindness if left untreated. Treatment involves
antimicrobial agents followed by corticosteroids to suppress inflammation. However,
there is a need for a more targeted treatment to regulate inflammation as steroids are
non-specific.

In both human patients and our murine model of bacterial and fungal keratitis,
neutrophils are the predominant infiltrating cell-type in the cornea comprising up to 90%
of recruited cells. Neutrophils are essential for bacterial killing and acts as an important
source of proinflammatory cytokines during microbial keratitis. Depletion of neutrophils
leads to tremendously impaired bacterial clearance and decreased cytokine levels in the
cornea. We previously reported that the proinflammatory cytokines IL-1a and IL-1(8 are
highly upregulated in both human and mice during microbial keratitis. IL-1p is necessary
for neutrophil recruitment to the corneas and subsequently protection from the infection.

However, whether there is a role for IL-1a and what role that may be is unclear. This



thesis explores the production and regulation of IL-7a, and what role it is playing in the
cornea during infection.

We found that while neutrophils are the predominant source of IL-13 in the
cornea, both neutrophils and monocytes contribute to IL-1a production which peaked at
24hpi. To examine whether there is a role for IL-1a in the response to bacterial infection
of the cornea, we compared WT, ll1a-/-, lI1b-/-, and ll1a-/-ll1b-/- mice infected with P.
aeruginosa. In accordance with our previous studies, l11b-/- and DKO mice were unable
to control the infection due to delayed neutrophil and monocyte recruitment to the
cornea. On the contrary, Il1a-/- mice had the opposite effect—showing enhanced
bacteria killing compared to WT mice despite no differences in neutrophil recruitment.
We found no differences in neutrophil effector functions between WT and lIl1a-/-
neutrophils. However, RNA sequencing revealed ll1a-/- neutrophils had a more
proinflammatory transcriptomic profile than WT neutrophils with elevations in C1q
expression. These findings reveal a novel role for IL-1q, that is distinct from IL-1f3, in
regulating the response to P. aeruginosa infection in the cornea.

Further, we examined the regulation of IL-1a secretion compared to IL-1[3 in
macrophages and neutrophils. The mechanism for IL-1f secretion is well characterized
in macrophages where it is tightly regulated in a two-step process mediated by
inflammasomes and GSDMD. We found that IL-1a secretion by macrophages is also
mediated by GSDMD, but not NLRP3 inflammasome. However, IL-1a secretion by
neutrophils is independent of both NLRP3 and GSDMD in response to stimulation with
B-glucan. Secretion of IL-1a by neutrophils is also independent of cell death. Instead,

we found that IL-1a secretion is mediated by extracellular vesicle release.



In conclusion, we described a novel role for IL-1a that is distinct from IL-13
during bacterial infection of the corneas—where IL-1a is detrimental and IL-1( is
protective. We also found that IL-1a is important for monocyte recruitment to the cornea
whereas IL-1(3 is essential for neutrophil recruitment. Our finding adds to the increasing
evidence showing non-redundant roles for the two cytokines despite sharing the same
receptor, IL-1R1. Further, we found differential regulation for IL-1a and IL-13 secretion
by neutrophils. While IL-18 is dependent on NLRP3 and GSDMD for secretion, IL-1a
release is mediated by extracellular vesicles. Together, these studies improve our
understanding of the inflammatory response during microbial keratitis and identify

potential targets for therapeutics.
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CHAPTERL1:

INTRODUCTION



The cornea

The cornea is the exposed, transparent outer surface of the eye that acts as a
barrier protecting ocular tissue. It is structurally composed of five layers: corneal
epithelium, Bowman'’s layer, corneal stroma, Descemet’s membrane, and corneal
endothelium (1, Figure 1.1). The corneal epithelium layer is stratified with multiple
layers of non-keratinized corneal epithelial cells forming tight junctions and acting as a
physical barrier to prevent pathogens from entering the corneal stroma (2). New
epithelial cells derives from stem cells in the limbus and can displace existing cells
rapidly both centripetally and superficially (1, 3). The basal layer of corneal epithelial
cells is anchored to the Bowman'’s layer which is an acellular layer consisting of
collagen fibrils. The corneal stroma lies between Bowman'’s layer and Descemet’s
membrane. It is the thickest layer of the cornea and consists of dense connective
tissues of collagenous lamellae with keratocytes in between. The layering and
arrangement of collagen fibrils in the lamellae helps maintain transparency.

Descemet’'s membrane is a thin layer posterior to the stroma that is rich in
glycoproteins, laminin, and collagen and precedes the endothelium layer. The corneal
endothelium is a made up of a thin layer of endothelial cells separating the cornea from
the anterior chamber. They play a crucial role in fluid transport and are responsible for
maintenance of corneal hydration which is an important factor affecting cornea
transparency. Cornea transparency is also dependent on the diameter and spacing of
collagen fibers in the stroma. Further, to maintain transparency, the cornea is avascular

and has few resident immune cells—making it an immune-privileged tissue (1, 4).
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Microbial Keratitis

The tight junctions formed by corneal epithelial cells as well as tear film protects
the ocular tissue from infections. However, ocular trauma or contact lens use are
important risk factors that allow opportunistic pathogens to cause an infection and
subsequently a blinding disease called microbial keratitis (5, 6).

Fungal keratitis

Fungal infections of the cornea (keratitis) came to the attention of the public in
the United States, Britain and Europe in 2005, when a lens care product failed to control
the growth of the environmental mold Fusarium on contact lenses and lens cases,
leading to an outbreak of painful and sight-threatening corneal infections in contact lens
wearers (7). Although the outbreak ended after the product was removed from the
market, Fusarium and Aspergillus species remain important causes of fungal keratitis in
industrialized countries, especially in hotter and more humid regions. Candida species
can also cause corneal infections, but these are relatively rare and occur mostly as a
consequence of contamination of donor corneas used for transplantation, or following
ocular surgery (8-10). In contrast to industrialized countries, it is in developing countries
where fungal keratitis has the greatest medical and socioeconomic impact (11). Of an
estimated 1 million cases occurring annually worldwide, >80% are in developing
countries, leading to a call to the World Health Organization to designate microbial

keratitis as a neglected tropical disease in order to obtain more resources for managing

Adapted and Reprinted from Current Opinion in Microbiology, Vol 63, Ratitong and
Pearlman, Pathogenic Aspergillus and Fusarium as important causes of blinding
corneal infections — the role of neutrophils in fungal killing, tissue damage and

cytokine production, Pg 195-203, Copyright (2021), with permission from Elsevier




this disease (12, 13). Corneal infections are initiated following trauma to the corneal
epithelium, especially by plant material containing fungal spores; hence, the incidence
of fungal keratitis is higher in agricultural regions and during harvest seasons when
there is an increased likelihood of ocular trauma from airborne plant material. Fungal
keratitis is most prevalent in tropical and subtropical climates, with the highest rates in
Asia and Africa (14). Studies in India and China reported that most culture-positive
cases of microbial keratitis were of fungal rather than bacterial etiology, and that
Aspergillus and Fusarium species, specifically Aspergillus fumigatus and Aspergillus
flavus, and Fusarium oxysporum and Fusarium solani, were the most common causes
of corneal infections (15-17).

The host response to fungal keratitis involves rapid influx of infiltrating innate
immune cells with neutrophils comprising of 80-90% of total cellular infiltrate and <10%
of cells being monocytes (18, 19). While neutrophil effector functions such as secretion
of proteases from neutrophil granules or reactive oxygen species production are
necessary for controlling the infection, they also result in tissue damage and corneal
opacification that could lead to permanent blindness if left untreated.

Treatment for fungal keratitis generally begins with topical antifungal, followed by
corticosteroids to suppress inflammation (20). Natamycin is the first-line antifungal
medication, and the only one approved by the Food and Drug Administration (FDA) for
fungal keratitis (21). However, natamycin has low water solubility and is limited in
corneal penetration. Further, corticosteroid is a non-specific anti-inflammatory
treatment, and incomplete clearance of fungi before administration of corticosteroids

results in rapid hyphal growth in the absence of an immune response. Therefore, there



is a need for a more targeted treatment for fungal keratitis that balances fungal killing
with limiting tissue damage.

Bacterial keratitis

Bacteria is the most common cause for infectious keratitis in Europe, North
America, South America, and Australia (22). Much like fungal keratitis, opportunistic
bacteria such as S. aureus, P. aeruginosa, and Streptococci spp. can gain access to the
cornea following ocular trauma or contact lens usage (23); however, bacteria replicate
much more rapidly compared to fungi and can cause more severe disease leading to
perforated corneas.

Pseudomonas aeruginosa is a gram-negative bacteria that is the most common
cause of infectious keratitis associated with contact lens usage (24). P. aeruginosa
infection is associated with worse prognosis than other bacteria and often presents
clinical features such as corneal epithelial defect and irregular infiltration beneath the
epithelium that resembles a ring formation and could result in corneal perforation (25,
26). One of the key virulence factors for P. aeruginosa is their type Il secretion system
(T3SS). The T3SS is a macromolecular complex that forms a needle-like structure
injecting bacterial effector proteins into host cells to interfere with the host response
(27). P. aeruginosa expression of T3SS correlates with morbidity and mortality in
patients with bacteremia (28, 29). Similarly, mutations in the T3SS complex or the
effector proteins decrease disease severity and increase the rate of bacterial clearance
(30, 31).

P. aeruginosa T3SS targets neutrophils, macrophages, endothelial, and epithelial

cells to increase their survival while inhibiting host antimicrobial functions and inducing



death of the host cells (31-34). The secreted effector proteins include ExoS, ExoT,
ExoY, and ExoU (35). However, most strains of P. aeruginosa express exoS and exoU
in a mutually exclusive manner (36). The strain used in our experiments described in
this thesis is PAO1 which has ExoT, ExoY, and ExoS.

Initial recognition of P. aeruginosa in the cornea is through TLR4 and TLR5 on
resident macrophages that produce the chemokines necessary for neutrophil and
monocyte recruitment (37). Similar to fungal keratitis, 90% of the cellular infiltrate in
response to infection comprise of neutrophils and <10% monocytes (26). This
phenotype is recapitulated in murine models of P. aeruginosa keratitis used in this
thesis (37, 38). Recruitment of neutrophils is necessary for controlling infection and
preventing dissemination (38). Neutrophil effector functions used to clear the infection

will be later discussed in this chapter.



The Innate Immune System

The mammalian immune system comprises of two arms: innate immunity and
adaptive immunity. While the adaptive immune system (lymphoid cells) requires antigen
presentation to mount a highly specific response to antigens and form memory cells, the
innate immune system (myeloid cells) recognizes broader patterns and danger signals
(39). Neutrophils, monocytes, and macrophages are innate immune cells from the
myeloid lineage that rapidly mobilize in response to inflammatory signals and

pathogens—these cells will be further discussed in this chapter (Figure 1.2).
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Figure 1.2. Hematopoietic cells

Myeloid and lymphoid cells originate from hematopoietic cells in the bone marrow and

differentiates into effector cells. Created with Biorender.com




Pattern Recognition Receptor (PRR)

Innate immune cells are able to recognize pathogen-associated molecular
patterns and danger signals rapidly through pattern recognition receptors (40). They do
not express antigen-specific receptors like lymphoid cells. PRR signaling leads to non-
specific inflammatory responses to aid clearance of infection. There are multiple families
of PRRs; toll-like receptors (TLRs) are the most extensively studied class of PRRs (41).

TLR4 recognizes lipopolysaccharides (LPS) and is important for protection
against bacterial keratitis (37, 42). TLR4, TLR2, and TLR6 are also important for
protection in fungal keratitis (43—45) as well as the C-type lectin receptor (CLR), Dectin-
1, that recognizes fungal cell-wall component, B-glucan (46, 47). Signaling through
PRRs lead to activation and nuclear translocation of the transcription factor NF-kB
which further results in proinflammatory cytokine expression (48). This process is
essential for signal amplification and recruitment of immune cells necessary for clearing
the infection (37, 48, 49).

Further, the cytosolic nod-like receptors (NLRs) are also essential for
inflammatory mechanisms involved in infectious keratitis. NLRs, specifically the pyrin
domain-containing subfamily, can oligomerize and form large, multi-protein complexes
called inflammasomes (50). The NLRP3 inflammasome is most widely studied and will
be further discussed later in chapter 3 in the context of IL-18 processing.

Cellular infiltration in infected corneas

The cornea is an immuno-privileged tissue. To maintain transparency, it is
avascular and has few resident immune cells. However, the limbus and periphery of the

cornea acts as a portal for immune cell infiltration and is rich in capillaries and lymphatic



vessels (51). Langerhans cells and macrophages comprise the majority of tissue-

resident cells residing in the basal layer of corneal limbal epithelium and distributed

around the limbal vessels, respectively (52). In response to an infection, these tissue-

resident cells are likely the initiators of local inflammation that recruit the main effector

cells: neutrophils and inflammatory monocytes. Both fungal keratitis and bacterial

keratitis are characterized by a large influx of neutrophils. In patients, 90% of infiltrating

cells are neutrophils. Similarly, in our murine model of infectious keratitis approximately

80% of CD45+ cells are neutrophils (Figure 1.3). In addition to neutrophils,
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approximately 20% of infiltrating cells are classical monocytes (CCR2+ Ly6CM in mice,
CD14++ CD16- in human) at 24 hours-post infection (hpi, Figure 1.3).

Monocytes are mononuclear cells that can differentiate into macrophages and
dendritic cells in the tissue (53); however, at the early time points (24- and 48-hpi) of our
infection model, they have not differentiated into F4/80+ macrophages. Monocytes
originate in the bone marrow and migrate into circulation where they have an average
turnover of approximately 24 hours (54). These cells are highly dynamic and are divided
into three main subsets with distinct roles: classical, patrolling, and non-classical
monocytes (55, 56). Classical monocytes are the most prevalent. The chemokines
CCL2 and CCL17 binds to the CCR2 receptor on classical monocytes to mediate their
recruitment into inflamed or infected tissues (57).

Classical monocytes are pro-inflammatory and their effector functions include
cytokine production, nitric oxide (NO) production, and phagocytosis (53). Monocytes
also can repopulate macrophages in some tissues (58). In vivo, both detrimental and
protective roles have been described for monocytes during Cryptococcus neoformans
and Candida albicans infection, respectively (59—61). Further, monocytes are critical for
early control of Listeria monocytogenes infection in the spleen and liver as CCR2-
deficient mice have worsen infection (62, 63). However, the role of monocytes during
infection of the cornea is unclear. Our studies will examine monocytes and their role in

the cornea to be further discussed in Chapter 4.

Neutrophils
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Neutrophils, also known as polymorphonuclear (PMN) cells, are highly
proinflammatory granulocytes that are most abundant in circulation. Large numbers of
neutrophils (estimated 10! cells) are produced in the bone marrow daily, and enter the
circulation where they migrate into tissues (64, 65). Under homeostatic conditions,
neutrophils can be found in the bone marrow, spleen, liver, and lung where they patrol
and act as first responders to infection (66, 67). Further, emerging evidence shows
immunoregulatory roles for neutrophils in these tissues (68). Neutrophils are relatively
short-lived cells that are cleared from the tissue by macrophages or return to the bone
marrow for clearance, (65, 69). However, their longevity can be extended during
inflammation (70).

Recruitment

A pool of neutrophils is stored in the bone marrow where it can promptly egress
into circulation in response to stimuli and vastly increase the number of neutrophils in
circulation (65). Once in circulation, neutrophils can rapidly mobilize in large numbers
into infected or inflamed tissues in response to a chemokine gradient. Neutrophils
express high levels of CXCR1 and CXCR2 chemokine receptors for trafficking to the
site of inflammation or infection in response to CXCL1, CXCL2, and CXCLS5 (71). They
can also express CXCR4 which binds CXCL12 and retains neutrophils in the bone
marrow or spleen (69, 72). To extravasate into tissue, neutrophils follow the steps of
leukocyte recruitment: tethering, rolling, adhesion, crawling, and transmigration through
integrin and selectin interactions with vascular endothelial cells (73—75). In the cornea
specifically, neutrophils migrate from the peripheral limbal capillaries into the tissue as

the central cornea is avascular (76, 77).

