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Abstract

Autophagy is a homeostatic process that regulates and recycles intracellular structures. In
addition, autophagy a host defense mechanism that help reduce the burden of many infections.
The inflammasome is a multiprotein structure that results in the release of proinflammatory
cytokine after the preceding activation by danger signals. There is an apparent interplay between
autophagy and the inflammasome to regulate inflammatory responses. Gouty arthritis is a
commonly encountered inflammatory joint disease. The hallmark of this disease is
hyperuricemia that results in the precipitation of monosodium urate crystals in the joints, leading
to inflammation. A small subgroup of gout patients develops septic arthritis, which present a
challenge during clinical diagnosis and is usually undetected. We aimed to investigate the effect
of bacterial infection during hyperuricemia on autophagy and the inflammatory profile of
macrophages. We hypothesized that during hyperuricemia the inflammatory response by
macrophages will be aggravated. To test our hypothesis, we monitored the effect of bacterial
infection during hyperuricemia on autophagy and on inflammasome activation in macrophages.
To this end, we measured the following different cellular responses: autophagy flux, IL-18
release, and nitric oxide release. We found that uric acid enhanced autophagy and nitric oxide
release, which resulted in an overall reduction in inflammatory response assessed as decreased
IL-1P levels. These results suggest that uric acid exerts modulatory effects on autophagy and
reduced inflammation during bacterial infection in macrophages. Uric acid in plasma acts as anti-
oxidant and in certain conditions acts as inflammatory danger signal. Understanding the effect of
uric acid on the interplay between autophagy and inflammation will facilitate therapeutic

discovery and design.
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The Crosstalk Between Autophagy and Inflammation During Co-Induction with

Hyperuricemia and Bacteria

1. Introduction
1.1 Autophagy

Living cells are constantly degrading and synthesizing cellular components. The process
in which an equilibrium of degradation and synthesis is maintained is termed ‘autophagy’.
Autophagy literally translates to self-eating, which is the process in which cellular homeostasis is
maintained. Proteins and organelles are degraded through autophagy, providing basic materials for
the synthesis of new cellular components. The hallmark of autophagy is capturing cytoplasmic
compartments and bringing them to lysosomes for degradation (1). Loss of autophagy has been
associated with many diseases such as cystic fibrosis (2), pulmonary hypertension (3), and

inflammatory bowel disease (4), as well as other non-inflammatory chronic metabolic diseases.

1.2 Inflammation

Inflammation is a complex response of host machinery to initiate host defense and repair
mechanisms. Although it is an important protective mechanism, the process of inflammation needs
to be strictly regulated to avoid overactivated inflammatory response which leads to cellular
damage and death. Interestingly, autophagy has been implicated in the regulation of inflammation
by regulating the inflammasome (5). The inflammasome is a key player in inflammatory response.
It is a multi-protein complex that activates the highly inflammatory cytokines of IL-1 family, IL-
1B and IL-18 (6). Activation of the inflammasome occurs in response to sterile and non-sterile
endogenous or exogenous agents. Autophagy reduces inflammation indirectly by eliminating
danger associated molecular patterns (DAMPs), and pathogen associated molecular patterns

(PAMPs). It also directly regulates the inflammasome by preventing the assembly of essential



inflammasome components (5). More interestingly, IL-1p which is the final product of

inflammasome formation has a stimulatory effect on autophagy (7).

Another potent molecule associated with autophagy and inflammation is nitric oxide.
Under normal physiological condition nitric oxide exhibits an anti-inflammatory effect on the
body. However, impaired production of nitric oxide in certain diseases exerts a pro-inflammatory
effect. Nitric oxide has been shown to have a paradoxical relationship with autophagy in which it

induces and inhibits autophagy (8, 9).

1.3 Autophagy Inducing Agents

Autophagy is induced under starvation conditions and also can be induced by several
agents including sterile inflammatory molecules such as soluble uric acid or bacterial pathogen
associated molecular patterns (PAMPs) such as Lipopolysaccharides (LPS) (10). These molecules
induce autophagy while at the same time influencing inflammatory mediators such as nitric oxide

and IL-1.

1.4 Objectives of the study

The role of autophagy in cellular regulation is revealing many mechanisms by which
disease processes occur. However, the role of hyperuricemia in autophagy modulation has not
been studied. Neither is the differences in autophagy modulation during sterile and non-sterile
inflammation by hyperuricemia, Gram-positive, and Gram-negative bacteria respectively. In this
study, we investigated whether there is a difference in autophagy modulation and inflammatory
cytokine production under three different stimulation conditions hyperuricemia, whole cells
formalin-fixed Gram-positive or Gram-negative bacteria, and co-induction with hyperuricemia

and formalin-fixed bacteria.
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2. Literature Review

2.1 The discovery of autophagy

The discovery of the lysosome set the foundation stone for the discovery of autophagy. The
term ‘lysosome’ has been coined to the sac-like membrane containing hydrolytic enzymes more
than 50 years ago (11). Shortly after the discovery of the lysosome, the mechanism through which
cellular components are brought to lysosomes for degradation was recognized as ‘autophagy’ (12).
It was soon recognized that autophagy occurs at basal levels in all cells, and in health and disease.
Autophagy is induced in normal physiological processes such as cellular differentiation and aging.
In addition, autophagy is stimulated by danger stimuli such as starvation states or by the presence

of foreign material (13).

2.2 Types of autophagy

Up to date, three different forms of autophagy have been recognized. These are;
microautophagy, chaperon-mediated-autophagy (CMA), and macroautophagy (14).
Microautophagy is a form of autophagy in which component degradation occurs directly through
lysosomal invagination (15). CMA is a unique form of autophagy. Instead of proteins being
sequestered or engulfed, they are excluded from the cytosol and are translocated through the
lysosomal membrane to the lumen where they are degraded by proteolytic enzymes (16).
Macroautophagy (referred to as autophagy in this paper), the most prevalent and heavily studied
form, occurs through sequestration of cytosol components into a double membrane known as the
autophagosome. The lysosome then fuses with this double membrane and the sequestered

compartments are digested (14).

Autophagy can be further classified to selective and non-selective autophagy. Non-

11



selective autophagy is the core degradation process and was once thought to be the only form of
autophagy. It usually occurs in response to starvation and involves the sequestration of random
parts of the cytosol which may or may not include organelles (17). Selective autophagy, as the
name implies, describes the process in which specific cellular components are sequestered in the
autophagosome and are then transported to the lysosome. Several forms of selective autophagy
have been described, examples include; mitophagy (autophagy of mitochondria), pexophagy
(autophagy of peroxisomes), reticulophagy (autophagy of endoplasmic reticulum) and xenophagy
(autophagy of microbes) (18). The selections of compartments to for autophagy relies on

autophagy receptors that are capable of recognizing their ligands on the various components (19).

2.3 Roles of autophagy
2.3.1 In cellular hemostasis

Now that the basic definitions regarding autophagy have been established, a concise
description of the fundamental roles this process plays in health and disease is required. As
mentioned earlier, autophagy maintains cellular hemostasis. It achieves this through regulation of
what to be degraded and what to remain. Autophagy aids in the utilization of energy stores during
starvation by contributing to the degradation of glycogen (20). A phenomenon which has been
noticed in the early years of autophagy research, where glucagon was used as an autophagy inducer
(13). Autophagy is also important in the maintenance of normal protein levels and organelle
recycling. Mice studies provided highly suggestive evidence for the role of autophagy in cellular

compartment turnover (21).

2.3.2 In disease
Deregulated or defective autophagy has been linked to many disease processes including

myopathies, neurodegenerative diseases, cancers. In fact, the intense study of autophagy allowed

12



for the characterization of a new group of diseases known as autophagic vacuolar myopathies
(AVM). The hallmark AVM disease is the accumulation of autophagy vacuoles in the muscle cells
of affected patients. An example of AVM is Danon disease, a disease where patients suffer from
cardiomyopathy, myopathy and mental retardation (22). Accumulation of autophagy vacuoles in
mice was observed in the neural cells of mice deficit in autophagy. These mice showed signs of
neurological dysfunction and ceased to live at an average age of 7 months (23). Huntington disease,
a neurodegenerative disorder, has been associated with the impairment of autophagy. A
consequence of a mutated Huntington protein (mHtt), which interferes with the action of Beclin-1
(BECNT1), is its contribution to the protein homeostasis dysfunction observed in the disease (24).
Autophagy has also been implicated in oncosuppression. Murine studies demonstrated that
defective autophagy results in expedited oncogenesis (25). However, autophagy has also been
shown to facilitate the growth of some cancerous cells by maintaining cellular hemostasis during
starvation, introducing autophagy inhibition as a potential therapeutic solution for some tumors

(26).

2.3.3 In immunity

The process of autophagy has also been shown to contribute to innate immunity.
Autophagosomes containing intracellular have been shown to fuse with MHC-II loading
compartments and result in improved antigen presentation to T cells (27). Moreover, autophagy
plays a role in detecting and degrading invading microorganisms. Membrane damage is one of the
danger signals that initiates autophagy of the damaged membrane and its content (28). Invading
pathogens that damage their enclosing membranes (phagosome) within the cells provide targets
for their destruction through autophagy (29). It is also worth to note that knock-down of Atg5

(autophagy related protein 5) in mice has shown decreased ability of immune cells to clear
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intracellular infection, providing evidence for roles of the Atg proteins beyond autophagosome

formation (30).

2.4 Canonical pathway of autophagy

Autophagy is induced by different stress factors, with starvation as the most commonly
known stress factor. The presence of bacteria and recognition of dysfunctional organelles (e.g.
mitochondria) can also trigger autophagy. The key steps of autophagy include an initiation signal
provided by the unc-51-like kinase 1 (ULK1) complex. Autophagy proteins are then recruited at
phagophore (isolation membrane) assembly site (PAS). Next, membrane nucleation occurs and
phagophore forms. Ubiquitin-like conjugation systems then mediate the formation of
autophagosome by elongation of the preexisting phagophore, lastly, the autophagosome is fused

with the lysosome and its internal constituents are degraded and recycled (31).

2.4.1 Initiation

Inhibition of mTOR by starvation permits the activation ULK1 complex, which permits
recruitment of autophagy proteins at the PAS. Omegasomes represent the PAS from which the
phagophore arises and matures into an autophagosome. They generally originate from
phosphatidylinositol 3-phosphate rich regions in the endoplasmic reticulum ER (32). The ULK1
complex is made through the association of ULK1 with Atg 13, FAK family kinase interacting

protein of 200kDa (FIP200) and Atgl01 (33, 34).

2.4.2 Membrane nucleation
ULK1 complex recruits the constituents of class III phosphatidylinositol 3 kinase (PI3K)
complex, which are; phosphatidylinositol 3 kinase catalytic subunit 3 (PIK3C3), BECNI,

PI3KR4/p150, Atgl4L and nuclear receptor binding factor (NRBF2) (35-38). This PI3K complex
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catalyzes the formation of phosphatidylinositol 3-phospate (PI3P), a membrane phospholipid that
further recruits PI3P-binding autophagy proteins to the PAS, with WD-repeat domain
phosphoinositide-interacting 2 (WIPI2) protein being the most significant (39-41). The
significance of WIPI2 proteins arises due to the fact that this protein recruits Atg5-Atgl2-Atgl6
complex (41). In addition, Atg 9, the only transmembrane autophagy related protein, is speculated
to contribute to phagophore biogenesis by bringing Golgi and endosomal membranes to the

omegasome (42, 43).

