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Abstract of Dissertation

CDA47 Regulates IL-1B Production and Activation

An effective inflammatory response requires a complex balance between pro- and
anti-inflammatory signals. Acute inflammation is protective but must be limited to
prevent a detrimental cytokine storm or chronic inflammation. IL-1f is a major
potentiator of acute and chronic inflammatory pathologies. Pro-1L-1p, the inactive
precursor to mature IL-1, is transcriptionally upregulated in response to one stimulus
and activated via a cleavage event in response to a second stimulus. LPS is a TLR4-
dependent activator of NFkB-dependent up-regulation of IL-1p transcription. ATP can
promote canonical IL-1p activation and secretion into the extracellular space that is
inflammasome -dependent. This two-step cascade provides tight regulation of
inflammation.

CDA47 has been shown to be a critical regulator of inflammatory responses. By
interacting with its soluble ligand thrombospondin-1 and its counter-receptor signal
regulatory protein-a (SIRPa), CD47 modulates neutrophil, macrophage, dendritic, and T
cell localization and activation. The diverse signaling pathways regulated by CD47 led to
the hypothesis that CD47 mediates IL-1p mRNA expression levels, transcription, and
activation.

In the present studies, it was determined that CD47 can promote LPS-dependent
IL-18 mRNA expression, canonical ATP-dependent inflammasome activation of pro-IL-

1B, and IL-1p secretion. Binding of TSP1 to CD47 supports CD47-dependent pro-1L-1p
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maturation. Although association with CDA47 is sufficient for TSP1 to promote
maturation of pro-1L-1p, it is not necessary because two other domains of TSP1 also
induce pro-1L-1p maturation. Alternatively, in the presence of normal physiological
levels of TSP1, CD47-induced LPS-dependent IL-1p transcription is inhibited. CD47
and CD14 associate with each other in lipid rafts. The CD47-binding domain of TSP1
specifically disrupts the interaction of CD14 with CD47. TSP1 thereby inhibits LPS-
dependent activation of NFkB/AP-1 transcriptional activity and reduces induction of IL-
1B message by LPS.

Since IL-1 is essential in controlling and containing infection, we evaluated the
role of CD47 in Candida albicans-dependent IL-1p transcription, activation and
maturation. We found that at low infection rates, CD47 promoted C. albicans-induced
IL-1p mRNA expression, activation of pro-1L-1B, and IL-1J secretion. However, at
higher fungal burdens CD47 inhibits all these processes indicating that CD47’s bimodal
activities result from infection severity. Thus, these data show that CD47 can alter IL-1p
transcription, maturation of pro-IL-1p, and plays a possible role in inflammasome
interactions.

Therapeutic CD47 blocking drugs are currently under development to treat
cancer, but the present results suggest that blocking CD47 signaling could compromise
the IL-1p pro-inflammatory cascade that is vital for controlling microbial infections.
CDA47-targeted therapies, therefore, could impair the ability of immunocompromised
cancer patients to resist and survive disseminated infections caused by C. albicans and

other opportunistic pathogens.
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Chapter 1: Background

1.1 Inflammation

Characterization of inflammation dates back to ancient Egyptian and Greek
cultures. The four main characteristics that were originally used to identify inflammation
and are still used to this day are redness, warmth, swelling, and pain. A fifth
characteristic, loss of function, was added later, but is recognized as a common ailment
[1].

Today, inflammation is viewed as a response to an imbalance of homeostasis.
The body is in a constant balanced state where tissues and cells live harmoniously;
however, stress is a regular part of life and occurs in many different forms perturbing this
balance. Inflammation is an important component of the body’s response to stress.
Cellular-extrinsic stress results in cytokine and chemokine secretion [2]. This
inflammatory cascade is meant to acutely control an insult. An acute inflammatory
response is often beneficial. For example, during fungal infections increased pro-
inflammatory cytokines, such as TNF-a and IL-1p, help control and contain the infection
[3]. However, chronic or hyper-inflammatory response can be detrimental. In chronic
inflammation, tissue damage occurs when the inflammatory cascade does transition to an
active resolution phase. In autoinflammatory diseases, the inflammatory response rarely
eliminates the insult or infection, which just promotes a deleterious positive inflammatory
loop [4].

Every tissue and cell type in the body participates in inflammatory responses.

Organ-specific tissues have an important role in inflammation, but the immune system



has specialized sensors to detect and respond to insults [5]. There are two arms to the
immune system: innate and adaptive. The initial immune response to a stressor comes
from the innate immune system, and this drives the adaptive immune response, although
following initiation, a significant amount of interplay occurs between the two systems
[6]. The inflammatory response in the body is complex. Therefore, for the purpose of
our investigations we concentrated on the role of macrophages in IL-1p-dependent

inflammation.

1.2 Macrophages

Macrophages play a significant role in the inflammatory response. The
macrophage is one of the three major classes of professional phagocytes (i.e.- dendritic
cells, macrophages, and neutrophils) and is classified, along with the dendritic cell, as a
“mononuclear phagocyte.” Mononuclear phagocytes come from one common myeloid
precursor cell, the macrophage-dendritic cell progenitor (MDP). Prior to leaving the
bone marrow or site of origin in embryonic tissue, MDPs either differentiate into
dendritic cells or macrophages [7]. An abundance of literature has been published
recently trying to determine the exact origin of each type of macrophage subset.
Although monocytes and macrophages present certain distinct markers from dendritic
cells, there is large overlap between cell surface proteins on monocytes and macrophages
and between the different subsets of macrophages. The obstacle of experimentally
distinguishing macrophages from monocytes has become a larger problem due to recent
interest in characterizing differences between resident and non-resident macrophages [8].

Many of the cell surface markers that appeared to clearly distinguish monocytes from
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macrophages overlap between blood monocytes and resident monocytes. Researchers
need to develop additional context-specific panels of surface markers for specific

macrophage or monocyte cell types.

1.2.1 Macrophage Origin

Macrophages were originally proposed to originate and renew classically through
hematopoietic stem cells (HSC). The principle of HSC-origin asserts that one population
of pluripotent cells resides in the adult bone marrow. These cells derive from one
common hematopoietic cell type that arises early in embryogenesis. HSCs in the adult
bone marrow were assumed to give rise to both a tissue resident and circulating
populations of immune cell types [9]. However, this dogma has recently shifted to
encompass the concept that there are two distinct origins for macrophages: the classic
hematopoietic-derived monocyte and a newly recognized embryonic progenitor-derived
monocyte (Figure 1). Hematopoietic-derived monocytes are still believed to arise from
bone marrow cell progenitors. They differentiate from bone marrow into MDPs prior to
exiting the bone marrow. They ‘patrol’ the body and, during instances of inflammation
or infection, localize and infiltrate tissue. While bone marrow derived macrophages
(BMDMs) are found in the tissue, a separate set of macrophages (called ‘resident
macrophages’) consistently occupy the tissue and are distinct in origin from BMDMs.

Resident macrophages originate from embryonic progenitor-derived monocytes,
localize to the tissue early in development and are self-renewing. The theory that a
distinct population of macrophages originates from the embryonic yolk sac has recently

begun to be elucidated. Similar to the classical model, these progenitors are stem-like;
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however, they never populated the bone marrow. Rather, these cells localized to the
tissue prior to birth and self-renew locally during the entire life of the organism.
Researchers have shown conclusively that these two populations have unique, but not

mutually exclusive phenotypes [10].
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Figure 1. Macrophage dual-origin hypothesis in the adult. (figure from Sieweke M H, and
Allen J E, Science 2013 [10]). Macrophages (blue) originate from a progenitor cell in the
embryonic yolk sac or from hematopoietic stem cells (HSC) of adult bone marrow. The
former (orange) primarily populates tissue as resident macrophages and HSC-derived
monocytes (purple) and differentiate to become the ‘traditional’ circulating/homing
macrophage population. The percentages of resident and HSC-derived macrophages vary
in different tissues. In this figure tissues are listed in increasing order of monocyte
contribution to resident macrophage populations (top to bottom). GMP, granulocyte-
macrophage progenitor; MDP, macrophage-dendritic progenitor; LC, Langerhans cells;

RP, red pulp; LP, lamina propria.



1.2.2. Macrophage Subsets

Evidence is currently inconclusive regarding exactly what environmental cues
differentiate embryonic tissue into resident macrophages either ex vivo or in vitro.
Investigators studying general macrophage signaling still rely on established macrophage
differentiation protocols for a majority of their experiments. Monocytes have been
conventionally categorized into either classically activated macrophages (M1) or
alternatively activated macrophages (M2) [11]. Although these two extreme subsets of
macrophages have been generally accepted in the past there is growing evidence that
some macrophage functions in vivo cannot be explained by these two designations [12].
Nevertheless, a description of in vitro and ex vivo generation of conventional M1 and M2
macrophages is useful for the purpose of this dissertation. To generate classically
activated (M1) macrophage ex vivo, researchers use interferon gamma (IFN-y) in addition
to inflammatory stimulants or cytokines [13]. Functionally, M1 are considered to be
largely pro-inflammatory and promote the differentiation and activation of T,1 and T,,17
cells. They also produce type I inflammatory cytokines and are powerful effector cells
against microbial pathogens [14].

To differentiate monocytes into an M2 phenotype researchers commonly use IL-4
and IL-13. However, other cytokines, such as IL-10, IL-33, and IL-12, have similarly
been shown to polarize macrophages into the M2 phenotype [13]. M2 macrophages are
classified into three different types: M2a, M2b, and M2c. M2a regulates T2 cells and
promotes tissue repair and angiogenesis. M2b and M2c help induce Treg formation and

promote anti-inflammatory phenotypes [14].



1.2.3 Experimental Models of Macrophages

Investigators generally use specific monocyte cell lines to test for certain
signaling motifs. Human THP-1 cells have been widely used to study the inflammasome
pathway [15]. THP-1 monocytes can be differentiated with the chemical phorbol 12-
myristate 13-acetate (PMA) for 36-48 hr, but this practice does not always result in a
robust macrophage phenotype [16, 17]. Alternatively, primary cells from human
peripheral blood are used both to validate cell line data and elucidate novel mechanisms
in primary macrophage. Peripheral blood mononuclear cells (PBMCs) are generally
differentiated into macrophages using commercially available cytokines including
macrophage colony stimulating factor (M-CSF or CSF-1), granulocyte-macrophage
colony-stimulating factor (GM-CSF or CSF-2) or granulocyte colony-stimulating factor
(G-CSF or CSF-3). The cytokine used to differentiate PBMCs into macrophages can
modulate the resulting phenotype [18].

Often bone marrow harvested from mice is used to generate BMDMs. One of the
major utilities of this process is that a researcher can isolate monocytes transgenic or
deficient in a specific gene. Up until the time the bone marrow is extracted the monocyte
is developing in its native environment. Similar to the generation of macrophages from
PBMCs, bone marrow is differentiated ex vivo into BMDMs using a specific cytokine or
set of cytokines depending on the desired phenotype. Similar experimental protocols can

be used to purify mature resident or circulating macrophages from mice [19].

1.3 Cytokines



Cytokines control monocyte differentiation from a multipotent hematopoietic
stem cell and the subsequent polarization into a specific macrophage type. Cytokines are
defined as the “immunoregulatory proteins that are secreted by the cells” [20]. They are
secreted from cells and act autonomously or in combination on neighboring cells and
tissues. Cytokines are molecules through which the innate and adaptive immune systems
communicate with each other [6]. Their many families include, but are not limited to the
TNF superfamily, interleukins, interferons, and growth factors.

Interleukins are a class of cytokines that has grown in number since the
recognition of interleukin 1. Each member is generally classified by their sequence,
receptor, and functional activity. To date there are 37 classified interleukins, some of
which have subfamilies. Studies of the interleukin families reveal that they have effector
functions on all cells of the body [21]. Here we specifically evaluate the cytokine

interleukin-1p (IL-1pB).

1.31L-1p

IL-1B is one member of the IL-1 family. Although it and its sister, IL-1a, bind to
the same receptors, IL-1pB and IL-1a are encoded by different genes and are regulated
differently in tissues. IL-1a is constitutively produced by epithelial cells and active in its
precursor form. In contrast, IL-1p is produced by hematopoietic cells as an inactive
precursor. It is not intrinsically produced by all cell types, but commonly up-regulated in
the presence of a stimulus [22].

In macrophages, IL-1p mRNA is up-regulated in response to recognition of a

pathogen associated molecular pattern (PAMP) or danger associated molecular pattern
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(DAMP). Transcription of IL-1p mRNA results in an inactive precursor protein. This is
the first event in IL-1p production and controlled by ‘signal 1.” A second event is
necessary to activate IL-1p into mature protein. In ‘signal 2,” pro-IL-1f is cleaved into
mature IL-1p and secreted into the extracellular space (figure 2). Active IL-1f ligates IL-
1Rl and IL-1RII and causes a cascade of pro-inflammatory events intracellularly,

intercellularly, and interstitially [21].
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Figure 2. Canonical pro-I1L-1p activation involves two discernable steps (original figure).
Under normal circumstances IL-1p activation in macrophage exists in two-steps. The
first step is the transcriptional upregulation of IL-1p precursor, and the second step is the

proteolytic cleavage, often in a caspase-1-dependent manner.
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1.3.1 IL-1p Transcription

The IL-1p gene is located on chromosome 2. Naive peripheral blood monocytes,
vascular endothelial cells, fibroblasts and smooth muscle cells do not express IL-1§
MRNA, but it can be induced in these as well as most cells. The IL-1p promoter is
activated in a cell-specific manner and is controlled by distinct sequence elements and
trans-acting factors [23]. In macrophages, researchers demonstrated in the 1990’s that
the transcription factor Spi-1/PU.1 can bind to (NF-BA) motifs at -109, -102 and the -20,
-39 in the IL-1B promoter. The same group additionally reaffirmed that NF-1L6
(C/EBP) binding to -91,-84 is essential for activation, but not macrophage specific [24].
In another study researchers identified NF«B binding sites at -305, -208 that also partially
binds NFBB (5’ half) and NFBD (3’ half) [25]. Indirectly, researchers determined that c-
fos and c-jun induce AP-1 transcription factor activity following PMA treatment of THP-
1 monocyte derived macrophage [26]. Later, researchers determined that c-Jun could also
act as a co-activator by binding PU.1 and C/EBPS to up regulate IL-1p gene expression
[27]. The multiple members of the IRF family play a temporal role by enhancing IL-18
transcription either initially with NFxB or in delayed recruitment of PU.1 to the promoter
region [28]. While the promoter region of IL-1p has been well characterized, and
transcription factors have been mapped to the IL-1B promoter region, IL-1p gene
expression is a function of temporal and spatial regulation. The combination of different
transcription factors binding to different regions after stimulation by pathogen associated
molecular pattern (PAMP) or danger associated molecular pattern (DAMP) critically

regulates the induction of IL-1p mRNA expression [29].
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Epigenetic regulation is a key component of IL-1p transcriptional regulation. The
IL-1P promoter region is tightly regulated by histone modifications. Stimulation of
macrophages by an IL-18 PAMP or DAMP exposes the DNA to binding of key
transcription factors and enhancers that direct transcription of mMRNA [30]. Furthermore,
it appears that transcription factors initially localize to exposed promoter regions. They
facilitate the binding of factors that recognize enhancers and additional DNA-binding
elements to cis-acting sequences [27].

