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Abstract



Gasdermin A is activated by Staphylococcus aureus cysteine protease Staphopain A
By Claire Qu

Methicillin-resistant Staphylococcus aureus (MRSA), is a gram-positive bacterium that is
part of the human nasal microbiota. It is also a common opportunistic pathogen associated with
community and hospital-acquired infections which causes sepsis and death. MRSA releases a
cysteine protease, staphopain A (ScpA) during host epithelial cell cytoplasm invasion that
induces cell death by an unknown mechanism. Pyroptosis, or inflammatory cell death, is
important for initial host cell survival and signaling during infection. Gasdermin A (GSDMA), a
pyroptosis-inducing protein expressed in human mucosa and epithelial cells is only known to be
activated by the cysteine protease SpeB from Group A Streptococcus (GAS). Since GAS and
MRSA clinical manifestations are similar, and SpeB and ScpA are both secreted cysteine
proteases, it was hypothesized that GSDMA is activated by ScpA and that this is responsible for
the cell death of keratinocytes observed during MRSA invasion. The data from biochemical
assays and in vivo murine studies showed that ScpA affected the GSDMA pathway and induced
other inflammatory signals. ScpA was able to cleave GSDMA in vitro to a form consistent with
its activation. Murine GSDMA knockout and wild type C57BI/ 6 mice, infected intradermally
with wild type (WT) and ScpA deletion mutant (AScpA) MRSA strains had similar CFU burden
and lesion sizes, but differences in redness and swelling consistent with a role for ScpA and
GSDMA in the inflammatory response to infection. Pro-inflammatory cytokines like IL-1 were
induced at higher rates with the WT MRSA injection rather than the AScpA MRSA injection.
The cytokine concentration difference was more pronounced in GSDMA-KO mice than the WT
mice. Overall, it was shown that ScpA plays a role for inflammation in MRSA infection and can
cleave GSDMA. ScpA is not required for MRSA virulence as SpeB is required for GAS
virulence. This data will inform further studies on ScpA and GSDMA interaction with
keratinocytes using cell culture models, biochemical assays, and additional murine models of
infection.
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Chapter 1: Introduction

Staphylococcus aureus is a gram-positive bacterium that infects a number of hosts. The
name comes from the grape cluster-like morphology that is observed in S. aureus cells since
Staphyle in Greek means “bunches of grapes”. In humans, it is a major opportunistic pathogen
and is associated with both community and hospital-acquired infections (Taylor and Unakal
2023). S. aureus is commonly colonized in the anterior nares as part of the normal microflora
(Wertheim 2005). However, it can infect virtually every type of tissue in the human body and is
connected to a broad range of clinical manifestations. It is a leading cause of sepsis, infective
endocarditis, and pneumonia (Tong et al 2015). It is also a common cause of device-related,
pleuropulmonary, osteoarticular, and skin and soft tissue infections (Tong et al 2015). In severe
cases, S. aureus colonization may result in necrotizing fasciitis (NF) which is an aggressive and
rapidly progressing superficial fascia infection with a high mortality rate (Sabat et al 2022). S.
aureus can also live on the skin without overt infection, but still be associated with disease. One
of the most common chronic inflammatory skin disorders, atopic dermatitis (AD), is associated
with S. aureus colonization (Kim et al 2019). Patients with psoriasis, a chronic inflammatory
skin condition that affects around 60 million people worldwide, also have increased S. aureus
skin colonization, and S. aureus-induced inflammation is correlated with psoriasis pathogenesis
(Raharja et al 2021) (Totté et al 2016).

In the past few decades, there has been a sharp increase in the prevalence of antibiotic-
resistant strains like methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-
resistant Staphylococcus aureus (VRSA), making it more complicated to treat S. aureus
infections (Wertheim 2005). Antibiotic-resistant S. aureus infections are largely nosocomial;

however, some strains, like the USA300 MRSA strain, are associated with community epidemics



(Wertheim 2005). Along with antibiotic resistance, these strains are particularly dangerous
pathogens due to their destructive virulence factors (Watkins 2012). In the late 1990s and early
2000s, incidence rates of MRSA increased alarmingly throughout North America and Europe but
due to improvements in infection control procedures, has since steadily decreased since 2005
(Tong et al 2015). However, there is still no vaccine against S. aureus (Clegg et al 2021).

To further develop therapies and infection control procedures, the complex
pathophysiological interactions between S. aureus and the host must be better understood. S.
aureus is known to make a range of virulence and immune invasion factors to alter the human
immune response (Howden et al 2023). It also is known to invade non-phagocytic mammalian
cells like keratinocytes as well as survive internalization of phagocytes like macrophages
(Fraunholz and Sinha 2012). S. aureus can survive phagolysosome internalization by resisting
host cell antimicrobial attack (Flannagan et al 2018). Invasion into the cytosol of non-phagocytic
cells can also happen and is facilitated by numerous bacterial cell wall anchored proteins (Foster
et al 2014). The bacteria can then kill the host cell from within and begin a new cycle of
infection (Stelzner et al 2021). This internalization and release cycle leads to the persistence of
the infection and the destruction of host tissue.