2.4.3 Phagophore elongation

Phagophore elongation and its ultimate sealing leads to the formation of the
autophagosome. This process is achieved by two ubiquitin-like conjugation systems, the Atg5-
Atgl2 and the Atg8/LC3-PE (Atg8 will be used for simplicity). Atg5-Atgl2 is formed when the
El-like enzyme Atg7 brings Atgl2 to the E2-like enzyme Atg 10. AtgS then conjugates with Atgl2
and AtglO is released (44). Atg5-Atgl2 the complexes with Atgl6L1 and contributes to
phagophore expansion (45). Atg8-LC3 forms when Atg7 brings Atg8 to the E2-like enzyme Atg3.
This process is followed conjugation of Atg8 with phosphatidylethanolamine (PE) present on the
growing phagophore (46). The Atg5-Atgl2-Atgl6 complex resembles E3-like enzyme which

drives the conjugation of Atg8 to PE (46, 47)

2.4.4 Maturation and degradation
Once the autophagosome mature and encloses, it fuses with lysosomes for degradation of
its content. RAB7A, SNAREs, PLEKHMI1, and homotypic fusion vacuole protein sorting complex

(HOPS) all function to degrade the autophagosome and its content (48-52).
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2.5 Regulation of autophagy

Autophagy is regulated through the kinase mechanistic Target Of Rapamycin Complex 1
(mTORCY1). This kinase is highly responsive to the nutritional status of the cell. In nutrient-rich
conditions this kinase inhibits autophagy by phosphorylating the ULK1 complex preventing their
participation in phagophore formation (53). Beside the inhibitory role of mMTORCI, regulation of
autophagy can be achieved by stimulatory signals. One of these signals is promoted by BECNI.
As mention earlier, BECNI1 is one of the constituents of the PI3K complex, which is responsible
for the formation of PI3P during phagophore biogenesis. Since BECN1 function affects the
summit of the autophagy hierarchy, regulation of this protein sets bases for regulation of
autophagy as a whole. BECNI1 is regulated by binding to proteins such as BECN2 or
intermediate filament protein vimentin 1 (VMP1). Phosphorylation of BECNI1 or its associated
proteins releases BECN1 and allows it to participate in the formation of PI3K formation complex
(19).
2.6 Autophagy induction during inflammation

Autophagy induction can occur via different pro-inflammatory molecules and receptors
within cells. Those include receptors present in phagocytes, various pro-inflammatory cytokines

and interleukins, as well as danger associated molecular patterns (DAMPs).

Autophagy is induced by various receptors present in phagocytes such as toll-like receptors
(TLR), nucleotide binding oligomerization domain (NOD)- like receptors (NLR), as well as
retinoic acid-inducible gene (RIG-1)-I-like receptors (RLRs). Stimulation of TLRs can induce
autophagy which provides an antimicrobial response (54). On the other hand, autophagy can also
induce TLRs by the transport of microbe derived pathogen associated molecular patterns (PAMPs)

to the endosomal lumen which activates TLR (55). Likewise, NOD1 and NOD2 which are NLRs
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have shown to recruit ATG16L at the site of bacterial entry in the plasma membrane (56). To add,
NLRXI1 promotes the formation of autophagy related complexes ATG5-ATG12-ATGI16L (57).
The RLRs stimulation is augmented by Atg5 deficiency through increased levels of reactive

oxygen species (ROS).

Several types of cytokines are involved in the promotion of autophagy such as TGFp, IFNy,
TNFa, IL-2, IL-10, and IL-1B. Tumor growth factor f (TGFp) is implicated in the promotion of
autophagy in multiple studies. The first study to describe the relationship treated bovine mammary
epithelial cells with TGF-1, which led to a significant increase in the levels of LC3 and Beclin-1
in their cytoplasm (58). Since then, many other studies showed that TGF- promotes autophagy.
It was found to induce autophagy in renal proximal tubular epithelial cells of human origin, human
lung fibroblasts, breast cancer tumor stromal cells, and in human atrial myofibroblasts (59-62).
Moreover, Interferon gamma (IFNy) has been shown to induce autophagy formation in
Mycobacterium tuberculosis infected macrophages (63). Likewise, Tumor necrosis factor-alpha
(TNF-a) has shown comparable results. When JEG-3 cells are treated with TNF-a showed a
significant increase in the expression of LC3-II which indicates increased autophagy (64). Another
potent cytokine in the induction of autophagy is IL-2, which promotes autophagy in natural killer
cells and lymphocytes rather than macrophages (65). When cancer patients are treated with 1L-2
they experience systemic autophagy, which sometimes lead to systemic autophagic syndrome that
results in organ dysfunction (65). Furthermore, IL-1a and IL-1 enhance autophagy by activating
autophagosome formation (66, 67). Interestingly, these interleukins are also inhibited by

autophagy, which could propose a negative feedback mechanism.

Danger associated molecular patterns (DAMPs) are known inducers of autophagy. These

molecules include HMGBI1, DNA, and S100A8/A9 are released by cells under various conditions
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of tissue damage. One well studied DAMP is the chromatin regulating high mobility group box 1
(HMGBI1) protein, which is found abundantly in the nucleus (68). Increased levels of reactive
oxygen species promote HMGBI to translocate to the cytoplasm where it interacts with Beclinl
protein to promote autophagy (68). Furthermore, when DNA is leaked out of the nucleus and
mitochondria autophagy can be induced via poly-ADP ribose polymerase-1 (PARP-1) (69). To
add, SI00A8/A9 complex is a complex of the S100 Ca?" protein binding family that are found in
different cell types and are expressed abundantly in myeloid cells (70). When SHEP cells are
treated with ST00A8/A9 typical autophagy structural hallmarks under electron microscopy, as well
as increase in Beclin-1 expression in addition to Atgl2-Atg5 formation in those cells (71). These

findings indicated a role of autophagy in SI00A8/A9 induced cell death (71).

2.7 Inflammation

The term inflammasome was first described in 2002 by Tschopp et al. to describe a high
molecular weight structure containing multiple-inflammatory proteins (72). This structure
orchestrates the activation of caspase-1 which leads to the formation of pro-inflammatory
cytokines IL-1B and IL-18. Since then, research has expanded in this area and different
inflammasomes have been described. The initiation of inflammasome formation is done by various
cytosolic sensor proteins. These sensors are proteins which include NOD like receptor members

(NLR) NLRP1, NLRP3, NLRC4, in addition to AIM2, and pyrin.

2.7.1 NLRP3 inflammasome

The most widely studied inflammasome is NLRP3 (73). The inflammasome structure is
simple and consists of NLRP3 protein, adaptor ASC protein, and pro-caspase-1 (74). The
activation of NLRP3 inflammasome requires two signals a priming signal, which upregulate the

formation of NLRP3, pro-IL-1p, and IL-18m and a secondary signal which triggers the assembly

18



of the inflammasome complex (75). NLRP3 protein has three domains which are leucine rich

repeat (LRR), NACHT region, and pyrine domain (PYD).

NLRP3 senses danger signals via its LRR region at its C-terminal which leads to its
activation. Then, it undergoes oligomerization by interacting with the pyrin domain of adaptor
speck like protein containing C-terminal caspase recruitment domain (ASC) (72). ASC activates
procaspase-1 to its active form by proteolytic cleavage through cysteine protease pro-caspase-1.
Caspase-1 proteolytically activates IL-1B and IL-18. It also has a role in the initiation of pyroptosis
which is a form of inflammatory cell death (76). NLRP3 can be activated by several molecules

such as PAMPS, DAMPS, crystalline influx, and ATP influx (77).

2.7.2 NLRP1 inflammasome
This is the first NLR to be described in the formation of inflammasomes (72). This
pathway of inflammasome formation is activated by various signals such as Bacillus anthracis

lethal factor, muramyl dipeptide, Toxoplasma gondii, as well as intracellular ATP depletion (78).

2.7.3 NAIP-NLRC inflammasome

This inflammasome has been shown to be activated by bacterial flagella and type three
secretion system (T3SS) which delivers bacterial virulence factors to block host defense. NAIPs
binds to bacterial flagella and T3SS, then interact with NLRC4 which acts as an adaptor protein to

enable the activation of caspase-1 (79).

2.7.4 AIM2 inflammasome
Absent in melanoma 2 protein (AIM?2) is a protein that recognizes double-stranded DNA
within cellular cytosol (80). It can be initiated by double stranded DNA from various pathogens

such as bacteria and viruses. However, it can also be initiated by host DNA in the cytosol. Thus,
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any condition leading to the accumulation of host DNA in the cytosol would lead to activation of

inflammatory responses (80).
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Figure 2-1 Activation of NLRP3 inflammasome

Different molecules such as PAMPs, DAMPs, as well as crystals such as MSU crystals can
activate the NLRP3 inflammasome. Oligomerization occurs between ASC and NLRP3. Pro-
caspase-1 is activated by ASC and is proteolytically cleaved to caspase-1. Caspase converts
pro-IL-1pB and pro-IL18 to IL-1p and IL-18 which exist the cell to perform various functions.

2.7.5 Pyrin inflammasome
The pyrin inflammasome is activated via sensing various bacterial toxins (81). MEFV gene
is the gene coding for pyrin protein and mutations in this gene are linked to hereditary autoimmune

diseases (82).

2.8 Nitric Oxide
2.8.1 Nitric Oxide Synthesis and Function:
Nitric oxide is a free radical considered as a reactive nitrogen species that acts as a

signaling molecule. It is an abundant cellular messenger found throughout the body, in the
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nervous, cardiovascular and immune systems. It has a multitude of functions in which is elicit
physiological responses such as regulating blood flow and tissue response to hypoxia, as well as
autophagy (83). It is synthesized by nitric oxide synthases from the amino acid L-arginine in a
two steps oxidation process (84).

2.8.2 Nitric Oxide and the Inflammasome:

Nitric oxide is known to be a strong inhibitor of cytokine expression (85). It has been
found to inhibit the activity of caspase-1 enzyme. This ultimately leads to the inhibition of the
inflammasome, and the release of IL-1p and IL-18 even in the presence of (86). Even when
RAW 264.7 macrophages were induced with LPS, the presence of nitric oxide still led to the
inhibition of IL-1p production (87).

2.8.3 Nitric Oxide and Autophagy:

The interplay between nitric oxide and autophagy is a complex process (88). This is due
to the paradoxical relationship between nitric oxide and autophagy, in which the literature shows
both inhibitory and stimulatory effect of nitric oxide on autophagy (9, 89). Under the conditions
of sever oxidative stress nitric oxide was found to promote autophagy (90). Another study found
that overexpression of nitric oxide actually impairs autophagy machinery by decreasing JNK1
and Bcl-2 phosphorylation and activation mTORCI1 (9). On the other hand, Pestana et al. found
that inhibiting autophagy stimulated nitric oxide levels in human umbilical vascular endothelial
cells (91). The contradictory effect of nitric oxide on autophagy suggest the presence of a

feedback loop between autophagy and nitric oxide that remains to be elucidated.
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2.9 Uric acid as an inducer of inflammasome formation
Purine catabolism leads to the production of uric acid, which is a danger associated
molecular pattern that is released from dying cells and ischemic tissue (92). When uric acid

crystalizes, it activates the immune system.

Accumulation of uric acid in the body occurs due to increased production with
unavailability of a degradation enzyme. Humans lack uricase enzyme that has the ability to convert
uric acid to a more soluble product, allantoin (93). It is thought that loss of this enzyme by silencing
the gene responsible for its production is an evolutionary process that provided a survival (94).
Although uric acid crystals have antioxidant properties when present in body fluids at normal
physiological levels (95). In contrast, t higher concentrations it appears to act in a reversible pro-
inflammatory manner. This is implicated in the uptake of uric acid by adipocytes, which leads to

the activation of NAPDH oxidases (96).

When a cell is dying or is ischemic it releases danger signals to alert the body defenses and
to promote tissue repair (97). One of these molecules is uric acid which is released from the cells
in the soluble form. However, after exceeding 6.8 mg/dL concentration in a solution, uric acid
crystals begin forming with the aid of other enhancing factors such as low temperatures and acidic
environments (98-100). Uric acid crystals are detected by phagocytes such as monocytes and
macrophages. Once phagocytes engulf uric acid crystals, a cascade of signaling within these cells
is initiated to promote inflammation. However, it is not clear how these crystals interact with

phagocytes to trigger phagocytosis and signaling within cells (101).