A few negative regulatory elements have been also mapped to the promoter
region of IL-1B. These include the negative glucocorticoid response element (hnGRE) and
a transcription activator protein-2 binding site (between -685 and -395) [31]. However,
other negative regulators of IL-1p mRNA expression level function either prior to
transcription or after mRNA is produced. For example, studies have indicated that NO
may inhibit LPS-dependent induction of IL-1f transcription via S-nitrosation of NF-xB
[32]. mMRNA decay is another mechanism of post-transcriptional regulation of IL-1f3
expression levels. Many types of mRNA decay have been well characterized [33]. For
example, studies have shown that IL-1p mRNA is much more stable than other cytokines
such as TNFa, however, both types of mRNA contain adenylate/uridylate-rich elements
elements, which regulate mRNA decay in vivo. However, in regards to both cytokines,
tristetraprolin can bind to the adenylate/uridylate-rich elements element to mediate
MRNA decay [34]. In our studies we account for tristetraprolin-dependent mMRNA decay
by stimulating for cells with LPS for only 3 hrs total, at which time no IL-18 mRNA

decay was observed.

12



1.3.2 IL-1B Activation

IL-1p activation occurs independently of IL-1p transcription and translation. Pro-
IL-1, the nascent form of the protein, requires an activation event to process it into the
mature form. Canonical pro-IL-1p maturation occurs through interleukin-1p converting
enzyme (ICE). ICE, or caspase-1, is an enzyme that also exists in active and inactive
forms. Only the mature active form of caspase-1 can cleave pro-1L-1p into mature IL-1
[35]. Caspase-1 is activated as part of an “inflammasome complex™ in an
autoproteolytic-manner. Although in isolation caspase-1 can cleave many protein
substrates, association with the inflammasome preferentially directs its activity to
specifically cleave pro-IL-1p and pro-1L-18 into mature proteins[36].

Activation of pro-IL-1p is necessary and sufficient for secretion of mature IL-1p
into the extracellular space [37]. However, both pro- and mature forms of caspase-1 and
IL-1B, can be detected extracellularly following activation of the immature protein [38].
Understandably the appearance of both pro- and mature forms of protein appears
contradictory. Researchers are actively investigating how caspase-1 and IL-1p are
secreted from the cell, and future findings may provide an explanation for this quandary.
Experimentally, enzyme-linked immunosorbent assay (ELISA) cannot discriminate
between immature and mature IL-1p. Western blots are the most accurate way to

determine when and how much mature IL-1f is produced.

1.3.2.1 Caspase-1 Dependent Activation of IL1J
Pro-caspase-1 can associate directly or indirectly with members of the nucleotide

localization receptor (NLR) family or RIG-I receptors through its CARD (N-terminal
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caspase recruitment domain) depending on the structure of its binding partner. In
instances where the NLR protein does not contain a CARD, the adaptor protein
apoptosis-associated speck-like protein containing a CARD (ASC) is necessary for
caspase-1 activation. In the inflammasome, association with the NLR and ASC, if
required, autoproteolyticly cleaves pro-caspase-1 at two locations causing the formation
of three subunits, the CARD domain, a 10 kDa unit, and a 20 kDa unit [39]. New data
has recently emerged better depicting how NLRP3 functions in ASC-dependent
inflammasome activation to cleave caspase-1. Previously, investigators believed that an
“apoptosome-like” structure was formed, but this concept was unclear and highly
controversial. Recently a new model has been proposed. Two groups simultaneously
highlighted the significance of ASC in the inflammasome complex by proposing a prion-
like assembly mechanism that aligns homologous domains of the inflammasome
components and results in autoproteolytic cleavage and activation of pro-caspase-1.
Furthermore, they claim that, NLRP3 inflammasome activation is wholly dependent on
ASC, which is constitutively present in the cell [40-42]. This idea does not account for
caspase-1 activation in the absence of ASC and therefore leaves the question of how

other types of inflammasome are activated.

1.3.2.2 Pyroptosis

Pyroptosis is cell death mediated by inflammatory caspases. In contrast to
apoptosis, the oldest characterized form of programmed cell death, pyroptosis results in
cell lysis and is considered a “pro-inflammatory” process. Pyroptosis is most notably

characterized by the dependence of caspase-1 and results in the inflammasome-dependent
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processing of IL-1p [43]. However other pro-inflammatory caspases can also or
alternatively be involved. Caspase-1, -4, -5, -12 in humans and caspase-1, -11, and -12 in
mice are classified as pro-inflammatory because of their roles independent of
programmed cell death [44].

Researchers have used caspase-1 deficient cells to prove that caspase-11 can
cleave pro-1L-1p in the absence of caspase-1. Programmed cell death occurs in the
presence of caspase-11 alone [45]. Initially, pyroptosis was classified as a caspase-1-
dependent process. However, with the emergence of other inflammatory caspases, this
definition has been modified to encompass them [46].

Mature caspase-1 is active and will cleave pro-IL-1 into active mature IL-1f.
Inflammasome components are active in the extracellular space and have the potential to
activate pro-caspase-1 into mature IL-1 outside of the cell [47]. Caspase-1 has multiple
physiological roles independent of IL-1p maturation and can also function as a cell death
enzyme [36]. Caspase-1 also plays a crucial role in fatty acid metabolism independent of
cytokine expression; including, IL-1B-independent inhibition of triglyceride clearance

[48].

1.3.2.3 Caspase-1-independent IL-1p activation

Although the best characterized activator of IL-1 maturation is caspase-1, other
caspases and caspase-independent activation have also been shown to activate IL-1p. In
mice, caspase-11 has been shown to have essential roles in IL-1p activation. Mouse
caspase-11 shares genetic homology to human caspase-4 and human caspase-5, but only

the murine form has been shown to activate IL-1p. Caspase-11 performs proteolytic
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cleavage of IL-1p and has been demonstrated to induce cell death. While caspase-11 can
act independently of caspase-1 in certain instances, caspase-11 is often activated in
tandem. Hypothetically, the close genetic proximity of caspase-11 to caspase-1 may play
a role in this phenomenon [49]. Early reports indicated that caspase-11 plays a
significant role in gram negative LPS induction of IL-1p [50]. More recently, a role for
caspase-11 in IL-1p maturation in response to infection involving type IV secretion
systems or vacuolar lysis resulting from bacterial infection has been demonstrated [51].
Currently, no discernable pattern has emerged as to when caspase-11 is involved,
although there is promise that finding one will possibly help shed light into the purpose
of the other two orphaned proteolytic human caspases, caspase-4 and caspase-5.
Caspase-8 is classified as a member of the death-inducible caspases. However,
caspase-8 has a role in IL-1B maturation both dependent on and independent from
caspase-1. Interestingly, most studies have been performed on mouse cells and
investigated the role of Caspase-8 in infection. In that regard, caspase-8 has been shown
to induce IL-1p maturation both through the canonical NLRP3-inflammasome and
independent of NLRP3 [52]. Recently, a novel NLRP3-independent caspase-8-
dependent pathway was described where mature IL-1f was induced by endoplasmic
reticulum (ER) stress [52]. The ER is responsible for folding proteins following
translation prior to export. When mis-folded proteins accumulate in the ER, caspase-8 is
activated, and IL-1p is cleaved. Caspase-8-dependent IL-1 maturation also occurs in
dendritic cells. In the absence of caspase-8 in mouse dendritic cells, increased IL-1
maturation appears to be mediated by RIPK3 [53]. Unfortunately, it remains unclear how

this can potentially fit into the bigger IL-1p story.

16



Dectin-1, a fungal pattern recognition receptor (PRR), cleaves pro-1L-1p in
human dendritic cells during infection by Candida tropicalis, Candida lusitaniae,
Aspergillus fumigatus and Mycobacterium leprae in a caspase-8-dependent manner.
These pathogens activate pro-IL-1p through Syk in a caspase-8 dependent manner,
independent of the NLRP3-inflammasome. Caspase-8 associated with the CARD9-Bcl-
10-MALT1 scaffold [54], a necessary component of Candida-dependent Syk signaling
[55]. It appears that ASC plays a significant role since functionally inhibiting ASC
abrogates the formation of the ‘inflammasome complex’ [54, 56].

Taken together, these studies indicate possible redundancy between caspase-1 and
some of the other caspases. Interestingly, most of this redundancy has been evaluated
using mouse models and leaves one to wonder if the redundancy is limited to murine
caspase signaling. It is therefore vital to continue studying this pathway in human cells to
gather a better understanding of PAMP and DAMP activation of proteolytic caspases and
their role in IL-1p activation. Another area that would benefit from further research is the

mechanism of inflammasome activation.

1.3.2.4 The Inflammasome

The inflammasome is defined by the presence of complex that activates an
inflammatory caspase to cleave pro-1L-1p into biologically activate mature IL-1 [39].
NLRs are intracellular NOD-like-receptors and are often an essential component of
apoptosome, the structure that cleaves pro-caspase into mature caspase [57]. Most are
composed of a pyrin domain and either a caspase recruitment domain or a baculovirus

inhibitor repeat domain. The notoriety of NLRs came about due to their role in forming
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the inflammasome, the complex that activates pro-IL-1p [58]. While extensive work has
been done to establish the molecular activation of many of the NLR proteins, the best
characterized member of the family is NLRP3 [59]. However, some details regarding
NLRP3 activation have become less clear as more researchers publish in the field.

Five years ago, investigators were certain that NLRP3 inflammasome activation
occurred in one of three ways: K+ efflux, possibly instigated through ATP ligation of the
P2X7 receptor; the generation of reactive oxygen species (ROS), possibly of
mitochondrial origin; or lysosomal disruption that results in the release of the protease
cathepsin B into the cytosol [60]. This simplistic view no longer exists. To date, the only
certainty is that a second signal is needed to promote NLRP3 association with ASC and
caspase-1 in macrophages. How that happens is currently under debate. While the
original proposed mechanisms are reproducible, additional mechanisms independent of
these three have also been demonstrated [61]. Notably, other ion gradient changes, such
as calcium and bicarbonate, have been shown to sufficiently induce NLRP3-
inflammasome formation [62, 63]. In another study, the mitochondria-associated adaptor
molecule (MAVS) was demonstrated to recruit NLRP3 to the mitochondria to initiate
inflammasome formation directly adjacent to the mitochondria [64]. This highly
controversial study demonstrated mitochondrial-dependent activation of pro-caspase-1 in
contrast to the above mentioned (section 1.3.2.1) cytosolic ASC-dependent
inflammasome assembly [42].

MAVS is just one hypothesized role for mitochondria in inflammasome
activation. Mitochondria-derived ROS was shown to activate NLRP3-dependent

inflammasome formation and mitophagy, activate mitochondrial-dependent autophagy,

18



and inhibit MAVS-dependent NLRP3 inflammasome cleavage of pro-IL-1f into mature
IL-1P [65, 66]. However, other investigators did not find that autophagy was dependent
on mitochondrial-specific inhibition of inflammasome-mediated IL-1p maturation.
Instead, they observed that autophagy plays a functional role by directly targeting the
inflammasome complex via ubiqutination and facilitating delivery to the autophagosome
[67]. Therefore, mitochondria appear to play a significant role, but are not critical
components of every inflammasome-mediated IL-1p event. IL-1p appears to be very
sensitively regulated, but through multiple pathways. It is clear that a multitude of
PAMPs and DAMPS activate both the induction of pro-IL-1p expression and its

functional activation.

1.4 IL-1p Stimuli

Pathogen associated molecular patterns (PAMPs) and danger associated
molecular patterns (DAMPS) can activate signal 1 and signal 2 of the IL-1p pathway.
Both are recognized as signals that trigger inflammation, sometimes to the detriment of
an individual [68]. The oldest recognized inflammatory stimuli are PAMPs. PAMPs are
components of bacteria, virus, fungi, and a variety of other microorganisms and are
classified by their ability to elicit an immunological host response. PAMPs are ligated by
pathogen recognition receptors (PRRs) causing an array of inflammatory responses [69].

DAMPS are sterile insults that can similarly activate pattern recognition
receptors. In 1994, Polly Matzinger pointed out that the body recognized danger signals
not associated directly with pathogens [70]. Today, people often distinguish between

endogenous danger patterns, termed ‘alarmins,’ and exogenous DAMPs. DAMPs have
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been clearly demonstrated to induce IL-1f transcription and activation [71], but often
DAMP signaling pathways converge with PAMP signaling pathways to cause severe pro-
inflammatory effects [72]. Because our lab had an interest in investigating how CD47
monoclonal antibody therapy, used to treat cancer, would affect inflammation following

infection, we focused on PAMP-associated IL-1p activation and production.

14.1. LPS
Canonical NLRP3-inflammasome activation occurs following LPS and ATP

stimulation. LPS is a common component of bacteria and is found on the cell wall of
gram-negative pathogens such as Escherichia coli, Pseudomonas aeruginosa and
Salmonella typhimurium. Regardless of the species, LPS is typically composed of a
hydrophobic domain (usually Lipid A known as endotoxin), a nonrepeating “core”
oligosaccharide (the O-chain), and a distal polysaccharide [73]. In macrophage signaling,
LPS associates with lipid binding protein (LBP) and attaches to CD14. The purpose of
the CD14-LPB-LPS complex is to enhance LPS detection and amplify the pro-
inflammatory response. The CD14-LPB-LPS complex ligates the extracellular sensor
toll-like-receptor 4 (TLR4), with the help of co-receptor MD-2 [74], and causes a cascade
of signaling events that results in the production of numerous cytokines, including pro-
IL-1P.