Several virulence factors are responsible for aiding host cell destruction (Stelzner 2021).
Staphopains are highly conserved extracellular cysteine protease S. aureus virulence factors
(Stelzner et al 2021). Staphopain A (ScpA) has a broad substrate specificity and is known to
degrade elastin fibers and human complement proteins (Jusko et al 2014). ScpA is coded on the
scpAB operon together with staphostatin B, which is responsible for 1:1 inhibition of ScpA
proteolytic functions to protect from unnecessary protein degradation before the protease is

secreted (Nickerson et al 2009). ScpA was identified to also induce cell death after host epithelial



cell cytoplasm invasion (Stelzner et al 2021). The mechanism by which cell death is induced is,
however, unknown.

Mammalian hosts have endogenous mechanisms to detect and protect against bacterial
invasion into the cytosol. When a host cell detects an intracellular pathogen like bacteria, the
innate immune system is activated and assembles a supramolecule called the inflammasome
(Deng et al 2022). The inflammasome mediates caspase-1 protease regulation which cleaves pro-
inflammatory signaling cytokines interleukin-1p (IL-1B) and interleukin-18 (IL-18) into their
biologically relevant forms (Kelley et al 2019). Once activated, cytokine IL-1p induces the
expression of genes responsible for fever, pain, vasodilation, hypotension, and immune cell
recruitment (Kelley et al 2019). IL-18 mediates initiation of adaptive immune responses and
induction of the critical signaling cytokine interferon-gamma (IFN-y) (Kelley et al 2019).

Gasdermins (GSDMs) are a family of five pore-forming proteins labeled A through E
that are continuously expressed in the cytosol of a variety of mammalian host cells (Broz et al
2019). Along with cytokines, Caspase-1 is also shown to cleave gasdermin D in gut, liver, and
lymph tissues (Orning et al 2019). Once cleaved, they are responsible for the lytic pro-
inflammatory cell death program called pyroptosis (Broz et al 2019). It is thought that GSDMs
induce pyroptosis as an immune mechanism to kill infected host cells and amplify inflammatory
responses by releasing active IL-1f /IL-18, caspases, and other cytokines and inflammatory
mediators (Liu et al 2021). Gasdermin proteins have an N-terminal cytotoxic domain and a C-
terminal repressor domain connected by a linker (Broz et al 2019). Once cleaved, the N-terminal
product is released which oligomerizes and punctures a hole in the cell membrane. This causes
GSDM pore formation at membrane sites in the cell, initiating downstream inflammatory

cascades and danger signals by releasing cytokines which induce inflammatory gene expression



in other cells within its vicinity (Liu et al 2021). Once the contents are released through the
pores, the cell itself dies which leads to pathogen colony niche destruction (Orning et al 2019).

Gasdermin A (GSDMA) expressed in human mucosa, epithelial, and sentinel immune
cells, has no known endogenous activation protein (Deng et al 2022). However, an extracellular
cysteine protease, SpeB, from Streptococcus pyogenes (Group A Streptococcus, GAS) has been
previously shown to uniquely activate GSDMA by cleaving the N-terminal product (Deng et al
2022) (LaRock et al 2022). S. pyogenes clinical manifestations are similar to that of S. aureus
and infect the same cell types like keratinocytes. SpeB and ScpA are both virulence factors with
cysteine protease functionality and have been shown to induce cell death after intracellular
pathogen invasion. Conservation of GSDMA in the human genome indicates it could be
important for detecting additional pathogens, and if so, S. aureus is one candidate.

In this thesis, | will examine the mechanism of ScpA-induced host epithelial cell death.
The hypothesis is that ScpA, like SpeB, cleaves GSDMA specifically to initiate inflammatory
cell death through pyroptosis. ScpA and SpeB have similar active sites and are both virulence
factors known to cleave host proteins. Through biochemical assays and a necrotizing fasciitis
mouse model of infection, | showed that the S. aureus secreted protease ScpA can indeed affect

the GSDMA pathway as well as induce other inflammatory signals.



Chapter 2: ScpA activates hGSDMA and inflammation in vitro

It is hypothesized that since SpeB can cleave human GSDMA (hGSMDA), then ScpA
can perhaps also cleave GSDMA at the same site to form a GSDMA pore (Figure 1). To
examine whether GSDMA is indeed activated by ScpA with a similar mechanism to SpeB,
purified ScpA and GSDMA proteins were incubated at physiological temperature and checked
for cleavage products. If ScpA cleaves GSDMA at the same site at SpeB, the cleavage products

should migrate similarly by SDS-PAGE.
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Figure 1. The schema shows the proposed mechanism of ScpA-activated, GSMDA-mediated
pyroptosis. ScpA is released by intracellular MRSA which along with other functions, cleaves
off the GSDMA suppressor C-terminal to induce the GSDMA N-terminal pore formation which

causes pro-inflammatory cytokine release and cell death.