12



Effector functions

Once arriving at the site of infection, neutrophils exert multiple effector functions
that can both directly and indirectly kill the pathogen. These functions include but is not
limited to: reactive oxygen species (ROS) production, degranulation, and neutrophil

extracellular trap (NET) formation (Figure 1.4).
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Figure 1.4. Neutrophil Effector Functions.
Neutrophils utilize reactive oxygen species (ROS), NET formation, phagocytosis, and
degranulation to exert direct antimicrobial effects on pathogens. Neutrophils are also an

important source of cytokines in the tissue. Created by Biorender.com
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Reactive oxygen species (ROS) production is a key anti-microbial effector as
well as inflammation inducer employed by neutrophils. The primary source of ROS is
through NADPH oxidase complex, NOX2, which generates superoxide (O27), hydrogen
peroxide (H202), and hydroxyl radical (OH-) (78). Mutations in NOX2 complex results in
chronic granulomatous disease (CGD) which is characterized by recurrent bacterial and
fungal infections (79, 80). The degree of NOX2 impairment directly correlates to
mortality in CGD patients (81). Neutrophils produce ROS in response to both fungi and
bacteria where it can directly kill pathogens by reacting with organic molecules to
disrupt their function (82). However, these pathogens have also evolved to inhibit ROS
and promote survival. Previous studies from our lab have shown that the exotoxin Exo-
S produced by Pseudomonas aeruginosa inhibits ROS production (83), and fungi such
as Aspergillus express superoxide dismutase and regulate antioxidant pathways to
promote survival against neutrophils (84). In addition to direct pathogen killing, ROS
also plays a complex role in inducing inflammation both through inter- and intracellular
signaling such as inflammasome activation and NETosis which will be later discussed in
this chapter.

Degranulation: Along with eosinophils and basophils, neutrophils are
granulocytes that contain antimicrobial proteases, enzymes, cationic peptides, and
nutrient chelators. These antimicrobial proteins are packed in granules for regulated
exocytosis (85). Neutrophil granules are divided into three distinct types:
primary/azurophilic granules, secondary/specific granules, and tertiary/gelatinase
granules (86). Primary granules contain neutrophil elastase (NE), cathepsin G,

proteinase 3, defensins, and the serine protease myeloperoxidase (MPO). Secondary

14



granules contain NOX2 subunits, collagenase, and lactoferrin. And tertiary granules
contain gelatinase, arginase 1, and the matrix metalloprotease MMP9. Secretion of
these granules are regulated and occurs in response to stimuli and calcium signaling
(86).

Neutrophil extracellular traps (NETs) are web-like extracellular structures
made of decondensed chromatin and granule proteins (87, 88). NETSs trap, neutralize,
and kill bacteria and fungi (89, 90). Protein arginine deiminase 4 (PAD4) is responsible
for citrullination of histone H3 (H3Cit) that decondenses the chromatin and mediate
NETosis (91, 92). Many studies have reported that NET formation is dependent on
NOX2-induced ROS. However, recent findings have implicated that there are ROS-
independent NETosis as well (93-96). For ROS-dependent NETosis, Metzler et al.
reported that NE translocation to the nucleus for histone degradation is required, and
this process depends on both ROS and MPO activity (97). NETosis occurs in vivo
following infection with Pseudomonas aeruginosa and Aspergillus fumigatus (90, 92,
98). However, we found that PAD4 and NE is individually not necessary for pathogen

clearance during fungal and bacterial infection.

Neutrophils as a source of cytokines

Although neutrophils are relatively short-lived effector cells, they are now
recognized as an important source of cytokines and chemokines in the inflammatory
response. Despite producing less cytokines than macrophages or monocytes on a per

cell basis, neutrophils constitute the majority of infiltrating cells during an infection or

15



inflammation that greatly outnumbers other cells. Therefore, neutrophils are a major
source of cytokines under these circumstances.

Neutrophils have been shown to express a wide variety of cytokines and
chemokines either constitutively or in response to stimuli (99). In the cornea specifically,
studies from the Aravind Eye Hospital in southern India showed elevated transcripts for
IL-1a, IL-1p, IL-8, and IL-17A from corneal ulcers of microbial keratitis patients
compared to healthy controls (18, 26). We previously reported that depletion of
neutrophils in a murine model of Pseudomonas keratitis fully ablated IL-113 levels
indicating neutrophils are the primary source of this cytokine in the cornea (38). Further,

neutrophil production of IL-1a will be discussed in chapter 2 and 3.

Interleukin-1

IL-1a and IL-1P are highly pro-inflammatory cytokines of the interleukin-1 family.
Most of the IL-1 family members are in a cluster on human chromosome 2 where they
likely formed as a duplication event (100). Unlike other cytokines, IL-1 family members
are not secreted through canonical ER and Golgi-dependent exocytosis (101). While IL-
1a and IL-1B share similarities with other IL-1 family members such as IL-18 and IL-33,
they (along with their receptor antagonist, IL-1Ra) are the only ones that bind the same
receptor—IL-1R1, for signaling (102). Both IL-1a and IL-1B are produced in a pro-form
(30kDa) that can be cleaved into their mature 17-kDa form (103); however, IL-1a does
not require cleavage for activity while pro-IL-1B cleavage into mature IL-1[3 is necessary
for its bioactivity (104). Further, a key difference between IL-1a and IL-18, is that IL-1a

contains a nuclear localization sequence in its N-terminal half which allows for
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translocation to the nucleus (105). While much of IL-1a regulation by myeloid cells is still
unclear, IL-1B processing and secretion by macrophages is well characterized in the

literature.

IL-18

Analysis of evolutionary ancestry by sequence homology identified IL-18 as the
proto-IL-1 gene emerging in the vertebrate subphylum (106). Its role as an inflammatory
cytokine has been implicated in many diseases including autoinflammation, diabetes,
rheumatic diseases, and infections (107—111). During infectious keratitis, IL-1B is
necessary for recruitment of neutrophils and subsequently clearance of infection (37,
38, 112). Secretion of IL-18 is tightly regulated and well characterized in macrophages.
It involves a two-step process: i) priming of cells through PRRs which results in NF-kB
activation and production of pro-IL-13, and ii) activation of the inflammasome and
caspase-1 which cleaves pro-IL-1 and Gasdermin D (Figure 1.5).

PRR signaling such as LPS recognition by TLR4 or B-glucan recognition by
Dectin-1, leads to activation and nuclear translocation of the transcription factor NF-kB
(113, 114). This process which leads to NF-kB-mediated transcription and translation of
pro-IL-1B and pro-IL-1a is called priming (48). As pro-IL-1 is not bioactive, it requires a
second signal to induce inflammasome activation (115, 116). NLRs, the adaptor ASC,
and caspase-1 oligomerizes upon activation to form a large multi-protein complex called
the inflammasome (117). Inflammasome formation autoactivates caspase-1 that
cleaves pro-IL-18 into its mature bioactive form (118). Many diverse inflammasome

activators have been described such as extracellular ATP, monosodium urate (MSU),
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and bacterial toxins (119); however, it is not entirely clear how live pathogens such as

Aspergillus fumigatus or P. aeruginosa are sensed by NLRs for inflammasome

activation.
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Figure 1.5. GSDMD-mediated IL-1B8 Secretion by Macrophages

IL-1B regulation and secretion is tightly regulated in a two-step process involving
priming and subsequent activation of the inflammasome. This process leads to
GSDMD-dependent IL-1p3 release and pyroptotic cell death. Created with

Biorender.com

In addition to cleavage of pro-IL-1[3, caspase-1 also cleaves the pore forming

protein gasdermin D (GSDMD). The cleaved 28-kDa N-GSDMD inserts into the inner
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leaflet of the plasma membrane where it oligomerizes to form pores that allows for IL-1f3
release (120, 121). Secretion of IL-1 through GSDMD pores is followed by pyroptotic
cell death from osmotic lysis in macrophages (122). Pyroptosis is a caspase-1
dependent, necrotic cell death characterized by GSDMD-cleavage, membrane rupture,
and release of proinflammatory intracellular contents (123, 124). After inflammasome
activation, pyroptosis occurs rapidly in macrophages; however, we and others have
found that neutrophils do not undergo pyroptosis (125-127).

Although canonical IL-1B secretion from macrophages involves the two-step
process shown in Figure 1.5, neutrophil secretion of IL-1f is only dependent on
GSDMD at early time points (128, 129). Previous work from our lab revealed that, unlike
macrophages, N-GSDMD do not localize to the plasma membrane of neutrophils.
Instead, they localize to primary granules and autophagosomes where IL-1[3 secretion is
dependent on ATG-7-dependent secretory autophagy (125). In our model of microbial
keratitis, GSDMD is not necessary for IL-13 release in the cornea and do not play a role
in clearance of bacteria or in limiting hyphae formation during fungal keratitis (data not
shown). The mechanism of IL-1p secretion in vivo in response to live pathogens is of

great interest to the lab and remains an area of active research.

IL-1a

While IL-1a shares a similar protein structure to IL-1f and binds to the same
receptor (102), there are a few key differences between the two. First, IL-1a does not
require cleavage for bioactivity (130). Pro-IL-1a is expressed constitutively in many non-

hematopoietic cells where it acts as an alarmin and danger-associated molecular
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pattern (131). In myeloid cells, IL-1a production is induced following stimuli and can be
cleaved by calpain (104). Another key difference between IL-1a and IL-1 is the nuclear
localization sequence in the N-terminal domain of IL-1a which allows nuclear
translocation of pro-IL-1a (105). IL-1a nuclear transport mechanism has not been
described; however, this process requires binding of pro-IL-1a to HAX-1 (132-134).
Nuclear localization of IL-1a is normally observed in non-hematopoietic cells under
homeostatic conditions to prevent its release (104). It is also observed in macrophages
and microglia after stimulation (135). However, nuclear localization of IL-1a in
neutrophils has not been reported.

While IL-1B processing and secretion has been a hot topic of research, not much
is known about IL-1a regulation and secretion. In non-hematopoietic cells, IL-1a is
passively released through cell death where it acts as an alarmin (136). Whether IL-1a
has a regulated secretion mechanism from non-hematopoietic cells is unclear. Recent
studies utilizing Gsdmd-/- animals have now shown that IL-1a can be secreted from
macrophages in a GSDMD-dependent matter (137, 138); however, GSDMD- and
inflammasome-dependency is contingent on the signal activator (139). There are very
few studies in the literature on neutrophil production of IL-1a. A novel mechanism for
neutrophil secretion of IL-1a will be addressed in chapter 3 of this thesis.

Although our previous studies have revealed a critical role for IL-1B in both
bacterial and fungal keratitis, whether there is a role for IL-1a is unknown. During
pulmonary infection with Aspergillus fumigatus, IL-1a is necessary for neutrophil
recruitment and plays a protective role in the lungs (140, 141). In a separate study,

Rider et al. also reported that IL-1a recruits neutrophils while IL-1B recruits
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macrophages during sterile inflammation, and this differential recruitment is temporally
regulated (142). IL-1a recruitment of neutrophils is likely indirect following activation of
IL-1R1 and subsequent CXCL2 production. In a chronic inflammation model induced by
hydrocarbon oil, IL-1a recruitment of neutrophils to the peritoneal cavity was shown to
be CXCR2-dependent (143). Given the importance of IL-1a in recruiting neutrophils in
other tissues, we hypothesized that the same is true for the cornea. We address the role
of IL-1a during bacterial keratitis in chapter 2 and how neutrophils regulate IL-1a

secretion in response to bacterial and fungal stimuli in chapter 3.
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CHAPTER 2:

Differential roles for IL-1a and IL-18 in Pseudomonas aeruginosa

corneal infection

In press in The Journal of Immunology. Bridget Ratitong, Michaela E. Marshall, Morgan
A. Dragan, Charissa M. Anunciado, Serena Abbondante, Eric Pearlman. 2022.
Differential roles for IL-1a and IL-1B8 in Pseudomonas aeruginosa corneal

infection. J. Immunol. Copyright © The American Association of Immunologists, Inc.
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ABSTRACT

Pseudomonas aeruginosa is an important cause of dermal, pulmonary and
ocular disease. Our studies have focused on P. aeruginosa infections of the cornea
(keratitis) as a major cause of blinding microbial infections. The infection leads to an
influx of innate immune cells with neutrophils making up to 90% of recruited cells during
early stages. We previously reported that the proinflammatory cytokines IL-1a and IL-13
were elevated during infection. Compared to wild-type, infected ll11b-/- mice developed
more severe corneal disease that is associated with impaired bacterial killing as a result
of defective neutrophil recruitment. We also reported that neutrophils are an important
source of IL-1a and IL-13 which peaked at 24 hours post infection. To examine the role
of IL-1a compared to IL-1B3 in Pseudomonas aeruginosa keratitis, we inoculated
corneas of C57BL/6 (WT), ll1a-/-, lI1b-/-, and ll1a-/-1l1b-/- (DKO) mice with 5x10% ExoS
expressing P. aeruginosa. ll1b-/- and DKO mice have significantly higher bacterial
burden that was consistent with delayed neutrophil and monocyte recruitment to the
corneas. Surprisingly, ll1a-/- mice had the opposite phenotype with enhanced bacteria
clearance compared to WT mice. While there were no significant differences in
neutrophil recruitment, ll1a-/- neutrophils displayed a more pro-inflammatory
transcriptomic profile compared to WT with elevations in C1q expression that likely
caused the phenotypic differences observed. These findings reveal a novel role for IL-

1a, that is distinct from IL-18, in impairing bacterial clearance.
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INTRODUCTION

Pseudomonas aeruginosa is an opportunistic gram-negative bacterium that
causes serious illnesses following infection of the skin or lungs. It is also a major cause
of blinding corneal infections (keratitis) worldwide (11). Intact corneas are typically
resistant to infection due to antimicrobial peptides in tear film and tight junctions of
epithelial cells that form a physical barrier (19). However, ocular trauma and poor
contact lens hygiene are predisposing factors that facilitate bacterial penetration to the
corneal stroma where they rapidly replicate. Pseudomonas keratitis can lead to tissue
damage that manifests as severe ocular pain, visual impairment, and can cause
permanent blindness if left untreated (6). During the early stages of infection,
neutrophils comprise the majority of infiltrating cells in patient corneal ulcers and is
associated with elevated gene expression of IL-1a and IL-1b (26). Depletion of
neutrophils in murine models of microbial keratitis results in significant impairment of
bacterial killing, leading to more severe disease (38). We and others reported that the
pro-inflammatory cytokines interleukin-13 (IL-18) and IL-1a are highly elevated in P.
aeruginosa corneal infections (18, 144). Further, we showed that neutrophils are the
main source of IL-13, and that IL-1B-deficient or IL-1R1-deficient mice have significantly
higher bacterial burden (37, 38). However, the role of IL-1a in P. aeruginosa keratitis
remains unclear.

IL-1a is an alarmin and danger-associated molecular pattern (DAMP) that is
constitutively expressed by non-hematopoietic cells such as epithelial cells to amplify
inflammation (104, 145, 146). It can also be produced by immune cells in response to

stimulation. Recently, we identified neutrophils as an important source of IL-1a during
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inflammatory conditions (126). Similar to IL-1p3, IL-1a is first produced as a pro-form and
can be cleaved by calpain into a 17-kDa mature-form. Although both IL-1a and IL-13
signal through IL-1R1, IL-1B bioactivity requires inflammasome activation and cleavage
by caspase-1 while IL-1a does not (118, 139). Another key difference between these
two cytokines is that prolL-1a contains a nuclear localization sequence in its N-terminal
region that allows for nuclear translocation (105). IL-1a in non-hematopoietic cells
localizes to the nucleus during homeostatic conditions and rapidly translocate to the
cytosol for release following infection or inflammation (131). However, the role of
nuclear IL-1a in hematopoietic cells is not well understood.

In the current study, we examined the role of IL-1a using a well-defined murine
model of Pseudomonas keratitis during early-stage infection (37, 38). We demonstrate
that IL-1a peaks at 24 hours post-infection (hpi) in infected corneas and is produced by
neutrophils and monocytes. In contrast to 111b-/- and Il11a-/-111b-/- double knock-out
(DKO) mice, IL-1a-deficient mice has significantly less bacteria compared to WT mice
despite no differences in neutrophil recruitment. RNA-sequencing of neutrophils isolated
from infected corneas revealed a more proinflammatory transcriptomic profile in Il1a-/-

compared to WT neutrophils that likely contributes to the phenotype observed.
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MATERIALS AND METHODS

Mice

C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME) and
bred inhouse. All gene knock-out mice are on C57BL/6 background. ll1a-/-, lI1b-/-, and
lI1a-/-111b-/- (DKO) mice were originally generated by Dr. lwakura (University of Tokyo,
Japan) as described by Horai et al. (147). ll1a-/- and DKO mice were graciously
provided by Dr. Joshua Obar (Dartmouth, New Hampshire), and 1l1b-/- were obtained
from Dr. Gabriel NUfiez (University of Michigan). Pad4-/- were originally provided by Dr.
Kerri Mowen at Scripps Research Institute. Mice were bred and housed in the University
of California, Irvine vivarium. Age-matched 6-8 weeks old, male and female mice were
used for all experiments. All protocols were approved by UC Irvine IACUC.