Some studies suggest that uric acid crystals are recognized by the immune system, and
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antibodies against the crystals form and coat them. Then, antibody coated crystals are recognized
by antigen presenting cells through interacting with the Fc portion of the antibody (102). Also,
Monosodium urate crystals that are coated with IgG antibodies promote the production of reactive
oxygen species in phagocytes after engulfment (103). Another mechanism shown by Naccache et
al. is the direct binding of monosodium urate crystals with CD16 receptor also termed as FcyRIII

receptor on the surface of neutrophils (104).

Recently, uric acid has be classified as a danger molecule (105). Uric acid crystals have
(106). The mechanisms by which uric acid crystals activate inflammasome formation are discussed
below. Uric acid causes potassium efflux which is a known initiating signal that triggers the
activation of NLRP3 inflammasome (107). Also, crystals are too large to be phagocytosed, which
leads to a process called frustrated phagocytosis (108). Ultrastructure studies have shown that uric
acid crystals, despite their size, can still be phagocytosed by phagocytes. However, the
phagolyososomes that form have disrupted membranes and could possibly release part of their
content into the cytoplasm (109). Damaged lysosomes release cathepsin B which mediates
inflammation (110). To add, uric acid crystals also produce ROS which also activates

inflammasomes (96).

Until recently, it was thought that uric acid in the soluble form is inert and doesn’t initiate
an inflammatory response. However, Braga ef al. have shown that soluble uric acid can activate

the NLRP3 inflammasome through the production of mitochondrial reactive oxygen species (111).

Indeed, soluble uric acid has an inflammatory effect, but the causative agent of gout
remains to be the uric acid crystals that forms due to hyperuricemia in addition to enhancing

factors. It is highly inflammatory and leads to the formation of inflammasomes, release of IL-1f

23



which leads to the rapid activation of neutrophils. These molecular mechanisms lead to the disease
known as gouty arthritis. Hyperuricemia, its implications, and gout disease will be discussed in

the next section.

2.10 Hyperuricemia and gout disease

The most common cause of inflammatory arthritis is gout (112). The disease affects around
8.3 million people in the US (113). It was widely known that uric acid is elevated in the blood of
patients with gout. However, it was only confirmed to be the causative agent of gout after proving

that intra-articular injection of sodium urate crystals leads to the development of gout.

Gout occurs due to the presence of constantly elevated levels of uric acid in the blood
which eventually lead to the deposition of crystals in joints. Although the condition is treatable, it
is extremely painful. Hyperuricemia and gout have common risk factors namely age, alcohol
consumption, renal impairment, diuretic therapy, male gender, postmenopausal women, and

genetic factors (114).

Concentration of uric acid greater than 6.8 mg/dL could lead to the formation of uric acid
crystals that accumulate in joints (98). The development of gout disease varies from one person to
another. However, there are three main steps of the disease formation (115). The first step includes
hyperuricemia that is asymptomatic. Although hyperuricemia is implicated in gout development,
many individuals experience hyperuricemia without developing gout. If the person is to develop
gout, then he/she will suffer from the second stage. This stage includes periodic attacks of acute
gout followed by remission and asymptomatic period. During this stage, when symptoms appear,
they will be in form of fever, chills, and sever pain in the joints. At the final stage, the persistence

of the second stage would lead to the development of chronic gout. The attacks in the chronic stage
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are less painful, however the damage in the joints causes them to be chronically stiff and swollen

(115).

Hyperuricemia is not only associated with gout, it is also associated with other disease
conditions. It is observed in women with pre-eclampsia and is associated with the severity of the
disease (116). A recent study suggest that hyperuricemia could serve as a predictive marker for the
progression of nephrosclerosis (117). Another study observing breast cancer patients concluded
that high uric acid levels in the blood indicates poor survival rate in those patients (118).
Furthermore, hyperuricemia was described in various other conditions such as atherosclerosis,

hypertension, cardiovascular diseases, as well as chronic kidney diseases (119).

Taken together, elevated levels of uric acid in the body is linked to various diseases ranging
from kidney failure to hypertension. However, uric acid crystals are well known for being the
causative agent of the disease gout. The disease progresses through several stages until it leads to
chronic inflammation of the joints. The mechanism by which uric acid crystals cause inflammation

is described in the previous sections.

2.11 Autophagy and the Inflammasome

As can be seen from the previous sections, autophagy and inflammasomes have key role
in inflammation and response to cellular perturbations or death. They share common promotors in
which they are both stimulated by a wide range of pro-inflammatory molecules such as DNA,
DAMPs, interleukins, and cytokines. Not only that, but also autophagy have been shown to have

regulatory effect on inflammasomes.

The role of autophagy in inflammasome regulation was first proposed in a study showing

that ATG16L1 deficient mice had higher levels expression of IL-1 than wild-type mice. To add,
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when those mice were also exposed to MSU or ATP which activate NLRP3, even more IL-1
production was observed (120). In another study, macrophages from LC3 deficient mice and mice
lacking one normal allele of Beclin-1 experienced increased secretion of IL-1p and IL-18 in
comparison to macrophages from wild type mice (121). As discussed earlier, IL-1p and IL-18 are
produced because of inflammasome activation. Thus, the increase of these products in the presence
of deficiency in autophagy implies that autophagy could have an inhibitory role to inflammasome

activities.

The mechanism by which autophagy regulates inflammasomes is not yet fully understood.
However, different mechanisms have been proposed in which autophagy either sequester
inflammasome activators or proteins required for inflammasome functioning. Autophagy can
possibly inhibit inflammasomes is by the removal of damaged mitochondria which automatically
leads to the reduction of mitochondrial derived DAMPs release (121). This leads to the suppression
of the inflammasome perhaps by the reduction of ROS which are responsible for NLRP3
inflammasome formation (122). Another way by which autophagy can inhibit inflammasomes is
by p-62 dependent degradation of inflammasomes. When the NLRP3 and AIM2 inflammasomes
are stimulated, K63-linked polyubiquitination of ASC is triggered. This is then recognized by the
ubiquitin sensor p-62 which leads to targeting ASC to autophagosome for its degradation (123).
Another study showed that in-fact autophagy can sequester pro-IL-1p into autophagosomes for its

degradation when macrophages are treated with rapamycin, which is an inducer of autophagy (7).

2.12 Autophagy Induction During Microbial Infection
In the past, autophagy was thought to be a non-selective process meant for the bulk
degradation of proteins. However, it was found that autophagy can also selectively remove

unwanted proteins from cells by ubiquitylating them. This leads to a cascade of interactions with
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various proteins that eventually degrades these components (124). A form of selective autophagy
that is present within the cells is xenophagy. It is involved in the degradation of intracellular
pathogens, and is considered to be a part of the innate immune response (125). The vacuoles that
form when intracellular bacteria are engulfed are similar to autophagosomes. Both structures have
LC3 molecules and their formation requires Atg5, which are proteins essential for autophagy
(126). However, they differ considerably in size in which autophagosome diameter is between 0.5-
1.0 um while the Group A streptococcus (GAS)-containing autophagosome like vacuoles (GcAV)

measure around 10 pm (127).

There are four proposed pathways for bacteria targeted autophagy Fusion of bacteria-
containing phagosomes with lysosomes, autophagosomal membrane envelopment of bacteria-
containing phagosomes or endosomes, the fusion of an autophagosome with a bacteria-containing
phagosome or endosome, and the capture of bacteria that has escaped inside the cytoplasm by
xenophagy. In some instances, the route of which the bacteria is lysed by autophagy is well-known
such as group A streptococcus which escapes from endosomes and is captured in the cytoplasm
(127). However, for other types of bacteria the mechanisms are not yet well known. Moreover, the
general cellular mechanism used to target bacteria into phagosomes is thought to be similar to
selective autophagy. The bacteria is tagged by cellular markers such as ubiquitin which interacts
with adaptor proteins like p62 and NBR1. Those adaptor proteins have LC3 containing regions

which acts as a target for autophagy (124).

The proteins involved in the process of xenophagy are important in protecting the host
from infections. For example, a knockout of Atg5 in macrophages and neutrophils of mice

increases their susceptibility to infection by Listeria monocytogenes and Toxoplasma gondii.

27



2.13 Microbial pathogens fight back
Microorganisms have developed certain measures to evade host response, and ultimately
adapt to, escape or even hijack the autophagy mechanism. Below, different mechanisms of

autophagy evasion are discussed.

2.13.1 Inhibiting autophagy initial signals

Some bacteria escape autophagy by avoiding the formation of the phagophore and
inhibiting the initial signals leading to autophagy. Examples of such bacteria are Sal/monella
typhimurium and Mycobacterium tuberculosis. S. typhimurium initially does not escape
autophagy, however at four hours post infection, the bacterium initiates an escape mechanism by
promoting mTORCI1 activation (128). The activation of mMTORCI leads to its relocation from the
cytosol to the endosomes and vesicles containing Salmonella which inhibits autophagy targeted

against it (128).

Moreover, Mycobacterium tuberculosis escapes autophagy by blocking a required trigger
for autophagy initiation which is reactive oxygen species (ROS). This is done by the Eis gene
which encodes for an N-acetyltransferase that activates a JUN N-terminal kinase (JNK)-specific
phosphatase thus leading to its inactivation. When JNK is inactivated, the production of reactive

oxygen species is blocked (ROS) thus, autophagy is not triggered (129, 130).

2.13.2 Direct interference with autophagy components activity

Shigella flexneri produces an effector protein VirA which inactivates RAB1 which is a
GTPase mediating the trafficking from endoplasmic reticulum to the Golgi Apparatus (131, 132).
Similarly, Legionella pneumophila produces an effector molecules RavZ which deconjugates PE

from LC3 permanently leading to the inhibition of autophagosome formation (133).
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2.13.3 Camouflage to avoid autophagy

In addition to directly interfering with autophagic components activity, Shigella flexneri
can also avoid autophagy completely by masking itself. This is done by the action of IcsB which
is secreted by type III secretion system. IcsB binds to IcsA present on the bacterial surface and act
as a competitor to ATGS binding, thus it masks the bacteria from recognition by the host machinery
(134). To add, the lack of IcsB in mutant strains leads to the formation of cage like structures that
heavily surround the bacteria. These structures are formed by septins which are important proteins
for the recruitment of autophagy-initiating proteins (135).These findings suggest that IcsB can

mask septins from recognizing bacterial cells, thus preventing the initiation of autophagy.

2.13.4 Blocking the fusion of autophagosome and lysosome

Some bacteria accumulate in autophagosomes however, these vesicles remain non-acidic
and non-degradative during the period of infection. Thus, indicating the bacteria inhibiting the
fusion of autophagosomes with lysosomes. Although it is known that certain bacteria exhibit such
mechanism, it is yet to be known how the blocking of fusion is done. Mycobacterium marinum is
one example of bacteria being sequestered into LC3 positive phagosomes that are positive for
RAB7 and LAMP1 proteins yet, they do not acquire lysosomal activity and are non-degradative
(136). Adherant-invasive Escherichia coli also known as AIEC shows a similar pattern, in which
the bacterial cells are trapped within autophagosomes that never mature to into degradative

autolysosomes which enables bacterial survival within these vesicles (137).

2.13.5 Hijacking Autophagy Machinery
Some bacteria do not stop at the inhibition of the killing functionality of autophagy. They
exploit autophagy to promote their own growth and development. More interestingly, those

bacteria can show lack of survival in cells that are not capable of performing autophagy. Majority
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of the time, these bacteria work by inducing autophagy yet, blocking it at the stage of
autophagosome thus, inhibiting the formation of autolysosome. Then, the bacteria is able to use

this vesicle as a habitat for their growth and replication.