Methods

Protein Purification

The biochemical aspect of the project started with purifying ScpA and hGSDMA. ScpA
was expressed and purified by expressing the protein in S.aureus RN6390 harboring pRscpAB
plasmid (Ngai 2011). The cells were grown for 6 hours in Invitrogen Terrific Broth and
separated by centrifugation (Ngai 2011). To chelate metals, 1 mM EDTA was added to the
supernatant and the proteins were precipitated by the addition of 80% saturation of ammonium
sulphate (Nickerson 2009). The pellet was dissolved and dialyzed into 20 mM sodium phosphate
at pH 7.4. The protein was then filtered through a 0.20 uM filter before running a HiTrap SP HP
ion exchange column (Amersham Biosciences). The proteins and ScpA were eluted in 2 mL
fractions at a flow rate of 2 mL/min through a linear NaCl gradient up to 1.0 M in 50 mM
sodium phosphate. The column fractions were visualized using sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). Full-length human GSDMA was cloned from
pUNO1-hGSDMA into pET-SUMO kanamycin cassette with a cleavable His-SUMO tag using
the Polymerase Incomplete Primer Extension (PIPE) cloning technique (LaRock 2022). Protein
expression of hGSMDA in E. coli BL21 (DE3) was then induced at 18C overnight with 0.2 mM
isopropyl-p-d-thiogalactopyranoside (IPTG) until ODew reaches to 0.8. Cells were collected and
resuspended in lysis buffer (20 mM Tris HCI, pH 8.0, 150 mM NaCl, 1 mM DTT). Lysates were
homogenized through ultrasonification. His6-SUMO-hGSDMA was purified using affinity
chromatography with HisPur Nickel Resin. The column fractions were visualized using sodium

dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE).



Cleavage Assays

Once purified, the activity of ScpA on hGSDMA was checked. GSDMA was incubated
with ScpA at various concentrations and time periods to identify the cleavage conditions.
Initially, ~6 um of purified recombinant GSDMA (300 ng/uL) and ScpA at 20 ng/uL were
incubated in cleavage buffer (phosphate-buffered saline (PBS), 2 mM DTT, 2 mM EDTA), then
separated by SDS-PAGE and visualized using AcquaStain (Bulldog Bio) staining of proteins.
For kinetics of cleavage, ~6 um of purified recombinant GSDMA (300 ng/uL) was incubated at
37°C with ~3 um of ScpA (with the optimal concentration). Aliquots of the sample were taken
out at 0 minutes, 15 minutes, 30 minutes, 1 hour, 2 hour, and 4 hours. The products were
separated on a sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) protein

gel and visualized using AcquaStain (Bulldog Bio) staining of proteins.



Results

Protein Purification and Cleavage Assay

B)
~55 kDa GSDMA
GSDMA (~300
~35 kDa ng/uL)
ScpA "25kDa SCpA and
GSDMA
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Figure 2. A) SDS-PAGE protein gels verifying the presence of purified human GSDMA and
ScpA. B) The time course cleavage assay was visualized through an SDS-PAGE protein gel. The
cleavage of recombinant human GSDMA was then verified.

Inactivated hGSDMA has a molecular weight of 49.4 kDa. ScpA has a molecular weight
of 21 kDa. The purified human GSDMA and MRSA ScpA tested were not completely clean
(Figure 2A). In PBS and physiological temperatures at the concentrations tested, \GSDMA
cleavage seems to happen around the one-hour time point, evidence by the loss of intensity of the
~50 kDa band of hGSDMA (Figure 2B). Along with the linker, there may be additional
cleavage of the C- and N-terminal fragments by ScpA which prevents their accumulation under
these conditions (Figure 2B). Additionally, the N- and C-terminals of GSDMA have similar

molecular weights as ScpA at around 28 kDa and 24 kDa respectively.



Chapter 3: ScpA activates GSDMA and inflammation in vivo

To test if GSDMA is activated by ScpA in vivo, murine models were used. Like humans,
mice express MGSDMA which is similar to hGSDMA in the skin and upper gastrointestinal
tract. Unlike humans, mice express three tandem alleles (NGSDMA 1-3) on chromosome 11
which appear in different concentration in each tissue: mGSDMAL1 is expressed in the skin and
the stomach, MGSDMAZ2 is highest in the stomach, and mMGSDMAZS is highest in the skin
(LaRock et al 2022) (Figure 3). GAS cysteine protease SpeB was shown to cleave all three
MGSDMAs with possible functional redundancy. Thus, to phenocopy the single human GSDMA

gene, MGSDMA123-triple-knockout mice were used.