TLRs are a ubiquitous family of receptors. They primarily sense PAMPs and
were originally identified in Drosophila melanogaster (fruit flies). They are type |
integral membrane proteins that contain homologous domains. TLR4 is expressed on the

extracellularly on the plasma membrane, while some other members of the TLR family
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are expressed only on endosomal membrane in the cytosol. In specific situations TLR4 is
endocytosed to become an endosomal membrane protein and participate in TIR domain-
containing adaptor protein inducing IFNB (TRIF)-dependent signaling. Alternatively, if
TLR4 stays localized to the plasma membrane it will signal in a MY D88-dependent
manner [75]. TRIF-dependent signaling primarily induces type I interferons, and

MY D88-dependent pathways promote the induction of IL-1p mRNA expression [76].
However, both signaling responses require the co-receptor CD14.

CD14 is not essential for all LPS-TLR4 cascades; the type of O-antigen dictates if
CD14-ligation is necessary. The O-antigen varies between the species of bacteria. When
bacteria do not produce an innermost core oligosaccharide subunit, the LPS is termed
‘rough.” ‘Rough LPS’ does not bind to CD14 and can only signal through the MyD88-
dependent pathway. As a result, ‘rough LPS’ produce a hyporesponse in comparison to
‘smooth LPS’ (LPS containing the inner chain of core oligosaccharide subunits).

CD14 only ligates certain types of LPS and is also responsible for TLR4-
redundent signaling [77]. Many of the molecular players involved in LPS sensing and
signaling, such as CD14, are not specific to endotoxin recognition. CD14 has also been
demonstrated to play a role in sensing and responding to other PAMPs such as
Pam3CSK4 and Poly(I:C). Our studies used Pam3CSK4 and Poly(l:C) to evaluate the

range of signaling mechanisms involved in CD47-dependent activation of IL-1p

1.4.2 Pam3CSK4
Pam3CSK4 is a synthetic bacterial lipoprotein, Pam3CysSerLys4, that is modeled

after the N-terminal domain of E. coli lipoprotein [78]. Lipoproteins are a major class of
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bacterial proteins that are characterized by a conserved N-terminal lipid-modified
cysteine, which anchors them into the membrane. Bacterial lipoproteins have been
shown to play essential roles in physiology and virulence. Lipoproteins cause an immune
response via TLR2 [79]. TLR2 is a sister extracellular PRR to TLR4. One of the most
notable differences between TLR4 and TLR2 is TLR4 must homodimerize with another
TLR4 in order to signal, but TLR2 can heterodimerize with either TLR1 or TLR6 to
signal [80]. In macrophages, Pam3CSK4 ligates TLR2, which associates with co-
receptors TLR1 or TLR6 [81].

Heumann et al hypothesized a role of CD14 and LPB in Pam3CSK4 signaling.
They found that mice sensitized with galactosamine and treated with 100 ng of
Pam3CSK4 died only after anti-LBP or anti-CD14 treatment [78]. They demonstrated a
possible protective role for CD14 and LBP in Pam3CSK4 signaling. Since then,
researchers have indicated that CD14, either membrane bound or soluble, appears to act

as a co-receptor and enhances TLR2 activation via lipoprotein [80].

1.4.3 Poly(l:C)

Poly(l:C), polyinosinic-polycytidylic acid, is a synthetic oligomer which mimics
double-stranded RNA found in viruses. Originally poly(l:C) was proposed as a vaccine
adjuvant that would be used to promote endogenous interferon production and thereby
enhance vaccine efficacy [82]. Poly(l:C) ligates TLR3, one of three endosomal
membrane TLRs. In canonical poly(l:C)-TLR3 signaling, a transfection device or
reagent is necessary in order to deliver poly(l:C) directly to TLR3. This in vitro

technique is hypothesized to recapitulate the injection of viral RNA into the cell that
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occurs in vivo [83]. However, researchers have published alternative pathways involving
adaptor proteins. To date, there is a multitude of literature detailing what accessory
proteins associate with TLR3, after poly(l:C) stimulation either in the absence of
presence of transfection reagents. Some of the hypothesized adaptor proteins are:
HMGB1, CD14, and TRIL [84-86]. Current theory posits that poly(l:C) ligates TLRS3,
promoting the homodimerization of TLR3 and causing a conformational change [87].
TLR3-TLR3 then signals through TRIF (TIR-domain-containing adapter-inducing

interferon-P) to activate either RIP1 or TRAF3 and induce cytokine expression [88].

1.4.4 ATP

Adenosine 5-triphosphate, ATP, is found in every organism. Intracellularly, ATP
is used to facilitate energy transfer and as high energy phosphate donor to drive
enzymatic reactions. Extracellularly, ATP can be a danger signal, triggering
inflammation and cell death. Alternatively, extracellularly, ATP also has roles in
neurotransmission, muscle relaxation/contraction, endocrine secretion, and glucose
transportation [89, 90]. Additionally, cells in the body need to understand the functional
difference between self and non-self ATP. For example, an individual must know how to
process their own ATP in the gastrointestinal tract for sympathetic innervation of
arterioles, but also distinguish and process ATP released from microbiota in the
intestines. Thus, cell surface receptors that recognize and are activated by nucleotides
play a dominant role in promoting a specific signal upon ATP ligation [91]. In mammals,
the family P2 nucleotide receptors sense nucleotides such as ATP, UTP, and ADP [92].

P2 nucleotides are composed of a subgroup of eight ‘P2Y” G-couple receptors and a
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subgroup of seven ‘P2X’ ionotropic receptors. The latter are a family of non-selective
cation channels that have been shown to play a role in inflammasome activation [93].
ATP is a canonical activator of the NLRP3-dependent inflammasome. One of the
main by-products of microbe lysis or killing is the release of extracellular ATP that can
be detected by the host. In vitro studies use exogenous ATP to recapitulate this effect
[94]. Initially researchers theorized that in canonical NLRP3-dependent IL-1§
maturation, ATP promotes activation of the inflammasome through the P2X7 purinergic
receptor to drive ion-influx [60]. However, many other purinergic receptors besides
P2X7 could play a role in NLRP3-dependent IL-1p activation, possibly in synergy with

P2X7 [95].

1.4.5 Candida albicans

Candida albicans is one of several Candida species that are commensal and
opportunistic pathogens in humans. C. albicans resides as a commensal microorganism in
the gastrointestinal tract, but it causes a high rate of mortality when it invades the
bloodstream in immunocompromised individuals. Despite eliciting an active immune
response, disseminated infections are difficult to control. Candida albicans appears to
trigger multiple inflammasome pathways. This is not surprising given that the cells
express multiple PAMPs on their surface. These PAMPs change depending on the
morphological differentiation state of the Candida. Candida albicans exists as yeast,
pseudohyphae, and hyphae. The dimorphic shift is defined as the transition between the
yeast and hyphae phases [96]. Yeasts are rounded asymmetric budding cells with single

nuclei. Hyphae are long narrow chains of cells that arise from germination of yeast cells
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and divide as their nuclei migrate through a germ tube. Pseudohyphae contain unipolar
yeast that undergo polarized cell division to form attached elongated cell branches [97].
The dimorphic shift between yeast and hyphae is a main virulence factor and a governing
attribute of tissue invasion. Researchers have cataloged a number of environmental and
intrinsic factors that influence this shift. However, the exact way that Candida albicans
interacts with cells in the body and the interplay between this pathogen and host cells to
modulate an immune reaction still remains poorly understood [98].

A number of PRRs are activated by Candida PAMPs. While the ratios of PAMPs
on Candida cell walls differ depending on the differentiation state of the cell, they can be
categorized into three main types of polysaccharide: mannans, glucans, and chitin. These
PAMPs ligate a variety of PRR belonging to the toll-like receptor, C-type lectin, and
scavenger receptor families. The most well studied class of receptors for Candida
PAMPs is the C-type lectins (CTL) [99]. CTLs were originally classified solely on their
structural homology that defines carbohydrate-binding specificity. This classification
was later expanded to include other receptors with structurally homologous, but
functionally distinct regions. There are over one thousand characterized CTLs that are
classified into 17 groups. They play major roles in distinguishing self from non-self in
order to protect a host organism from non-native microorganisms [100]. The CTLs that
can be triggered by Candida albicans infection include dectin-1, dectin-2, macrophage
mannose receptor 1, DC-SIGN, and minicle [99].

NLRP3 is essential in controlling systemic Candida infections and is induced

following dectin-1 ligation [101]. NRLCA4 is essential in controlling oral and pharyngeal

25



candidiasis, however, no follow-up reports have been done to elucidate the signaling
mechanisms or the components of this inflammasome complex [102].

Ligation of dectin-1, dectin-2 and minicle by Candida albicans all induce Syk-
dependent induction of IL-1p by promoting CARD?9 association with BCL-10 and
MALT1 [55]. Similarly, Gringhuis et al demonstrated that CARD9-BCL1-10-MALT1
plays a significant role in non-canonical IL-1p activation. Dectin-1-specific signaling
induces an inflammasome complex composed of CARD9, BCL1, MALT1, caspase-8,
and ASC that activates pro-1L-1p [54]. Dectin-1-dependent Candida albicans activation
of pro-IL-1p occurs through the non-canonical caspase-8-ASC- CARD9-BCL1-10-
MALT1 inflammasome and dectin-2-dependent Candida albicans activation of pro-I1L-13

occurs through the classic NLRP3-dependent inflammasome.

1.5 CDA47

CDA47 was first identified as integrin-associated-protein (IAP) due to its co-
purification with avp3 integrin in platelets. CD47 is an immunoglobulin-like protein
with five membrane-spanning segments. CD47 is expressed on all hematopoietic cells,
and initial experiments characterized the function of CD47 based on its ability to inhibit
phagocytosis by monocytes and neutrophils [103]. CD47 has three ligands [104]:
thrombospondin-1 (TSP-1), signal regulatory protein gamma (SIRPy) and signal
regulatory protein alpha (SIRPa) [105]. CD47 has specific roles in signaling in a variety

of immune and vascular cell types (figure 3).
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Figure 3. CDA47 regulates signal transduction pathways in many cellular processes.
(figure summarized from Soto-Pantoja DR, Stein EV et al 2013[106]). (A) In endothelial
and smooth muscle cells, thrombospondin-1 ligation of CD47 inhibits Ca?*-dependent
cGMP signaling and Gofy-dependent cAMP signaling. CD47 has been demonstrated to
control cell survival via mitochondrial-dependent processes and suppress protective
autophagy. (B) Thrombospondin-1, through CD47, limits H,S-induced activation of T
cell, in part by limiting induction of cystathionine-p-synthase (CBS) and cystathionine -
lyase (CSE). (C) Upregulation of SIRPa on macrophage inhibits CD47-dependent
phagocytosis of Staphylococcus aureus-infected neutrophils. (D) Antibody or CD47-Fc
ligation inhibits IL-12, TNF-a, IL-6, and IL-10 production in endotoxin-primed immature
dendritic cells. (E) Thrombospondin-1 signaling through CD47 in monocytes inhibits
PI3K to limit IL-12. Signal regulatory protein o is a counter receptor for CD47. CD47

ligation of signal regulatory protein o inhibits macrophage phagocytosis.
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1.5.1 CD47 in immunology (adapted from Soto-Pantoja DR, Stein EV et al 2013[106])

Leukocyte migration plays important roles in innate and adaptive immune function.
The increased susceptibility of CD47 deficient mice to intraperitoneal E. coli infection is
associated with defective neutrophil transendothelial migration [107]. Similar roles for
CDA47 were found in other bacterial and viral infections [108]. Transendothelial
migration of neutrophils, monocytes, and T cells is deficient in CD47 null mice, and the
failure of wild type bone marrow to correct this defect suggested that CD47 on
endothelium is important for leukocyte egress [109]. Binding of the function-modifying
antibody B6H12 to CD47 on endothelial cells induces cytoskeletal remodeling and up-
regulates Src and Pyk2 tyrosine kinase, increasing tyrosine phosphorylation of VE-
cadherin, an inducer of cell adhesion (figure 3a). Thus, endothelial cell CD47 is
important for leukocyte recruitment during the course of infection.

CDA4+ T cells differentiate into several lineages in response to specific
environmental cytokines and signals from APC [110]. CDA47 regulates this process in
both APC and T cells. CD47-Fc inhibits IL-12, TNF-a, IL-6, and IL-10 production in
endotoxin-primed immature dendritic cells and, thus, inhibits their functional maturation
[111] (figure 3D). Ligation of SIRPa or CD47 also caused a decrease in anti-CD3-
activated T cell IL-12 responsiveness as measured by IFN-y production (figure 3B).
These findings clearly demonstrate the inhibitory effects of CD47 through antibody and
SIRPa ligation on the priming of T cells. CD47 is also a negative regulator of Thl
lineage differentiation. The CD47 antibody B6H12, which blocks both TSP1 and SIRPa
binding, inhibited the development of Th1 cells and down-regulated the amount of

endogenous INF-y [112]. CD47-null mice on a Th2-prone BALB/c background
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developed Thl-biased cellular and humoral responses [113]. This bias is consistent with
the exaggerated contact hypersensitivity response in CD47 deficient mice [113, 114]. In
addition to effects on T cell polarization, however, Lamy reported that TSP1 null mice

show a similar hypersensitivity response, which they attributed to a deficiency in CD47-

mediated T cell apoptosis [114].

1.5.2 CDA47 in innate immune effector function (adapted from Soto-Pantoja DR, Stein EV
et al 2013[106])

The interaction between CD47 on target cells and SIRP-a. on phagocytes is a
potent inhibitor of phagocytosis and serves as a species-specific self-recognition
mechanism [115] (figure 3). Wild type mice rapidly eliminate CD47-deficient RBC, T
cells, and bone marrow independent of antibody or complement stimulation [116, 117].
Similarly, clearance of transfused porcine RBC in mice depends on the species specificity
of CD47-SIRP binding [118], and expression of human CD47 on porcine RBC
suppresses their phagocytosis by human macrophages [119] (figure 3E). The density of
CDA47 on target cells is critical for this negative regulation of phagocytosis [120], and
consequently, tumor cells with elevated CD47 expression are more resistant to
phagocytosis (figure 3C).