A well-known example undergoing this mechanism is Staphylococcus aureus which gets
isolated into a double membraned autophagosome upon infection. However, the fusion of the
autophagosome with lysosomes is inhibited and the bacteria survives and replicates within the
autophagosome (138). After bacterial replication, the bacteria escapes into the cytosol and leads

to cell death by autophagy which is dependent on the hosts’ ATGS (138).

Another example is the causative agent of Q-fever Coxiella burnetii. The bacterium is able
to survive in host cells after infection within large replicative vacuoles, while producing proteins

that inhibit cellular apoptosis to ensure their continuous growth and replication (139, 140).

2.13.6 Other escape mechanisms

Some bacteria that are known to be targeted by autophagy can escape the process using
mechanisms that are yet to be known. These bacteria use their effector proteins and virulence
factors to alter/avoid the normal autophagy process, however the targets of these proteins and how
they work are not yet established. An example for such bacteria is Burkholderia psuedomallei
which uses its type III secretion system to escape the phagosome into the cytosol and continue its

replication cycle (141).

After setting the foundations of autophagy and its relation to cellular homeostasis,
immunity, and inflammation, it is safe to address the purpose of this study. In this study, we
compare the effect of sterile inflammation versus bacterial infection on autophagy. Provided the

literature review, we speculate that during sterile inflammation and bacterial infection the
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autophagy will be stimulated. However, we will monitor the extent of stimulation of autophagy
and cytokine production and the inflammatory response during both process and grasp a better
understating of the difference governing these processes. We also aim to examine the ability of
macrophage to eliminate uric acid crystals after autophagic induction, a phenomenon which has

not been examined yet.
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3. Materials and Methods

3.1 Reagents

Uric acid sodium salt, DMSO, Bovine Serum Albumin (BSA), Paraformaldehyde,
Orthophosporic acid and Sulfuric acid were purchased from Sigma Chemicals (Sigma USA).
Dulbecco’s modified Eagle medium (D-MEM), Fetal Bovine Serum (FBS),
Penicillin/Streptomycin solution, 0.4% Trypan Blue were obtained from Gibco via Thermo
Fisher scientific (USA). Mouse IL-1B ELISA DuoSet kit from R&D systems (Minneapolis,
MN). Autophagy Detection kit was obtained from abcam (Cambridge, UK). Nutrient agar, Petri
dishes, peptone, yeast extract, LB broth, and Phosphate Buffered Saline (Dulbecco A) tablets
were obtained from Oxoid via Thermo Fisher (USA). Sulfonamide, N-(1-
Naphthylethylenediamine) dihydride, and Sodium nitrite (NaNO>) were purchased from
Biochem Chemopharma (FRANCE). DAPI dilactate and propidium iodide obtained from
Invitrogen (USA). Liquicolor uric acid detection kit was obtained from EKF Diagnostics (USA).
3.2 Cell cultures

Murine macrophages cell line RAW 264.7 was obtained from ATCC and GFP-LC3-
stably transfected RAW264.7 cell line was a kind gift from Dr. Alfred Merrill, Georgia Institute
of Technology, Atlanta, GA. Frozen stocks of macrophages were maintained in liquid nitrogen
for long term storage. Macrophages were propagated in DMEM media supplemented with 10%
(v/v) FBS, 50 IU/mL of penicillin, and 50 pg/mL of streptomycin and incubated in 5% CO, at
37°C for at least 3 days. Once cells exhibited a confluency of approximately 80% new culture
stocks were prepared. Cells were scraped manually and 5% DMSO was added to the cells. One

mL of early passages of cells was transferred into labeled cryo-vials which then frozen and
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stored in liquid nitrogen for long term storage. Several vials of RAW 264.7 and GFP-LC3-RAW
were stored at -80°C for short term storage and immediate use.
3.3 Cell Cultures propagation and maintenance

GFP-LC3-RAW264 and RAW264.7 were propagated into T75 cell culture flasks
containing 25 mL culture media and incubated at 37°C with 5% CO2 under humid conditions.
Cells were propagated once they exhibited overgrowth. Old cultures (older than a week) were
discarded and a new set of RAW264.7 and GFP-LC3-RAW cells were revived from cell culture
stock stored at -80°C to replace old cultures as necessary.
3.4 Bacterial Culture & Fixation

Five different strains of clinically important Gram positive and Gram negative bacteria
were kindly provided by Dr. Nahla Eltai and Dr. Asmaa Al-Thani at Biomedical Research Center
of Qatar University. The following Gram positive bacterial strains were used in the experiments:
Staphylococcus aureus (S. aureus) that is sensitive to antibiotics; low level Methicillin resistant
S. aureus (MRSA-LR) and high level resistance S. aureus MRSA-HR. In addition to two Gram
negative strains a sensitive Klebsiella pneumoniae strain and another K. pneumoniae strain
resistant to B lactam antibiotics. Bacteria were cultured on nutrient agar prepared in the
laboratory as follow: 500 mL of nutrient agar was prepared by mixing 2.5g peptone, 1.5¢g yeast
extract, 7.5g agar, and then dissolved in 500mL of deionized water. The media suspension was
autoclaved at 121°C and 15 psi for an hour. The media was left to cool at around 60°C and 25
mL was pipetted into sterile petri dishes. The dishes were left to solidify and cool down
overnight and were flipped the next day. Freshly grown bacteria were harvested and immediately
fixed in 10 mL of formalin solution to inactivate bacteria without lysis. Formalin solution (10%

v/v) was prepared by diluting 40% formaldehyde in sterile PBS at 1:10 ratio. Bacterial isolates
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were cultured and incubated at 37°C for 24 hours, then harvested and resuspended in 10mL of
10% formalin solution, vortexed, and placed on rotator overnight at room temperature. To collect
the fixed bacteria, the tubes were centrifuged at 5500 rpm for 15 minutes and were washed twice
with sterile PBS to remove any traces of formalin. Pelleted bacterial cells were resuspended in 3
mL PBS. Bacterial density was assessed by measuring the optical density (OD) of the suspension
at 600 nm wavelength in 1 mL cuvette using the spectrophotometer. The measured OD was then
adjusted to 3 for each type of bacteria.
3.5 Uric Acid Preparation

50 mg of Uric acid dry crystals powder (UA) was added to 50 mL culture media and
heated at 200 °C for 1 hour. A sterile syringe and a 45nm Sartorius syringe filter were used to
remove large crystals. The final uric acid concentration was measured using Liquicolor uric acid
quantitation kit following the manufacturer instructions with a modification to the blank. 20
microliters of media without uric acid is added to the blank to account for the color or remnants
of uric acid present in the supplemented media. The initial measurement concentrations were
above the recommended maximum values (20mg/dL) that maintain linearity of measurement.
Therefore, dilutions of the concentrated sample were made and their concentrations were
measured. Dilution with acceptable readout were used to determine the original uric acid
concentration in the sample. The measured uric acid concentration was approximately 38 mg/dL.
3.6 Macrophage Induction Assay

Freshly grown macrophages (RAW264 cells and GFP-LC3-RAW264) were harvested by
scraping the surface of the culture flasks and each cell line was pooled together in one main
suspension to assess viability, cell density and adjust cell counts to similar density through all

experiments.
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3.7 Cell Count

An aliquot of 100 pL of media of the harvested cells was added to an Eppendorf tube
containing 100 pL of 0.4% Trypan blue stain. Cell suspension was mixed well by tapping and
pipetting up and down then 10 puL of the mixture was added to one chamber of a Luna
hemocytometer. Hemocytometer was inserted into Luna II Automated Cell Counter to record
cell count and viability. Viability above 85% was considered suitable for experiments.
3.7.1 Macrophage preparation and induction in 6-well plate

Based on the number of living cells obtained from the cell counter, cells were adjusted to
half a million cells/mL. Coverslips were disinfected by dipping them in media containing
penicillin/streptomycin, and one coverslip was added into each well. Two mL GPLC3-RAW264
containing media were seeded into two 6-well plates with final density of 1 million cells per
well. Cells were allowed to settle in the incubator for 30 minutes. Adherence was confirmed by
visualizing cells under the microscope. Next, one of the two 6-well plates was labelled as ‘Uric
Acid’, indicating that uric acid will be added to this plate. One mL of media was removed from
each well in the ‘Uric Acid’ plate and was replaced with 1 mL of 38 mg/dL uric acid solution
prepared also in DMEM medium. To mimic bacterial infection process and to stimulate
macrophages, formalin-fixed bacteria (150 pul per well) were added to designated wells in each
plate. The following bacteria were used S. aureus (SA), low level Methicillin resistant S. aureus
(MRSA-LR) and high level resistance S. aureus MRSA-HR, sensitive Klebsiella pneumoniae
(KPS) and resistant K. pneumoniae (KPR). 150 uL of bacterial suspensions adjusted to OD 3 of
each bacterial type were added into designated wells. Unstimulated cells in each plate were used
as a negative control. Figure 3-1 represents the 6-well plate template followed across

experiments.
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Figure 3-1 6-well plate template that was followed across experiments.

Each well contained a single coverslip with the designated bacterial type. Half plates were
treated with uric acid while the other half did not.

KPS: K. pneumoniae sensitive; KPR: K. pneumoniae resistant; SA: S. aureus; MRSA LR:

methicillin resistant S. aureus Low Resistance; MRSA HR: Methicillin Resistant S. aureus
High Resistance.

3.7.2 Macrophage preparation and induction in 96-well plate

RAW264 cells were used in 96-well plates. Cell counts were adjusted to 270,000 cells
per well. A template using 2-fold dilutions starting from 70 pL of each type of OD 3 formalin
fixed bacteria in duplicate wells were used (Figure 3-2). The dilutions ranged from 70 pL to
4.375 uL for each type of bacteria as mentioned above, with and without uric acid. The amount
of uric acid used was equivalent to 19 mg/dL per well. The last two rows in the 96-well plates

were dedicated for negative controls.
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Figure 3-2 A 96-well plate template that was followed across experiments.

Number on the right side represent the concentration of bacteria in each well. Samples were
run in duplicates.

KPS: K. pneumoniae sensitive; KPR: K. pneumoniae resistant; SA: S. aureus; MRSA LR:
methicillin resistant S. aureus Low Resistance; MRSA HR: Methicillin Resistant S. aureus
High Resistance.