Bacterial strains and culture conditions

P. aeruginosa ExoS-expressing strains PAO1 and PAO1-GFP were obtained from Dr.
Arne Rietsch (Case Western Reserve University). Bacteria were grown to mid-log
phase (~1x108 bacteria/mL) in high-salt LB, which enhances expression of the Type I
secretion system at 37°C with 5% CO2, 200rpm. Bacteria were then washed and
resuspended in sterile PBS to 5x10* bacteria/ 2 uL for all in vivo infections.

Murine model of Pseudomonas keratitis

3x 10mm corneal epithelial abrasion was performed using a sterile 30-gauge needle
followed by topical infection of 5x10* PAO1 or PAO1-GFP in 2uL PBS as described
(38). CFU was quantified at 2-hpi to verify the inoculum. At 24, 48, or 72hpi, mice were
euthanized, and corneal opacity and GFP fluorescence were imaged and quantified.

CFU quantification
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At 2- (inoculum), 24-, 48-, or 72-hours post infection (hpi), whole eyes were collected
and homogenized in 1mL PBS. Serial log dilutions of homogenate were plated on LB
plates and incubated at 37°C with 5% CO2 overnight. Colonies were counted manually
and CFUs were calculated by [number of colonies x dilution factor x 100 (10uL out of
the 1mL was used for plating and dilution)].

Bone Marrow Transplantation

6-7 weeks old WT or ll1a-/- recipient mice were irradiated at a lethal, single dose of 850-
cGy (X-rad 320). Donor bone marrow cells were isolated from hind leg femurs and tibias
of WT or ll1a-/- mice. Cells were treated with 1X RBC lysis (eBioscience) for 2-minutes
and then washed with sterile PBS. Cells were counted and resuspended at 1x107
cells/mL of PBS. Irradiated recipient mice were anesthetized with isoflurane and
transplanted with 100uL (1x108 cells) of bone marrow donor cells by retro-orbital
injection. Transplanted mice were kept on an antibiotic chow diet (UNIPRIM) for 3
weeks before returning to regular chow for 1-2 weeks prior to infection.

Cytokine detection

Corneas were dissected and homogenized in 500uL of PBS with TissueLyser I
(Qiagen) for 3 minutes at frequency/1 of 30. IL-1q, IL-13, TNFa, IL-6, CXCL-2, CXCL-1,
CCL2, and IL-1Ra were measured using Duoset ELISA kits (R&D Systems) according
to manufacturer’s protocol. Cytokine concentrations were calculated and plotted as
pg/cornea.

Flow cytometry

Dissected corneas were incubated with 3mg/mL collagenase (Sigma Aldrich, C0130) in

RPMI (Gibco), with 1% HEPES (Gibco), 1% penicillin-streptomycin (Gibco), and 0.5%
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BSA (Fisher Bioreagents) for 1 hour and 15 minutes at 37°C. Cells were incubated for 5
minutes with anti-mouse CD16/32 antibody (Biolegend) to block Fc receptors. Then,
cells were incubated 20 minutes at 4°C with anti-mouse CD45-APC, Ly6G-BV510,
Ly6C-PECy7, CD11b-PETxRed, CCR2-BV421, and F4/80-FitC (BioLegend) and fixable
viability dye (BD Biosciences). Cells were washed with FACS buffer and fixed with
Cytofix/cytoperm (BD Biosciences) for 20 min at 4°C. Cells were washed with PBS.

For intracellular staining, BD perm/wash (BD Biosciences) was used to permeabilize
cells and anti-mouse IL-1a-PE (BioLegend), H3Cit (Abcam), and C1q (courtesy of Dr.
Feng Lin, Cleveland Clinic) primary antibodies was added to cells and incubated at 4°C
for 30 minutes (IL-1a) or overnight for unconjugated primary antibodies. Cells were
washed with BD perm/wash and suspended in 100uL perm/wash. For unconjugated
H3Cit and C1q antibodies, secondary antibody donkey anti-rabbit 647 (Invitrogen) was
added and incubated for 1 hour at 4°C. Cells were washed with BD perm/wash and
suspended in 100uL perm/wash.

An ACEA Novocyte was used for flow cytometric analysis of neutrophils (CD45+
CD11b+ Ly6G+ Ly6C+) and monocytes (CD45+ CD11b+ Ly6G- Ly6Chi CCR2+).
NovoExpress software was used for data analysis, calculation of mean fluorescent
intensity, cell frequency and cell count. Amnis ImageStream™ was used for imaging
flow cytometry and analysis was performed on Amnis IDEAS software.

Histology

At 24 or 48hpi, the back of eyes was punctured with a 23-gauge needle and placed in
4% PFA for at least 48 hours. Eyes were then paraffin embedded and 8 uM sections

were examined by hematoxylin and eosin staining. Briefly, slides were stained with
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hematoxylin (Sigma Aldrich) and rinsed in running water before dipping in bluing
reagent (Fisher Scientific) and counterstaining with eosin (Sigma Aldrich). Slides were
then dehydrated in an ethanol series and staining concluded with two final xylene
incubations. Slides were then mounted with Permount (Fisher Scientific) and were
imaged with the color brightfield.

Immunofluorescence staining of whole corneas

At 24hpi, whole eyes were embedded in OCT (Sakura) and slowly frozen with dry ice.
Blocks were sectioned at 8uM for subsequent IF staining. Briefly, slides were thawed
and placed in 100% acetone at -20°C for 10 minutes. Sections were then fixed with 4%
PFA (ThermoScientific) and washed in 1X PBS (Gibco). 1X Normal donkey serum
(Jackson ImmunoResearch) and FC block (BioLegend) were diluted in 1% BSA (Fisher
Bioreagents) for use as blocking buffer. After 1 hour of blocking, primary antibodies: Ly-
6G/Ly-6C Monoclonal Antibody NIMP-R14 (Invitrogen) and Rabbit anti-H3Cit (Abcam)
were diluted 1:50 and 1:100, respectively, in blocking buffer and were stained overnight
at 4°C. Slides were washed 3x for 10 minutes with 1X PBS. Secondary antibodies goat
anti-Rat 647 (Invitrogen) and goat anti-Rabbit 488 (Invitrogen) were diluted 1:1000 and
1:500, respectively, in blocking buffer and added to sections for 1 hour at RT. Slides
were then washed 4x for 10 minutes in 1x PBS and were briefly incubated with DAPI.
Finally, slides were mounted using Vectashield® Antifade Mounting Medium (Vector
Laboratories) and were imaged on the Keyence All-in-One Fluorescence Imager, BZ-X
series (Keyence). Image contrast and brightness were adjusted to the same setting on
all images.

RNA sequencing and analysis
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Corneas were digested as previously described and pooled (4 pooled corneas = 1 n).
Live CD45+ Ly6G+ Ly6C+ corneal neutrophils were FACS isolated with BD FACSAria Il
sorter (UCI flow cytometry core). RNA was isolated from sorted samples with RNeasy
Micro kit (Qiagen) and submitted to UCI Genomics core for QC, library building, and
sequencing. Briefly, RNA was quantified using the NanoDrop ND-1000
spectrophotometer (ThermoFisher) and quality checked using the Agilent Bioanalyzer
2100 (Agilent). Library construction was performed according to the Clontech SMART-
Seq v4 Ultra Low Input RNA/Nextera XT Library Preparation Guide. One ug of total
RNA was used and mRNA was enriched using oligo dT magnetic beads. The enriched
MRNA was chemically fragmented for three minutes, followed by reverse transcription
to make cDNA. The resulting cDNA was cleaned using AMPure XP beads, end
repaired, and the 3’ ends were adenylated. lllumina barcoded adapters were ligated on
the ends and the adapter-ligated fragments were enriched by nine cycles of PCR. The
resulting libraries were validated by gPCR and sized by Agilent Bioanalyzer DNA high
sensitivity chip. The barcoded cDNA libraries were multiplexed on the Novaseq6000
platform to yield 100-bp paired-end reads. FASTQ files were trimmed using
Trimmomatic version 0.39 (Bolger et al. 2014) and aligned to the mm10 genome and
counted using STAR version 2.7.8a (Dobin et al. 2013). Differential expression analysis
was performed using DESeqg?2 version 1.24.0 (Love et al. 2014) on R version 3.6.0.
Western blot

At 24hpi, corneas were dissected and homogenized in 1X cell lysis buffer (Cell
Signaling) containing 5mM of diisopropy! fluorophosphate (DFP, Sigma Aldrich) to

inactivate neutrophil proteases. Lysates were cleared by centrifugation at 10,000xg for
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10 minutes. Protein concentration was calculated using a BCA protein assay kit
(Thermo Fisher). 50ug protein from lysates, 1X SDS (from 5X stock), and ultrapure
water (Invitrogen) were mixed and boiled for 10 minutes at 95°C on a heating block.
Samples were loaded into 4-20% mini-PROTEAN, 10-well, 50ul TGX precast protein
gels (Bio-rad). Proteins were transferred to a nitrocellulose membrane using a Bio-rad
Trans-blot Turbo transfer system. The membrane was blocked with 5% milk in TBS-T
for 1 hour at RT. Primary antibodies (sources listed in Supplemental Table 1) rabbit anti-
Clq clone 1151 (Dr. Tenner, UCI), mouse anti-B-actin (Santa Cruz Biotechnology),
hamster anti-IL-1a (eBioscience), rabbit anti-Lamin B1 (Abcam), mouse anti-IL-1R2
(Santa Cruz Biotechnology), and rabbit anti-GAPDH (Biolegend) were diluted in 5% milk
and incubated at 4°C overnight on a rocker. Membranes were washed with 1X TBST
buffer 3 times for 10 minutes. HRP-conjugated secondary antibodies against rabbit (Cell
Signaling), mouse (Cell Signaling), or hamster (Santa Cruz Biotechnology) were diluted
in 5% milk and incubated at RT for 1 hour. West Femto Maximum Supersignal (Thermo
Fisher) was used to enhance the signal before the membrane was imaged with
ChemiDoc™ MP Imaging System (BioRad). Band intensity was quantified using Image
Lab software.

In vitro neutrophil functional analysis

Casein (9%) Sigma Aldrich) was injected intraperitoneally 16- and 3-hours prior to
peritoneal lavage to induce sterile inflammation. The peritoneal cavity was lavaged with
cold 10-mL sterile PBS and cells were pelleted. Negative selection (STEMCELL

Technologies) beads were used to enrich for neutrophils according to manufacturer’s

31



guidelines and generated >97% neutrophils. Neutrophils were plated at 2x10° cells/mL
RPMI (Gibco) for functional analysis.

Neutrophil extracellular trap formation (NETosis) — Neutrophils were pre-incubated with

SYTOX (Invitrogen) for 30 minutes at 37°C before addition of 25ng phorbol myristate
acetate (PMA, Sigma) or PAO1 at a multiplicity of infection (MOI) of 30. Fluorescent

signal was read over 16h using a Cytation5 imaging plate reader (Agilent). The area
under the curve (AUC) was calculated from the average of the curves of technical

replicates.

Reactive oxygen species (ROS) — Neutrophils were pre-incubated with Luminol (Sigma)
for 30 minutes prior to stimulation. 25ng PMA (Sigma) or PAO1 at MOI of 30 were
added and immediately read on the Cytation5 for 90 minutes. AUC was calculated from
the average of the curves of technical replicates.

In vitro neutrophil bacterial killing — 2x10° cells were plated per well in a 96-well plate

(CytoOne). PAO1 was added at MOI of 30 in duplicates except for the negative control
wells and incubated at 37°C with 5% COz2. After 15 minutes, 400ug/mL gentamycin
(Sigma) was added to kill extracellular bacteria. After an additional 30-minute incubation
with gentamycin, cells were centrifuged at 300xg for 5 minutes and washed twice with
PBS. 0.1% TritonX (Fisher Scientific) in PBS was used to lyse the cells and bacteria
were serially diluted and plated on LB plates. CFU was counted after an overnight
incubation at 37°C, 5% COa.

Statistical Analysis

Statistical analysis was determined by unpaired T-tests, ordinary one-way ANOVA with

Dunnett’s multiple comparisons test, Brown-Forsythe and Welch ANOVA with Dunnett’s
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T3 multiple comparisons test, or 2way ANOVA with Tukey’s multiple comparisons test
(detailed in Figure legends) using GraphPad Prism software. Outliers were removed
with ROUT method (Q=1%) using GraphPad Prism software. Error bars indicate mean +
SEM and p values less than 0.05 are considered significant. The number of biological
replicates for each experiment can be found in the figure legends. Asterisks denotes p-
values as follows: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 in each figure and ‘ns’

denotes not significant.
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RESULTS
Neutrophils and monocytes are the major sources of IL-1a during P. aeruginosa
keratitis

We first measured IL-1a and IL-1B concentrations in the corneas of C57BL/6
(WT) mice after infection with 5x10* Pseudomonas aeruginosa (PAO1 strain) by ELISA.
Consistent with previous reports, IL-1a and IL-1p3 levels peaked at 24 hours post-
infection (hpi), coinciding with infiltration of neutrophils and monocytes (Fig 2.1A, B). IL-
1a and IL-1B were undetectable in PBS mock infected corneas (data not shown).

Previous studies identified neutrophils as the primary source of IL-1 in bacterial
infected corneas (38). To identify the cellular source of IL-1a, we examined intracellular
IL-1a in infiltrating myeloid cells at 24hpi by flow cytometry. Cells were gated on live,
single CD45+ CD11b+ cells and neutrophils were defined by Ly6G+ Ly6C+ events while
monocytes were Ly6G- Ly6C+ and CCR2+ (Fig 2.1C, gating strategy in Fig S2.1B).
Consistent with previous studies from our lab (38), we found that 80-90% of CD45+
infiltrating cells at early-stage infection were neutrophils and < 10% were monocytes.
Intracellular cytokine staining revealed that IL-1a was produced by neutrophils and
monocytes recruited to infected corneas (Fig 2.1D). ll1a-/- cells were used as
fluorescence minus one (FMO) control. Mean fluorescent intensity (MFI) levels were
significantly higher than the control indicating that both cell-types are major sources of
IL-1a. IL-1a-PE MFI levels were higher in monocytes than in neutrophils, indicative of
higher production on a per cell basis. However, neutrophils greatly outnumber

monocytes in infected corneas and therefore, are a major source of IL-1a in the cornea.
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While corneal epithelial cells release IL-1a during necrotic cell death (146), we
found that IL-1a and IL-18 were undetectable at 4hpi and in PBS mock infection,
suggesting that infiltrating myeloid cells rather than resident corneal cells are the
primary source of IL-1a during infection. In support of this, western blot analysis of
whole cornea homogenates from mock-infected corneas at 24hpi revealed no
detectable IL-1a compared with PAO1 infected corneas (Fig S2.1A). Further, there was
no significant increase in IL-1a release by human corneal epithelial cells in response to
incubation with LPS or PAOL1. Taken together, we conclude that epithelial cells are not

an important source of IL-1a or IL-1b during P. aeruginosa keratitis (Fig S2.1B, C).
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Figure 2.1: IL-1a production in P. aeruginosa keratitis.

(A, B) Time course of IL-1a and IL-18 production in P. aeruginosa (PAO1) infected

corneas quantified by ELISA (n=8). (C) Flow cytometry of live, single CD45+ CD11b+

cells at 24hpi showing neutrophils (Ly6G+ Ly6C+) and monocytes (Ly6G- Ly6Ch

CCR2+). (D) Intracellular IL-1a+ (PE) neutrophils and monocytes shown as

representative histograms (left). MFI was quantified using ll1a-/- cells as the FMO

control (right).

36




Differential roles for IL-1a and IL-1B in P. aeruginosa keratitis

Previous studies from our lab showed impaired bacterial clearance in Il1b-/- mice
that was associated with impaired recruitment of neutrophils to infected corneas (38).
To determine if there is a role for IL-1a during P. aeruginosa keratitis, we infected WT,
lI1a-/-, l1b-/-, and DKO mice with 5x10* PAO1-GFP and examined corneal opacity,
GFP fluorescence, and bacterial burden. At 24hpi, there were no significant differences
in corneal opacity among the 4 genotypes despite GFP levels seemingly higher in the
[I1b-/- and DKO mice, and lower in ll1a-/- compared to WT mice. However, by 48hpi
l11b-/- and DKO mice had noticeably higher corneal opacity compared to WT (Fig 2.2A,
B). Surprisingly, Il1a-/- mice had the opposite phenotype with significantly lower corneal
opacity at 48hpi compared to WT, suggesting that IL-1a plays a distinct role from IL-1f3
by contributing to disease exacerbation. While not statistically significant, the DKO mice
had slightly more disease and bacterial burden than 1l11b-/- mice. However, when both
IL-1a and IL-1B are absent, the 1l1b-/- phenotype appears to be dominant, indicating
that there are redundant and non-redundant roles for IL-1a and IL-1(3.