Homo sapiens
Chr. 17

Mus musculus Identity to human:
Chr. 11 74% 76% 88%

GSDMA3 H GSDMA2 < GSDMA1
— ——> —>

GSDMA

sgRNA: 54'1nt

Figure 3. GSDMA gene arrangement in mice along with the human homolog. GSDMA knock
out mice were bred for experimentation using CRISPR. The CRISPR site is indicated (LaRock
et al 2022).

The murine model of infection was used where a necrotizing fasciitis lesion is induced
between the epidermis and dermis by an intradermal injection of either wild type MRSA (WT
MRSA) and ScpA deletion mutant MRSA (AScpA MRSA) strains into wild type C57B1/6 or
MGSDMAL1,2,3-KO mice. Such lesions are observed clinically in human skin infections like

necrotizing fasciitis (Sabat 2022). Mice skin lesions were then dissected and analyzed through



visual measurements, pathogenic bacteria colony forming units (CFU), and inflammation-
associated cytokine concentrations. Visual measurements were taken to compare quantitative
visual differences of lesions between conditions. MRSA CFUs were measured to quantify
bacterial load of the skin infection between conditions. Inflammation-associated cytokine

concentrations were measured to identify the inflammatory levels between conditions.



Methods

Strain Preparation

The S. aureus strains were graciously given by the McGavin lab at Western University.
Pandemic S. aureus strain WBG10049, a strain that produces ScpA, was used as the wild type
(WT) MRSA strain and has been described previously (Nickerson et al 2010). The ScpA knock-
out (AScpA) MRSA strain was created by replacing the SCpAB operon with an aminoglycoside-
resistance cassette in WBG10049 as previously described (Ngai 2011). The strains were
routinely propagated at 37°C in Tryptic Soy Broth (TSB; Difco) and washed two times with PBS

before diluting to 1x10° colony forming units per mL (CFU/mL).

Mice Breeding and Knockout Mice Generation

Triple mouse GSDMA (mGSDMA) knockout C57B1/6 mice are previously described,
generated by using CRISPR/Cas9 to eliminate the coding sequence of all three GSDMA genes
and did not include any overlapping genes on either DNA strand (LaRock 2022). Genotyping
was performed to verify knockout mice using ear clip samples in lysis reagent (25mM NaOH,
0.2mM EDTA). To extract the DNA, the sample was heated at 95°C for 1 hour and then cooled
to room temperature before 75 uL of 40mM Tris pH 5 was added. A PCR reaction was
completed using two primers:

GSDMA-F (GCCTGAGGTGAGGCACTTCTAACAG)

GSDMA-R (GCACGAGGCACACAAGTGGTGCAC).

The PCR sample (5uL 5x GoTaq Flexi buffer, 2uL. 25mM MgClz, 0.5uL 10mM dNTPs,
0.125uL GoTaq Hot Start Polymerase, 2.5uL. Template DNA, 13.9 uL Water, 1uL 5uM F/R

primer mix) was incubated at 95°C for 3 minutes. Then repeating, 95°C for 15 seconds



(denaturing), 54°C for 15 seconds (annealing), 72°C for 1 minute (elongation), 34 times. The
final elongation was set as 72°C for 5 minutes and the sample was held at 12°C. PCR samples

were run on 2% agarose gel for visualization.

Intradermal Mice Infection

Six to twelve week old C57B1/6 WT and GSDMA KO (mMGSDMAL1,2,3-KO) mice of
both sexes were first injected intradermally with 1 x 107 or 1x 10° 100 uL of WBG10049. Each
injection site was shaved, exfoliated, and disinfected with ethanol before inoculation. They were
then housed in the standard ambient ABSL-2 environment (~20°C and ~50% humidity) under
pathogen-free conditions with a 14 hour light/ 10 hour dark cycle. After 48 hours, the mice were
euthanized by CO:2 asphyxiation and decapitation. The skin lesions were imaged for size analysis
and color change observations. Skin lesion and spleen samples were then disinfected with
ethanol and dissected from each experiment for CFU plating, Inflammatory Cytokine Array
analysis, and histology analysis. Animal use and procedures were approved by the Emory

Institutional Care and Use Committee.

Skin Lesion Size Analysis

The analysis of skin lesion size was conducted utilizing FIJI software. Photographic
documentation of the skin lesions included the inclusion of a ruler for scale reference. The
measurement of the lesion surface area was conducted to assess the extent of horizontal tissue

damage expansion.



Color Quantification

The analysis of inflamed uninfected skin (IUS) redness around the lesion was conducted
utilizing FIJI software. Photographic documentations of the skin lesions were split into
CIEL*A*B* color space. The a* image was then selected. The a* image applies the a* value,
color from green (-60) to red (+60), to each pixel of the image. The mean value of a* of a
selected area at the IUS was measured and compared to a representative a* measured at an
uninflamed uninfected skin area (UUS) serving as a control site for background skin redness.
Thus, Aa* is the difference between the IUS and the UUS a* values. Adapted from Logger, J. G.