CD47 may also have an indirect role in regulating phagocytosis because
macrophages in chimeric mice lacking CD47 on nonhematopoietic cells do not
phagocytose some CD47 null target cells [121]. The role of CD47 in phagocytosis is
further complicated by a recent report that modified forms of CD47 can promote rather
than inhibit phagocytosis [122].
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CDA47 also regulates NK effector function. Elevated CD47 expression on target
tumor cells inhibits nonphagocytic killing by NK cells [123]. Nonphagocytic antibody-
dependent target cell killing by macrophages is similarly inhibited by target cell CD47

expression [124, 125].

1.5.3 Evidence for CD47 Regulation of IL-1p Production

The role of CD47 in IL-1p transcription and activation has not been well studied.
However, a related investigation looked at how TSP1 and SIRPa affect the maturation of
immature dendritic cells in the presence or absence of E coli virulence factor OmpA.
Total secreted IL-1B was measured as an indicator of dendritic cell pro-inflammatory
phenotype. CD47 ligation with antibody B6H12 in presence of LPS inhibited IL-1p
secretion, while ligating CD47 with B6H12 or silencing either CD47 or TSP1 in the
presence of OmpA+ induced IL-1p secretion. OmpA alone did not induce I1L-1p, but
CDA47 blocking/silencing or silencing of TSP1 in the presence of OmpA had a pro-
inflammatory effect and induced dendritic cell maturation and hence IL-1f secretion
[126].

Additional published studies have shown how CD47-SIRPa signaling influences
IL-1P expression. SIRPa autocrine signaling following CD47 ligation inhibited the
induction of IL-1p during Crohn’s disease. Investigators ligated SIRPa with a CD47-
fusion protein and demonstrated that lamina propia mononuclear cells and lymph nodes
from patients with Crohn’s disease had less intracellular IL-1p, as determined by flow
cytometry, and produced less secreted IL-1p, as determined from ELISA [127]. More

recently, investigators indirectly correlated the induction of CD47 on neutrophils with
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phagocytosis of methicillin-resistant Staphylococcus aureus (MRSA) (figure 3). They
hypothesized that increased cell-surface CD47 promoted macrophage phagocytosis of
infected neutrophils. Neutrophils containing MRSA secreted an abundance of caspase-1
dependent IL-1pB, whereas macrophages containing MRSA-infected CD47"9" neutrophils
produced significantly less caspase-1 dependent IL-1p. Researchers later inferred that
upregulation of CD47 promotes neutrophil phagocytosis and indirectly inhibits IL-1

activation [128]. This mechanism would most likely be CD47-SIRPa dependent.

1.6 Thrombospondin-1

Thromspondin-1 (TSP) is a secreted matricellular matrix protein that is produced
by all cell types and increased following stress. TSP1 has an abundance of binding
partners governing roles in several physiological arenas [129] (figure 4A). However, due
to the variety of interacting molecules, the function of TSP1 can change. For example,
TSP1 can inhibit angiogenesis. Through heparan sulfate proteoglycans (HSPGs) TSP1
inhibits FGF-stimulated angiogenesis via its type | repeats [130]. Through C-terminal
ligation of CD47, TSP1 inhibits NO biosynthesis, NO-mediated activation of soluble
guanylate cyclase, and activation of cGMP-dependent protein kinase to inhibit
angiogenesis (figure 3). Mechanistically these two processes are very different [131].
Alternatively, TSP1 can also promote angiogenesis. TSP1 promotes FGF-2-dependent
angiogenesis via N-terminal heparin binding. The TSP1 heparin binding domain
promotes an increase in the amount of MMP-2 and MMP-9 through FGF-2, which results
in angiogenic endothelial cell invasion [132]. Thus, TSP1 regulates the same process

(i.e.-angiogenesis) three different ways via association with different binding partners
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sometime with opposite regulatory functions. This is a testament to the versatility and
complexity of TSP1. For experimental purposes researchers have produced TSP1
proteins that specifically express only certain domains (Figure 4B). We use three
domains in our study: NoC1, the N-terminal binding domain, 3TSR, the intracellular
binding domain, and E123CaG1, the C-terminal binding domain [133]. The indicated
binding partners for each part of TSP1 are shown in figure 4A [129]. Each domain
specifically modulates immune function, macrophage homeostasis, and IL-1f3

transcription and activation.
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Thrombospondin-1 has many binding partners. Every region of TSP1 has been

demonstrated to play a role in cell signaling. Protein specific to different domains of

thrombospondin-1 were used for research purposes to elucidate specific signaling

mechanisms. The following recombinant TSP1 fragments were used to map functional

domains that regulate 1L-1: NoC1, 3TSR, and
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1.6.1 Immunological roles for TSP1

TSP1 preferentially binds CD47 at normal physiologically concentrations [134].
Several investigators have demonstrated a role for TSP1-CD47 interactions in T cell
activation and regulation. Ligating CD47 with either a monoclonal antibody to CD47 or
a TSP1 peptide induced naive memory CD4+CD25- T cells to become anergic. This
inactive state expressed high levels of CTLA-4, OX40, GITR, and Foxp3 indicating that
they had a repressive-like phenotype [135]. In another study, ligation of CD47 by TSP1
or a TSP1 peptide limited T cell activation by suppressing expression of the H,S
biosynthetic enzymes cystathionine B-synthase and cystathionine y-lyase (figure 3B).
Physiological levels of H,S were demonstrated to induce T cell activation and
proliferation [136], but TSP1-CDA47 signaling inhibited this activation in an ERK-
dependent manner [137]

TSP1 has been demonstrated to participate in parasitic infections. Early
publications showed that Plasmodium falciparum directly binds to TSP1 and uses TSP1
to mediate binding to endothelium, which is mediated by its C-terminal domain [138-
141]. Independently, Plasmodium falciparum was found to bind to ICAM-1 and the
TSP1 receptor CD36 [142-144]. Binding of Plasmodium falciparum to parasitized
erythrocytes was mediated by TSP type 111 repeats through CD36 [144, 145]. Other
researchers expanded on this mechanism by showing that Plasmodium species activate
human latent TGFp, possibly through parasite-associated protein TRAP that shares
homology with the type 1 repeats of TSP-1 and that TSP-1 can inhibit Plasmodium

activation of TGFp [146].
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One of the major physiological functions of TSP1 in immunology is its ability to
activate latent TGFB. After translation TGFf exists in a noncovalent dimeric complex
with latency-associated peptide (LAP). This complex is inactive, and the inactive state
depends on TGFp association with LAP. TSP1 is able to bind to LAP and release
activated TGFf from the complex [147]. TGEFp has pleiotropic effects and can act as an

immunosuppressor [148].

1.6.1 TSP1 in macrophage homeostasis

TSP1 plays a role in the homeostatic regulation of disease in a macrophage-
specific manner. Researchers began by demonstrating a role for TSP1 in peritonitis.
Mice deficient in endogenous TSP1 were resistant to sepsis-induced mortality and had
lower bacterial counts. This phenotype was related to increased BMDM phagocytic
capacity [149]. Additionally, Martin-Manso et al showed that endogenous TSP1
enhances macrophage mediated inflammation after treatment with A-carrageenan or in the
presence of systemic candidiasis infection. This phenomenon was evident by an increase
in macrophage pro-inflammatory cytokines, such as MIP-1a and TNFa, to the sites of
infection when TSP1 was present and increased expression of iNOS [150]. An
association between LPS-stimulated macrophages and the amount of TSP1 produced was
discovered by culturing either BMDMs or mouse peritoneal macrophages with 100 pg/ml
LPS and quantifying the amount of TSP1 message and protein inside the cell. LPS
induced significantly more TSP1 message and protein in both cell types compared to
control cells. TSP1 message and protein induction was higher in mouse peritoneal

macrophages than BMDMs [151].
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TSP1 has many associated proteins that it can signal through (figure 4A). In
regards to ligand-specific signaling, TSP1 promotes integrin-mediated cytotoxicity of
tumor-associated macrophages (TAMs). Adding soluble TSP1 enhanced the oxidative
burst of both human and monocytic TAMS in an integrin-dependent manner [152].
Similarly, TSP1 association with macrophage surface integrin avp3 promotes
phagocytosis of apoptotic neutrophils in both humans and mice [153]. Alternatively,
TSP1 ligation to CD36 or CD47 causes opposing cell aggregation effects in U937
macrophages following PMA-LPS stimulation. CD47-TSP1 association inhibited cell

aggregation and CD36 promoted aggregation [154].

1.6.2 TSP1 and IL-1P

Regulation of IL-1p by TSP1 has been shown, but not in a CD47-dependent
manner. Endogenous TSP1 inhibited IL-18 mRNA transcription in macrophage
infiltrates 24 hr after myocardial infarction [155]. Alternatively, endogenous TSP1
promoted IL-1p transcription in CD45+F4/80"" macrophage infiltrate in ischemic
muscle after 4 days [156]. More recently, Li et al published that TSP1 through CD36
promotes TNFa in a TLR4-dependent manner. Mouse and human macrophages were
treated with supraphysiological concentrations of soluble TSP1. NF«B activity levels,
TNFa mRNA levels and secreted TNFa concentrations levels were induced in a CD36-
and TLR4-dependent manner [157]. Another study implicated TSP1 in inflammasome-
dependent IL-1p activation. Oxidized low-density lipoprotein (oxLDL), a known inducer
of IL-1p transcriptional activity and of NLRP3-dependent inflammasome induction, was

demonstrated to activate IL-1 through CD36 [158]. CD36 is a member of the class B
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‘scavenger receptors’ because it can identify and remove DAMPs. Originally, all
scavenger receptors were classified by their ability to recognize oxLDL, but the
classification has been expanded to include other DAMPs [159]. CD36’s identity as a
scavenger receptor has been used to test its ability to induce IL-1p activation. CD36, in
the presence of oxLDL, promotes IL-1p transcription and activation in a TLR4- and
TLR6-dependent manner. Furthermore, down-regulation of CD36 inhibits this process
[158]. We therefore hypothesize that TSP1 through CD47 also plays an active role in IL-
1B maturation. No other investigators have yet looked into the role of TSP1 through

CDA47 in IL-1p maturation.

1.7 Conclusion and future directions

The number of publications in innate immunology has grown exponentially in the
last decade. Antigen presenting cells were regarded as unimportant until fairly recently
and their ‘coming of age’ was highlighted by the 2011 Nobel Prize, awarded to Drs Bruce
A. Beutler, Jules A. Hoffmann, and Ralph M. Steinman [160]. Here we observe a role
for TSP1-CDA47 in IL-1p signaling in macrophages following PAMP stimulation. Our
intention is to define a novel role of TSP1 signaling through CDA47 in the regulation of
IL-1p.

TSP1 is a highly regulated protein that is expressed by cells under stress and
signals through its ubiquitously expressed receptor CD47 to regulate major physiological
responses to stress. TSP1 and CD47 each independently have already been implicated in

IL-1B production or activation. Moreover, both molecules have been identified as targets
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for developing novel cancer therapeutics, but less is known about how inhibiting these
proteins in macrophages will affect pro-inflammatory cascades [106, 161].

Innate immune signaling is an important aspect of disease control, and IL-1B is a
major initiator of inflammatory diseases, as evidenced by the efficacy of IL-1 receptor
agonist drugs that have been on the market for almost two decades now [162]. The
interplay between TSP1-CDA47 signaling and IL-1p has not been well researched, but
given the limitations of existing anti-inflammatory drugs on the market this is an

important area of study.
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Chapter 2: Specific Aims

Septicemia is caused by microbial contamination of the blood [163]. Major
pathogen-associated molecular patterns (PAMPs) and danger-associated molecular
patterns (DAMPS) promote cytokine secretion during sepsis. Septic shock results in
major organ failure and death [164] and is a major health concern. With the increasing
incidence of hospitalization and mortality related to septicemia [165], it is important to
develop better treatments, especially ones that can be administered during later stages of
septic shock. However, drugs in clinical trials for this indication frequently fail to reach
the market [166]. One potential reason for the inadequacy of septicemia therapies is that
unidentified pro-inflammatory responses may circumvent their activity.

CDA47 is a ubiquitously expressed membrane receptor that has been shown to play
an important role during E. coli infection. Inhibition of CD47 during E. coli infection
promotes OmpA-dependent maturation of immature dendritic cells [126]. CD47
deficient mice with E. coli pneumonia have better than 72 hr survival, less severe lung
injury and less inflammation. CD47 promotes higher infiltrating neutrophils, hematocrit,
and higher bacterial counts [167]. CD47 deficient mice challenged intraperitoneally with
E. coli have lower bacterial and polymorphonuclear cell counts in their peritoneal lavage
fluid 24 hr after infection [107] . CDA47 is necessary for neutrophil recruitment to sites of
infection, and other studies have identified CD47 as an inhibitory signaling receptor in T
cells and dendritic cells [106]. Therefore, CD47 may be an important regulator of
inflammatory responses and studies are needed to better define its role in innate immune

responses.
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Radiation therapy and chemotherapy, two widely used treatments for cancer
patients, cause immunosuppression that increases the prevalence of systemic infections,
including those caused by a virus, bacteria and fungus. Heath care workers and patients
need to know the risks associated with specific therapies and take extra precautions [168].
CDA47 therapeutics are currently under development to treat cancer patients [169] and are

expected to enter human testing in the near future (http://stemcell.stanford.edu/CD47/).

Therefore, it is increasingly important to understand the role of CD47 in infections. IL-
1B is a pro-inflammatory cytokine that is regulated in a majority of infections [170]. We
hypothesize that CD47 regulates both IL-1p transcription induced by LPS and pro-IL-1

maturation induced by ATP and C. albicans.

Specific Aim 1: Examine regulation of IL-13 mMRNA expression by CD47 during LPS
stimulation and maturation of IL-1p in the presence of LPS and ATP. LPS promotes
transcription of IL-1p message and ATP activates pro-IL-1p into mature IL-1f. LPS-
ATP activation of IL-1p is mediated by caspase-1 in an inflammasome-dependent
manner [39]. We hypothesize that CD47 induces LPS-dependent transcription of IL-1p
and LPS-ATP inflammasome-dependent IL-1f activation in bone marrow derived

macrophages macrophages.