Consistent with corneal opacity and GFP levels, bacterial burden was higher in
l11b-/- and DKO compared to WT corneas at both 24- and 48-hpi. In marked contrast,
there was a log fold lower CFU in ll1a-/- compared to WT mice at 48-_and 72-hpi (Fig
2.2C, D). Since ll1b-/- and DKO mice were at risk of corneal perforation at 48hpi, we did

not extend the experiment to 72hpi for these genotypes.
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Figure 2.2: The role of IL-1a and IL-1B in P. aeruginosa keratitis

Corneas of WT, Il1a-/-, ll1b-/-, and DKO mice infected with 5x10% PAO1 expressing
green fluorescence protein (GFP) and examined at 24- and 48-hpi. (A) Representative
images of corneal opacity (brightfield) and GFP (bacteria) in infected WT, Il1a-/-, ll1b-/-,

and DKO mice. (B) Quantification of percent corneal opacity by ImageJ. (C, D) Live

38




bacteria from infected corneas quantified by CFU at (C) 24-, 48-, and (D) 72-hpi. (E)
CFU in bone marrow transplant mice at 48-hpi. N=8-10 corneas for 24hpi and 72hpi
time points, experiment repeated 3 times, and n=10-20 corneas for 48hpi time point

repeated 4 times. N=5-10 corneas for BMT, experiments were repeated 3 times.

Next, to determine whether it is IL-1a-deficiency in infiltrating immune cells or
resident cells of the cornea that are causing enhanced bacterial killing, we performed
bone marrow transplant experiments. WT or Il1a-/- donor bone marrow cells were
injected intravenously into irradiated WT (WT-WT, KO-WT) or llla-/- (WT-KO, KO-KO)
recipient mice. After 5 weeks, mice were infected with 5x10* PAO1 and CFU was
guantified at 48hpi. We found no differences between the WT-WT and WT-KO group
compared to non-transplanted WT mice, but we did find significantly lower CFU in the
KO-WT and KO-KO group, indicating that IL-1a-deficiency in immune cells and not
resident cells mediate enhanced bacterial clearance (Fig 2.2E). Collectively, these
findings demonstrate that IL-1q, in contrast to IL-1(, impairs rather than enhances
bacterial killing.

Myeloid cell recruitment is delayed in infected Il1b-/- but not ll1a-/- corneas

Previous studies from our lab and others reported that neutrophils are critical for
bacterial clearance in infected corneas (4, 38, 90). To address whether the differences
observed in bacterial burden between WT, ll1a-/-, lI1b-/-, and DKO mice are due to
changes in cellular infiltration, P. aeruginosa-infected eyes were examined by histology
and by flow cytometry at 24- and 48hpi. Histological examination of corneal sections
revealed pronounced cellular infiltration in WT and Il1a-/- central corneas at 24hpi

compared to healthy corneas (Fig 2.3A, S2.2A). In contrast, cellular infiltration was
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detected in the periphery, but not the central corneas of Il1b-/- and DKO, reflecting the
ring-like pattern of corneal opacity shown in Fig 2.2A. By 48hpi, ll1b-/- and DKO

exhibited a marked increase in recruited cells compared to WT and ll1a-/- corneas.

A WT I1a-/- 111b-/- DKO

2ah Central | Periphery || Central | Periphery
cornea cornea -y

48h

Total CD45+ CD11b+ Neutrophils Monocytes
B 24h * *
2x%105- l % %k Xk I 2%105- | - 1104 % %k % %
ns I—I I % % % %
ns 3] —
1.5%105- 1 15%105  —— gx10 -
€ . € €
5 °® 3 3 6x103+ lﬁ
S axtosd o S 1x105 ge 8 o
= = [e} T 4x1034
[ [ ) be) [
o 2 o . o
5x104 _5%. = R 5x104q —B= oo 2x103+ = o
%eee B 4 b 82.° 9o & - oe®
o o ximt VW e®0e T Y o P
0 T T _? T 0 T "r T 0- v —
WT Il1a-/- Il1b-/- DKO WT I1a-/- llI1b-/- DKO WT  ll1a-/- Il1b-/- DKO
C 48h * %k K * %k ok k * k%
I 1 I xokxx I
4x105+ ** 2%105 2x10%4 ! * % %
Mns Mns I v —
— 1 ‘ ns
3x105+ 1.5%105-] 4 1.5%104
€ - - =
5 £ T 5
S 2x10° N 8 1x105- I, 7 8 1x104- s,
3 v = = —p
o N S ° n ] ;x K3
1x105 r 5x10¢- e®® 5%103- @ A
W ol w2
Q% o0 0 ° 3%
0 T o5 T T 0 — T T 0 T T T T
WT  Il1a-/- ll1b-/- DKO WT  Il1a-/- llI1b-/- DKO WT li1a-/- Il11b-/- DKO

Figure 2.3. Neutrophil and monocyte recruitment to infected corneas
(A) Representative images from H&E- stained corneal sections of infected WT, Il1a-/-,
[I1b-/-, and DKO corneas; scale bar represents 200uM. Cellular recruitment was

guantified by flow cytometry at (B) 24- and (C) 48-hpi; neutrophils were gated on
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CD45+CD11b+/ Ly6G+ Ly6C+ and monocytes were gated on Ly6G- Ly6Chi CCR2+

(Fig S2.2B).

Infiltrating cells were identified and quantified by flow cytometry as total
CD45+CD11b+ cells, Ly6G+ neutrophils, and Ly6G- Ly6C+ CCR2+ monocytes (gating
strategy shown in Fig S2.2B). Consistent with the histology, we found significantly less
neutrophils and monocytes in l11b-/- and DKO mice at 24hpi (Fig 2.3B, C). Although
lI1a-/- corneas showed no significant differences in total CD45+CD11b+ and neutrophil
cell counts compared to WT, there were significantly fewer monocytes at 24hpi (Fig
2.3B, C).

Cytokine production in infected corneas

To address whether the lower monocyte numbers in Il1a-/- compared to WT mice
is due to differences in cytokine production, cytokines and chemokines in infected
corneas were quantified by ELISA. For IL-1 family members, we found no differences in
IL-1B production between infected WT and Il1a-/- corneas (Fig 2.4A). However, 111b-/-
corneas had less IL-1a, which correlates with the lower numbers of neutrophils and
monocytes in the cornea at 24hpi (Fig 2.4B). There were no significant differences in IL-
1Ra (Fig 2.4C). For chemokines, CXCL2 production was elevated in II1b-/- and DKO
compared to Il1a-/- and WT corneas (Fig 2.4D) which reflects the delayed recruitment
of neutrophils migrating into central cornea (Fig 2.3A, C). There were no differences in
CXCL1 or CCL2 among the groups (Fig 2.4E, F). Lastly, ll1b-/- had significantly higher
levels of TNFa compared to WT (Fig 2.4G), however, the low concentration per cornea

suggests it this might not be physiologically relevant. We also found significantly less IL-
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6 in ll1a-/- and DKO corneas compared to WT that was not apparent in 1l11b-/-, indicating
that IL-6 secretion is partially IL-1a-dependent and IL-1B-independent (Fig 2.4H). IFNR,

IFNy, IL-10, and GM-CSF were below the threshold of detection (data not shown).
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Figure 2.4: Cytokine production in infected WT, ll1a-/-, and ll1b-/- corneas.
PAO1-infected corneas from WT, Il1a-/-, ll1b-/-, and DKO mice were homogenized at
24hpi and cytokines were quantified by ELISA. Concentration was calculated as

pg/cornea (3 repeated experiments).
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As IL-6 levels in all groups was <100pg/ml compared to ng/ml levels of IL-1
cytokines and CXCL2, the major conclusion from these data is that differences in
cytokine production do not appear to explain the lower monocyte numbers or the clinical
phenotype of ll1a-/- mice. However, the increased CXCL2 production in lI1b-/ and DKO
mice at 24hpi may account for the increased recruitment of neutrophils in infected
corneas 48hpi.

IL-1a-deficiency does not affect neutrophil effector functions

Although there were no differences in neutrophil recruitment to the corneas
between WT and ll1a-/-mice, we examined whether there were functional differences.
To analyze neutrophil extracellular trap formation (NETosis) in infected corneas, frozen
sections of infected WT and ll1a-/- corneas were used for immunofluorescence of
citrullinated histone 3 (H3Cit) and the neutrophil marker NIMP-R14. We found no
defects in histone citrullination in ll1a-/- compared to WT corneas in vivo (Fig 2.5A).
Additionally, we quantified intracellular H3Cit+ neutrophils ex vivo from infected corneas
by flow cytometry using infected Pad4-/- corneas as a negative control and found no
significant difference between WT and Il1a-/- (Fig 2.5B, C, S2.3A).

In vitro, neutrophils were isolated from the peritoneal cavity after inducing sterile
inflammation, enriched by negative bead selection, and stimulated with PMA or PAO1 at
MOI30 for analysis of NETosis, reactive oxygen species (ROS), and bacterial killing.
Neutrophil extracellular traps (NETS) were quantified by SYTOX Green, which binds to
extracellular DNA and is quantified by fluorescence. While extracellular DNA was

elevated in PMA and PAO-1 infected neutrophils compared with unstimulated media
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control, we found no significant differences between WT and Il1a-/- neutrophils under

any conditions (Fig 2.5D, time course graphs in Fig S2.3B).

A DAPI NIMP-R14 H3Cit Merged
10+
B > s C e
o 2 < ns
o 8- ﬁ
~N =
v i @ 5
< = 2 ; 2 6 T
= o = b
U E 3 ——
o) R = Q 47
2 | o | 2
o o (0] 2_
= = 2
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1 =
=
FSA-A (10°) FSA-A (10°) FSA-A (10°) 0- T
WT  IMa/-
ns
D 2x107  mm WT E 6x104 - W -—| F ns
=1 Ma/l- g _ = Il11a-/- 4000+ | o
x S
° ns [ ns é 4x104+ 3000- = }
> | I S
8 1x107 3 ns ns L 2000 %
2 | S 261044 [ N
j ﬁ ﬂ - _i [’I] 1000-] ® o
0- T T T 0- T illi-“ﬂ T 0 T T
Media  PAOf1 PMA Media PAO1 PMA WT  IH1a-r-
G CD1lc  DAPI IL-1a  DAPI/IL-1a H WCL  Cytoplasm Nucleus
LPS -+ -+ - +
i | s @D = y
Lamin B1
amin

Ly6G DAPI IL-1a

DAPI/IL-1a

GAPDH| e — — |

J WCL Cytoplasm Nucleus
Curdlan - - + - .
LPS - + - - 4+ - - + -
IL-1a | p— - |
LaminBl|____ -‘JJ

GAEDH | - aun e GED EED |

44



Figure 2.5: Neutrophil effector functions and IL-1a nuclear localization

(A) Representative images of WT and Il1a-/- corneal sections at 24-hpi with NIMP-R14
(neutrophils), and H3Cit as an indicator of NETosis (Representative of n=6 mice, 3
repeat experiments). (B) Flow cytometry of intracellular H3Cit in ex-vivo neutrophils
from infected WT, Pad4-/-, and Il1a-/-. (C) Quantification of % H3Cit+ Ly6G+ neutrophils
(n=4). (D-F) In vitro functional analysis of peritoneal neutrophils from WT and ll1a-/-
mice stimulated with PMA or PAO1 (n=3 repeated experiments). (D) Extracellular DNA
guantified by area under the curve (AUC). (E) Total ROS quantified as AUC of luminol
fluorescence. (F) Neutrophil killing of phagocytosed PAO1 quantified by CFU. (G, H)
Nuclear localization in LPS-stimulated bone marrow-derived dendritic cells (BMDCs)
LPS. (G) Imaging flow cytometry of IL-1a (yellow) and nuclei (DAPI). (H) Cytoplasmic
and nuclear extracts analyzed by western blot for IL-1a, Lamin B1 (nuclei) and GAPDH
(cytosol). (1) Localization of IL-1a in B-glucan-stimulated neutrophils (curdlan) examined
by Imageing flow cytometry. (J) Neutrophil cytoplasmic and nuclear extract analyzed by

western blot for IL-1a.

To determine if there is a difference in reactive oxygen species (ROS)
production, peritoneal neutrophils from WT and Il1a-/- mice were incubated 90 minutes
with PMA or PAOL1 in the presence of Luminol. PMA was used as a positive control for
ROS production as PAO1 is known to inhibit ROS (83). Again, there were no
differences observed between WT and Il1a-/- neutrophils with either stimulus (Fig 2.5E,

time course shown in Fig S2.3C).
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Further, we assessed if there is a difference between WT and Il1a-/- neutrophils
in bacterial killing in vitro (83). Neutrophils were incubated with PAO1 for 15 minutes
and extracellular bacteria were killed with gentamycin. Antibiotics were removed, and
neutrophils were lysed in a mild detergent to quantify the CFU of phagocytosed
bacteria. We observed no differences in CFU between WT and ll1a-/- in vitro (Fig 2.5F).
Taken together, results from these studies indicate that these neutrophil effector
activities are not affected by the absence of IL-1a.

Nuclear localization of IL-1a occurs in dendritic cells but not neutrophils

IL-1a and IL-1pB play distinct roles in bacterial clearance from infected corneas
(Fig 2.2) despite both signal through IL-1R1. One major difference between the two
cytokines is that full-length IL-1a contains a highly conserved nuclear localization
sequence while IL-1B does not (106). Nuclear translocation of IL-1a has been reported
in macrophages and microglia without a clear function (135, 148). Therefore, we next
addressed whether IL-1a localizes to the nucleus in neutrophils. Bone marrow-derived
dendritic cells (BMDCs) were used as a positive control as they produce high levels of
IL-1a in response to stimuli such as LPS (126, 139). IL-1a localization was first
examined by ImageStream imaging flow cytometry where we found nuclear localization
of IL-1a in approximately 35% of BMDC-stimulated with LPS (Fig 2.5G, quantification
shown in Fig S2.3D). As a second approach, nuclear and cytoplasmic extracts from
stimulated-BMDC were analyzed by Western blot, confirming the presence of IL-1a in
the nucleus (Fig 2.5H). In contrast, we found that IL-1a is localized in the cytoplasm but
not the nucleus of in vitro stimulated-neutrophils and ex-vivo neutrophils isolated from

infected corneas (Fig 2.51-J, S2.3D). These findings indicate that the distinct roles for
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IL-1a and IL-1p in bacterial keratitis is not a consequence of IL-1a nuclear localization in
neutrophils.
Neutrophils from infected ll1a-/- corneas have a more proinflammatory
transcriptomic profile compared to WT neutrophils

While there was no difference in neutrophil recruitment to infected WT and Ill1a-/-
corneas and no differences in in vitro functional analyses, we sought to determine
whether there are gene expression_differences between WT and ll1a-/- neutrophils in
vivo by RNA sequencing. WT and ll1a-/- mice were infected with 5x10% PAO1 and at
24hpi, live Ly6G+ Ly6C+ neutrophils were sorted from the corneas for bulk RNA
sequencing. Four infected corneas were pooled for each sample. From our sequencing
data, we observed differences in gene expression between neutrophils from infected
WT and ll1a-/- corneas. Most notably inflammatory genes including C1gb, Msr1, Tnfsf9,
and Pf4 were upregulated in Il1a-/- neutrophils (Fig 2.6A-B). To identify differences in
biological processes and pathways, we annotated differentially expressed genes using
Metascape analysis (149). Gene Ontology (GO) terms for “Regulation of leukocyte
activation”, “Regulation of adaptive immune response”, and “Cytokine activity” were
enriched in the ll1a-/- neutrophils compared with WT (Fig 2.6C).

Clgb is one of the genes of interest that is upregulated in ll1a-/-. C1gb along with
Clga and Clgc chains form the C1g molecule that regulates phagocytosis and cytokine
production (150). C1q is part of the classical complement pathway initiation complex
that cleaves C4 and C2 to generate C4b2b, which leads to cleavage of C3 and C5
(150). We therefore analyzed our RNAseq data for expression of additional complement

genes. We found that C3, Hc (C5), and C5arl gene expression was high in neutrophils;
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however, C1gb was the only complement gene that was elevated in neutrophils from

infected ll1a-/- corneas (Fig 2.6D).
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Figure 2.6: Transcriptomic analysis of WT and Il1a-/- neutrophils

Bulk RNA sequencing of live Ly6G+ Ly6C+ CD45+ CD11b+ neutrophils sorted from

infected WT and ll1a-/- corneas at 24hpi (n=3). (A) Heatmap showing the top 30

differentially expressed genes with yellow indicative of upregulation and purple showing

48




downregulated genes. (B) Volcano plot of DE genes. Genes were filtered for
subsequent analysis using the following cut-off: fold change > 2; adjusted P-value <
0.05. (C) Gene ontology (GO) terms associated with genes that are upregulated in Il1a-
/- corneal neutrophils (https://metascape.org). (D) Complement gene reads expressed
by neutrophils from infected WT and ll1a-/- corneas. (E) Representative western blot of
Clqin infected corneas from WT and Il1a-/- mice (left) and quantification of band

intensity normalized to b-actin loading control (right).