M., E. M. G. J. de Jong, R. J. B. Driessen, and P.E. J. van Erp (2020).

Histology

Histology was performed on the mice skin samples to visualize tissue damage and
immune cell accumulation at the subcutaneous injection site. The skin lesion samples were first
fixed in 4% paraformaldehyde, paraffinized, and sectioned at a width of 5 um and then sent to
the Cancer Tissue and Pathology Shared Resource of Winship Cancer Institute of Emory
University for slide preparation. The sample was then stained with hematoxylin and eosin (H&E)
to identify types of cells and tissue in the sample. Nuclei will be observed to identify neutrophil

accumulation and epithelium damage.

Colony Forming Units (CFU) Analysis

Mice skin samples were homogenized in 180 uL of PBS with a bead mill and subsequently
prepared for CFU plating to quantify the bacterial load within the lesions. Following

homogenization, the samples were appropriately diluted and plated on HARDYCHROM MRSA



(Hardy Diagnostics) plates and incubated at 37°C overnight. The resultant bacterial colonies
were then enumerated as CFU/mL by multiplying the number of colonies by the total dilution
factor and dividing the result by the volume of culture plated in milliliters. correlated with the

respective skin lesion sizes.

Inflammatory Cytokine Concentrations

Cytokine arrays were conducted to determine cytokine levels in the supernatant of the
homogenized murine lesion tissue. The V-PLEX proinflammatory Panel 1 Mouse Kit was used
and measured the expression of the cytokines IL-15, IL-33, MCP-1, IL-17A, IL-9, MIP-1q, IL-
27p28, IP-10, MIP-2, IFN-y, IL-10, IL-12p70, IL-1B, IL-2, IL-4, IL-5, IL-6, TNF- a, KC/GRO.
The total protein content from the supernatants was quantified by using Pierce Coomassie Plus
(Bradford) Assay Reagent (Thermo Fisher). The total protein content was then normalized to
40ug per sample. Quantification and analysis were done by the Emory Multiplexed

Immunoassay Core (EMIC) with a QuickPlex SQ120 (Meso Scale Discovery).

Statistics
Graphpad Prism 9 was used to evaluate statistical significance. All quantitative data were
analyzed used ANOVA multiple comparisons with Bonferroni correction (n=7,8,7,8). P-values <

0.05 were considered significant.



Results

Skin Lesion Analysis and Color Quantification (CQ)
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Figure 4. A) Representative subcutaneous skin lesions of WT mice and mGSDMA123-KO mice
48 hours after intradermal injection of 107 CFU of WT MRSA or AScpA MRSA. B) Measured
lesion areas of mice 48 hours after intradermal injection. P values were calculated using
ANOVA multiple comparisons with Bonferroni correction (n=5,4,5,4). C) Non-lesion skin areas
were measured for changes in color to identify skin inflammation. The a* value indicates the
mean color value from green (-60) to red (+60) of the selected area. The Aa* value is the
normalized a* value difference between inflamed uninfected skin area and uninflamed infected
skin area of the same mouse. P values were calculated using ANOVA multiple comparisons with

Bonferroni correction (n=5,4,5,4).

The absence of ScpA or GSDMA have no obvious visual effect on the appearance of
MRSA infection lesions. The lesion appearances were variable among biological replicates in all
four conditions (Figure 4A). Neither ScpA nor GSDMA had a significant effect on MRSA
lesion size, possibly in part due to the biological replicates in all four conditions varied greatly in

lesion size (Figure 5B). WT mice infected with WT MRSA had the highest Aa* value and thus



had the higher red intensities at inflamed uninfected skin (IUS) areas (Figure 5C). The absence
of ScpA decreases red intensity of IUS areas in WT mice (Figure 5C). Since redness is
associated with inflammation, WT MRSA infected WT mice, therefore, were associated with

more inflammation than the other attenuated groups (Figure 5C).

Colony Forming Units Analysis
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MRSA bacterial burden in mice lesions were variable among biological replicates in all
four conditions (Figure 6). The mMGSDMAU1,2,3-KO mice carried a trending lower bacterial load

when infected with AScpA MRSA compared to WT MRSA (Figure 6).



Skin Lesion Histology

Figure 6. a) Images of hematoxylin-
and eosin-stained (H&E) histological
sections of WT MRSA infected WT
mice skin lesions 48 hours after
bacterial injection taken at 40x
magnification.

b) AScpA MRSA infected WT mice
skin lesion H&E histology images 48
hours after bacterial injection taken at

40x magnification.

H&E histology images were taken of WT mice lesions only (Figure 6). From microscopy
examination, the epidermis of the WT MRSA infected skin lesions was observed to have poor
organization of dermis layers and abundant inflammatory infiltrate (Figures 6a). The epidermis
of the AScpA MRSA infected skin lesions were observed to have better organization of dermis

layers and less abundant inflammatory infiltrate (Figures 6b).