A total of four 6-well plates, and two 96-well plates were prepared for each experiment
(including technical duplicates), which were then incubated at 37°C with 5% (v/v) CO>

overnight. Next day, 300uL of supernatant from each well in the 96-wells plates and 6-well

plates were collected into clean 96-well plates and stored at -80°C till further use for nitric oxide

and -80°C IL-1p analysis. Further, ImL of supernatants from the 6-well plates were transferred

into Eppendorf tubes and stored at -80°C till further use. To prepare macrophages on coverslips

in 6-well plate for staining, cells were washed twice with PBS, fixed with 1 mL 5% formalin for

30 minutes, and then stained with DAPI for 5 minutes incubation time in the dark.
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3.8 DAPI preparation

DAPI was prepared by diluting the stock (2 mg) in 2 mL distilled water to yield a
concentration of 5 mg/mL. Intermediate solution was prepared by adding 2.1 uL to 100 uL PBS,
yielding a concentration of 300 uM. The stock was kept at -20°C along with several Eppendorf
tubes of prepared DAPI solution. Before use, DAPI was further diluted in PBS in a 1:1000 ratio
to yield a concentration 300nM as staining concentration recommended by the manufacturer
(ThermoFisher).
3.9 Confocal Microscopy Imaging and Image Analysis

Microscope slides were cleaned with Kim-Wipes and labelled with a labelling scheme
similar to that of the 6-well plate. A drop of mount media (Slow Fade) was placed in the middle
of each slide without bubbles. Coverslips from each well plate were gently lifted up using a
small surgical knife then held carefully to release excess moisture by placing them in a vertical
position relative to a Kim-Wipe laying horizontally on the bench. Following that, coverslips
were placed over the mount media on glass slide with the face containing the cells directed
towards the slide. Pressure is applied gently by pressing Kim-Wipes against the surface of the
slide to remove excess mounting media. Once excess media was removed, coverslips are sealed
with nail polish and are imaged using Olympus Fluoview FV3000 confocal microscope. Since
macrophages were stably transfected with a GFP-LC3 tag, the FITC and DAPI channels were
used to visualize autophagy induction and capture images. Autophagy induction was assessed by
taking several images from different fields (at least 1 image of 1 field of each coverslip). The
images obtained were then analyzed using Image J software. The software was used to calculate

autophagy index by defining regions of interest (ROI) across all fields and calculating the
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intensity of GFP-LC3 and dividing it by the intensity of DAPI. Hence, it is possible to normalize
autophagosomes puncta (represented by intensity of GFP) to the number of cells (represented by
the intensity of DAPI). This allows for the comparison of the strength of autophagy between
different cells undergoing different treatments.
3.10 Griess Assay for Nitric Oxide Quantification

Griess assay was used to determine the amount of nitric oxide produced by RAW264
cells as previously described (Zughaier Infection and Immunity 2004). Briefly, 1% sulfonamide
was prepared by dissolving 0.5 gram of sulfonamide in 50 mL 1% orthophosphoric acid. 0.1 %
N-(1-Naphthylethylenediamine) dihydride was prepared by dissolving 0.05 gram of 0.1% N-(1-
Naphthylethylenediamine) dihydride in 50 mL of distilled water. Reagents were vortexed until
they completely dissolved. Both reagents were stored in separate containers at 4°C in the dark
(wrapped in aluminum foil). Nitric oxide was measured in supernatants collected from RAW264
from 96-well plate induction and GFPLC3-RAW264 from 6-well plates as detailed above. 100
uL of supernatants was add to each well of a clean 96-well plate. Serial dilutions of standard
were prepared by adding 100 uLL. of DMEM media in each well designated for standards. The
first well has 10 pL of standard per 190 uL of media. The concentrations of standards used were
100, 50, 25, 12.5, 6.25, 3.125, 1.563, 0.781, 0.391, 0.195 uM of NaNOx. Griess reagent was
freshly prepared by mixing equal volumes 1:1 of 1% sulfonamide and 0.1% N-(1-
Naphthylethylenediamine) dihydride. 100 pL of Griess reagent was added to each well and
incubated for 5 min at room temperature. Each plate had four blanks containing DMEM media
and Griess reagent only. Results were immediately read using Tecan plate reader infinite m200
pro at 540 nm wavelength. Standard curve and sample concentrations were obtained using

ELISA-Analysis online software, while data analysis was done using Excel.
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3.11 Mouse IL-1f Detection and Quantification

IL-1B was measured using the DueSet mouse IL-1p (mIL-1B) ELISA kit which provides
required capture and detection antibodies as well as the streptavidin conjugate enzyme but not
pre-coated plates, thus manually prepared and coated plates for ELISA. First, stock capture
antibodies were reconstituted by diluting the content of the capture antibodies vial in 0.5mL
PBS. 100 pL from the capture antibody stock is diluted in 10.5mL (per plate) PBS and vortexed
well. 96-well pates were coated by adding 100 uL of the diluted capture antibody to each well.
The plate was covered with parafilm and kept at room temperature overnight. Blocking reagent
was prepared by adding 1g BSA to 100mL PBS to yield a concentration of 1% BSA in PBS.
Next day, capture antibodies were removed from the plate by quickly flipping the plate in the
sink and tapping it against clean tissue paper. 270 puL of blocking reagent was then added into
each well of each plate using a multichannel pipette and the plates were covered and placed at
room temperature for two hours. While incubating, recombinant mouse IL-1f standards were
prepared by adding 0.5mL filtered 1% BSA to the lyophilized standards vial. Dilution of the
standard was then prepared by adding 16 pL from the standard stock to an eppendorf containing
1 ml of 1% BSA to yield a starting concentration of 1000 pg/mL. Seven 2-fold dilutions were
performed to prepare seven standards ranging in concentration from 1000 pg/mL to 15.635
pg/mL. In addition, 100 puL of each sample was transferred from either sample Eppendorf or 96-
well plates (both moved to 4°C one day before ELISA preparation to allow the samples to thaw
slowly) to new 96-well plates and templates are made. 100 uL of each standard was added to
wells 1 through 7 in duplicates rows (A and B). Wells 8-10 were used for samples and wells 11

and 12 were used as blank (100 uL 1% BSA). 100 pL of each sample was added to the new 96-
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well plate (C through H) in duplicates along with the standards. After incubation, the plates were
flipped and tapped against clean tissue paper to remove the blocking reagent and the content of
the sample/standards containing 96-well plate is transferred to the ELISA plate. The sample and
standards were covered and incubated for two hours. While waiting, biotinylated antibody was
prepared by adding 1ml of 1% BSA to the detection antibody vial. From the biotinylated stock,
180 puL is diluted in 10.5 mL 1% BSA for each 96-well plate. After 2 hours, ELISA plates were
washed twice with PBS with flipping and tapping after each wash. After washing, 100 puL of
diluted biotinylated antibodies were added to each well in each plate. Plates are covered and
incubated at room temperature for two hours or stored at 4°C overnight. Streptavidin-HRP only
requires dilution. 250 uL of Streptavidin-HRP (conjugate enzyme antibody) was diluted in 10.5
mL 1% BSA per each 96-well plate and stored in the dark. Biotinylated antibodies were removed
from the plates by flipping and tapping. Plates were washed twice with PBS. 100 uL of diluted
streptavidin-HRP was added to each well, plates were covered and incubated in the dark for 20
minutes. During 20 minutes of incubation, the substrate is prepared by mixing equal amount of
substrate A and substrate B (5.4 each per plate). After 20 minutes incubation, plates are washed
twice with PBS. 100 uL of substrate mixture is then added to each well for another 20 minutes.
The reaction is stopped after the incubation with 50 pL of 2N sulfuric acid. Plates were read
within 5-10 minutes using Tecan plate reader at a wavelength of 450 nm and a reference
wavelength of 570 nm.
3.12 Autophagy Flux

RAW 264.7 macrophages devoid of any GFP-tag were used to investigate autophagy flux
in stimulated macrophages in presence and absence of uric acid. 6-well tissue culture pates with

coverslips were prepared in a similar manner as mentioned earlier in the macrophage induction
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section. However, rapamycin, the chemical autophagy inducer, and LPS a potent inducer of
autophagy, were used as the positive control were included in this experiment. Lyophilized
Rapamycin was resuspended in 50 uLL. DMSO to prepare a stock solution. From the stock
solution, rapamycin was diluted by a factor of 1:1000 in a single well containing known
concentration of media. Following that, 50 uL of 1 nM LPS was added to different well as a
second positive control for autophagy. A total of three 6-well plates induced with formalin fixed
bacteria, positive controls, and treated with or without uric acid were incubated overnight in the
tissue culture incubator. Next day, 1 mL supernatant was collected from each well and stored at -
80°C to be later used for IL-1f and nitric oxide analysis. In addition, 100 uL from each well in
the 6-well plates were added to a clean 96-well plate for indirect nitric oxide quantification
which was performed as described in the Griess reaction section. Culture media was removed
from all the 6-well plates, and each plate was washed twice with 2 mL phosphate buffered saline.
Washed cells were incubated with 1 mL of DMEM media without phenol red supplemented with
5% FBS. Staining reagent from the Cyto-ID Autophagy Flux (Enzo) detection kit was prepared
by mixing 2 uL of the Green detection reagent with 1 pLL Hoechst nuclear stain in 1 mL of
DMEM media without phenol red supplemented with 5% FBS. Sufficient quantity of detection
reagent was prepared, and 1 mL was added into each well. Plates were covered with foil and
incubated at 37°C for 30 minutes. After 30 minutes, detection reagent was discarded, and plates
were washed twice with 2 mL PBS-FBS. Cells were fixed in 1 mL of 5% formalin for 20
minutes. Slides for confocal microscopy imaging were prepared as described above in the
confocal microscopy and image analysis section. ELISA for the quantification of IL-1p in the
harvested supernatants was performed as described in the IL-1P detection and quantification

assay section.
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3.13 Statistical Analysis
Statistical analysis was done using Microsoft Excel and reassessed using GraphPad Prism
software. Student t-test followed by One-way ANOVA analysis were conducted. P values less

than 0.05 were considered significant.

43



4. Results
4.1 Autophagy Flux Induction in Macrophages

Autophagy is a homeostatic process involved in cellular macromolecules recycling.
Autophagy is also a host defense mechanism as it facilitates pathogen clearance (125). Further,
autophagy is considered an anti-inflammatory process that dampens and regulates immune
responses (142). The modulation of autophagy during cellular perturbations in macrophages such
as pathogen invasion or inflammatory trigger, determines the outcome of this interaction.
Specifically, autophagy induction during infection and inflammation leads to the resolution of
inflammation and clearance of infection. Endogenous inflammatory stimuli such as uric acid are
known to induce sterile inflammation. For example, uric acid crystals induce gouty arthritis,
whereas hyperuricemia is associated with many inflammatory chronic diseases such as diabetes,
cardiovascular diseases, and kidney disease (112, 143). Individual with chronic diseases usually
have immune suppression and therefore are more prone to infections. The goal of our study is to
investigate the role of uric acid as endogenous inflammatory stimuli on the ability of
macrophages to induce autophagy during bacterial infection. Specifically, we investigated
autophagy induction in macrophages infected with clinically relevant bacterial strains
representing Gram-negative and Gram-positive bacteria in presence and absence of uric acid. We
observed that bacterial infection induced autophagy flux in macrophages and that response is
enhanced in presence of uric acid (Figure 4-1). In addition, inflammatory response was
prominent with Gram-negative bacteria in contrast to Gram-positive bacteria and the presence of
uric acid reduced this response.

To test for the effect of sterile and septic inflammation on autophagy, autophagy flux

studies were performed using the autophagy detection kit on RAW 264.7 macrophages
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stimulated using different strains of S. aureus and K. pneumoniae in the presence and absence of
uric acid co-stimulation. Figure 4-1 shows representative images taken from twelve different
stimulation conditions. Visual comparison between the bacterial induced cells and cells co-
stimulated with uric acid and bacteria exhibit increased number of green puncta. These puncta
reflect the fact that uric acid increases the process of autophagy. To confirm this, quantitative

analysis to measure the fluorescence intensity of each stimulation condition was performed.

45



MRSA LR + UA MRSA HR + UA Uric acid alone

Figure 4-1 Autophagy flux images of RAW 264.7 macrophages.