To verify that there were elevated C1q in Il1a-/- neutrophils, infected corneas
were dissected and homogenized at 24hpi for detection of C1q protein by western blot
(WT and C1qg-/- plasma were used as controls). While C1q was detectable in WT
mouse corneas, quantification of C1q over 3-actin bands (loading control) showed that
there was significantly more C1q protein in Ill1a-/- corneas (Fig 2.6E). Further,
immunofluorescence staining of C1q in infected corneas showed higher levels in Il1a-/-
compared to WT and Il1b-/- in the central cornea (Fig S2.4A-C). Neutrophil-specific
production of C1q in infected corneas was also quantified by flow cytometry. Although
C1g+ neutrophils were <3%, we found higher frequency of C1g+ neutrophils in infected
lI1a-/- compared with WT corneas (Fig S2.4D, E). Overall, these data show that
infected corneas of IL-1a-deficient mice have a more pro-inflammatory transcriptomic

profile, including elevated C1q, which may contribute to enhanced bacterial clearance.
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DISCUSSION

IL-1a and IL-18 are pro-inflammatory cytokines that are highly upregulated during
infection or sterile inflammation. We and others have identified IL-1 as a critical
regulator of immune cell recruitment and subsequently bacterial clearance in a well-
defined model of Pseudomonas aeruginosa keratitis (38, 151). Additionally, we reported
that neutrophils comprise >80% of infiltrating cells during early-stage infection and are
the main source of IL-1B in bacterial and fungal keratitis (38, 112). Recently, we
reported that neutrophils are also an important source of IL-1a with an exosome-
mediated secretion mechanism that is distinct from Gasdermin D-mediated IL-1a
secretion by dendritic cells and macrophages (126). We further demonstrate in the
current study that neutrophils and monocytes are the main source of IL-1a in vivo during
P. aeruginosa keratitis, and that IL-1a and IL-18 play non-redundant roles in cellular
recruitment and bacterial killing in the cornea.

Pseudomonas aeruginosa is a gram-negative bacterium that expresses a type Il
secretion system (T3SS) used to inject T3SS effector proteins into host cells (35). The
effector protein ExoS inhibits ROS production by neutrophils and disrupts actin
cytoskeleton to prevent phagocytosis (83, 152). P. aeruginosa strains expressing both
ExoS and ExoU are rare, and the majority of clinical isolates are ExoS expressing
strains (26). Distinct from other effector proteins, ExoU is a highly cytotoxic
phospholipase that causes rapid cell death akin to necrosis (34, 35). ExoU-expressing
strains are more virulent that the ExoS-expressing strain PAO1 used in the current

study (37).
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It is important to note that there are differences in responses to ExoS- or ExoU-
expressing strains. We reported that neither IL-1a nor IL-1 were sufficient to provide
protection during corneal infection with an ExoU-expressing P. aeruginosa strain,
19660, while 111r1-/- and Il1a-/-1l1b-/- (DKO) had impaired bacterial clearance and more
severe disease (37). These observations indicate that during infection with an ExoU-
expressing strain, IL-1a and IL-1B play redundant roles. Conversely, IL-1 was sufficient
for protection in an infection with the ExoS-expressing PAO1 (38), which we replicated
in the current study. We now find that IL-1a has a distinct role from IL-13 by
exacerbating disease and impairing bacterial killing. As 111b-/- mice display delayed
cellular recruitment and impaired bacterial clearance that is mirrored in the DKO mice,
we conclude that the Il1b-/- phenotype is dominant in this model. Together, these
studies indicate that there is a differential requirement of IL-1a and IL-1p3 for protection
against ExoS compared to ExoU expressing strains of P. aeruginosa.

Further, in a lung infection model with a different ExoU-expressing P. aeruginosa
strain, PA103, neutrophil recruitment was IL-1a-dependent and IL-1B-independent. This
finding was based on ExoU activity as infection with AExoU PA103 displayed the
opposite phenotype where IL-13, instead of IL-1q, is required for neutrophil recruitment
to the lungs (153), further illustrating that IL-1a and IL-13 can play distinct roles in
response to T3SS effectors produced by P. aeruginosa.

A selective role for IL-1a was also reported during infections with Legionella
pneumophilia, Streptococcus pneumoniae, and Aspergillus fumigatus. In an in vivo
murine model of Legionella pneumophilia infection, only IL-1a but not IL-1 is essential

for neutrophil recruitment to the lungs (154). Further, IL-1a and IL-13 was shown to
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have non-redundant roles during S. pneumoniae infection that is based on spatial
restriction in vivo (155). Pulmonary infection with a virulent strain of Aspergillus
fumigatus also showed that IL-1a rather than IL-18 is critical for neutrophil recruitment
and was required for survival of infected animals (140, 141). However, IL-1a is not
necessary in A. fumigatus corneal infection (data not shown) while IL-18 is important for
this model (112). Taken together, these findings indicate that the relative contributions
of IL-1a and IL-113 to disease severity and microbial killing is dependent on the sites of
infection and the infectious agents.

The conflicting effects of IL-1a and IL-1 on bacterial burden during corneal
infection with PAO1 point to differing roles played by these cytokines despite binding to
the same receptor. As IL-1a was found only in the cytoplasm, there is no evidence of a
nuclear role for IL-1a in neutrophils. We also found that there were no intrinsic
differences in neutrophil ROS production, NETosis or bacterial killing in vitro between
WT and lIl1a-/- in vitro suggesting an indirect, but selective, role for IL-1a signaling. As
IL-1a and IL-1B share similar protein structures and signal through the same receptor,
IL-1R1, their roles were often considered redundant (102). However, accumulating
evidence now suggest they each play distinct roles during different pathological
conditions (156). For instance, in a dextran sulfate sodium (DSS)-induced model of
intestinal inflammation, IL-1a plays a key role in driving inflammation while IL-113
promotes repair and reconstitution of the epithelial barrier (157). Similarly, in the tumor
microenvironment, IL-1a stimulates anti-tumor cell immunity whereas IL-13 produced by
myeloid-derived suppressor cells (MDSCs) induces immunosuppression (158, 159).

Moreover, IL-1a is the predominant IL-1R1 determinant of mortality in a neonatal sepsis
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model while IL-13 was detected but unnecessary for lethality (160). Our current study
adds to the accumulating evidence supporting the paradoxical, non-redundant roles of
IL-1a and IL-1B.

One possible mechanism for the differential roles of IL-1a and IL-13 observed in
vivo could be the spatial and temporal expression of IL-1R1 and IL-1R2. A recent study
suggests that the bioavailability of IL-1a and IL-1p in different tissues as a possible
mechanism for their nonredundant roles (155). Although we found no differences in IL-
18 levels in ll1a-/- corneas, we examined expression of IL-1R2, the IL-1 decoy receptor,
and found it highly expressed in the corneas of both WT and Il1a-/- mice (Fig S4F, G).
IL-1R2 has a higher affinity for IL-1B at 10-1° M which is 100 times higher than its affinity
for IL-1a (161, 162). As we found high levels of IL-1R2 in the corneas, it is likely that IL-
18 signaling is dampened by the decoy receptor in WT animals, allowing IL-1a signaling
to be dominant. In Il1a-/-, signaling is solely induced by IL-1 which has a protective role
in P. aeruginosa keratitis. However, the bioavailability of IL-1a versus IL-18 to signal IL-
1R1 in vivo requires further investigation.

In this study, we examined the transcriptomic profile of neutrophils from WT and
IL-1a-deficient corneas to identify genes that are selectively expressed in the absence
of IL-1a. C1gb was one of the genes that’s upregulated in Il1a-/- neutrophils.
Complement proteins are present at low levels in healthy corneas_; however, serum
complement and complement components secreted by infiltrating cells lead to activation
of the complement cascade that contributes to disease pathology during infection or
inflammatory conditions (163). C1q is part of the classical complement pathway initiator

that cleaves C4 and C2 resulting in activated C3 convertase (150). Cleaved C3
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components lead to i) activation of the membrane attack complex (MAC, C5b-9) and ii)
exerts direct effector function to directly kill bacteria (164). While we did not find
differences in neutrophil C3 expression in the corneas, it is likely that the increased
production of C1qg would lead to more C3 cleavage and facilitate bacterial killing. In
addition, novel roles of C1q that is independent from the classical complement pathway
has been described; this includes: antibody-independent activation of C1 by direct
binding to bacteria and enhancing FcyR-mediated phagocytosis (165). Future studies
will examine these functions of C1q in the cornea and determine if they have a role in
bacterial killing.

In summary, our current study revealed an unexpected role for IL-1a during
Pseudomonas keratitis that is distinct from IL-13, and identified monocytes and
neutrophils as the primary sources of IL-1a. Our observations raise several questions
that will require further studies including: identifying differences in IL-1 signaling, the
relative concentration of bioactive forms of IL-1a and IL-1 under different infectious
and inflammatory conditions, and signal outcome in different IL-1R1-expressing cells
(156). It is also unclear how IL-1a-deficiency contributes to upregulation of C1q and if it
is due to IL-1B signaling. IL-10 and IL-17 were shown to indirectly regulated chemokine
MRNA stability in neutrophils (166, 167); therefore, it is possible that the increased
C1qgb expression in ll1la-/- neutrophils is a consequence of IL-1a regulating C1gb mRNA
stability. Overall, further studies in this area will increase our understanding of host-
pathogen interactions in infected corneas and may identify novel targets for therapeutic

intervention.
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Supplementary Figures
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Supplementary Figure 1. IL-1a production by corneal epithelial cells. (A) P. aeruginosa infected
and PBS-mock infected cornea analyzed for IL-1a production by western blot. (B) IL-1a and (C) IL-

1B secretion quantified from stimulated human corneal epithelial cells.

55



Supplementary Figure 2
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Supplementary Figure 2. Gating strategy. (A) Representative H&E image of healthy cornea showing
the major layers of the cornea. (B) Gating strategy for neutrophils and monocytes from digested whole

cornea samples.
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Supplementary Figure 3
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Supplementary Figure 3. Neutrophil functional analysis. (A)

Quantification of H3Cit+ cells without gating on live cells (n=4). (B-C)

Representative time course experiments of PMA or PAO1 stimulated

peritoneal neutrophils from WT and //7a-/~ mice. (B) Representative

SYTOX green fluorescence over time and (C) ROS measured by

D

luminol fluorescence over time. (D) Imagestream quantification of IL-1a

colocalization with DAPI in BMDCs, peritoneal neutrophils (in vitro) and

neutrophils isolated from infected corneas (ex-vivo).

57

Normalized frequency Normalized Frequency

Normalized frequency

BMDCs

35.2%

R1

-2 0 2 4
Colocalization index

Neutrophils (in vitro)

7.55%

R1

4

2 0 .2 . 4
Colocalization index

6

Neutrophils (ex-vivo)

Colocalization index



Supplemental Figure 4
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Supplementary Figure 4. C1q and IL-1R2 in the cornea. (A) Representative images and (B) GFP mean
fluorescence intensity of WT, ll1a-/-, and I/l1b-/- corneal sections at 24hpi. (C) Spot analysis of GFP+ puncta
analyzed by ImagedJ. N=4, experiment was repeated 2 times. (D) Representative flow cytometry plot and (B)
quantification of % C1q+ Ly6G+ cells gated on live/CD45+ CD11b+ neutrophils (n=4, experiment repeated 2
times). (F) 111r2 reads from bulk RNA sequencing. (G) Whole cornea western blot analysis of IL-1R2.
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CHAPTER 3:

B-glucan stimulated neutrophil secretion of IL-1a is independent of

GSDMD and mediated through extracellular vesicles

Reprinted from Cell Reports, Vol 35, Issue 7, Bridget Ratitong, Michaela Marshall, and
Eric Pearlman, B-glucan stimulated neutrophil secretion of IL-71a is independent of
GSDMD and mediated through extracellular vesicles, Copyright (2021), with

permission from Elsevier
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ABSTRACT

Neutrophils are an important source of IL-13 and other cytokines as they are
recruited to sites of infection and inflammation in high numbers. Although secretion of
processed, bioactive IL-1B by neutrophils is dependent on NLRP3 and Gasdermin D
(GSDMD), IL-1a secretion by neutrophils has not been reported. In this study, we
demonstrate that neutrophils produce IL-1a following injection of Aspergillus fumigatus
spores that express cell surface 3-glucan. While IL-1a secretion by LPS/ATP activated
macrophages and dendritic cells is GSDMD dependent, IL-1a secretion by B-glucan-
stimulated neutrophils occurs independently of GSDMD. Instead, we found that
bioactive IL-1a is in exosomes that were isolated from cell free media of 3-glucan-
stimulated neutrophils. Further, the exosome inhibitor GW4869 significantly reduces IL-
1a in EVs and total cell-free supernatant. Together, these findings identify neutrophils
as a source of IL-1a, and demonstrate a role for extracellular vesicles, specifically

exosomes, in neutrophil secretion of bioactive IL-1a.
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INTRODUCTION

IL-1a and IL-1B are pro-inflammatory cytokines that lack the signal peptide for
ER/Golgi-dependent secretion, and are released by non-canonical pathways (101).
Canonical IL-1B secretion by murine macrophages is tightly regulated in a two-step
process: signal 1 is induced through pathogen recognition receptors leading to
transcription of pro-IL-1a and pro-IL-1B. For IL-1[3, a second signal, such as ATP
activation of the P2X7 receptor, is required for assembly of the multi-protein NLRP3
inflammasome complex, which mediates caspase-1 processing of prolL-1p to its
bioactive form. Caspase-1 also cleaves pro-Gasdermin D (GSDMD) to N-GSDMD
subunits that rapidly assemble and form pores in the plasma membrane, leading to
passive IL-1B release and pyroptotic cell death (122, 137, 168). While secretion through
GSDMD pores appears to be the most rapid means of IL-13 release, GSDMD-
independent mechanisms of IL-13 secretion have been reported, including trafficking to
the plasma membrane and release through PIP2-rich membrane microdomains (128),
and secretory autophagy in which autophagosomes containing mature IL-13 are
trafficked to the plasma membrane instead of lysosomes (169, 170).

Neutrophils are also an important source of IL-18 as they are recruited in large
numbers to sites of infection and inflammation. Although neutrophils have functional
NLRP3 and NLRC4 inflammasomes, unlike macrophages, inflammasome activation in
neutrophils does not result in pyroptosis (171-173). Further, while GSDMD is required
for IL-1B secretion by neutrophils, N-GSDMD does not localize to the plasma
membrane; instead, it is detected in the membrane of primary granules and

autophagosomes, and autophagy-related proteins are required for IL-13 secretion (125).
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In contrast to IL-1B, there are relatively few studies on IL-1a in infection or
inflammation. Gross et al. reported that in a murine model of monosodium urate (MSU)-
induced peritonitis, neutrophil recruitment to the peritoneal cavity was significantly
impaired in ll1a”- mice (139). Similarly, Caffrey et al. demonstrated impaired neutrophil
recruitment to the lungs of ll1a”- mice in a model of pulmonary aspergillosis (140, 174).

In the current study, we found an important role for IL-1a in neutrophil recruitment
in a fungal peritonitis model where A. fumigatus conidia (spores) are injected into the
peritoneal cavity. Further, we show that neutrophils are a source of IL-1a during
inflammation. We found that whereas IL-1a secretion by bone marrow-derived dendritic
cells (BMDCs) and macrophages is dependent on GSDMD, IL-1a secretion by [3-
glucan-stimulated neutrophils is mediated through extracellular vesicles, primarily
exosomes. Together, these findings identify neutrophils as a source of IL-1a, and define

a non-canonical pathway for IL-1a secretion.
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MATERIALS AND METHODS

Mice

Male and female C57BL/6J mice aged 6-8 weeks were purchased from The Jackson
Laboratory (Bar Harbor, ME). All gene knock-out mice are on a C57BL/6 background.
Gsdmd-- mice were provided by Dr. Russell Vance (University of California, Berkeley).
NIrp3-- mice were generated by Millennium pharmaceuticals (Cambridge, MA). ll1a”,
lI1b”- and ll1a”1l1b’- mice were originally generated by Dr. Iwakura (University of Tokyo)
as described (147) and were graciously provided by Dr. Obar (Dartmouth, New
Hampshire; ll1a’-, and llla”1l11b’), and Dr. Nufiez (University of Michigan Medical
School; l11b”-). Mice were bred under IACUC approved conditions, and all animals were
housed in the University of California, Irvine vivarium. Age-matched, male and female
mice were used for all experiments.