Cytokine Array Analysis

A) " B) )
B IL-2 TNF-a
*k 8- 800+
L4 °
= 61 T 600 .
z E - T
3 24+ < 400 'I'I °
¢ o g o[ ° e
= = 24 °® - ~ 200+ : : .
L]
= L
0- 0l o 1® H
ul wTt AScpA ul WT AScpA ul WT AScpA
MRSA Strain MRSA Strain MRSA Strain
D) IL-5 E) IL-6 F)

IL-33

2 -
- -
£ 5 3
g E 3
w g S
= @ 3
= =
u, WITT BScpA Ul WT  AScpA Ul WT  AScpA
MRSA Strain MRSA Strain MRSA Strain
IL-15
G) H) 1) IFN-y
600+
L]
- o’e Ty
£ 400 X . E
F . g
0 <
w
- ~
% 200+ =
= 2
L ]
0- -
ul WT AScpA ul wWT AScpA ul WT AScpA
MRSA Strain MRSA Strain MRSA Strain
IL-12p70
IL-9
j) 40+ K) 100 .
I 80 -
o 301 . T WT Mice
€ 2 60+ "
2 s GSDMA KO Mice
Y P
2 o
- =
ul WT AScpA ul WT AScpA
MRSA Strain

MRSA Strain

Figure 7. Concentration measurements of pro-inflammatory cytokine expression from skin
lesions. Skin lesions were dissected from WT and mGSDMA1,2,3-KO mice 48 hours after
infection with 10° CFU WT MRSA and AScpA MRSA.. Uninfected (Ul) WT mice skin was also
dissected and analyzed as a negative control. P values were calculated using ANOVA multiple

comparisons with Bonferroni correction (n=7,7,7,7).



Generally, the pro-inflammatory cytokines trended towards higher rates of induction with
the WT MRSA rather than the AScpA MRSA injections (Figure 7). IL-1pB expression in WT
MRSA-infected mGSDMA1,2,3-KO mice skin lesions is significantly higher than expression in
AScpA MRSA infected KO mice (Figure 7A). A similar trend is seen in WT mice (Figure 7A).
IL-2 concentrations between conditions although were not statistically significant, shared a
similar trend in only mGSDMAZ1,2,3-KO mice lesions to IL-1B where WT MRSA injections
induced higher IL-2 expression than AScpA MRSA infection (Figure 7B). IL-5 expression in
WT MRSA infected KO mice skin lesions is significantly higher than expression in AScpA
MRSA infected KO mice (Figure 7D). IL-6 expression in WT MRSA infected KO mice skin
lesions is significantly higher than expression in AScpA MRSA infected KO mice (Figure 7E).
TNF-a, IL-33, IL-15, IFN-y, IL-9, and 1L12p70 did not seem to have any significant differences
in concentrations between all four conditions (Figures 7C, 7F, 7G, 71, 73, 7K). IL-17A
expression in WT MRSA infected mGSDMA1,2,3-KO mice skin lesions only is significantly

higher than expression in AScpA MRSA infected KO mice (Figure 7H).
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Figure 8. Concentration measurements of anti-inflammatory cytokine expression from skin
lesions. Skin lesions were dissected from WT and mGSDMA1,2,3-KO mice 48 hours after
infection with 10° CFU WT MRSA and AScpA MRSA.. Uninfected (Ul) WT mice skin was also
dissected and analyzed as a negative control. P values were calculated using ANOVA multiple

comparisons with Bonferroni correction (n=7,7,7,7).



Generally, the three anti-inflammatory cytokines trended towards higher levels of
induction with the WT MRSA rather than the AScpA MRSA injections (Figure 8). IL-4
concentrations between conditions were not statistically significant due to high variability,
however, there is a trend in both WT and mGSDMAU1,2,3-KO mice where WT MRSA injections
induced higher IL-4 expression than AScpA MRSA infection (Figure 8A). IL27p28 did not
seem to have any significant differences in concentrations between conditions (Figures 8B). IL-
10 expression in WT MRSA infected mMGSDMAL,2,3-KO mice skin lesions is significantly
higher than expression in AScpA MRSA infected KO mice (Figure 8C). A similar trend is seen

in WT mice (Figure 8C).
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Figure 9. Concentration measurements of inflammatory chemokine expression from skin
lesions. Skin lesions were dissected from WT and mGSDMA1,2,3-KO mice 48 hours after
infection with 10° CFU WT MRSA and AScpA MRSA.. Uninfected (Ul) WT mice skin was also
dissected and analyzed as a negative control. P values were calculated using ANOVA multiple

comparisons with Bonferroni correction (n=7,7,7,7).



Inflammatory chemokine expression trended towards higher in the WT MRSA infections
rather than the AScpA MRSA injections in WT mice (Figure 9). MCP-1, KC/GRO, MIP-
la, MIP-2, and IP-10 did not seem to have any significant differences in concentrations between

conditions (Figures 9A, 9B, 9C, 9D, 9E).