Representative images of murine RAW 264.7 macrophages induced with different strains of S.
aureus and K. pneumoniae and stained with Autophagy flux detection using autophagy flux
kit. A) Macrophages induced with bacteria only. B) Macrophages induced with bacteria and
uric acid (19 mg/dL) of. Nucleus is shown in blue color, and active autophagy is seen as green
puncta. KPS: K. pneumoniae sensitive; KPR: K. pneumoniae resistant; SA: S. aureus; MRSA
LR: methicillin resistant S. aureus Low Resistance; MRSA HR: Methicillin Resistant S. aureus
High Resistance; UA: Uric Acid.
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In order to systematically quantify the amount of autophagy induction in these images,
Imagel software for image analysis was used to calculate GFP/DAPI ratio across all images
using multiple images from each condition. Figure 4-2 was created using GraphPad Prism
software. There is no significant difference between K. pneumoniae strains and S. aureus strains
in terms of autophagy flux induction. However, S. aureus the sensitive strain showed the highest
levels of autophagy flux induction with and without uric acid. When macrophages were co-
stimulated with uric acid and bacteria, autophagy flux increased but the increase was not
significant between induction with bacteria alone and co-induction with uric acid and bacteria.
There was a significant difference in GFP/DAPI ratio between co-stimulation with S. aureus and
K. pneumoniae the sensitive strain. However, when K. pneumoniae resistant strain was compared
with S. aureus the difference is not significant. The response of RAW 264.7 macrophages to co-
stimulation with uric acid in the two types of bacteria is different. Specifically, GFP/DAPI ratio
in images taken from co-stimulation with uric acid and the three different strains of S. aureus
seem to be much higher than when bacteria alone are used. Despite finding a similar pattern in
the case of K. pneumoniae, the presence of uric acid seems to lead to a less profound increase in

GFP/DAPI ratio.
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GFP/DAPI Ratio in Murine RAW 264.7 Macrophages Induced by Different Strains
of 8. aureuns and K. preumoniae (N =3)
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Figure 4-2 Quantitative analysis of confocal microscopy images

Autophagy flux quantitation using the intensity of GFP to DAPI ratio calculated in murine
RAW 264.7 macrophages induced by different strains of S. aureus and K. pneumoniae in
presence and absence of uric acid stimulation (19 mg/dL). The data represent the mean of three
independent experiments with error bars depicting the standard error of the mean. The images
were analyzed using ImagelJ analysis software. Values p < (.05 were considered to be
significant. KPS: K. pneumoniae sensitive; KPR: K. pneumoniae resistant; SA: S. aureus;
MRSA LR: methicillin resistant S. aureus Low Resistance; MRSA HR: Methicillin Resistant
S. aureus High Resistance; UA: Uric Acid; ns: not-significant

4.2 Inflammation and Autophagy Cross-talk in Macrophages

Since autophagy induction in macrophages is considered an anti-inflammatory process,
we investigated the impact of autophagy flux induction in infected macrophages on the levels of
production of the pro-inflammatory cytokine IL-1p. Several studies established the link between
autophagy induction and pro-inflammatory cytokines suppression and degradation (7, 142, 144).

IL-1B is a critical pro-inflammatory cytokine that plays a critical role during bacterial infection

48



since it induces fever, hence named leukocytic pyrogen, it also affects cellular proliferation and
differentiation (145, 146). IL-1p is produced in large quantities via the NLRP3 inflammasome
activation that leads to production of the pro-IL-1p form which then is cleaved by capsase-1 to
yield the mature and secreted IL-1P form (147). Pathogen associated molecular patterns (PAMP)
such as LPS, peptidoglycan, lipoteichoic acid, DNA and bacterial membrane lipoproteins are
known to induce IL-1p production in macrophages. Moreover, danger associated molecular
patterns (DAMP) such as soluble uric acid and uric acid crystals are also induce IL-1
production (148, 149). Therefore, inflammasome activation and consequent IL-1p production is

an important determinant of host defense responses and pathogen clearance.

4.3 Cytokine Studies
4.3.1 Single Dose IL-1§ production

The production of the pro-inflammatory cytokine IL-1B from murine RAW 264.7
macrophages was investigated using ELISA method to quantify the secreted mature IL-$ form in
the supernatants collected 18-20 hrs after infection in presence and absence of uric acid.
Different bacterial strains were used in this study to examine autophagy flux in macrophages.
Therefore, to eliminate the differences and effects of live bacterial infection in macrophages we
used inactivated whole cell formalin-fixed bacteria which eliminated the effect of secreted
bacterial virulence factors during infection in macrophages. The use of formalin-fixed whole cell
bacteria preserves the shape, bacterial surfaces and membrane structures to make it biological
mimics of Gram-positive and Gram-negative bacteria that are not capable of killing
macrophages. Thus, we used inactivated bacteria to induce autophagy and monitor immune

responses such as IL-1 release.
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IL-1P production by RAW 264.7 macrophages infected with different bacterial strains
was compared in supernatants using ELISA method. Macrophages were infected using the same
dose of each bacterial strain in presence or absence of uric acid in 6-well tissue culture plates
(150 uL of OD = 3 bacteria in 2 mL of media). The data indicate that the Gram-negative bacteria
K. pneumoniae induced the production of significantly higher amounts of IL-1p compared to
Gram-positive S. aureus strains (Figure 4-3). Furthermore, there was a decrease in IL-13
production in the presence of uric acid amongst all types of bacteria. However, this reduction
was not significant. Interestingly, IL-1 production under both conditions was significantly
higher (p <0.05) in K. pneumoniae sensitive and K. pneumoniae resistant in comparison to the
three different strains of S. aureus which produced little to no detectable amounts of IL-1p. In the
case of S. aureus MRSA HR resistant strain, detectable amounts of IL-1 under both conditions

was not observed.
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IL-1B Induction in Murine RAW 264.7 Macrophages by Different Strains of S. aureus and K.
pnreumoniae (N =6)
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Figure 4-3 Quantitation of IL-1f under different treatment conditions.

This data represents the mean of six independent experiment with bars showing the standard
error of the mean. The graph shows RAW264 macrophages production of IL-1f upon
stimulation by inactivated formalin-fixed bacteria: KPS, KPR, SA, MRSA LR, and MRSA
HR. The same concentration of bacteria was used in all experiments. Uric acid attenuated
the response of macrophages and decreased the IL-1 production in all types of cells There
was a significant difference between KPS and KPR and the three strains of S. aureus in
terms of IL-1p production. KPS: K. pneumoniae sensitive; KPR: K. pneumoniae resistant;
SA: S. aureus; MRSA LR: methicillin resistant S. aureus Low Resistance; MRSA HR:
Methicillin Resistant S. aureus High Resistance; UA: Uric Acid.

4.3.2 Dose-Response IL-1p Production

Dose response relationship between bacterial concentration and IL-1 production was
studied by performing two-fold dilutions on each type of bacteria all adjusted to equal density of
OD = 3 as detailed in Methods section. Different concentrations were used: 70, 35, 17.5, and
8.75 uL of each bacterial strain which were further diluted into a total volume of 270 pL. The
data suggest that the Gram-negative bacteria K. pneumoinae induced IL-1f production in a dose-

dependent manner (Figure 4-4). Whereas, the Gram-positive bacteria i.e. all strains of S. aureus

51



(S. aureus sensitive, MRSA low resistance, and MRSA high resistance) did not show any
detectable amounts of IL-1p production at any concentration even with co-stimulation with uric
acid (19 mg/dL). Thus, a dose response relationship could not be determined for either condition
(with or without uric acid). In contrast, K. pneumoniae induced macrophages to produce
quantifiable amounts of IL-1 as demonstrated in Figure 4-4. Increasing the bacterial dose in the
case of K. pneumoniae lead to an increase in IL-1p concentration indicating increase in
macrophage activation. However, at 70 uL the increase becomes more subtle in K. pneumoniae
sensitive and non-existent in K. pneumoniae resistant strain. Where resistant K. pneumoniae
sometimes shows a slight decrease in IL-1 production at 70 puL of bacteria in comparison to IL-
1B concentration at 35 uL. This observation is true for both stimulation with bacteria alone and
stimulation with bacteria and uric acid. Further, the data demonstrate that the presence of uric
acid decreased the production of IL-1p at all concentrations of bacteria. Although data illustrated
in graph shows comparable results for IL-1f in the presence and absence of uric acid at high
bacterial concentration of 70 pL, results from other experiments (not shown) indicated a slight

decrease in IL-1p production in the presence of uric acid at the same concentration.
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Dose-dependent responses of IL-1p induction in murine Macrophages
induced by K. pneumoniae compared to S. aureus in presence and
absence of uric acid
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Figure 4-4 IL-1p dose-response curve

A representative graph of N = 6 of the dose response relationship between bacterial concentration
and IL-1p production by murine macrophages RAW 264. Increasing concentrations of Klebsiella
KPS and KPR increased IL-1f production. The three Gram-positive strains of S. aureus showed
little to no response with regards to IL-1f at all concentrations with or without uric acid. KPS: K.
pneumoniae sensitive; KPR: K. pneumoniae resistant; SA: S. aureus; MRSA LR: methicillin
resistant S. aureus Low Resistance; MRSA HR: Methicillin Resistant S. aureus High Resistance;
UA: Uric Acid.

4.4 Nitric Oxide Determination Using the Griess Reaction

Nitric oxide (NO) is small molecule produced by many cell types and plays important
role in cellular responses during homeostasis and perturbations such as infection. NO is reported
to inhibit inflammasome activation and reduces IL-1f release (150). Inflammasome is involved

in host defense and bacterial clearance, however uncontrolled inflammasome activation leads to
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disease and inability to resolve inflammation or infection. For example, nitric oxide is often
found elevated in patients with gouty arthritis characterized by uric acid crystals precipitating in
the joints (151).

We monitored nitric oxide release as another inflammatory molecule produced by
macrophages during stimulation using Griess reaction, which is an indirect quantification method
of nitric oxide production that detects accumulated nitrites in supernatants of infected
macrophages (152). Nitric oxide production by murine macrophages 264.7 was assayed in a
similar manner to that of IL-1 using two methods. Firstly, RAW 264.7 macrophages were
infected with a single concentration of bacteria (150 uL of OD = 3 bacteria in 2 mL of media) in
the presence or absence of 19 mg/dL uric acid (Figure 4-5). Secondly, dose dependent
production of NO was measured in infected macrophages RWA 264.7 in the presence or absence
of uric acid (Figure 4-6-A and Figure 4-6-B).

To this end, Figure 4-5 shows a comparison of nitric oxide production from RAW264
induced by different bacterial strains with or without uric acid. The results of nitric oxide
production are similar to those of IL-1p production in which there was a significant difference (p
< 0.05) between the Gram-negative bacteria K. pneumoniae sensitive and resistant strains and the
three different Gram-positive strains of S. aureus (Figure 4-5). However, co-stimulation of cells
with formalin-fixed bacteria and uric acid showed slightly higher levels of nitric oxide
production in all types of bacteria except S. aureus sensitive where it showed a slight decrease in
nitric oxide production. Despite those difference, uric acid showed no significant effect on nitric
oxide production by murine macrophages RAW 264.7 in the presence of different strains of

formalin-fixed S. aureus and K. pneumoniae.
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Nitric Oxide Induction in Murine RAW 264.7 Macrophages by Different Strains
of 8. aureus and K. pneumoniae (N =6)
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Figure 4-5 Quantitation of nitric oxide under different treatment conditions.

Nitric oxide production data represent the mean of six independent experiments with bars
showing the standard error of the mean. The graph shows RAW264 macrophages
production of nitric oxide upon stimulation by formalin-fixed killed bacteria: KPS, KPR,
SA, MRSA LR, and MRSA HR. The same concentration of bacteria was used in all
experiments. Uric acid increased nitric oxide production in KPS and KPR but the increase
is not significant. The differences in nitric oxide production with and without uric acid in
SA, MRSA LR, and MRSA HR are variable. In SA there was a slight decrease in nitric
oxide production, MRSA LR shows no difference, and MRSA HR shows an increase in
nitric oxide production. There is a significant difference between KPS and KPR and the
three strains of S. aureus in terms of nitric oxide production. KPS: K. pneumoniae
sensitive; KPR: K. pneumoniae resistant; SA: S. aureus; MRSA LR: methicillin resistant
S. aureus Low Resistance; MRSA HR: Methicillin Resistant S. aureus High Resistance;
UA: Uric Acid.