Fungal Strains

Virulent Aspergillus fumigatus strain CEA10 was provided by Dr. Cramer (Dartmouth,
New Hampshire), generated as previously described (174). Frozen glycerol stocks were
maintained at -80°C and were grown on Sabouraud Dextrose agar plates (Fisher
Scientific) at 37°C with 5% COa.

Aspergillus fumigatus peritoneal inflammation model

Conidia from A. fumigatus strain CEA10 were incubated in SD broth until they
germinated and expressed cell surface b-glucan. Conidia were then heat-killed, and
1x107 were resuspended in 500uL, then injected into the peritoneal cavity of 6- to 10-
week-old age- and sex-matched mice. After 4, 6, 8, 12, or 20 hours, total peritoneal

cells were collected by intraperitoneal lavage. Cells were kept on ice until processed.
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Cell Lines

The HEK-blue IL-1R1 cell-line used in this study is a commercially made cell line by
InvivoGen (Cat# hkb-il1r). No sex of the cells is reported and cell authentication can be
viewed under the “Data” PDF provided on the manufacturer’s website. Cell vials were
stored in a liquid nitrogen chamber until use. For experiments, cells were transferred to
a T-75 TC treated flask (Olympus) with 10 mL of warm media supplemented with 1X
HEK-Blue Selection (InvivoGen). Flasks were then incubated at 37°C with 5% COs-.
Media was replaced twice a week and cells were passaged once 70-80% confluency
was reached. Sterile PBS was used to lift cells for passaging or prepping for assays.
Source Materials for in vitro Studies

Bone marrow-derived dendritic cells, peritoneal neutrophils, and peritoneal
macrophages used for in vitro experiments in this study were all isolated from mice
described above. Both female and male animals were used and were 6-10 weeks of
age.

METHOD DETAILS

Preparation of Conidia

Aspergillus fumigatus was incubated on SD agar plates at 37°C for 3-5 days. To harvest
conidia, 10 mL of PBS containing 0.00025% Tween-20 were added to each plate, and
plastic sterile scrapers were used to collect the conidia. Conidia suspensions were then
filtered and centrifuged at 500x g. Supernatant was decanted and conidia were
resuspended in 5 mL sterile 1x PBS (Corning), and counted using a hemocytometer. To
facilitate germination, 1x107/mL conidia were incubated in 200 mL of sterile Sabouraud

Dextrose broth (Fisher Scientific) at 37°C with agitation for 3-4hr until ~80% showed
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germination by light microscopy (seen as budding of conidia and loss of spherical
shape), indicating that they express cell wall b-glucan on the surface. Germinating
conidia were centrifuged at 500x g for 5 minutes. Supernatant was decanted and
swollen conidia were resuspended in 1x PBS at 1x10’ per 500 pL. Conidia were placed
in a 50 mL centrifuge tube and were heat killed by submerging tubes in boiling water for
5 minutes. Heat-killed swollen conidia were stored at 4°C until in vivo injections.

Flow Cytometry

Total cell numbers were counted, and cells were stained using mouse Ly6G-BV510
(clone 1A8, BioLegend), Ly6C-PE-Cy7 (clone HK1.4, BioLegend), and F4/80-FitC
(clone BM8, BioLegend), IL-1a-PE (clone ALF-161, BioLegend), IL-1B-APC antibodies
(clone NJTENS3, Thermo Fisher), and amine-reactive fixable viability dye e780
(Invitrogen, Thermofisher). Cell surface staining was performed at 4°C for 20 minutes.
Cells were fixed for 15 minutes at 4°C and then permeabilized for intracellular stain (30
minutes) with Cytofix/Cytoperm kit (BD Biosciences). Flow cytometry and analysis was
conducted on ACEA Novocyte instrument and Novoexpress software, respectively. The
frequency of Ly6G+ neutrophils, F4/80+ macrophages, and F4/80- Ly6G- Ly6CM
monocytes were multiplied by total cell count to get cell numbers of each cell type.
Bone Marrow-Derived Dendritic Cells

Hind leg femurs and tibias were dissected from mice and were cleaned of tissue. The
bones were clipped to expose the bone marrow. Up to four bones were placed in a 0.6
mL microcentrifuge tube (Genesee Scientific) which had a hole pierced through the
bottom of it by an 18-gauge needle (Fisher Scientific). This 0.6 mL microcentrifuge tube

with bones was capped and placed in a 1.5 mL microcentrifuge tube (Genesee
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Scientific) and was centrifuged at 10,000x g for approximately 10 seconds (just enough
time for centrifuge to get up to speed, and immediately stopped). Bone marrow was
then present in 1.5 mL microcentrifuge tube while the emptied bones remained in the
0.6 mL microcentrifuge tube. The 0.6 mL microcentrifuge tube was discarded, and bone
marrow cells were resuspended in 1 mL of warmed RPMI (Gibco). Cells were then
placed in T-75 TC culture flasks with 10 mL of RPMI (Gibco) supplemented with 10%
FBS (Corning), 1% penicillin-streptomycin (Gibco), 1% non-essential amino acids
(Gibco), 1% sodium pyruvate (Gibco), and 10 ng/mL granulocyte-macrophage colony-
stimulating factor (StemCell Technologies). Cells were incubated at 37°C with 5% CO2
for 7 days. Media was replaced every other day. On day 7, semi-adherent cells were
gently washed with PBS to lift, and cells were stained for CD11c, Ly6G, F4/80, and
viability dye. CD11c+ Ly6G- F4/80- dendritic cells were isolated by BD FACS Aria
Fusion flow cytometer.

Peritoneal Neutrophils and Macrophages

Neutrophils: Intraperitoneal injection of 1 mL 9% casein (Sigma Aldrich) was used to
induce sterile inflammation in 6- to 10-week-old mice 16 hours prior to collection, and
boosted again 3 hours prior to lavage. To collect cells, the peritoneal cavity was flushed
with 10 mL PBS and the lavage fluid was centrifuged at 300x g for 5 minutes.
Neutrophils were isolated using a negative bead selection kit (StemCell Technologies),
which routinely yields >95% neutrophils. Cells were diluted to 2.5 x 108 neutrophils/mL
and were plated in RPMI (Gibco) supplemented with 10% FBS (Corning), 1% penicillin-

streptomycin (Gibco), 1% non-essential amino acids (Gibco), 1% sodium pyruvate
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(Gibco), and 10 ng/mL granulocyte-macrophage colony-stimulating factor (StemCell
Technologies).

Macrophages: Intraperitoneal injection of 1 mL 9% casein (Sigma Aldrich) was used to
induce sterile inflammation in 6- to 10-week-old mice 4 days prior to collection of
peritoneal cells. The peritoneal cavity was flushed with 10 mL PBS and the lavage fluid
was centrifuged at 300x g for 5 minutes to collect peritoneal cells. Cells were plated
overnight at 1x10° cells/mL in DMEM (Gibco) with 10% FBS (Corning), 1% penicillin-
streptomycin (Gibco, Life Technologies), 1% non-essential amino acids (Gibco), 1%
sodium pyruvate (Gibco), and 10 ng/mL granulocyte-macrophage colony-stimulating
factor (StemCell Technologies) for adherence. Non-adherent cells were aspirated the
next day, and each well was washed with PBS before adding fresh media. Adherent
macrophages were lifted using Cell Stripper (Corning, NY).

In Vitro Stimulation

BMDCs and macrophages were incubated at 5 x 105/mL (neutrophils at 2.5 x 10%/mL)
with either 100 pg/mL curdlan (Sigma Aldrich), 500 ng/mL ultrapure E. coli LPS
(Invivogen), or LPS + 3 mM extracellular ATP (Sigma Aldrich) added in the last hour of
incubation. All cells were incubated at 37°C with 5% COz-.

Flow Cytometry and ImageStream™ Flow Cytometry

Cells were stained using the following fluorophore conjugated anti-mouse antibodies:
WGA-488 (Invitrogen), Ly6G-FitC (clone 1A8, BioLegend), Ly6G-BV510 (clone 1A8,
BioLegend), Ly6G-PE (clone 1A8, BioLegend), CD11c-BV605 (clone N418,
BioLegend), F4/80-FitC (clone BM8, BioLegend), F4/80-PE (clone BM8, BioLegend),

CD11b-PE (clone M1/70, BioLegend), Ly6C-PE Cy7 (clone HK1.4, BioLegend), CD63-
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APC (clone NVG-2, BioLegend), CD9-APC (clone MZ3, BioLegend), IL-1a-PE (clone
ALF-161, BioLegend), and IL-13-APC (clone NJTEN3, ThermoFisher Scientific).
Antibodies were diluted in wash buffer (PBS with 1% BSA and 2 mM EDTA). Cells were
stained for 20 minutes at 4°C, washed with wash buffer, fixed for 15 minutes in BD
Biosciences cytofix/cytoperm, and permeabilization prior to intracellular staining. ACEA
Novocyte was used for flow cytometry, and Novoexpress software was used for
subsequent analysis. AMNIS ImageStream™ was used for imaging flow cytometry and
the AMNIS IDEAS software was used to calculate the colocalization coefficient.
Western Blot

BMDCs, peritoneal macrophages, or peritoneal neutrophils were lysed with 1X CST
lysis buffer (Cell Signaling). For neutrophils, DFP (Sigma Aldrich) was added to the lysis
buffer to inhibit any protease activity. BCA assay kit (Thermo Fisher) was used to
determine protein concentration from lysates. Twenty ug of protein from lysates mixed
with 1X SDS (from 5X stock), and Ultrapure water (Invitrogen) were boiled for 10
minutes at 95°C on a heating block. Samples were loaded into 4-20% mini-PROTEAN,
10-well, 50 pl TGX precast SDS-PAGE gels (Bio-rad). Gels were run in 1X TAE buffer
at a constant 110V. Proteins were transferred onto a nitrocellulose membrane using
Bio-rad Trans-blot Turbo transfer system. The membrane was blocked with 5% milk for
1 hour at RT, and incubated with rabbit anti-mouse GSDMD (EPR20859, Abcam) or
mouse anti-B-actin (Santa Cruz Biotechnology) diluted in 5% milk and incubated at 4°C
overnight on a rocker. Membranes were washed with 1X TBST buffer 3x for 10 minutes.
HRP-conjugated secondary antibodies against rabbit or mouse IgG (Cell Signaling)

were diluted in 5% milk and incubated at RT for 1 hour. West Femto Maximum
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Supersignal (Thermo Fisher) was used to enhance signal before the membrane was
imaged by the Chemidoc (BioRad) instrument.

Immunofluorescence and Confocal Microscopy

Stimulated neutrophils were collected after 6 hours and stained with Ly6G-FITC
antibody (clone 1A8, BioLegend) for 20 minutes. Cells were washed and fixed with 4%
PFA (BD Biosciences) overnight. To permeabilize fixed cells, 0.1% TritonX (Fisher
Scientific) was used. Cells were incubated with 10% normal donkey serum (NDS,
Jackson ImmunoResearch) for 1 hour before addition of primary antibodies: ALF-161
Armenian hamster anti-mouse IL-1a (Fisher Scientific), and rabbit anti-mouse CD63
(clone EPR21151, Abcam). Primary antibodies were incubated overnight at 4°C. Cells
were washed twice with FACS buffer (PBS with 1% BSA and 2 mM EDTA). AF546 goat
anti-hamster IgG (ThermoFisher Scientific) and AF647 donkey anti-rabbit IgG
(ThermoFisher Scientific) secondary antibodies were added and incubated at room
temperature for 30 minutes. 4 pL of cells were mixed with 4 pL of Vectashield® antifade
mounting media with DAPI (Vector Laboratories) and plated on a coverslip. Imaging
was done using an LSM700 confocal microscopy (Optical Biology Core, UCI, Leica
LSM700) and analyzed with Zen software.

Cytokine analysis

ELISA was used for quantification of cytokines in cell-free supernatant and lavage fluid.
Cells were centrifuged at 300x g for 5 minutes and the supernatant was collected and
stored at -80°C. Murine IL-1a and IL-13 ELISA kits were purchased from R&D Systems.

A Biotek Cytation-5 plate reader was used to quantify concentrations.
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HEK-blue IL-1R1 cell-line used to measure IL-1a and IL-1f bioactivity was purchased
from InvivoGen. For each experiment, 2.8x10° HEK IL-1R1 reporter cells/mL in DMEM
(Gibco) complete media were seeded in 180 pL per well. Twenty pL of each sample
was added in duplicates without neutralizing antibodies, with anti-IL-1a neutralizing
antibodies (Fisher Scientific), anti-IL-1 neutralizing antibodies (R&D Systems), or both
and incubated overnight at 37°C with 5% CO2. The supernatant was collected and
incubated with QUANTI-Blue (InvivoGen) for 30 minutes. SEAP detection and
concentration calculations were measured on the Biotek Cytation-5 instrument. IL-1a
and IL-1B concentrations were calculated based on a set of standards of known
bioactive IL-1a and IL-1 concentrations and presented as pg/mL.

Lactate Dehydrogenase (LDH) Assay for Cell Death

Promega CytoTox 96® Non-radioactive Cytotoxicity Assay was used to measure LDH
release in cell-free supernatant. Released LDH in culture supernatants was measured
with a 30-minute coupled enzymatic assay, which results in conversion of a tetrazolium
salt (INT) into a red formazan product. Maximum LDH control was prepared by lysing
the same concentration of cells in each experiment with lysis buffer from the Promega
kit for 15 minutes prior to collection. LDH read was measured at 490nm with a Biotek
Cytation-5 instrument. The % of max LDH release was calculated by dividing the LDH
read from each sample by the maximum LDH control read. The maximum LDH control
was prepared for each individual experiment.

Propidium lodide (PI) Uptake Assay for Plasma Membrane Permeability

Cells were plated in a black-sided, optically clear flat bottom 96-well plate (Corning). PI

(Alfa Aesar) was added to each well at 1:10,000 dilution in PBS. Cells were incubated
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in the Biotek Cytation-5 instrument at 37°C with 5% CO:2. Red fluorescence reads at
590/640nm were measured every 1 minute for 5 minutes for background measurement
before adding stimulation. Duplicate wells of cells were primed with 500 ng/mL E. coli
LPS (Invivogen) or 100 pg/mL curdlan (Sigma Aldrich) for 6 hours. Three mM
extracellular ATP (Sigma Aldrich) was added to LPS primed cells in the last hour of
incubation in the LPS+ATP conditions. Fluorescence measurements were taken at 1-
minute intervals throughout stimulation.

Extracellular Vesicle Isolation

Peritoneal neutrophils were cultured in RPMI (Gibco) supplemented with 10% exosome-
depleted FBS (Systems Biosciences, SBI) containing 1% penicillin-streptomycin, 1%
non-essential amino acids, 1% sodium pyruvate, and 10 ng/mL granulocyte-
macrophage colony-stimulating factor (StemCell Technologies). After 6 hours of
stimulation, 200 pL of ExoQuick-TC reagent (System Biosciences, SBI) was added to 1
mL of cell-free supernatant from cultured neutrophils and was inverted to mix. The
supernatant was incubated overnight at 4°C, and extracellular vesicles were recovered
after centrifugation (1500x g for 30 minutes at 4°C). Supernatant was aspirated and dry
pellets were resuspended in 1 mL PBS and frozen at -20°C for short-term storage.
Nanoparticle Tracking Analysis and flow cytometry of EVs

A Malvern Nanosight NS300 was used for nanoparticle tracking analysis of isolated
EVs. EVs suspended in PBS (700uL) was used to measure 3 technical replicates,
measuring size distribution and concentration from 60-seconds video (approximately
107-108 particles/mL concentration) with constant syringe flow. For flow cytometry

analysis, EVs were stained and detection threshold on the ACEA Novocyte instrument
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was lowered to 1000 on the FSC. For ELISA, resuspended EV pellets were lysed with
1% Triton X (Fisher Scientific) and loaded into a 96-well plate followed by the standard
ELISA protocol from R&D Systems.