Specific Aim 2: Determine the role of TSP1 signaling through its receptor CD47 in
regulating transcription and maturation of IL-1p following LPS stimulation. TSP1 is a
ligand that induces signaling via CD47. TSP1 binds to several cell surface receptors, but

signals preferentially through CDA47 at physiological levels [134]. In aim 1, we will
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examine CD47-dependent canonical IL-1 production and maturation without regard to
TSP1-CD47 signaling. Therefore, in aim 2 we will add back exogenous TSP1 to mimic
the effects of physiological levels of TSP1 to test CD47-dependent IL-1p signaling. We
hypothesize that TSP1 ligation of CD47 on macrophage will influence both LPS-
dependent IL-1p mRNA expression levels and subsequent maturation of pro-1L-1p into

IL-1p.

Specific Aim 3: Define the role of CD47 in the IL-1p response induced by live C.
albicans. Fungal infections are an important concern in cancer patients [168]. We
therefore extended our study to include the role of CD47 in C. albicans induction of IL-
1B. We hypothesize that CD47 promotes macrophage IL-1p mMRNA expression andIL-1f3

activation during Candida infection.

42



Chapter 3: CD47 promotes IL-13 mRNA expression during LPS stimulation and

maturation of IL-1p in the presence of LPS and ATP.

3.1 Introduction

CDA47 is a ubiquitously expressed transmembrane protein that was first identified
as an integrin-associated protein [103]. Its N-terminal IgV-like domain and
immunoglobulin superfamily member protein classification led researchers to study its
role in regulation of the immune system soon after its discovery [171]. To date, a
significant number of studies have been done to evaluate CD47’s role in cytokine
signaling following sterile or non-sterile insults. Researchers studying the role of CD47
in immunological signaling primarily use two models to determine the effects when
CDA47 is absent: either by using CD47 deficient mouse bone marrow derived
macrophages or by blocking CD47 with function blocking antibodies or peptides. Both
of these methods allow looking at intracellular signaling via CD47, potentially
independent of any ligand participation.

Here we set out to demonstrate that CD47 specifically modulates the canonical
LPS-ATP induction of IL-1p. Researchers have evaluated how CD47 deficiency, or
functional abrogation of CD47, affects inflammatory cytokines. However, published
work shows that in some cases abolishing CD47 signaling is pro-inflammatory, while in
other situations is it anti-inflammatory. For example, wild type and CD47 deficient mice
were treated with zymosan (a dectin-1 pathogen-associated molecular pattern) to induce
peritonitis. The absence of CD47 appeared to have a protective, anti-inflammatory,

effect on the model. CD47" mice had lower serum IL-1pB and IL-6 [172]. Conversely,
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CDA47 deficient mice challenged with intraperitoneal Escherichia coli died quicker than
the wild type controls and had less leukocyte and polymorphonuclear cell infiltrate
following infection [107]. These pathologies are characteristic of pro-inflammatory
cascades. One rationale for these opposing findings is that CD47 interacts with multiple
proteins, and the role of each interaction is pathogen associated molecular pattern
(PAMP) specific. We therefore used a defined pathway to examine the exact role of
CDA47 in regulating IL-1p.

LPS is recognized by TLR4 in a complex with lipid binding proteins, MD-2, and
CD14. LPS induction of transcription factors triggers the upregulation of IL-1 mRNA
and thus, the production of intracellular inactive precursor pro-IL-1f3. Secondly, ATP is
taken up through the purinoreceptor P2X7 and activates NLRP3, which forms the
inflammasome complex with ASC and pro-caspase-1. Pro-caspase-1 is activated to
caspase-1 and cleaves immature pro-IL-1p into mature IL-1pB [173]. We, therefore,
attempted to deduce the possible regulatory role of CD47 in this well established
inflammasome model (figure 2).

Here we show that CD47 promotes IL-18 mRNA. When cells are treated with
LPS in the absence of CD47 there is significantly less IL-1 mRNA produced.
Furthermore, if CD47 is absent during canonical LPS-ATP stimulation of bone marrow
derived macrophages, less mature IL-1p is made. These data taken together indicate that

CDA47 is promoting the production of IL-1 following LPS stimulation.
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3.2 Materials and Methods

3.2.1 Stimulation Reagents. Adenosine 5-triphosphate disodium salt hydrate (ATP)
(Sigma), RPMI Il Medium, Penicillin-Streptomycin (Pen-Strep), L-Glutamine (L-GIn),
Versene and Opti-MEM | (Life Technologies), Ultrapure lipopolysaccharide (LPS)

(Invivogen), Fetal Bovine Serum (FBS) (Gemini BioProducts) were all used.

3.2.2 Animals. CD47-/- mice were purchased from Jackson Laboratories and
backcrossed to a pure C57BI/6 background before use. C57BI/6 mice were purchased
from Charles River Laboratories under a contract from the National Cancer Institute.
Mice pairs were kept in the same vivarium for at least three weeks prior to experimental
treatments. Animals were age and sex-matched. All experiments were performed in an
accredited facility according to the NIH guidelines under protocols LP-012 and LP-022

approved by the National Cancer Institute Animal Care and Use Committee.

3.2.3 BMDM Cultures and Stimulation. To make primary bone marrow-derived
macrophages (BMDMs), age- and gender-matched mice were sedated using isoflurane
and euthanized with cervical dislocation. All hind leg bones were removed, cleaned of
all tissue and sterilized with 70% ethanol. Femurs and tibias were flushed with RPMI 11
supplemented with L-GIn. Red blood cells were lysed with ACK Lysis Buffer. Cells
were plated and differentiated into macrophages using 30% L929 conditioned medium in

RPMI supplemented with L-GlIn, Pen-Strep, and 10% FBS as described previously [174]

45



(L929 cells were a kind gift from Dr Alan Sher, NIH). BMDMs were lifted using EDTA,

counted and plated.

Pairs of wild type and CD47-/- BMDMs were treated with either medium or LPS for 3hr.

ATP was added for the last half hour when indicated.

3.2.4 ELISA. Cell culture supernatant was collected and stored at -20°C. 50ul of
supernatant was added to each well and mouse IL-1p and mouse TNFa protein
concentrations were analyzed using the mouse IL-1 beta/IL-1F2 DuoSet and mouse TNF-
alpha (R&D Systems) kit, respectively, in accordance with manufacturer’s published
instructions. OD was monitored during color development and reaction was terminated at
the same colormetric density for each plate using Epoch plate reader (BioTek) and the
Genb software. After reading the ELISA plates, IL-1B and TNFa concentrations in each

sample were calculated using a protein standard curve respective to each plate.

3.2.5. LDH Cytotoxicity assay. Supernatants were collected from wells containing
BMDM s following stimulation. After analysis for IL-1B and/or TNFa, supernatant was
incubated with equal volume of LDH assay mix. Assay was stopped in CytoTox 96 Non-
Radioactive Cytotoxicity Assay Kit (Promega), according to the manufacturer’s
instructions. Absorbance was measured using an Epoch plate reader (BioTek) and Gen5

software. Both kill curve and BMDM viability were graphed using GraphPad Prism.
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3.2.6 RNA extraction and Real Time PCR. TRIzol (Life Technologies) was added to
cells following stimulation experiments. Lysates and RNA were extracted according to
the manufacturer’s instructions. RNA was further purified using sodium acetate and
100% ethanol, then quantified with a Nanodrop 2000. cDNA was synthesized according
to manufacturer’s instructions using the SuperScript II Reverse Transcriptase Kit (Life
Technologies). Quantitative real-time-PCR was done using the SYBR Green kit
(Thermo) using primer sets for hypoxanthine phosphoribosyltransferase, NLRP3,
caspase-1, and IL-1p (Table 1). Results were calculated using the ACt method [175] and

normalized to hypoxanthine phosphoribosyltransferase.
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Gene

Antisense (5° -> 37)

Sense (57 ->3°)

MHPRT [136]

GTT AAG CAG TAC AGC CCC AAA

AGG GCATAT CCAACAACAAACTT

mNLRP3 AGC CTA CAG TTG GGT GAA ATG CCT ACC AGG AAA TCT CGA AGA C
mCaspase-1 | ATG CCG TGG AGA GAA ACA AG GGT GTT GAA GAG CAG AAA GCA
miL-1p TGG GCT GGA CTG TTT CTAATG TTTCTT GTG ACC CTG AGC G

hHPRT [136]

ATT GTA ATG ACC AGT CAA CAG

GCATTG TTT TGC CAG TGT CAA

hNLRP3 AAA GAG ATG AGC CGA AGT GG CGA AAG GTA CTC CAG TAAACCC
hCaspase-1 TTT CTG CTC TTC CAC ACC AG AAT GAA AAT CGA ACC TTG CGG
hIL-1B[54] TTT GAG TCT GCC CAG TTC CC TCAGTT ATA TCC TGG CCG CC
mMNLRC4 ACG CAG GCA AAA CAC TCATA TCG TTT CTC AAG CCA ATT CC
mMMmAIM2 AAC CCA AGC AAA ACA AAG TG GCT ACA AGG TCCAGA TTT CAAC
mNOD2 AAC ATC AGG CAG AAT CCC TCT ACC AAC CAT CAC GAC TCC TC
mNAIP5 GTCAATG TGT GTC CCG ACT G TGG GGA TGT CTT TCC TTC AC
mNLRP1 GAG ACC ACA AAC CAAGAC AAG A | ACA GAG ACC CCACCC AAC T
mASC TCA CAG AAG TGG ACG GAG TG TCATCT TGT CTT GGC TGG TG

Table 1. Primer Pairs for gRT-PCR Reaction

h, human; m, mouse; HPRT, hypoxanthine-guanine phosphoribosyltransferase; NLRP3,

NLR family, pyrin domain containing 3; IL-1p, Interleukin 1 beta; NLRC4, NLR family,

CARD domain containing 4; AIM2, absent in melanoma 2; NOD2, Nucleotide-binding

oligomerization domain-containing protein 2; NAIP5, NLR family, apoptosis inhibitory

protein 5; NLRP1, NLR family, pyrin domain containing 1; ASC, apoptosis-associated

speck-like protein containing a carboxy-terminal CARD
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3.2.7 Western Blotting. Cell culture supernatants were collected into microcentrifuge
tubes and stored at 4°C for up to 1 wk. Protein from conditioned supernatants was
prepared using methanol-chloroform extraction as previously described [23]. Protein was

resolubilized in SDS-PAGE reducing sample loading buffer (Thermo Scientific).

Cell lysates were made by adding NP-40 lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl
and 1% NP-40, along with protease inhibitor cocktail, sodium orthovanadate, and PMSF)
to adherent cells. Lysates were centrifuged to pellet debris and equal volumes of lysate
were transferred to clean microcentrifuge tubes containing SDS-PAGE reducing sample

loading buffer.

All samples were heated at 95°C for 5 min and cooled on ice. Proteins were separated
using Tris-glycine gels and transferred to Hybond-P polyvinylidene difluoride (PVDF)
membranes (GE Healthcare). Membranes were immunobloted antibodies as indicated in
table 2. Primary antibodies from a rabbit were detected using anti-rabbit 1gG conjugated
to HRP (R&D Systems), from a goat by using anti-goat conjugated to HRP (R&D
Systems), and from mouse, using anti-mouse 1gG conjugated to HRP (Kirkegaard &
Perry Laboratories, Inc). Membranes were incubated with West Pico, West Dura, or
West Femto chemiluminescent substrate (Pierce). As needed, PVDF membranes were
stripped with ReBlot Plus Mild Antibody Stripping Solution (Millipore) and reprobed

with new primary and secondary antibody pairs.
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Protein Detected Species 1° antibody

reactivity
pro- caspase-1 mouse rabbit anti-mouse caspase-1 p10
mature caspase-1 (sc-514; Santa Cruz Biotechnology)
pro-1L-1B mouse goat anti-mouse IL-1
mature IL-1p (AF-401-NA; R&D Systems)
pro- caspase-1 mouse rabbit anti-human caspase-1 p20
mature caspase-1 (D7F10, Cell Signaling Technologies)
pro-IL-1p mouse rabbit anti-human IL-1
mature IL-13 (2022, Cell Signaling Technologies)
CD14 human mouse anti-human CD14

(clone 134620, R&D Systems)

CD47 human mouse anti-CD47 (B6H12, Abcam)
B-actin mouse mouse anti-f-actin

human (Sigma)
a-tubulin mouse mouse anti-a-tubulin

human (clone DM 1A; Sigma)

Table 2. Antibodies used for immunoblotting.
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3.2.8 Densitometry. Western blot films were scanned into the computer and converted to
black and white imagines. ImageJ was used to measure optical density. Each density
value was converted to a ratio comparing the protein of interest to a-tubulin and graphed

in experimental pairs, wild type to CD47" mouse, using GraphPad Software.
3.2.9 Statistics. Statistical analysis was performed with GraphPad Software and analyzed

using parametric Student’s t-test. If standard deviations were unequal, Welch’s

correction was applied. Values with p<0.05 were considered statistically significant.
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3.3 Results

3.3.1 More mature caspase-1 and IL-1p are produced in the presence of CD47

Isolation and differentiation of bone marrow derived macrophages (BMDMs) can
cause induction of pro-caspase-1 and pro-IL-1p [176]. Prior to beginning any
experiments, murine BMDMs were analyzed for CD47-dependent differences in pro-
caspase-1 and pro-IL-1B. Only negligible amounts of pro-IL-1B were produced by all
naive mouse macrophage prior to treatment. Furthermore, there was no significant
difference between the average amount of pro-caspase-1 or pro-IL-1 produced by wild
type and CD47 deficient mouse macrophages prior to treatment (figure 5A).