Chapter 4: Discussion and Conclusion

Discussion

Pyroptosis pores are classically induced by the cleavage of GSDMD by caspase-1. Unlike
GSDMD, GSDMA s selectively expressed in skin and gastrointestinal tissue and has no known
endogenous activator. However, the Streptococcus pyogenes virulence protease, SpeB, was
previously shown to cleave GSDMA during intracellular infections at the linker in positions 244-
245 and 245-246 (LaRock et al 2022). SpeB subsequently activates GSDMA to induce
inflammatory cell death which is important to host survival during microbial infection (Deng et
al 2022). In GAS keratinocyte infections, the absence of GSDMA leads to more severe infections
in mice like a higher number of colony forming units and lesion sizes of the infected site (Larock
et al 2022). The Staphylococcus aureus and MRSA virulence factor, ScpA, is a broad specificity
papain-like protease like SpeB. ScpA is known to induce host cell death in epithelial cells
(Stelzner et al 2021). Additionally, since S. aureus is a part of the normal skin microbiota like
GAS and GSDMA expressed in the skin, it was also thought that S. aureus may have developed
interactions with GSDMA (Wertheim 2005). ScpA is important for MRSA to penetrate the
layers of keratinocytes, the first barrier of immune defense. Thus, it was hypothesized that ScpA
cleaves GSDMA in the same way as SpeB to initiate keratinocyte cell death and amplify
inflammatory signaling through pyroptosis.

In Chapter 2, it was shown that purified hGSDMA can be cleaved by purified ScpA in
PBS at physiological temperature at around one hour of incubation (Figure 2). Therefore, there
is interaction between GSDMA and ScpA. However, it is unclear where the cleavage site is, as
the cleavage products are quickly degraded. It is likely that the role ScpA plays in GSDMA

activation is more complicated than a simple cleavage activation at a linker site. Additionally, a



less pure GSDMA purification was also shown to be more effectively cleaved by ScpA which
may indicate that other protein interactions may be occurring.

In Chapter 3, murine models were used for studies in vivo because previous studies have
shown that the three mouse GSDMA alleles (INGSDMAL1, 2, and 3) function similarly to
hGSDMA and are expressed in the skin and upper gastrointestinal tract (Figure 3). The inbred
C57BI/6 mouse line was used because the mice are genetically identical (Bryant 2016). Unlike
the GAS-infected mice, MRSA-infected MGSDMAL,2,3-KO mice developed similar lesion sizes
to MRSA-infected WT mice (LaRock 2022) (Figures 4A, 4B). It is likely that the experiment is
underpowered (n=5) and further experimentation with larger sample numbers is needed. The
lesion area for all conditions is also larger than GAS-infected WT and mMGSDMAL1,2,3-KO mice
even though the initial CFU of the MRSA injections is ten-fold smaller than the GAS injections
(LaRock 2022). MRSA infections also lead to faster lesion spreading, possibly due to differences
in clumping and cell adherence (Yoshida et al 1979). It also was observed that MRSA infections
can penetrate the dermis more easily than strep infections. However, WT MRSA-infected WT
mice had significantly higher red intensities in non-lesion skin than the other conditions where
GSDMA or ScpA were knocked out (Figure 4C). It is possible that the severity of inflammation
around the skin lesions is dependent on the presence of both GSDMA and ScpA. Further studies
need to be conducted to verify this cause and mechanism. The skin lesion CFU data also found
no significance in the bacterial load between the conditions post 48 hours of infection (Figure 5).
There is a slightly higher bacteria burden in the AScpA MRSA-infected GSDMA-KO mice
lesions, however, the data has been inconsistent. Further studies utilizing different methods must
be conducted to ensure reliability. Thus, GSDMA detection of ScpA will lead to detection of

intracellular MRSA and an increase in inflammation but not a significant decrease in bacterial



load, unlike SpeB. Histology showed that WT MRSA infected WT mice had more epidermis and
dermis damage and inflammation than AScpA MRSA infected WT mice (Figure 6).