Exosome Isolation by Differential Ultracentrifugation

Neutrophils stimulated for 6 hours with LPS, LPS/ATP, or curdlan were pelleted at 300x
g, 4°C for 5 minutes. The cell-free supernatant was then centrifuged at 2000x g, 4°C for
10 minutes to pellet dead cells and debris. Next, the supernatant was centrifuged at
10,000x g and the pellet (microvesicles and cell debris) was discarded. The remaining
supernatant was ultracentrifuged at 100,000x g, 4°C for 70 minutes and the pellet was
washed three times with PBS before resuspension in PBS for further analysis.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was determined by ordinary one-way ANOVA with Dunnett’s multiple
comparisons test, or by 2-way ANOVA with Tukey’s multiple comparisons test (detailed
in figure legends) using GraphPad Prism software. Error bars indicate mean + SEM and

p values less than 0.05 were considered significant.
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RESULTS
Neutrophil recruitment is dependent on IL-1a, and neutrophils are a source of IL-
1ain A. fumigatus-induced peritonitis

To examine the role of IL-1a in neutrophil recruitment, we repeated the
experiments by Gross et al., and also found impaired neutrophil recruitment in ll1a’- and
ll1a/b”- mice compared with C57BL/6 wild-type (WT) mice following intraperitoneal (ip)
injection of MSU (2 mg/mouse); there was no difference in monocyte numbers (Figure
S1A,B). As we are interested in the response against fungal infection, we repeated the
experiment using a model of peritonitis where 1x107 Aspergillus fumigatus germinating
conidia (spores) expressing cell surface B-glucan were heat killed and injected into the
peritoneal cavity of WT, Il1a”’, ll1b”-, and ll1a”/ ll1b7- double knock-out (DKO) mice.
Neutrophils, monocytes, and macrophages were quantified by flow cytometry after 4
hours (gating strategy is shown in Figure S1C). We found that A. fumigatus conidia
induced infiltration of 7x10° neutrophils compared with 4x10°> monocytes, and that ll1a’,
l11b”-, and DKO mice had significantly fewer neutrophils than WT mice (Figure 1A, B).
In contrast to neutrophils, there were no significant differences in the number of
monocytes and macrophages recruited to the peritoneal cavity of Il1a”, ll1b”, or DKO
mice compared to WT (Figure 1B, S1D).

We next examined if neutrophils were a source of IL-1a by examining
intracellular IL-1a and IL-1f following ip injection of A. fumigatus conidia. IL-1a and IL-
18 MFI levels peaked at 6 hours post injection (Figure 1C, D), and secreted IL-1a in the

peritoneal lavage was highest at earlier time points (Figure S1E). Representative MFI
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of intracellular IL-1a and IL-18 in neutrophils at 6 hours showed increased production of
both cytokines over fluorescent minus one (FMO) control (Figure 1E).

Collectively, these data identify neutrophils as a source of IL-1a. Though IL-13
production was 10-fold higher than IL-1a, elimination of IL-1a yields a similar phenotype
as IL-1B, indicating that even the relatively low levels of IL-1a are important in this

model of inflammation.
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Figure 3.1: Neutrophils are a source of IL-1a in A. fumigatus-induced peritonitis
(A and B) Neutrophils (A) and monocytes (B) were quantified by flow cytometry 24 h
after i.p. injection of heat-killed A. fumigatus conidia into WT, IL-1a™"~, IL-1B~~, or IL-
1a77/IL-1B~~ DKO mice. Cell numbers shown are percentage of each cell type x total
cell count.

(C and D) MFI of intracellular IL-1a (C) and IL-18 (D) in neutrophils from the peritoneal
cavity at multiple time points after injection of A. fumigatus conidia. IL-1a MFI and IL-13

MFI were normalized to FMO control (n = 4).

(E) Representative histogram and corresponding MFI levels after 6-h incubation (n = 4).

Each data point represents an individual mouse. Experiments were repeated twice with
similar results.
Significance was calculated by one-way ANOVA followed by Dunnett’'s multiple

comparisons test. *p < 0.05, **p < 0.01, **p < 0.001, =*p < 0.0001.
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Distinct roles for GSDMD in IL-1a secretion by dendritic cells, macrophages, and
neutrophils

As secretion of IL-1a is not well defined, we examined IL-1a production by
neutrophils compared to macrophages and BMDCs. Cells were incubated for 6h with
LPS or insoluble B-glucan (curdlan). LPS and curdlan induced IL-1a+IL-13+ populations
of macrophages, BMDCs, and neutrophils, although curdlan was more effective at
activating neutrophils (Figure 2A, B). MFI levels in neutrophils were lower than
macrophages and BMDCs, indicating that neutrophils produce less IL-1a on a per cell
basis (Figure 2C). However, neutrophils are the majority of infiltrating cells in inflamed
tissues and are therefore an important source of IL-1a under these conditions.

As IL-1a is co-expressed with IL-18 in BMDCs, macrophages, and neutrophils
(Figure 2A-C), we next addressed whether IL-1a secretion follows the same
mechanism as IL-1B. To examine the role of GSDMD in IL-1a secretion, we quantified
IL-1a secreted by WT, Gsdmd~-, and NIrp3- cells following stimulation with LPS,
LPS/ATP or curdlan. FACS isolated BMDCs (299% CD11c+ F4/80- Ly6G-) and ip
macrophages (295% F4/80+) primed with LPS and stimulated with ATP induced high
levels of IL-1a and IL-1(B secretion in WT, but not Gsdmd-/- and NIrp3-/- cells (Figure
2D-G). BMDCs and macrophages secreted relatively low levels of IL-1a and IL-13 in
response to curdlan compared to LPS+ATP stimulation.

In contrast to BMDCs and macrophages, enriched ip neutrophils (297% Ly6G+)
secreted the highest levels of IL-1a in response to curdlan. Further, while IL-13
secretion by neutrophils was dependent on GSDMD and NLRP3, there was no

significant difference in IL-1a secretion between WT, Gsdmd-, and NIrp3- cells (Figure
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2H, 1). Surprisingly, we found IL-1B production in the absence of additional stimulation
(Figure 21), which is likely a consequence of NLRP3 activation of neutrophils isolated
from the peritoneal cavity following casein injection.

In contrast to IP neutrophils, stimulated bone marrow (BM) neutrophils had <15%
intracellular IL-1a+IL-1B+, and secreted <80 pg/mL IL-1a in response to LPS+ATP
(Figure S2A, B). IL-1a secretion by BM neutrophils is GSDMD dependent, however,
they are not responsive to curdlan. Consistent with reports that neutrophils recognize b-
glucan via the lectin binding domain of CR3 (CD18/CD11b) (45, 175), we found that BM
neutrophils do not express plasma membrane CD18, and have lower levels of CD11b
than ip neutrophils (Figure S2C, D). Consequently, BM neutrophils did not secrete IL-
1a when stimulated with depleted zymosan or A. fumigatus hyphal extracts (Figure
S2E).

Together, these data show that IL-1a secretion by LPS/ATP stimulated BMDCs
and macrophages is dependent on NLRP3 and GSDMD. In contrast, B-glucan-induced

IL-1a secretion by CR3 expressing neutrophils is GSDMD independent.
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Figure 3.2: IL-1a secretion by bone-marrow-derived dendritic cells, peritoneal

macrophages, and neutrophils
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(A) Representative flow cytometry plots of intracellular IL-1a and IL-18 in BMDCs,
macrophages, and neutrophils following 6-h stimulation with LPS or 3-glucan (curdlan).
(B) Quantification of percent IL-1a+/IL-1B+ cells (B) and IL-1a MFI (C) (n = mean of total
cells in 3 independent experiments).

(C-H) IL-1a and IL-1B secretion by BMDCs, macrophages, and neutrophils from

WT, Gsdmd-~, and NIrp3- mice. (C and D) FACS-

isolated CD11c* Ly6G- F4/80- BMDCs (n = 3), (E and F) peritoneal macrophages (295%
F4/80+, n = 3), and (G and H) neutrophils (298% Ly6G*, n = 5).

Significance was calculated by two-way ANOVA with Tukey’s multiple comparisons

test. *p < 0.05, *p < 0.01, »*p < 0.001, **p < 0.0001.
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B-glucan induces pro-GSDMD cleavage and increased membrane permeability,
but not cell death

IL-1a is passively released through cell death in non-hematopoietic cells (136,
145), and GSDMD-dependent IL-13 secretion by macrophages results in pyroptotic cell
death (123). Therefore, we next examined GSDMD cleavage, membrane permeability,
and pyroptotic cell death.

BMDCs, ip macrophages, and ip neutrophils were examined by western blot for
pro- and N-GSDMD. We found that in all cell types incubated with LPS+ATP or curdlan,
pro-GSDMD was cleaved to the 31kDa N-GSDMD (Figure 3A-C). Consistent with
GSDMD cleavage, propidium iodide (PI) uptake, indicative of plasma membrane
permeability, was observed following ATP activation of LPS-primed BMDCs and
macrophages, but not neutrophils (Figure 3D-F). Although curdlan did not induce PI
uptake in BMDCs, we observed a gradual increase in Pl uptake in macrophages and
neutrophils. Lactate dehydrogenase (LDH) release (indicative of cell lysis) was elevated
in LPS/ATP but not B-glucan stimulated DCs or macrophages (Figure 3G,H). However,
there was no significant increase in LDH release by neutrophils under any of these
conditions (Figure 3l).

Collectively, these findings demonstrate that 3-glucan induces GSDMD cleavage
in each of these cell types, and increased plasma membrane permeability in
macrophages and neutrophils, but does not lead to LDH release, indicating that (3-
glucan mediated IL-1a and IL-13 secretion occurs in the absence of pyroptotic cell

death.

80



BMDC Macrophages Neutrophils

A ] B N C & o
6\0 o ng‘s b\’bo 6\0 P Q,xv. ‘b\rf b\'b @ gv. §
wa ¢ & & S wa & & & S wa &L S
75 75 75
i @ FProGSDMD || . e #v o - ProGSDMD R —— L pro-GSDMD
37 o w= .N-GSDMD 37 SWn "% . N.GSDMD 37 s wom L N-GSDMD
aan e G @B - B-actin ’ ---|-B-actin - aun www ems - B-actin
D' 5. E F
%00 —- Media i 2004 - Media Tk i Media
7004 -= LPS LPS i

500 -« LPS+ATP

1~ Lpseate - Curdlan

—— LPS+ATP
= -¥ Curdlan

600

Curdlan

=
o =]
L 7004
& 500+ 4
400-% 600
+ATP
bt d T T T T X v 1 500
1 2 3 4 5 6
Hours
G - H ns. e
100 n.s. 100 . S . 100
Fedekk n.s.
80 hubad. 80 : 80 r
% e % n.s.
8 ns. : g —ns z —
- - - i
% 5 0 5 5 n.s.
5 40- 5 40- E
- | o 5 40+ p
xR B 2
2o-|§l| | 204 | ° | | ° ,\2°_|§b|| |[']| |
0 0 T 0 T T T T
Media LPS LPS+ATP Curdlan Media LPS LPS+ATP Curdlan Media LPS LPS+ATP Curdlan

Figure 3.3: B-Glucan induced GSDMD cleavage and increased membrane
permeability, but not cell death

(A—-C) Western blot analysis of GSDMD cleavage following 6-h stimulation with LPS,
LPS/ATP, or curdlan in BMDCs (A), macrophages (B), and neutrophils (C).

(D-F) Propidium iodide (PI) uptake measured over 6 h in each cell type.

(G-I) Lactate dehydrogenase (LDH) release after 6-h incubation as a measure of cell
death was calculated as percent of maximum (lysed cells). Two-way ANOVA with
Tukey’s multiple comparisons test was used for Pl uptake, and one-way ANOVA with
Dunnett’s multiple comparisons test for LDH release.

*p < 0.05, #p <0.01, =p <0.001, »+p < 0.0001. Western blots are representative of

three repeat experiments; Pl and LDH data points represent 3-5 biological replicates.
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Neutrophil IL-1a is released through extracellular vesicles

Given that IL-1a release by stimulated neutrophils is independent of GSDMD and
cell death, we examined other unconventional secretion pathways. Extracellular
vesicles (EVs) have emerged as an important mechanism for inter-cellular
communication. While most cells secrete EVs at steady state, their cargo and number
depends on the stimulus (176—178). EV-mediated cytokine release has been described
in multiple cells and tissues (179). However, the role of EVs in mediating IL-1a secretion
has not been clearly defined.

To determine if IL-1a is secreted in EVs, and specifically in exosomes, we first
examined if IL-1a localizes with the exosome marker CD63 in stimulated neutrophils.
Representative confocal microscopy images and quantification using ImageJ showed
colocalization of IL-1a and CD63, most notably in curdlan-stimulated neutrophils
(Figure 4A, B, S3A). Imaging flow cytometry also revealed co-localization of IL-1a with
CD63 in 17-24% of stimulated neutrophils (Figure S3B).

Second, we examined isolated EVs using the ExoQuick-TC™ kit, which enriches
for exosomes by co-precipitation with polymers. EVs were characterized by
Nanoparticle tracking analysis (NTA), surface expression of CD63, CD9, and CD81, and
inhibition with GW4869. NTA has been used extensively to characterize and quantify
EVs (180-182). NTA showed that most neutrophil-isolated EVs were within the size
range of exosomes and small microvesicles (100-200nm, Figure 4C). Flow cytometry
also showed that exosome markers CD63, CD9, and CD81 were each expressed on
isolated EVs from unstimulated and stimulated neutrophils, indicating that exosomes

are a major component of this EV population (Figure 4D, S3C). However, IL-1a was not
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detected on the surface of EVs (Figure S3D). As a third approach, neutrophils were
incubated with GW4869, a neutral sphingomyelinase inhibitor that effectively inhibits
exosome release (Essandoh et al., 2015; Jiang et al., 2019; Sitrin et al., 2011, Figure
4E). These findings indicate that exosomes are a major component of EVs secreted by
neutrophils.

To determine whether EVs contain IL-1a and IL-13, neutrophil EVs from LPS,
LPS/ATP or curdlan-stimulated neutrophils were lysed, and IL-1a and IL-13 were
guantified by ELISA. We found both cytokines in lysed EVs and in total cell-free
supernatant (containing intact EVs; Figure 4F-1). EVs from curdlan-stimulated
neutrophils had significantly higher levels of IL-1a and IL-13 compared to unstimulated
neutrophils (Figure 4F,H). We also isolated EVs by ultracentrifugation (100,000xg), and
detected IL-1a and IL-18 in exosomes from curdlan-stimulated neutrophils (Figure
S4A).

Pre-incubation with GW4869 resulted in significantly reduced IL-1a, but not IL-
18, secretion by curdlan-stimulated neutrophils, indicating that IL-1a is secreted in
exosomes (Figure 4F-1). IL-1a secretion in total supernatants and EVs of curdlan-
stimulated neutrophils increased over 24h, although there was also a small increase in
neutrophil cell death at later time points (Figure S4B,C). We also found that neutrophils
incubated with GW4869 exhibited no difference in intracellular IL-1a and IL-1p,
indicating that this inhibitor selectively blocks IL-1a secretion but not production (Figure
S4D-F). Although we expected to find an increase in IL-1aq, it is likely that the increase

on a per cell basis is minor and not reflected well by MFI.
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Given that pro-IL-1a is bioactive whereas IL-1[ bioactivity requires processing,
we next determined whether IL-1a and IL-1 in intact EVs are bioactive. Isolated EVs
from stimulated neutrophils were incubated with HEK293T IL-1R1 reporter cells in the
presence of neutralizing antibodies to IL-1a, IL-13, or both. The concentration of
bioactive IL-1 was calculated based on a standard curve using recombinant cytokines.
We found that EV-encapsulated IL-1 can signal its surface receptor (Figure 4J). IL-1R1
activation by LPS/ATP-stimulated neutrophils was mediated by IL-1a and IL-1f3, but
curdlan-stimulated neutrophil EVs was primarily mediated by IL-1a. This finding implies
that the IL-1B detected in curdlan-stimulated neutrophil EVs by ELISA was not bioactive.

Finally, we found that cytokines CXCL1 and TNF-a that follow the canonical
Golgi/ER secretion pathway were not detected in isolated EVs, and that GW4869 had
no inhibitory effect on their secretion (Figure S4G, H). Collectively, these findings

identify a selective role for exosomes in secreting bioactive IL-1a.
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Figure 3.4: Exosomal release of IL-1a by neutrophils
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(A) Representative confocal images of peritoneal neutrophils stimulated

with LPS or curdlan for 6 h.

(B) Quantification of IL-1a and CD63 co-localization using ImageJ (each data point
represents a single cell).

(C) NTA of EV size distribution and concentration.

(D-G) Neutrophils were stimulated in the presence of exosome inhibitor GW4869, and
IL-1a and IL-1B were quantified by ELISA in isolated EVs following lysis (D and F) and
in total cell-free supernatants (E and G).