Next, we asked if the presence of CD47 correlated with the amount of mature
caspase-1 and IL-1P produced. LPS is a powerful TLR4-dependent PAMP that
upregulates transcriptional and total immature protein levels of caspase-1 and IL-1p.
ATP stimulates the activation of the NLRP3-dependent inflammasome complex through
the purinergic receptor. The NLRP3-dependent inflammasome cleaves pro-caspase-1
and pro-1L-1p into their mature forms [93]. We therefore titrated LPS at different ATP
concentrations and analyzed mature caspase-1 and IL-1 protein levels. BMDMs
prepared from mice lacking CD47 released less mature IL-1p and mature caspase-1 after
stimulation at most concentrations of LPS and ATP (figure 5B). Densitometry of
mature IL-1PB was calculated for three independent experiments after cells were
stimulated with either 10ng/ml LPS-2.5mM ATP or 20 ng/ml LPS-2.5mM ATP. Due to
large standard deviation between experiments, significance was not achieved. Our

hypothesis was not supported based on the densitometry results.
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Although basal differences in pro-caspase-1 and pro-IL-1p were not different
when measured in twelve independent experiments (figure 5A), we often observed less
intracellular pro-IL-1p induced by LPS in CD47-/- BMDMs (data not shown). This
observation is represented in this experiment (figure 5B). Therefore, we decided to
evaluate IL-1p, Caspase-1 and NLRP3 mRNA levels and total secreted levels of TNFa

and IL-1p.
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Figure 5. Wild type BMDMs produce more mature caspase-1 and IL-1f than CD47"

BMDMs when treated with LPS and ATP. Bone marrow taken from wild type and

CDA47" mice was differentiated into bone marrow derived macrophages (BMDMs) using

L929 conditioned medium. (A) BMDMs were left unstimulated. Western Blot analysis

was used to analyze total immature caspase-1 and IL-1f in cell lysates made from

BMDMs. Each dot graphed represents an individual mouse, where n = 11. (B) Adherent

wild type and CD47” BMDM s were treated with medium or LPS (10 ng/ml or 20 ng/ml)

for 3 hr. Varying concentrations of ATP (0, 1.5, 2.0, or 2.5 mM) was added to the media

for the last 30 min. Western blot was used to differentiate between immature and mature

caspase-1 and IL-1p concentrations. sup = conditioned medium from the well following
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experiments; lysate = cell lysate buffer was added to wells to determine intracellular
protein levels. Data are representative of 3 experiments performed. (C) Density of
mature IL-1P protein bands from cells treated with 10ng/ml LPS + 2.5mM ATP or 20

ng/ml + 2.5 mM was calculated and compared to respective a-tubulin protein levels.
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3.3.2 CD47 promotes secreted TNFa and IL-1p from mouse BMDM:s following LPS and
ATP stimulation.

ELISAs are frequently not an accurate way to detect post-transcriptional
modifications and differences between immature and mature protein. However, they are
useful to precisely calculate the total secreted levels of protein. Next, we wanted to
determine if only mature protein was depressed in the absence of CD47 or if total protein
levels were also affected. We measured the total secreted TNFo and IL-1p protein levels
at varying concentrations of LPS, consistently in the presence of 2.5mM ATP. CD47
promoted the secretion of significantly more TNFa, an upstream cytokine to caspase-1
and IL-1p, in response to 10 ng/ml LPS treatment (figure 6A) and significantly more IL-
1B at all concentrations of LPS (figure 6B).

Caspase-1 dependent cell death has been characterized as pyroptosis [177] and is
considered a form of programmed cell death that promotes inflammatory reaction. We
tested the levels of lactate dehydrogenase released into conditioned medium as a method
to quantify pyroptosis. In CD47"" BMBMs, significantly more LDH was released in the
presence of 10 ng/ml LPS in the absence of ATP and in the presence of 20 ng/ml LPS,
both in the presence and absence of ATP (figure 6C). These findings do not directly
correlate to the amount of mature caspase-1 produced, but rather higher LDH levels were
observed as less mature caspase-1 was produced (figure 6C versus figure 5B).

Therefore, pyroptosis was unlikely to be the cause of cell death.
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Figure 6. Wild type BMDMs secrete more total TNFa and IL-1p than CD47"- BMDMs
when treated with LPS and ATP. Bone marrow was taken from wild type and CD47"
mice and differentiated into bone marrow derived macrophages (BMDMs) using L929
conditioned medium. Adherent wild type and CD47”" BMDMSs were treated with
medium or LPS (10 ng/ml or 20 ng/ml) for 3 hr. An additional 2.5mM ATP was added at
the concentration indicated for the last 30 min. (A-B) ELISA was used to quantify total
secreted (A) TNFa and (B) IL-1pB. (C) Samples were tested for the presence of lactate

dehydrogenase (LDH) using a kit as an indicator for cell death.
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3.3.3 CD47 promotes LPS-induced IL-1p, NLRP3, and Caspase-1 mRNA levels

CDA47 endogenously represses c-Myc, KIf4, Oct4, and Sox2 expression [178], so
we tested to see if similarly autogenous IL-1p, NLRP3, and Caspase-1 mRNA levels
were decreased in the presence of CD47. We found no significant differences in IL-1p,
NLRP3, and Caspase-1 mRNA basal levels between wild type and CD47"" BMDMs
(figure 7A).

Because CD47-dependent differences in mature I1L-1p and total secreted IL-1f3
were observed (not sure if true), it was determined whether the interaction between LPS
and CDA47 could be playing a role in modulating the production of IL-1p at the
transcriptional level. We evaluated wild type and CD47" BMDMs for IL-1pB, NLRP3,
and Caspase-1 mRNA levels after LPS treatment. After LPS treatment, significantly
more IL-1pB and Caspase-1 mMRNA was expressed in the presence of CD47 (figure 7B, D)
in all concentrations in both cohorts. In the absence of CDA47 significantly less NLRP3
MRNA was detected following stimulation with 10 ng/ml LPS. This confirms that CD47
promotes higher IL-1p mRNA expression levels in mouse macrophage following LPS

stimulation.
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Figure 7. Wild type BMDMs have significantly more caspase-1 and IL-1 mRNA after
LPS stimulation than CD47”- BMDMs. Bone marrow from wild type and CD47” mice
was taken and differentiated with L929 conditioned medium into bone marrow derived
macrophages (BMDMs). Cells were washed and plated in OptiMEM. (A) Fold increase
IL-1B, NLRP3, and Caspase-1 mMRNA levels CD47" mRNA compared to wild type
control (n=20). Each experiment was individually performed and analyzed prior to
pooling results. (B-D) Cells were stimulated with LPS at indicated concentrations (0, 1,
10, 20 ng/ml) for 3 hr. 2.5mM ATP was added to all wells in final 30 min. mRNA levels
for (B) IL-1B, (C) NLRP3, and (D) Caspase-1 was measured using quantitative real-time

PCR. Data shown is a representative 3 independent experiments performed.
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3.4 Summary

The role of CD47 in regulating the LPS-ATP stimulated inflammasome-
dependent IL-1 pathway has not been previously studied. Here we begin by
demonstrating a relationship between the presence of CD47 and the production and
activation of IL-1B. Our results show that CD47 promotes both IL-1 mRNA levels
(figure 7B). While this does not necessarily dictate that CD47 promotes IL-1[3
transcription, the treating with LPS for only 3 hours precludes that mRNA decay will
occur because studies show that IL-1p mRNA decay occurs at upwards of 6 hours after
LPS stimulation [34].

Canonical IL-1p is produced in a two-step signaling cascade. The first stimulus,
LPS, increases the amount of IL-18 mRNA and immature pro-IL-1p produced. The
second stimulus, ATP, promotes the canonical NLRP3-dependent inflammasome to
cleave pro-1L-1p into mature IL-1.

LPS is a major bacterial cell wall component that causes endotoxemia. However,
researchers generally use this PAMP as a tool to prime naive cells and transcriptionally
upregulate IL-1p expression [179]. LPS modulates transcriptional levels of IL-1f3
through induction of transcription factors such as NFkB [180]. We therefore titrated the
levels of LPS at nanomolar concentrations to evaluate if CD47 played a role in LPS
induction of IL-1B, NLRP3 and caspase-1 message. We found that when CD47 is
present during LPS stimulation of mouse BMDMs, more IL-1p and caspase-1 mRNA are

detected (figure 7). CD47 promotes NLRP3 mRNA expression levels when mouse
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BMDMs are stimulated with 10ng/ml LPS. Additionally, more total TNFa and total IL-
1B were secreted in the presence of CD47 following LPS-ATP treatment (figure 6).

An additional stimulus to LPS is necessary in order to activate pro-IL-1f into
mature IL-1p in macrophages. Canonical LPS-ATP activation of IL-1f is NLRP3-
dependent [39]. In NLRP3-dependent cleavage of pro-IL-1p, NLRP3 is activated and
forms a complex with ASC and inactive pro-caspase-1. This cleaves and activates pro-
caspase-1 to mature caspase-1. Mature caspase-1 activates immature IL-1p to mature IL-
1B [39]. Here we show that CD47 promotes caspase-1-dependent inflammasome
activation. CD47 deficient BMDMs treated with LPS (10 ng/ml and 20 ng/ml) and ATP
(1.5, 2.0, or 2.5 mM) have less mature capase-1 and mature IL-1p (figure 5). While we
attempted to perform densitometry on multiple western blots to conclude significance, the
technology accessible to us to measure and then quantify western blots is not advanced.
To address reviewers criticism we added this figure (figure 5C), however, we understand
that it does not support our conclusions. Therefore, we conclude that figure 5 does not
support our hypothesis. Although we believe that this is relative to interexperimental
error and not a factual representation.

Pyroptosis, caspase-1-dependent programmed cell death, has been hypothesized
to be an essential process in inflammasome activation [24]. Cell death does not directly
correlate to mature capase-1 production (figure 6C versus figure 5B). Wild type BMDMs
treated with LPS and ATP have significantly more mature caspase-1 than CD47 deficient
BMDMs, but do not experience higher cell death. Therefore, cell death is occurring

through a pathway independent of caspase-1.
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These findings do not clarify what role ligation of CD47 has on LPS-dependent
induction of IL-1p mMRNA. CDA47 has three ligands and multiple binding partners [105].
We hypothesize that the presence of physiological levels of thrombospondin-1, a ligand

for CD47, will promote pro-IL-1p maturation and have a possible effect on LPS-induced

IL-1p transcription levels.
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Chapter 4: TSP1, through CD47, inhibits transcription of IL-1f during LPS stimulation
while promoting maturation of pro-1L-1 into mature IL-1.

4.1 Introduction

CDA47 has three ligands: signal regulatory protein alpha (SIRPa), SIRP gamma,
and Thrombospondin-1 (TSP1 SIRPa and SIRPy are structurally homologous
extracellularly, but SIRPy does not contain an intracytoplasmic inhibitory
immunoreceptor tyrosine based motif. Additionally, SIRPa is primarily expressed on
innate myeloid cells functionally highlighted for its ability to inhibit phagocytosis upon
CDA47 ligation [105]. Researchers have shown that engagement of SIRPa. inhibits the
total secreted protein levels of TNFa in the presence of LPS through recruitment of SHP-
2, a tyrosine-specific phosphatase [181]. Additionally, ligation of CD47 to SIRPa+ cells
inhibits the release of IL-1p protein ex vivo in Crohn’s disease patients [127]. For the
purpose of my dissertation we decided to investigate if TSP1 ligation of CD47 changes
the levels of IL-13 mRNA, total secreted IL-1p, or IL-1 maturation.

TSP-1 is classified as a matricellular glycoprotein. It was originally identified as
a platelet-associated protein that is released upon platelet activation by thrombin [182],
but is expressed by many cell type in response to injury or stress [183]. TSP1 receptors
include several integrins, CD47, calreticulin/LRP, CD36, and alpha2delta [184].
Researchers have shown that TSP1 can activate the TLR4 pathway through its receptor
CD36 [157]. Additionally, binding of the N-terminal domain of TSP1 to a6f1 integrin
promotes M1 macrophage differentiation, phorbol ester-induced superoxide production

and recruited target cell killing by macrophages [152]. However, the individual receptors
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that TSP-1 ligates can drive distinct functions in different cell types and, thus, TSP-1 has
been shown to have divergent roles depending on which receptors TSP1 is bound to and
in what cell type it is signaling.

To date, little is known regarding how TSP1 ligation of CD47 specifically
modifies inflammation. Researchers have shown that infiltration of CD68+ macrophages
into liver tissue after ischemia/reperfusion injury was reduced in TSP1 null and CDA47-
null mice, suggesting that TSP1 signaling through CD47 controls macrophage
recruitment or activation [185]. Another group showed that blocking or silencing CD47
on naive dendritic cells (DCs) prevented E. coli-dependent maturation. They obtained
similar results when TSP1 production was silenced and inferred that TSP1 signaling
through CD47 helped maintain the naive state of DCs during E. coli infection [126].
Here we further explore the role of TSP1 as an inducer of pro-inflammatory responses by
evaluating its role in the production and activation of pro-IL-1p.

Active IL-1p is produced in a two-step cascade. The first signal promotes the
transcription of IL-1p and the second signal activates the zymogen to its mature form.
Canonical LPS-ATP production and activation of pro-I1L-1 occurs through the NLRP3
inflammasome. LPS binds and dimerizes TLR4 with the help of the co-receptor CD14.
This causes an increase in pro-inflammatory transcription factors, including NF«xB and
AP-1, which increases and IL-1B8 mRNA levels [186]. However, IL-1p is inactive until
cleavage. One way this occurs is through ATP stimulation of the purinergic receptor.
ATP promotes the formation of the NLRP3-dependent inflammasome; a complex
comprised of NLRP3, ASC, and pro-caspase-1. The inflammasome activates pro-

caspase-1 to mature caspase-1, and subsequently cleaves pro-1L-1 to mature IL-1f [39].
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Here we hypothesize that TSP1 signaling through CD47 plays a role in both
transcription and maturation of IL-1p. Ligation of TSP1 to CD47 promotes maturation
of pro-IL-1p into mature IL-1p. This is the same phenomenon observed in figure 5B;
CDA47 promotes pro-IL-1p maturation. However, physiological levels of TSP1 temper
LPS-dependent IL-1p transcription in a CD47-dependent manner. In contrast to figure 6

and figure 7, TSP1 inhibits CD47-dependent IL-1f transcription.

65



4.2 Materials and Methods

4.2.1 Stimulation Reagents. In addition to reagents stated in sections 3.2.1, human
thrombospondin-1 (TSP1) was purified from platelets obtained from the National
Institutes of Health Department of Transfusion Medicine, as previously described [187].
Recombinant TSP1 domains comprising the type 1 repeats (3TSR), N-terminal,
oligomerization and von Willebrand C domains (NoC1), and EGF repeats, calcium-
binding repeats and C-terminal domain (E123CaG1) were kind gifts from Drs. Jack

Lawler [188] and Dean Mosher [133, 189], respectively.

4.2.2 Animals. CD47" and TSP1™" mice were purchased, bred, and used as described in

section 3.2.2.

4.2.3 BMDM Cultures and Stimulation. Mouse primary bone marrow-derived

macrophages (BMDMs), were isolated and purified as described in section 3.2.3.

Pairs of wild type and CD47-/- BMDMs were treated with either medium or LPS for 3hr.

ATP was added for the last half hour when indicated.