Furthermore, a dose response relationship of bacterial concentration and nitric oxide
production was studied and two dose response graphs were generated and are depicted in Figure
4-6-A and 4-6-B. The data presented in Figure 4-6-A, indicate that S. aureus sensitive (SA)
induced a dose-dependent nitric oxide release and co-stimulation with uric acid led to a decrease

in nitric oxide production at all concentrations (Figure 4-6-A). In addition, MRSA LR and
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MRSA HR produced less nitric oxide on general in comparison to sensitive S. aureus and the
presence of uric acid resulted in a slight to no decrease in nitric oxide levels. On the other hand,
Figure 4-6-B depicts nitric oxide production by K. pneumoniae. Both sensitive and resistant K.
pneumoniae produced higher concentrations of nitric oxide at all doses in comparison to all
strains of S. aureus. LPS present in Gram-negative bacteria is known to be a potent inducer of
nitric oxide. Nitric oxide production appears to be consistent at all doses of bacteria, where the
difference between one dose and another is 1 to 2 uM only. The presence of uric acid increase

the production of nitric oxide by RAW 264.7 macrophages.

Nitric Oxide Induction in Murine Macrophages by
Different Strains of Formalin Fixed S. aureus
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Figure 4-6-A Nitric oxide dose response curve with S. aureus

A representative graph of N = 6 of the dose response relationship between bacterial concentration
and nitric oxide production by RAW-264 cells in the presence and absence of uric acid. SA: S.
aureus; MRSA LR: methicillin resistant S. aureus Low Resistance; MRSA HR: Methicillin
Resistant S. aureus High Resistance; UA: Uric Acid.
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Nitric Oxide Induction in Murine Macrophages by
Different Strains of Formalin Fixed K. pneumoniae
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Figure 4-6-B Nitric oxide dose response curve with K. pneumoniae

A representative graph of N = 6 of the dose response relationship between bacterial
concentration and nitric oxide production by RAW-264 cells in the presence and absence

of uric acid. KPS: K. pneumoniae sensitive; KPR: K. pneumoniae resistant; UA: Uric
Acid.

4.5 The Effect of Uric Acid and LPS on Macrophages

In order to validate the results of all experiments, various controls such as uric acid alone,
LPS as well as unstimulated cells were used. The effect of uric acid alone without the addition of
any stimulus was also studied in relation to the positive control (LPS) and the negative control.
Three methods of comparison were used: Autophagy flux studies, nitric oxide measurements,
and IL-1p quantification in supernatants.

Autophagy flux studies were performed on uric acid and LPS stimulated RAW 264.7
macrophages using Autophagy detection kit. Figure 4-7-A shows representative images taken by

confocal microscope under these three conditions. Figure 4-7-B was created using ImagelJ

57



analysis software to quantify GFP fluorescence and DAPI fluorescence. Ratios where obtained
using Excel while graphs were obtained using GraphPad Prism software. Uric acid alone does
not seem to exhibit a stimulating response to autophagy. The results of GFP/DAPI ratio show a
decrease in autophagy in the presence of uric acid in comparison to the negative control. On the

other hand, LPS, as a positive control, induces autophagy as expected.

Uric Acid Alone _ LPS Negative

Figure 4-7-A Confocal microscopy images of experimental controls

Representative images of murine RAW 264.7 macrophages stained under three different
conditions: stimulation with uric acid alone, LPS (10ng/ml), no stimulus. Autophagy flux is
shown in these images using autophagy flux kit. Nucleus is shown in blue color, and active
autophagy puncta are seen in green.
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GFP/DAPI Ratio in Murine RAW 264.7 Macrophages Induced by Uric Acid and LPS (N =3)
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Figure 4-7-B Quantitative analysis of confocal images for experimental controls

A graph of GFP to DAPI ratio calculated in murine RAW 264.7 macrophages induced by
uric acid and LPS. The data represents the mean of three independent experiments with bars
showing the standard error of the mean. The images were analyzed using ImageJ analysis
software. Values p < (.05 were considered to be significant. Ns = not significant.

To further validate our results, we performed IL-1 and nitric oxide analysis on
supernatants obtained from uric acid and LPS stimulated RAW 264.7 macrophages (Figure 4-7-
C). When macrophages are stimulated with uric acid alone, they did not produce IL-1f or nitric
oxide. LPS is a known stimulus for inflammatory process in macrophages, hence it produced

notable levels of nitric oxide and IL-1p when used to stimulate macrophages. Furthermore, co-

stimulation of macrophages with uric acid and LPS showed a decrease in nitric oxide production

with an increase in IL-1f production when compared to stimulation with LPS alone.
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IL-1B (N =1) and Nitric Oxide (N=5) Induction in Murine RAW 264.7 Macrophages by LPS and Uric Acid
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Figure 4-7-C Quantitation of IL-1p and nitric oxide for experimental controls

Graph representing IL-1PB concentrations and nitric oxide concentrations in supernatants
from murine macrophages 264.7 induced with LPS and uric acid. Data for nitric oxide
represents two independent experiments while data from IL-13 shows results from one
experiment.
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5. Discussion

5.1 Autophagy flux is induced by co-stimulation of bacteria and soluble uric acid

Autophagy is a homeostatic mechanism that functions to maintain cellular integrity. It
also plays a fundamental role in host defense mechanisms (125, 153). The inflammasome is a
complex of proteins that work together to facilitate the release of the cytokines IL-1 and IL-18.
There is an intricate interplay between autophagy and the inflammasome formation which leads
to the subsequent release of inflammatory cytokines. Autophagy appears to act as an anti-
inflammatory process by degrading damaged organelles and preventing the release of danger
signals. Hence, autophagy is able to reduce the inflammasome activation as an immune
regulatory process (154). This study examined the dynamics of autophagy and inflammation
when mediated by soluble uric acid, formalin-fixed whole cell bacteria, or both in murine RAW
264.7 macrophages.

It is becoming widely accepted that S. aureus is able to infect non-phagocytic cells and
act as an intracellular pathogen. It is hypothesized that S. aureus increases autophagy but halts
autophagy flux in non-phagocytic host cells to facilitate its survival (155, 156). In addition, in
phagocytic cells such as macrophages, phagocytosis as well as autophagy are both enhanced
after S. aureus infection (157). When S. aureus is phagocytosed by the host cells, toxins
produced by the bacteria (mainly a-toxin) disintegrate the phagosomal membrane. Autophagy is
activated in an attempt to contain the cellular damage (158). However, it is worth to mention that
S. aureus strains that do not disrupt the phagosomal membrane do not enhance autophagy in
infected macrophage (159). There are no studies on the effect of formalin-fixed or heat killed

inactivated S. aureus on the process of autophagy. Therefore, it is likely that the high autophagy
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flux induced with S. aureus strains observed in our study herein is a result of toxins that
remained inside the bacteria i.e. not secreted after formalin fixation. Moreover, since the bacteria
were inactivated, hence their evading mechanisms were defective, autophagy was not halted, and
active autophagy flux was also increased.

Regarding autophagy induction with Gram negative bacteria, there are fewer studies on
autophagy induction during K. pneumonia infections. However, a study on alveolar macrophages
demonstrated that autophagy is critical for effective and optimal clearance of K. pneumoniae. It
is also worth to note that LPS alone and heat killed K. pneumoniae demonstrated an increase in
autophagy, indicating that cellular or membrane components in live bacteria are the driving
forces for autophagy activation (160). We found that both S. aureus and K. pneumoniae
stimulate autophagy. However, induction with formalin-fixed S. aureus resulted in significantly
higher autophagy activation compared to K. pneumoniae. This difference could be attributed to
different types of toxins produced by the two types of bacteria and their effect on the phagosomal
membrane since one is a model of Gram-positive bacteria while the other is represents Gram-
negative bacteria. Nevertheless, infection with live bacteria to better mimic the effect of these
two bacterial types on autophagy during infection in macrophages is warranted.

The relation between uric acid, whether soluble or in the form of MSU crystals, and
autophagy in macrophages is poorly studied. Recently, Crisan el. al. demonstrated the effect of
priming human macrophages with soluble uric acid. They observed a decrease in autophagy
accompanied by an increase in IL-1 3, a common response to autophagy inhibition (161). Lack
of autophagy and increase in proinflammatory IL-13 worsen the outcomes of subsequent
exposure to an inflammatory stimuli in gout patients (161). Effect of MSU crystals on the other

hand was not reported. Allaeys et. 4] demonstrated that autophagy in osteoclast (non-
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professional phagocytes) was enhanced as a result of NLRP3 activation without an increase in
the production of IL-1B. Phagocytosis and mTOR downregulation were major contributors to the
enhanced autophagy by MSU crystals (162). Whether these mechanisms of autophagy activation
are applicable on murine macrophages remains to be elucidated. We demonstrated that co-
induction of macrophages with uric acid and bacteria induced autophagy. This could be a result
of the simultaneous stimulation of macrophage with both uric acid and bacteria, which
excessively activated the cells and made them more sensitive to stimuli. In contrast, we also
found that uric acid alone had inhibitory effects on autophagy, which is consistent with previous
findings (161). Although we used soluble uric acid in our experiments, microcrystals of uric acid
which appears as fine short needles are not always visible using light microscopy, might have
been present and could be responsible for the results we are observing. These microcrystals
would be poorly phagocytosed by macrophages alone (162), and the presence of bacteria would
have probably enhanced their phagocytosis, thus enhancing the process of autophagy.
Nevertheless, the mechanism by which uric acid crystals activate autophagy has been
described in the literature. Initially, uric acid crystals are phagocytosed by macrophages, due to
the spindle structure of uric acid crystals, phagosomes rupture. Rupturing of phagosomes signals
autophagy induction and activation (163). On the other hand, the mechanisms by which soluble
uric acid activates autophagy has not been described in the literature. Interestingly, soluble uric
acid activates the NLRP3 inflammasome, which is responsible for the production of IL-1.
However, uric acid alone is not enough to induce IL-1p. In our study, we found the co-
stimulation of macrophages with both uric acid and bacteria led to the increase in IL-13
production. High levels of IL-1f levels are known to induce autophagy activation as a host

defense response to prevent over activity of the inflammatory response (7). These findings are
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consistent with the results we generated in our study, since co-stimulation of with bacteria and
uric acid led to the increase in autophagy with a decrease in IL-1f production. However, when
uric acid is used alone it inhibited autophagy. This effect could be explained by the paradoxical
effect of uric acid as anti-oxidant and also as inflammatory and oxidant molecule in

hyperuricemia (164).

5.2. IL-1 B increase during bacteria induction but decrease when macrophage are co-
stimulated with bacteria uric acid

IL-1B is a proinflammatory cytokine that is regulated through a multiprotein structure
known as the inflammasome. Cells produce pro-IL-1f in response to inflammatory stimuli.
However, it is the caspase-1 activation by the inflammasome and the subsequent cleavage of pro-
IL-1P to mature IL-1p that steers the inflammatory effects of this cytokine (142). In contrast to
the activation of IL-1 by the inflammasome, autophagy inhibits the secretion of IL-1. The
control of IL-1P production is exerted in two ways; pro-IL-1p could be directly degraded by
autophagy, or damage signals stimulating the inflammasome, such as those caused by ROS
release after mitochondrial damage, could be sequestered and cleared through
autophagolysosome formation (7, 165). The effect of bacterial induction, uric acid stimulation or
co-stimulation of macrophages by bacteria and uric acid on the release of IL-1p, and hence on
inflammation, was examined in this study.

During live bacterial infections toxins released during S. aureus infection result in the
activation of the NLRP3 inflammasome the subsequent increase of IL-1[ release (166-168).
However, when using formalin-fixed S. aureus we found a decrease in IL-1p production. These

observations could be due to easier clearing of bacteria by macrophages in their inactivated fixed
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state, as well as inability of bacteria to actively produce toxins. Hence, they result in weaker
inflammatory response. In addition, the great increase in autophagy during S. aureus induction
could have contributed inhibitory effect on IL-1p release. K. pneumoniae surpluses the release of
IL-1P through the activation of the NLRP3 inflammasome (169). A recent study found a capsular
toxin in a K. pneumoniae strain that causes a massive increase in IL-10 levels through the
formation of ROS and activation of the inflammasome (170). We found a significant difference
between levels of production of IL-1 in S. aureus and K. pneumoniae which indicated that
surface structures on bacteria are greatly responsible for IL-1 production. A study comparing S.
aureus and E. coli demonstrated that S. aureus produced less IL-1p compared to E. coli (171).
This could be the result of the activation of different receptors by Gram-positive versus Gram-
negative bacteria, which activate TLR-2 and TLR-4 respectively (172, 173).