The cytokine array shows the expression of inflammation associated cytokines in the skin
lesions. It was observed that since IL-1p had higher concentrations in WT MRSA infected skin
lesions than AScpA MRSA infected skin lesions, ScpA is important for the activation of IL-13
(Figure 7A). It is thus hypothesized for future experimentation that like SpeB, ScpA can cleave
and activate IL-1p. Proteolytic cleavage of IL-1 initiates the inflammasome complex and other
pro-inflammatory pathways (Kaneko et al 2019). ScpA was also observed to be important for the
activation of IL-5 and IL-6, other pro-inflammatory cytokines (Figures 7D, 7E). IL-5, like the
other pro-inflammatory cytokines, induces pleiotropic activities including B cell, eosinophil, and
basophil activation or proliferation (Takatsu 2011). IL-6 specifically activates and maintains
inflammatory responses as well as antimicrobials and is known to monitor the inflammation
levels in bacterial infections (Kany et al 2019). TNF-a, IFN-y, and IL12p70 expression data also
showed that, specifically in WT mice, ScpA is important for the activation of these cytokines
(Figures 7C, 71, 7K). TNF-a is known to be responsible for a diverse range of signaling events
that lead to necrosis and apoptosis (Idriss and Naismith 2000). IL12p70 upregulates NK cell and
helper T cell proliferation (Hamza et al 2010). IL-17A expression data also show that in
MGSDMAL1,2,3-KO mice, ScpA is important for cytokine activation (Figures 7H). IL-17A is
known to also amplify other pro-inflammatory cytokines as well as activate eosinophils (Kline et
al 2023). IL-10, an anti-inflammatory cytokine, was shown to be upregulated in mGSDMAL1,2,3-
KO mice and ScpA is also important for the expression of it in KO mice (Figure 8C). The pro-
inflammatory chemokines concentrations analyzed did not significantly increase with mutation

of ScpA or GSDMA (Figure 9).



Future Directions and Conclusion

In conclusion, in Chapter 2, it was shown that hGSDMA can be cleaved by ScpA in vitro.
The cleavage site has not been identified as the protein seems to be degraded at multiple sites by
ScpA. Further studies must be conducted to verify the cleavage sites and the interactions
between hGSDMA and ScpA. Additionally, the GSDMA cleavage products are also similar in
molecular weight as ScpA which renders interpreting the SDS-PAGE gel difficult. Thus,
different experimentation methods like western blot or mass spectrometry will be conducted to
definitively detect and characterize the cleavage products. Additionally, liposome assays will be
conducted to see if the GSDMA pore is created and induced after GSDMA cleavage by ScpA.
These lipids could potentially protect activated GSDMA from further degradation by ScpA, as
would likely happen inside a cell. In vitro infection experiments with keratinocyte from WT and
GSDMA knock out mice will also be conducted with AScpA MRSA infection to examine if the
cleavage product leads to pyroptosis and cell death. Immunofluorescent microscopy images of
keratinocyte permeabilization may also be conducted to identify if the GSDMA pores are
forming in keratinocytes.

In Chapter 3, it was shown that in murine models, GSDMA and ScpA both have an effect
in pro-inflammatory immune processes. WT MRSA infected WT mice had higher red intensities
than AScpA MRSA infected WT mice although lesion size differences between all mice
conditions were variable and not significant. Although the KO mice carried a higher bacterial
load when infected with AScpA MRSA compared to WT MRSA, the bacterial burden between
all four conditions were relatively uniform since all groups had high biological variability.
Therefore, ScpA is not as required for MRSA virulence as SpeB is for GAS infections (LaRock

2022). The inconclusive results and high variability in the lesion size measurement and colony



forming unit analysis could be due to the severity of the infection. Likely, the intradermal
injection of 10° CFU of MRSA and subsequent 48 hours of infection could lead to infections too
severe to compare initial inflammatory signaling and pyroptosis pathways. Thus, the differences
in initial immune activation may not be detectable. To verify this conclusion, the mouse model
must be altered and optimized for future experimentation. A gentler topical application model
rather than an intradermal injection model may be employed. Topical application may also be
more relevant the clinical onset of MRSA skin infections since infections usually start on the
skin surface rather than subcutaneously (Mills et al 2022). Moreover, GSDMA is highly
expressed in corneocytes, keratinocytes which make up the outermost layer of human skin
(Lachner et al 2017). The intradermal injection model may have interacted with mostly
fibroblasts in the subcutaneous space which do not express GSDMA. The timing of the lesion
dissection could also be decreased from 48 hours to 24 hours and a lower bacteria dose could be
applied for a slower infection. A slower infection could lead to more conclusive results as the
group differences would be more pronounced. Additional measurements could also be taken like
measuring lesion skin thickness. Better quality histology pictures of skin lesions could also be
prepared when using the topical application model because the lesions would be less severe.
H&E histology pictures of MGSDMAL,2,3-KO mice can also be taken in the future in addition
to a negative, healthy skin control image.

In Chapter 3, pro-inflammatory cytokines were shown to be induced at higher rates with
the WT MRSA injection rather than the mutant MRSA injection. However, the presence of
GSDMA does not seem to affect the cytokine expression rates in mice skin lesion cells. It was

also shown specifically that IL-1f has higher expression and activation when ScpA is present.

SpeB is known to cleave IL-1p (LaRock et al 2016). Thus, it can be hypothesized that ScpA may



also cleave IL-1f in a similar way to SpeB. Future experimentation regarding this mechanism
can also be conducted by performing a cleavage assay with the two proteins.

Overall, it was found that there is interaction between GSDMA and ScpA and ScpA is
important for infection inflammation. However, more studies need to be conducted to identify
GSDMA cleavage areas, GSDMA pore activation, and keratinocyte cell death due to GSDMA

pore activation.
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