(H) Inhibition of EV secretion shown by NTA.

() Bioactive IL-1 signaling through IL-1R1 reporter cells was measured in isolated
exosomes in the absence of detergent lysis (n = 4). Neutralizing antibodies (Abs) to IL-
1a, IL-1P3, or both cytokines were included in the reporter assay, and bioactive cytokine
concentration was calculated based on a standard curve using recombinant IL-1a and
IL-1pB.

Two-way ANOVA with Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, **p <
0.001, ***p < 0.0001. Experiments in (A) and (B) were repeated three times; (C-G) are

biological replicates from repeat experiments.
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DISCUSSION

We and others have reported that neutrophils are an important source of IL-1f3
during bacterial and fungal infection. In this study, we now show that neutrophils also
produce IL-1a. We demonstrated that IL-1a plays an important role in neutrophil
recruitment to the peritoneal cavity following injection of A. fumigatus conidia expressing
surface B-glucan. Initial recruitment of neutrophils following ip injection of casein is likely
due to pro-inflammatory and chemotactic cytokines produced by resident macrophages
and epithelial cells. However, neutrophils are also a major source of IL-1a, which likely
mediate further neutrophil infiltration in a feed-forward mechanism.

Consistent with the response to A. fumigatus, we found that particulate B-glucan
(curdlan) induced IL-1a secretion by ip neutrophils whereas macrophages and BMDCs
(and BM neutrophils) produced more IL-1a in response to LPS/ATP. We and others
reported that neutrophils recognize 3-glucan by CR3 (CD11b/CD18) (45, 92, 186).
Here, we identified a key difference between BM and ip neutrophils where BM
neutrophils lack a functional CR3 and do not respond to fungal products.

IL-1a secretion has mostly been studied as an alarmin that is released from non-
hematopoietic cells following cell death (136). In contrast, there are relatively few
reports on IL-1a secretion by myeloid cells. A recent study showed that Staphylococcus
aureus can induce GSDMD-dependent IL-1a and IL-13 secretion by macrophages
(137). Here, we also found that IL-1a secretion by LPS/ATP-stimulated macrophages
(and BMDCs) requires GSDMD. In contrast, IL-1a secretion by B-glucan-stimulated ip
neutrophils was independent of GSDMD. We have reported that 3-glucan induce

caspase-1 and caspase-11 dependent IL-1 secretion in the absence of cell death (Sun
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et al., 2018). Similarly, we found in the current study that 3-glucan did not induce cell
death in any cell type examined despite increased membrane permeability in
macrophages and neutrophils.

Further, we show that instead of secretion through GSDMD pores, IL-1a
secretion by B-glucan-stimulated neutrophils is mediated by exosomes. Although co-
localization of IL-1a with the tetraspanin CD63 measured by Amnis ImageStream™ was
only in approximately 20% of neutrophils, this only measures complete localization and
might have excluded cells with partial localization. Moreover, neutrophil heterogeneity
could account for the differences seen. Taken together with detection of IL-1 in isolated
exosomes and that pre-incubating neutrophils with the GW4869 inhibitor blocked
exosome production and inhibited IL-1a, but not IL-1B secretion, we conclude that
exosomes are an important mechanism of IL-1a secretion by neutrophils. We also
demonstrated using IL-1R1 reporter cells that exosomal IL-1a is bioactive.

Although IL-13 secretion was not inhibited by GW4869, it is possible that IL-1B is
present in microvesicles given that isolation of exosomes can include other vesicles in
the same size range. Consistent with this possibility, ATP activation of the P2X7
receptor on THP-1 monocytes induced secretion of microvesicles containing IL-13
within minutes (187). Further, as cleaved IL-1B in macrophages triggers its relocation to
PIP2-enriched plasma membrane domains (128), it is possible that membrane-
associated IL-1p is released in microvesicles.

As IL-1a was not detected on the surface of EVs, it is not clear how IL-1a
activate IL-1R1. It is possible that encapsulated cytokines are released when EVs come

close to their target cell as liposomes become leaky (188). Alternatively, human
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neutrophils secrete phospholipase Az in response to fMLP stimulation (189), which
could degrade the EVs. Future studies will examine the role of phospholipases in this
process.

In conclusion, our data clearly identify EVs as an important mechanism of IL-1a
secretion by neutrophils, but EVs are likely not the only mechanism by which this
cytokine is secreted. We will continue to examine additional pathways. Nonetheless,
results from the current study clearly identified neutrophils as a source of IL-1a following
injection of A. fumigatus conidia, and adds to our understanding of IL-1a regulation

during the inflammatory process.
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Supplementary Figures
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Supplementary Figure 1. IL-1a is important for neutrophil recruitment. Related to Figure 1.

(A, B) Neutrophil and monocyte cell count quantified 4h after intraperitoneal injection of 2 mg/ mouse
monosodium urate (MSU) into C57BL/6 (WT), IL-1a, and IL-1a”/-/IL-1B- mice (n=3).

(C) Representative flow cytometry plots demonstrating gating strategy for live, singlet F4/80+
macrophages, F4/80- Ly6G+ neutrophils, and F4/80- Ly6G- Ly6C+ monocytes.

(D) F4/80+ macrophage cell counts from the peritoneal cavity of mice injected with swollen, heat killed
A. fumigatus conidia.
(E) IL-1a and IL-1B concentration from the peritoneal lavage fluid at multiple time points following
injection of heat-killed A. fumigatus conidia (n=3).
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Supplementary Figure 2
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(E) B-glucan secretion of IL-1a and IL-1B by BM compared with
peritoneal (IP) neutrophils in response to curdlan, depleted
zymosan (dZ), or A. fumigatus hyphal extract (AspHE).
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Supplementary Figure 3
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Supplementary Figure 3. Characterization of extracellular vesicles from peritoneal neutrophils. Related
to Figure 4.
(A) Co-localization analysis by Imagel of CD63 and IL-1a in unstimulated, LPS- or curdlan-stimulated
peritoneal neutrophils. CD63 (red) and IL-1a (green); colocalization of CD63 and IL-1a is shown in white.
(B) Representative Amnis ImageStream™ images (left) showing plasma membrane Ly6G and
intracellular CD63/IL-1a. Colocalization coefficient of CD63/1L-1a (center panel), and percent co-
localization (right panel) of neutrophils stimulated with LPS, LPS/ATP, or curdlan (n=3)

(C) Flow cytometry of representative isolated EVs stained with exosome markers CD81 or CD9

(D) Representative flow histogram showing no IL-1a on membrane of isolated EVs
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Supplementary Figure 4
m IL-1a = IL-1B

A 1004 B so0m IL-1a (sup) 150 IL-1a (EV)
I — ) - Media - -o- Media
E g0 E E LPS
o S 600 LPS o
= 60 2 - LPS+ATP £ 1004 -+ LPS+ATP
2 15 4004 ¥ Curdian 15 =% Curdlan
£ 404 J g
5 = S 50
o 3 2004 3
S 20+ c c
o [ ] S 8
0 I T T 0 T T T T T 0 * * 1 ¥ T
Media Curdlan Media Curdlan 1 3 6 12 24 1 3 6 12 24
Time (hours) Time (hours)
LDH
100+ _ . Curdlan .. Curdlan +GW4869
C -e- media D 2, Tas1 Q52 < Q51 Q5-2
x LPS w " 1652% 5375% | — 112.30% 51.70%
5 804 A oz s %
“Ia o -+ curdlan F'tls 5 _ i3
g = IR B 2
= = - :
40 - Q53 Q54 Q5-3 Q5-4
;g_?se/—_—* = |2637% 1336% | = |2640% 9.60%
1 3 i 19 24 07 103104 105 1051072 107 10% 10 105 1081072
Time (hours) ".-IB-APC
IL-1a F IL-1B
30000 40000 o
Hl no inhibitor n.s. EE no inhibitor
_ = 10uM GW4869 T 300004 = 10uM GW4869 .
< 20000 =
)
w
S ns. e ns. &l 20000
& s. 3
7 10000 < n.s. n.s.
= ] = 10000 _ NS |-I-| |.y.|
0- T T T o'jll;l T T
Media LPS LPS+ATP Curdlan Media LPS LPS+ATP Curdlan
G _ 1500 CXCL-1 H _ 2000- TNFa .
-
E E = EV+GWA4869
) S 1500
£ 1000 = Supernatant
o =
=1 Supernatant+GW4869
2 2 1000 I [ P
£ =
£ 500 = I
3 8 500
c =
8 8 it
od oL ] II'II ] II'II :
Media LPS LPS+ATP Curdlan Media LPS LPS+ATP Curdlan

Supplementary Figure 4. IL-1a secretion through EVs increase over time, and GW4869 does not affect
intracellular IL-1a or IL-1p production. Related to Figure 4.

(A) IL-1a and IL-1p produced by neutrophil exosomes isolated by differential ultracentrifugation (pellet at
100,000xg) and lysed by Triton-X100

(B) Total IL-1a (left) and lysed EV IL-1a (right) time course of secretion by neutrophils stimulated with LPS,
LPS/ATP, or curdlan for 1, 3, 6, 12, and 24 hours.

(C) LDH release time course from neutrophils stimulated for 1, 3, 6, 12, and 24 hours.

(D) Representative flow cytometry plots of intracellular IL-1a-PE and IL-1B8-APC in GW4869-pre treated
neutrophils showing no effect of the inhibitor on intracellular staining.

(E,F) MFI guantification of intracellular IL-1a-PE and IL-1B3-APC in GW4869-treated neutrophils

(G, H) CXCL1 and TNFa is not present in EVs or blocked by the exosome inhibitor GW4869

93



CHAPTER 4:

CONCLUSION & FUTURE DIRECTIONS
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Conclusions & Future Directions

IL-1a and IL-1B are proinflammatory cytokines that are important for amplifying
inflammation and recruitment of immune cells. Previous studies from our lab have
identified IL-13 as a crucial mediator of neutrophil infiltration and subsequently bacterial
killing in the cornea (38). We also found that neutrophils are the main source of IL-1B in
our model of microbial keratitis. The studies in this thesis now revealed a non-redundant
role for IL-1a compared to IL-1B in regulating inflammation, and identify neutrophils and
monocytes as the source of IL-1a in the cornea. Further, we describe a non-canonical
mechanism for IL-1a secretion by neutrophils that is distinct from IL-13 (126).

While IL-1B processing and secretion is tightly regulated in a two-step process
mediated by inflammasome activation of caspase-1 and GSDMD pore formation (118),
IL-1a is passively released through cell death in non-hematopoietic cells (136).
However, our observations indicate that $-glucan stimulated neutrophils secrete IL-1a
without undergoing cell death. Instead, we described an unconventional secretory
pathway for IL-1a release by neutrophils that is mediated by extracellular vesicles in
chapter 3. We further show that IL-1a encapsulated in extracellular vesicles are
bioactive and able to activate its receptor, IL-1R1. In addition to IL-1qa, recent studies
have also identified other extracellular vesicle-encapsulated cytokines and complement
components that are implicated in inflammatory diseases (190-192). However, it is
unclear how encapsulated cytokines are able to signal their receptor extracellularly and
what governs whether these cytokines are packaged into exosomes or release through
canonical mechanisms. Further studies are necessary to address these questions and

improve our understanding of extracellular vesicles signaling.
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In addition to dissecting the mechanism of IL-1a secretion, we also explored
whether there is a role for IL-1a during bacterial and fungal keratitis. We found no role
for IL-1a in our murine model of Aspergillus fumigatus keratitis (using strain Af293-RFP,
data not shown). However, we uncovered differential roles for IL-1a and IL-18 during
Pseudomonas aeruginosa keratitis where IL-13 was protective but IL-1a was
detrimental. While there were no differences in recruitment of neutrophils or neutrophil
effector functions between WT and Il1a-/- mice, we found that ll1a-/- neutrophils had a
more proinflammatory transcriptomic profile. Among the upregulated genes, C1gb was
of particular interest because of its antimicrobial capabilities. The role of complements in
the cornea is not well understood and future directions for this project will examine
whether C1q is necessary for protection against microbial keratitis. Moreover, it is
unclear whether C1q has a direct antimicrobial role in the cornea or if it is acting
indirectly by activating the classical complement pathway. We will also examine other
upregulated genes in Il1a-/- neutrophils to identify other mechanisms by which Il1a-/-
mice have enhanced bacterial killing.

Another interesting observation we found comparing Il1a-/- to WT mice is that IL-
1a is necessary for monocyte recruitment. As previously mentioned, 90% of infiltrating
CD45+ cells are neutrophils with <10% being monocytes. Depletion of neutrophils result
in severely impaired bacterial killing. However, whether monocytes play a detrimental or
protective role during microbial keratitis is unclear.

Studies involving lung infections have shown contradicting effects of monocytes.
During Cryptococcus neoformans pulmonary infection, depletion of monocytes results in

positive disease outcome and better survival indicating that monocytes play a
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detrimental role (59). In contrast, infection with Candida albicans require monocytes to
effectively control the infection (60, 61). In our model of keratitis, it is possible that
monocytes play a detrimental role in the cornea as ll1a-/- mice have delayed monocyte
recruitment. Therefore, we examined whether monocytes play a role in the cornea.

My preliminary data show that depletion of monocytes with clodronate liposome
in the first 24-hours leads to significant decrease in bacterial killing despite no
differences in neutrophil recruitment (Figure 4.1). Defective bacterial clearance
persisted to 48 hours post-infection despite repopulation of monocytes by this time
point. We found that IL-1a levels were reduced in the absence of monocytes in the
cornea indicating monocytes are the main source of IL-1a in vivo (Figure 4.2); however,
lI1a-/- mice do not show impaired bacterial killing (Figure 2.2). To examine neutrophil-
monocyte cross talk, we will next examine single-cell RNA sequencing data of CD45+
cells from P. aeruginosa-infected corneas using CellChat. Further, neutrophils from
infected corneas in the presence and absence of monocytes were sorted for bulk RNA
sequencing to compare transcriptional changes in neutrophils as a response to
communication from monocytes. Future studies will aim at addressing how monocytes
regulate bacterial killing in the cornea.

Together, the studies in this thesis describe a novel role for IL-1a and how it is
regulated by neutrophils in response to infection. Our findings could provide a new
pathway to target for therapeutics. Currently, microbial keratitis is treated by
antimicrobials followed by topical corticosteroids. Steroids potently and non-specifically
dampen the inflammation to reduce corneal scarring and vascularization (193, 194).

However, this allows for the infection to continue if the pathogens are not entirely
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cleared with antimicrobials beforehand. Thus, there is a need for a more targeted
treatment that can reduce inflammation while still maintaining bacterial and fungal
killing.

The IL-10-IL-1R1 axis could be one of those targets as we found enhanced
bacterial killing in the absence of IL-1a. Treatment with anakinra (IL-1Ra) would be
more direct compared to corticosteroids. However, anakinra would also affect IL-13
signaling as well. It is unclear whether blocking both IL-1a and IL-1 signaling post-
infection would affect bacterial or fungal killing capabilities by neutrophils in the cornea.
My preliminary data indicate that IL-1a and IL-1 do not have a direct affect on bacterial
killing, and ll1a-/- and Il1b-/- neutrophils do not have impaired bacterial killing compared
to WT. Instead, these cytokines are necessary for myeloid cell recruitment to the
corneas. Based on these observations, we predict that blocking IL-1R1 signaling post-
infection should not impair bacterial killing as the infiltrating cells have already reached
the cornea. Further experiments are required to test this hypothesis.

Our understanding of how IL-1a and IL-13 is regulated allows us to target each
cytokine specifically. Further, we add to the growing evidence for non-redundant
functions described for IL-1a and IL-1B. Together, the studies described in this thesis
improves our understanding of inflammation in the cornea during microbial keratitis and
provides potential pathways to target for therapeutics that is more specific than

corticosteroids.
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Figure 4.1: Monocytes are essential for protection against P. aeruginosa infection
of the cornea.

(A) Clodronate liposome depletes monocytes but do not affect neutrophil recruitment to
the cornea at 24hpi (n=8). (B) Representative brightfield and GFP images of infected
corneas with (C) quantification of corneal opacity and GFP intensity (n=15). (D) PAO1
CFU at 24hpi (n=10). Significance was calculated by unpaired T-test. *p < 0.05, *p <

0.01, ***p < 0.001, ****p < 0.0001.
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Figure 4.2: Monocytes are an important source of IL-1a but not IL-18 in vivo.
Whole cornea lysates were collected at 24hpi from PBS liposome or clodronate
liposome treated mice. Cytokine levels were determined by ELISA (n=8). Significance

was calculated by unpaired T-test. *p < 0.05, *p < 0.01, **p < 0.001, **p < 0.0001.
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