Pairs of wild type and TSP1"- BMDMs were incubated with either medium or LPS for 5
hr with ATP or medium added for the last hour. Pairs of wild type and CD47" BMDMs

were primed with soluble human TSP1 or recombinant proteins in OptiMEM for 15-20
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min. Cells were then treated with either medium or LPS for 3 hr. ATP was added for the

last half hour when indicated.

4.2.4 Human Cell Cultures and Stimulations. THP-1 cells (ATCC) were cultured in the
presence of RPMI 1640 with 10% FBS, Pen-Strep, and L-GIn. THP-1 monocytes were

differentiated by culturing for 48 hr with 10 ng/ml PMA [190].

Buffy coats or elutriated monocytes were obtained from healthy anonymous donors at the
National Institutes of Health Blood Bank. Lymphocytes from buffy coats were isolated
by density-gradient centrifugation using Ficoll Hypaque (GE Healthcare) and were
washed with DPBS. Residual red blood cells were lysed with ACK Lysis Buffer. Cells
were plated and differentiated in RPMI 1640 medium in the presence of 2% AB human
Serum (Valley Biomedical Inc), Pen-Strep, L-GIn and 0.5ug/ml M-CSF (PeproTech) for
6-7 d. Cells were lifted with Versene, counted, and plated. Cells were allowed to adhere

for at least 1.5 hr, washed, and, as indicated, stimulated in OptiMEM.

Medium alone, soluble human TSP1, or recombinant TSP1 protein was added to
differentiated THP-1 cells or primary monocyte derived macrophages for 15-20 min. LPS

was added for 3 hr with or without ATP for the last half hour.

4.2.5 ELISA. Following stimulation cell culture supernatant for all experiments was
collected, handled, processed, and analyzed as described in section 3.2.4. Briefly, human

IL-1PB, mouse IL-1B and mouse TNF-a protein concentration was analyzed using the
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human IL-1 beta/IL-1F2 DuoSet, mouse IL-1 beta/IL-1F2 DuoSet and mouse TNF-alpha

(R&D Systems) kit, respectively.

4.2.6 LDH Cytotoxicity assay. Supernatant was process and analyzed as described in

section 3.2.5.

4.2.7 RNA extraction and Real Time PCR. RNA was isolated, purified, quantified, and

analyzed as described in section 3.2.6.

4.2.8. SEAP Reporter Assay. THP-1-XBlue cells stably expressing an NFxB- and AP-1-
inducible secreted embryonic alkaline phosphatase (SEAP) reporter gene. (InvivoGen)
were cultured as described for wild type THP-1 cells; however Zeocin (InvivoGen) was
added every third passage for clonal selection. Cells were plated and differentiated using
10 ng/ml PMA for 48 hrs in 96-well plate. Cells were washed with DPBS, and TSP1 was
used to prime the cells for 15-20min in OptiMEM. LPS or medium alone was added for
3 hrs. Sterile QUANTI-Blue (InvivoGen) was added to each well and cells were
incubated at 37°C in 5% CO, for 2 hrs. Assay was read using the Epoch plate reader and

Genb software.

4.2.9. Immunoprecipitation. NP-40 lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1%
NP-40, Complete Protease Inhibitor Cocktail (Roche), sodium orthovanadate, and
phenylmethyl sulfonyl fluoride) was added to monocyte derived macrophages. Cell

lysates were incubated at 4°C, collected, and spun to 4°C to pellet cell debris. Cell
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lysates were transferred to a new microcentrifuge tube and pre-cleared with protein-G
beads (Life Technologies). Either mouse anti-human CD47 monoclonal antibody
(B6H12; Abcam) or LEAF purified mouse 1gG1 isotype k control antibody (Clone MG1-
45; Biolegend) was added to lysate for 1 hr, rotating at 4°C. Protein G beads were added,
and samples were rotated at 4°C overnight. Beads were immobilized using a magnet,
and supernatant was removed. Supernatant was combined with LDS sample buffer for
further analysis. Conditioned beads were washed with DPBS containing 0.1% Tween-20,
and protein was eluted using sample loading buffer (Quality Biological Inc or Pierce) and
by heating at 95°C. Supernatant and eluted bead-bound proteins were analyzed using

Western blotting.

4.2.10 Western Blotting. Protein from cell culture supernatants and lysates was process

and analyzed as described in section 3.2.7.

4.2.11 Statistics. Statistical analysis was performed and analyzed as described in section

3.2.9.
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4.3 Results

4.3.1 Thrombospondin-1 promotes mature IL-1p in the presence of LPS and ATP in
BMDMs.

We initially investigated how endogenous TSP1 affects IL-1 maturation in the
presence of several pathogen associated molecular patterns (PAMPSs). Bone marrow
derived macrophages (BMDMs) were isolated from C57BI/6 (wild type) and TSP1”"
mice and treated with LPS (a TLR4-dependent PAMP), Pam3CSK4 (a TLR2-dependent
PAMP), or poly(I:C) (a TLR3-dependent PAMP) [191]. Each PAMP successfully
produced copious amounts of pro-caspase-1 in each type of BMDM. Interestingly, more
pro-caspase-1 was detected in wild type lysate than TSP1” BMDMs, in the presence of
LPS (figure 8A). Upon addition of ATP, noticeably more mature Caspase-1 and IL-1p
was produced by wild type BMDMs compared to TSP17 cells (figure 8B). We saw no
difference in levels of mature caspase-1 or IL-1f between wild type and TSP1 deficient
cells stimulated with Pam3CSK4. However, we observed less secreted pro-caspase-1 in

wild type BMDM s treated with Poly(l:C) compared to TSP1”"BMDMs (figure 8B).
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Figure 8. Wild type BMDMs produce more mature caspase-1 and IL-1p then TSP17"
BMDMs. Adherent wild type and TSP1”~ murine BMDMs were cultured in (A) medium
or LPS (10 ng/ml, 20 ng/ml, or 50 ng/ml), (B) Poly(I:C) (0.91 pg/ml, 9.1 pg/ml, 9.1
ug/ml45.5 pg/ml) or Pam3cSK4 (1 pg/ml) for 4.5 hrs. Medium or ATP (1 mM, 5 mM,

10 mM or 5mM alone) was added to both sets of cultures for an additional hour.
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Supernatant (sup) and cell lysates (lysate) from each experiment were collected and
analyzed by Western blot for Caspase-1, IL-1p and B-actin. Data shown was similar in

multiple experiments performed.
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4.3.2 LPS and sTSP-1 synergize to activate IL-1.

Because it was observed that both CD47" and TSP1”- BMDMs had less mature
caspase-1 and IL-1p following stimulation with LPS and ATP (figure 5 and figure 8,
respectively), we asked if TSP1 could be having a positive effect on the maturation of IL-
1B in the absence of ATP. We used human soluble TSP1 (sTSP1) to prime human THP-
1 monocytes derived macrophage and primary monocyte-derived macrophage prior to
LPS stimulation, and measured the amount of mature caspase-1 and IL-1p that was
secreted. When either type of monocyte derived macrophage was treated with increasing
concentrations of sSTSP1 without LPS, no secreted pro-caspase-1, mature caspase-1, or
mature IL-1p was seen (figure 9A, B). However, supernatants from THP-1 cells
stimulated with LPS following 10 ng/ml sTSP1 pre-treatment showed increased secretion
of mature caspase-1 and mature IL-1 at 10 ng/ml TSP1, but less so at higher TSP1
concentrations (figure 9A). Similarly, these results were confirmed in primary monocyte
derived macrophages (figure 9B). To further assess this apparent biphasic response, we
used an IL-1p ELISA to quantify total secreted levels of IL-1B. sTSP1 did not promote
the total IL-1p released following LPS stimulation of macrophages derived THP-1 cells,
but instead, total IL-1p levels decreased at higher TSP1 concentrations (figure 9C).
Primary human BMDMSs showed a similar inhibitory effect on total IL-1p release at
higher TSP1 concentrations, but did not reach significance (figure 9D). This indicates

that TSP1 has a possible negative effect on signal one, the promotion of immature IL-1p.
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Figure 9. Soluble TSP-1 in the presence of LPS causes IL-1p maturation. Differentiated

THP-1 cells were incubated with (A) sTSP-1 (0, 10, 30, 100, 300 ng/ml) or (C) sTSP-1

(0,0.1, 1, 10, 100 ng/ml). Primary monocyte derived macrophages were incubated with

(B, D) soluble TSP-1 (0.1, 1, 10, 100 ng/ml). After 15-20 min either medium or 20 ng/ml

LPS was added for an additional 3 hr. Medium or 5 mM ATP was added in the final 30

min if indicated. Supernatant (sup) and cell lysates (lysate) from each experiment were

collected and analyzed by (A-B) Western blot for caspase-1, IL-1p and B-actin. (C-D)

Supernatants were measured for total secreted human IL-1p using a DuoSet ELISA Kkit.

Data shown are representative of 3 experiments performed.
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4.3.3 Soluble TSP1 decreases IL-1p and caspase-1 mRNA induction by LPS stimulation
in human macrophages via CD47.

Figure 9 depicts that although TSP1 promotes maturation of pro-IL-1p after LPS
stimulation, total secreted IL-1p in the presence of TSP1 and LPS is decreased relative to
LPS, in the absence of TSP1. However, it is not clear if this variation is due to a
difference in IL-1 transcription or a post-transcription event such as export of mature
IL-1P.

THP1 and primary monocyte derived macrophages were treated with
physiological levels of TSP1 and used to make cDNA. Interestingly, TSP1 significantly
decreased the IL-1PB and Caspase-1 mRNA levels that were induced by LPS in both the
THP-1 cells (figure 10A, B) and primary macrophages (figure 10C, D). In contrast, low
concentrations of TSP1 significantly enhanced LPS-induced NLRP3 mRNA in both cell
types (figure 10E, F). Hence, TSP1 and CD47 each modulate LPS-driven IL-1p and
Caspase-1 mRNA induction. However, treatment with physiological levels of TSP1 does
not automatically mitigate the conclusion that TSP1 is signaling in a CD47-dependent
manner.

To further examine the role of TSP1in CD47-dependent inhibition of LPS-
induced IL-1B mRNA, we tested IL-1p mRNA induction using two recombinant domains
of TSP1 with known receptors (chapter 1, figure 4) using wild type or CD47"" murine
BMDMs. E123CaG1 constitutes the C-terminal domain of TSP1 that interacts
specifically with CD47. In wild type BMDMs, E123CaG1 significantly inhibited IL-1p
mMRNA induction when used at the same molar concentration that was used for intact

TSP1 treatment inhibition of the LPS-stimulated signal one response (figure 10G). The
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inhibitory activity of E123CaG1 required CD47 because no inhibition of LPS-induced
IL-1p mRNA expression was seen in CD47" BMDMs. TSP1 signaling through its
macrophage receptor CD36 was reported to mediate TLR4-dependent pro-inflammatory
signaling [157]. The recombinant domain of TSP1 that contains the type 1 repeats of
TSP1, which interact with the receptor CD36 and activate latent TGFB1 (3TSR), was
used as a control. Treatment of wild type or CD47-/- BMDMs with 3TSR, in
combination with LPS, did not inhibit LPS-induced IL-1p mRNA induction. Therefore,
CDA47 is necessary and sufficient for TSP1 to inhibit signal one of the inflammasome

pathway activated by LPS.
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Figure 10. In human cells TSP-1 inhibits IL-1 and Caspase-1 mMRNA, but not NLRP3 in
the presence of LPS. (A, C, E) Differentiated THP-1 cells were cultured with soluble

human TSP-1 (as indicated) and after 15-20 min were either left untreated or stimulated
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with 20 ng/ml LPS for an additional 3 hr. (B, D, G) Primary human macrophages were
treated with TSP1 (as indicated) or OptiMEM alone for 15-20 min, and then 20 ng/ml
LPS was added for 3 hr. (A-B) IL-1p, (C-D) NLRP3, and (E-F) Caspase-1 mRNA
expression was analyzed by performing quantitative real-time PCR. (G) Bone marrow
from wild type and CD47" mice was taken and differentiated into bone marrow derived
macrophages (BMDMs). Cells were pre-treated with recombinant domains of
thrombospondin-1 (22pM of E123CaG1 or 3TSR) or OptiMEM alone for 15-20 min
followed by 20 ng/ml LPS or medium alone for 3 hrs. The level of IL-1 mRNA was
determined using quantitative real-time PCR. Data are representative of 3 experimented

performed. Data significance was analyzed using a parametric T-test (p<0.05).
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4.3.4 LPS, in synergy with TSP1, both increases IL-1p maturation and inhibits IL-1p

MRNA expression levels in a CD47-dependent manner.

To further assess the role of CD47 in maturation of IL-1B, we treated cells with
the well-characterized CD47 function-blocking antibody B6H12, prior to stimulating
with LPS. Mature caspase-1 and mature IL-1pB were decreased when CD47 was blocked
with the anti-CD47 antibody B6H12, whereas the isotype control had no effect (figure
11A). Atall low concentrations of TSP1, the CD47 antibody abolished release of
mature IL-1P and decreased mature caspase-1. This blocking effect was slightly
overcome at the highest TSP1 concentrations (10-100 ng/ml), where a trace amount of
mature IL-1p was visible, and larger amounts of caspase-1 were detected. This result
suggests that the inhibitory activity of TSP1 on IL-1p maturation, seen at higher
concentrations of TSP1, is CD47-independent, whereas lower concentrations of TSP1
drive IL-1p maturation through CD47.

To confirm that TSP1-dependent, CD47-independent, maturation of IL-1 was a
result of signals from other domains of TSP1, we stimulated THP-1 monocyte derived
macrophages with 3TSR, NoC1, and E123CaG1, the specific domains of TSP1 (chapter
1, figure 4), in the presence of LPS. The CD36 binding domain of TSP1, 3TSR, and the
N-terminal integrin-binding domain, NoC1, activated mature caspase-1 and mature IL-
1B, in addition to the CD47-binding domain E123CaG1 (figure 11B). These data show
the complexity of TSP1 signaling and solidify the notion that TSP1 ligates CD47 to

promote IL-1p maturation, independent from its other binding partners.
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Figure 11. TSP1-driven IL-1p maturation is CD47-dependent. THP-1 cells were cultured
with an (A) anti-CD47 (B6H12) monoclonal antibody or IgG-k anti-mouse isotype
control for 15 min. Soluble TSP1 was added at increasing concentrations and, after 15
min, 20 ng/ml LPS was added. (B) THP-1 monocyte derived macrophages were treated
with 22 pM of each recombinant TSP1 domain (3TSR, NoC1, E123CaG1) for 15 min,
and then either LPS or medium was added to cells for 3 hours. sup = conditioned
medium from the well following experiments; lysate = cell lysate buffer shows

intracellular protein levels. Data shown are representative of 1 out of 3 experiments

performed.