Uric acid in it soluble form is classified as a DAMP molecule that induces inflammation
(174). Braga et al. reported that uric acid activates NLRP3 inflammasome through the
stimulation of mitochondrial ROS formation leading to the consequent release of IL-1p. Despite
that, uric acid alone is not capable of activating the inflammasome. Although it does increase the
expression of pro-IL-1p. To activate the inflammasome, uric acid exposure must be followed by
a second stimuli that facilitate the conversion of pro-IL-1p to mature IL-1 (149). Another study
investigating the role of MSU crystals and the activation of the inflammasome in progressive
multiple sclerosis also demonstrated an increase in the production of IL-1B (175). Whether
inflammation is stimulated by soluble uric acid or MSU crystals, the end result is an increase in
the release of IL-1p. There are no studies on the effect of simultaneous induction of macrophages
using uric acid and bacteria on IL-1p production. In agreement with the literature, we report that

uric acid alone does not cause the release of IL-1. In addition, co-stimulation of macrophages
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with LPS and uric acid increased IL-1p release compared to induction with LPS alone, which is
what we hypothesized. On the other hand, we found that co-stimulation with bacteria and uric
acid decreased the production IL-1p by murine RAW 264.7 macrophages. These results might
have occurred because of the overwhelming effect of co-stimulation on macrophages which led
to the exacerbation of autophagy, hence, inhibited the action of inflammasome and reduced IL-
1B release. To add, if uric acid microcrystals were present, autophagy would increase, further
explaining the decrease in IL-1p. Furthermore, heat killed K. pneumoniae seems to induce more
autophagy in comparison to LPS from the same bacteria, again suggesting that the inhibition of

IL-1p release is a result of autophagic regulation (160).

5.3 Nitric oxide release is induced by bacteria and uric acid

Nitric oxide is a gas molecule that is produced in response to various inflammatory
stimuli, including LPS. Nitric oxide is highly unstable and degrades within few seconds after its
release, generating nitrites (NOy) and nitrates (NO3) which are stable metabolites (176). Nitric
oxide has a complex role in immune modulation. It could directly kill microbes, regulate immune
cells, and modulate signaling cascades resulting in increased or decreased cytokine release (177).
Nitric oxide is also known to inhibit both autophagy (9) and the NLRP3 inflammasome (178).

S. aureus infections increase nitric oxide production (179, 180). The increase of nitric
oxide is due to the lipoproteins present in the bacterial surface which trigger nitric oxide
synthase, the enzyme responsible for nitric oxide synthesis (181). In addition, nitric oxide release
is stimulated by K. pneumoniae and is important for host survival (182). The induction of nitric
oxide by both types of bacteria is similar and is mediated by the induced expression of nitric

oxide synthase. The stimulation of nitric oxide occurs through the activation of nuclear factor
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kappa B (NF-kB) pathway by bacterial surface antigens (183, 184). However, we found a
significant increase in nitric oxide production by K. pneumoniae compared to that of S. aureus.
This could be explained by the presence of LPS in Gram negative bacteria, which is the most
potent TLR4 ligand, compared to other TLR ligands such as peptidoglycan, lipoteichoic acid,
membrane lipoproteins and unmethylated DNA present in most bacteria. LPS therefore primes
macrophages to produce more IL-1p and other immune responses. This also could be a due to the
ability of IL-1 to induce nitric oxide production (185). As mention earlier, we observed
increased IL-1P levels in the presence of K. pneumoniae but not in the presence of S. aureus,
which in turn could explain the higher levels of nitric oxide seen in K. pneumoniae induction. It
is worth to mention that NO production inhibits autophagy through mTOR and JKN pathways
(9). This could further explain the activation of autophagy observed with S. aureus versus that of
K. pneumonia.

High uric acid (hyperuricemia) in plasma downregulate nitric oxide by direct binding
(186, 187).A study found that MSU crystals alone are unable to induce nitric oxide release.
However, when cells were subjected to the cytokine IFN-gamma, a potent increase in nitric
oxide was observed (188). Another study using RAW 264.7 macrophages showed that MSU
crystals increased nitric oxide synthase in time and dose dependent manner through PI3K/Akt
and NF-KB pathways (189). The use of extremely high dose of MSU crystals in this study might
have resulted in enough stimulation to induce nitric oxide synthase without the help of a second
stimulant. We observed that inducing macrophages with uric acid alone did not result in
production of nitric oxide which is consistent with published studies. However, when uric acid
was used in co-induction studies with bacteria, the levels of nitric oxide produced increased in

comparison to infection with bacteria alone. This could also be attributed to excessive
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stimulation of macrophage during co-infection. Furthermore, in case of the presence of
undetected crystals and co-stimulation with bacteria could exhibit synergizing effect that may
further activate TLR mediated release of nitric oxide (190). In agreement with literature, we
found that co-stimulation of macrophages with LPS and uric acid reduced nitric oxide, however,
contradicting the effect observed during bacterial induction. The discrepancies could be due to
the use of formalin-fixed bacteria since phagocytosis of whole bacteria and the presence of
membrane surface structures induced nitric oxide rather than inhibit it. Indeed, further
investigations to optimize the experiments are required to unravel the mechanisms that control

the effect of uric acid on autophagy, IL-1p release, and nitric oxide production.
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6. Conclusion

To conclude, we reported the complex interplay between autophagy and the
inflammasome during sterile and septic inflammation. The outcome of each condition is highly
variable and depend of the specific circumstances of stimulation and induction
microenvironment. Generally, whole cell formalin-fixed bacteria induce autophagy, which
results in the degradation of the inflammatory cytokine IL-1p in case of S. aureus infection in
contrast to K. pneumoniae infection. Moreover, nitric oxide release was increased during
bacterial infection, which may have exerted synergistic effect with autophagy to further reduce
IL-1p release during S. aureus infection. On the other hand, stimulatory signal by K. pneumoniae
induced nitric oxide release. Uric acid increased autophagy and nitric oxide production while it
reduced IL-1 release, suggesting an anti-inflammatory role of uric acid during septic infection.
Much remains to be delineated to further understand the interplay of autophagy and the
inflammasome during inflammation. Understanding the signaling cross-talk between autophagy
and inflammasome will facilitate therapeutic target discovery and design.

Although the project has provided sufficient data and clearly drew the link between
autophagy induction in sterile inflammation induced by hyperuricemia in comparison to
inflammation induced by formalin-fixed bacteria. There were some limitations and challenges

during the process of experimentation.
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7. Challenges

Although we obtained GFP-LC3 RAW 264.7 macrophages cell line and used these
macrophages in our experiments to quantify autophagy flux by observing co-localization of LC3
in the form of green puncta under fluorescent microscope. Imaging using confocal microscopy
did not provide consistent quality of images. Most images had low quality and were not enough
to be used in systemic image analysis to generate data using ImageJ analysis software.
Representative images from these experiments are shown in Figure 9-1 in Appendix 1

To confirm the observations seen using GFP-LC3 RAW 264.7 macrophages and
autophagy flux kit, we performed flow cytometry analysis on activated and infected
macrophages using GFP quantification in those cells. However, we encountered an issue in
setting the gating of the channels to differentiate between basal autophagy and autophagy flux
puncta induced due to infection, cellular perturbation or simply starvation. Results from these
experiments can be seen in Figure 9-2-A, 9-2-B, and 9-3 in Appendix 1.

The time allotted for the graduation project did not allow for solving GFP-LC3 RAW
264.7 confocal imaging issues nor to repeat those experiments and optimize flow cytometry
gating. Further, optimizing other testing protocols such as determining optimal bacterial dose,
optimizing uric acid preparation technique, Griess reaction, and IL-13 ELISA techniques test
runs took longer than expected. Therefore, the initial project plan that included testing human
THP-1 cells was postponed for now but planned for Summer along with confocal imaging and

Flow cytometry analysis.
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8. Limitations and Future Directions

The results of this study show that our model of sterile inflammation, hyperuricemia,
inhibits autophagy without producing the inflammatory markers IL-1f or nitric oxide. However,
when combined with formalin-fixed bacteria it induces autophagy and inhibits the production of
IL-1pB while increasing the production of nitric oxide. These findings are valuable since this
paper is the first to investigate the interplay between autophagy and the inflammasome in the
presence of two stimulus representing sterile inflammation and non-sterile inflammation.

However, the study presented with some limitations in the context of comprehensive
coverage of all aspects of cellular interactions. Even though the murine macrophage cell lines are
frequently used in autophagy studies, the interplay between autophagy induction and
inflammation induced during sterile inflammation or bacterial infection should be further
investigated in the context of human monocytic cell line THP-1, to recapitulate the observations
studied in murine macrophages.

Furthermore, macrophage stimulation conditions under which our research was
conducted did not mimic the normal pathological process, where the body is usually exposed to
hyperuricemia for a duration of time, which then alters the body’s response to invading
pathogens. Therefore, future investigations will include a priming phase, where macrophages are
incubated under hyperuricemic conditions for few hours before introducing bacteria as a
secondary stimulus.

Killing bacteria using formalin allowed us to preserve the structure of the bacteria while
preventing it from killing macrophages which allows for longer interaction time than during live
infection. This approach allowed us to study the interaction of macrophages with surface

receptors and structural components of both Gram-positive and Gram-negative bacteria.
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However, this study shall move a step further and incorporate a cocktail of live infections
accompanied with hyperuricemia or monosodium urate crystal induction which will provide a

deeper insight on autophagy modulation during live infection and sterile inflammation.
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9. Appendix 1

SA

Figure 9-1 Confocal microscopy images of GFP-LC3-RAW 264.7 macrophages

Images obtained using GFP-LC3-RAW 264.7 cells line. As can be seen, the images are not
of a consistent quality and they are blurred at times.

SA: S. aureus Sensitive; MRSA LR: methicillin resistant S. aureus Low Resistance; MRSA
HR: Methicillin Resistant S. aureus High Resistance.
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Figure 9-2-A Representative Flow-Cytometry Images for autophagy flux

Flow cytometry chart of autophagy flux cytoID studies showing the cell count versus
fluorescence. The fluorescence intensity can be seen by the peak of the graph. Number of
cells with GFP low, GFP high, and GFP negative can be seen.

KPS: K. pneumoniae sensitive; KPR: K. pneumoniae resistant; MRSA LR: methicillin
resistant S. aureus Low Resistance; MRSA HR: Methicillin Resistant S. aureus High
Resistance.
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Figure 9-2-B Representative flow cytometry images color coded and compared to negative
control

Flow cytometry images showing fluorescence intensity under each condition (pink) in
comparison to the negative control (blue)

KPS: K. pneumoniae sensitive; KPR: K. pneumoniae resistant; MRSA LR: methicillin
resistant S. aureus Low Resistance; MRSA HR: Methicillin Resistant S. aureus High
Resistance.
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Flow Cytometry Data Representing Intermediate and High GFP Fluoresecne in GFP-LC3 RAW
264.7 macrophages Induced with Different Strain of §. aureus and K. pneumoniae
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Figure 9-3 Flow cytometry GFP fluorescence data with GFP-LC3 RAW 264.7 Cell Line.

Data obtained using flow cytometry was used to create this graph. Percentage of cells with
intermediate to high GFP fluorescence were calculated in each population.

KPS: K. pneumoniae sensitive; KPR: K. pneumoniae resistant; SA: S. aureus; MRSA LR:
methicillin resistant S. aureus Low Resistance; MRSA HR: Methicillin Resistant S. aureus
High Resistance.
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