4.3.5 CD47 binding to CD14 is inhibited by TSP1.

LPS signaling requires prior binding to the chaperone CD14 to enhance TLR4-
specific LPS-dependent cytokine induction [192]. Using FRET, CDA47 has previously
been shown to associate in a lipid raft with CD14 [193]. TSP1, through CD47, has been
shown to modulate other associated signaling receptors, including integrins and VEGFR2
[194]. Therefore, we hypothesized that TSP1 ligation of CD47 might alter CD47-CD14
association. We reconfirmed CD47-CD14 association in THP-1 cells using co-
immunoprecipitation. CD14 was prominently detected by Western blotting in the B6H12
immunoprecipitant, but was absent in the control IgG immunoprecipitants (figure 12A).
CD14 similarly co-precipitated with CD47 in lysates from primary macrophages (figure
12B). However, treatment of these cells with 0.1-100 ng/ml of TSP1 in a dose-dependent
manner inhibited the association between CD14 and CD47. Additionally, the CD47-
binding domain of TSP1 was sufficient to disrupt the interaction between CD14 and
CDA47 (figure 12B). CD14 association with CD47 was markedly decreased in the
presence of 2.2 pM E123CaG1, but not in the presence of equimolar concentrations of
trimeric recombinant N-terminal domain of TSP1 (NoC1) or of the central CD36-binding
domain 3TSR (figure 12C).

Signal transduction downstream of CD14/TLR4 results in NFxB-dependent
transcription of target genes including IL-1p [195]. We tested NFkB/AP-1-dependent
transcriptional activity using a commercially available cell reporter line THP1-XBlue.
Addition of TSP1, in a dose-dependent manner, decreased the NFxB/AP-1 reporter
activity induced by LPS (figure 12D). Since these cells have been shown to be only

mildly responsive to LPS stimulation [196], we further confirmed this pathway by
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treating the reporter cells with TSP1 in the presence of Pam3CSK4, a TLR2 agonist also
shown to interact with CD14 [197]. As expected, Pam3CSK4 was a strong agonist of
NF«B/AP-1 activity, and TSP1 caused a dose-dependent decrease in the Pam3CSK4-
stimulated NFxB/AP-1 response (figure 12E). Therefore, we conclude that TSP1 binds
to CDA47, which dissociates CD47 interaction with CD14, and therefore decreases

NF«xB/AP-1 transcriptional activity stimulated by TLR4 and TLR2 ligands.
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Figure 12. CDA47 is associated with CD14 and can be dissociated by TSP1. Differentiated
THP-1 cells were incubated for 15 min in the presence of (A) soluble human TSP1 or (C)
the indicated recombinant domains of TSP1 (22pM of 3TSR, NoC1, or E123CaG1).
Primary human monocyte derived macrophages were incubated with increasing
concentrations of (B) human soluble TSP1 (0.1, 1, 10, 100 ng/ml) for 15 min. CD14 was
precipitated using a mouse anti-CD47 (B6H12) monoclonal antibody or 1gG-« isotype
control antibody. (D-E) THP1-XBlue cells were differentiated stimulated with the
indicated concentrations of TSP1 for 15-20 min. Cells were treated with (D) 20ng/ml
LPS or (E) 100 ng/ml Pam3CSK4 was added for 3 hrs. Untreated controls were

performed in every experiment. Sterile Quanti-Blue was added to measure NF-kB/AP-1
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via the inducible SEAP reporter system and the cells were incubated for an additional 2
hr. Bound = protein that precipitated with respective antibodies; Unbound = lysate that
was not precipitated by the beads. Data shown are representative of 3 experiments
performed. Data significance was analyzed using a parametric T-test (p<0.05) and

denoted by (*).
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4.4 Summary

LPS is known to induce many transcription factors, including NFkB and AP-1, by
ligating the extracellular PAMP receptor TLR4. CD14, MD-2, and lipid binding protein
aid in the recognition and association of LPS with TLR4 [186]. Previously, researchers
published that CD47 associates with CD14 in a lipid raft [193]. We confirmed that CD47
binds to CD14 and showed that this association is disrupted by the C-terminal, CD47
specific binding domain, of TSP1. Furthermore, TSP1 treatment of human macrophage
derived monocytes down-regulates CD14-driven NFkB/AP-1 expression (figure 12).
TSP1 ligation of CD47 decreased LPS-driven IL-1p and Caspase-1 mRNA transcription
levels (figure 10). TSP1 has a several receptors, but it preferentially binds CD47 at pM
concentrations [198]. Interestingly, these concentrations are similar to those that are
circulating in normal plasma [199]. Using the CD47-specific TSP1 domain, E123CaGl,
we show that TSP1 inhibits IL-1B message and CD47-CD14 association in a CD47-
depenendent manner (figure 10 and 12, respectively).

Even though TSP1 reduces LPS induction of IL-1p and caspase-1 mRNA, here
we see that TSP1 through CD47 can activate pro-caspase-1 and pro-1L-1 into mature
caspase-1 and mature IL-1 (figure 9). Upon LPS stimulation, cells make immature pro-
caspase-1 and pro-I1L-1P. A second signal is necessary for the maturation of these
proteins into their active state. Notably, the TSP1 receptor CD36 has also been
implicated in this process. CD36, as a scavenger receptor, recognizes oxidized LDL and
activates inflammasome-dependent cleavage of IL-1p [158]. Here, we show that TSP1

induces the maturation of IL-1p through CD47. Physiological concentrations of TSP1
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were added to the cells in combination with LPS. Mature caspase-1 and IL-1p was
produced. In addition, we confirmed that two other domains of TSP1 could induce the
maturation of IL-1 (figure 11). However, during titration with pM concentrations of
native TSP1, blocking CD47 with an antibody prevented the maturation of pro-caspase-1
and pro-IL-1p at lower concentrations, whereas there was no change with the isotype
control antibody. Therefore, we can conclude that TSP1 signals through CD47 to induce
maturation of pro-caspase-1 and pro-1L-1p in the presence of LPS.

In summary, in chapter 3, we established: (1) CD47 promotes LPS-ATP-
dependent secretion and activation of pro-IL-1p; and (2) CD47 promotes LPS-dependent
induction of IL-1p and caspase-1 MRNA. In chapter 4 we have added back physiological
concentrations of TSP1 to test how this effects CD47-dependent pro-IL-1f transcription
and maturation. We found (1) TSP1through CD47 promotes the maturation of pro-1L-1p;
and (2) TSP1 inhibits CD47-dependent LPS-driven IL-1PB and Caspase-1 mRNA
induction. A summary of these data can be found in figure 20. In chapter 5 we evaluated

the role of CDA47 in an inflammasome-dependent infection model.

86



Chapter 5: CD47 inhibits the live Candida albicans-induced IL-1p response

5.1 Introduction

Candida albicans is a dimorphic fungus. Dimorphic transition into the hyphal
form is a major virulence factor of C. albicans. Yeast and filamentous Candida activate
different pathogen-associated-molecular-pattern (PAMP) receptors. However, the
mechanisms by which these signals contribute to virulence are not well understood [96].
In 2009, systemic candidiasis was shown to activate IL-1p in an NLRP3-dependent
manner [200]. NLRP3 is a component of the inflammasome that regulates proteolytic
activation of pro-1L-1p. Inflammasome-dependent IL-1f activation occurs through a
two-step mechanism. First, an initial PAMP upregulates mRNA levels encoding the IL-
1B precursor through the transcription factors NFkB, AP-1, PU.1 or C/EBPf. Second, a
RIG-like helicase or a nuclear-oligomerization-domain-like receptor, such as NLRP3,
associates with and activates a proteolytic caspase, sometimes through an adaptor protein.
This complex, the inflammasome, cleaves and activates immature IL-1p [201].

Although multiple groups have shown that Candida albicans can activate IL-1p,
here we show how the presence of CD47 influences IL-1 production and activation.
CDA47 has been studied previously using other infection models. Lack of CD47 improved
survival during Escherichia coli pneumonia. CD47 up regulated the amount of
neutrophils and leukocytes in the blood, decreased bacterial counts in the blood and lung,
and promoted MIP-2 and TNFa in the bronchoalveolar lavage during E. coli pneumonia

[167]. Blocking CD47 inhibited B. pseudomallei dissemination. Blocking CD47
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suppressed Burkholderia pseudomallei-induced fusion as was evident by decreased
multinucleated giant cell formation [202].

Our lab has evaluated systemic candidiasis both in the absence of TSP1 and in the
absence of CD47 using a mouse model. Endogenous TSP1 promotes fungal colonization
and localization of both polymorphonuclear cells and iNOS™ monocytes to the kidney
during systemic candidiasis [150]. Conversely, CD47 promotes survival and inhibits the
localization of leukocytes to the kidneys [203]. Here we also show that CD47
significantly inhibits NLRP3 mRNA expression (figure 12) in whole kidneys following
systemic candidiasis, and we address the question: how does the presence of CD47
during Candida albicans infection modify production and activation of IL-1f in
macrophages? We show that CD47 promotes IL-13 mRNA expression and pro-IL-18

maturation at low, non-cytotoxic, multiplicity of infection levels.
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5.2 Materials and Methods

5.2.1 Animals. CD47" mice were purchased, bred, and used as described in section

3.2.2.

5.2.2 Mouse infection with Candida albicans. Candida albicans strain sc5314 was
grown and mice were infected as previously described [150]. In short, 0.1 ml of saline
containing 5x10° C. albicans cells was injected in intravenously in the lateral caudal tail
vein using a 30-gauge needle. Mice were observed for signs of distress or discomfort and
on 4 d they were euthanized. Kidneys were collected, submerged in TRIzol reagent and

manually macerated.

5.2.3 Preparation of mouse bone marrow derived macrophages. Mouse primary bone
marrow-derived macrophages (BMDMs), were isolated and purified as described in

section 3.2.3.

5.2.4 Growth and preparation of Candida alibicans. Wild type Candida alibicans strain,
sc5314, was streaked onto Yeast Peptone Dextrose (YPD) agar plates and grown 24-36 hr
at 30°C. 24 hr prior to use, a single colony was picked and grown at 30°C with vigorous
shaking in sterile 5 ml YPD broth with aeration. A 1 ml volume of the starter culture was
transferred to 30 ml of sterile YPD medium in a flask. New culture was grown at 30°C

with vigorous shaking and aeration for 5-6 hr. The resultant culture was removed from
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the shaker, washed three times with sterile DPBS, and counted [200]. Cells were

centrifuged and re-suspended into OptiMEM immediately prior to use.

A GFP recombinant Candida strain was kindly provided by Dr Daniel Kaplan [204].
Where indicated, the GFP recombinant strain was cultured and used in parallel to the

wild type strain.

5.2.5 Stimulation of bone marrow derived macrophages. Bone marrow derived
macrophages (BMDMs) were allowed to rest for a 2-4 hr prior to stimulation. Growth
medium was aspirated and cells were washed. OptiMEM was added with or without 20
ng/ml LPS (InvivoGen) and cells were returned to the incubator for 2.5 hr. Candida was
added at increasing concentrations, as indicated, and cells were incubated at 37°C in 5%

CO,, for ~4 hr [205].

5.2.6 Mechanical rupture of Candida. Serial dilutions of clean Candida alibicans
(sc5314) were aliquoted into screw top microcentrifuge tubes containing approximately
0.7 mg of 0.5 mm diameter glass beads, and shaken on a microbead beater (BioSpec) for
1 min. Tubes were centrifuged, and supernatant was removed and stored at -20°C for

later analysis.

5.2.7 Cytotoxicity assay. Supernatant was process and analyzed as described in section

3.2.5.
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5.2.8 Phagocytosis assay. Assay was adapted from previously published work [206].
Briefly, differentiated BMDMs from wild type and CD47" mice were incubated in
OptiMEM for 2.5 hr and lifted with VVersene. Macrophages were added to polypropylene
microdilution tubes (USA Scientific) containing 0, 0.5, 1.0, or 5.0 multiplicity of
infection (MOI) of either wild type or GFP" yeast in OptiMEM, and incubated with
shaking for 15 min or 30 min as indicated. Yeast were washed from cells using ice cold
FACS Buffer (PBS containing 3% fetal calf serum), and the remaining cells and yeast
were stained with anti-Candida primary antibody (AbCam, ab53891) and secondarily
goat anti-Rabbit APC (Invitrogen). Florescence was detected using a BD LSR |1 flow

cytometer and analyzed with FlowJo (Tree Star Inc).

5.2.9 Quantitative real-time PCR. RNA was isolated, purified, quantified, and analyzed

as described in section 3.2.6.
5.2.10 ELISA. Following stimulation cell culture supernatant for all experiments was
collected, handled, processed using the mouse TNF-alpha and mouse IL-1 beta/IL-1F2

DuoSet, respectively (R&D Systems), and analyzed as described in section 3.2.4.

5.2.11 Western blot. Protein from cell culture supernatants and lysates was process and

analyzed as described in section 3.2.7.
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5.2.12 Statistics. Statistical analysis was performed with GraphPad Software .
Phagocytosis assay, qRT-PCR and cytotoxicity assay analysis was done using parametric
Student’s t-test. If standard deviations were unequal Welch’s correction was applied.
Western blot analysis was performed using parametric paired Student’s t-test. Values

with p<0.05 were considered statistically significant.
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5.3 Results

5.3.1 Mice infected systemically with Candida albicans have significantly more NLRP3
MRNA and significantly less NLRC4 mRNA in their kidneys.

We had previously seen that endogenous TSP1 promotes leukocyte recruitment
during systemic candidiasis, but mice lacking TSP1 have better survival due to a more
balanced immune response [150]. Conversely, our unpublished results demonstrated that
the presence of CD47 promoted increased survival of systemic candidemia, but CD47
decreased leukocyte recruitment. Since systemic candidiasis infections initially localize
primarily to the kidney [207], we examined local regulation of the IL-1B pathway in
infected kidneys by assessing mRNA levels for IL-1B and other components of the
inflammasome pathway involved in its activation (Fig. 13). At 4 days post-infection,
kidneys from CD47" mice showed a significant elevation in mRNA levels for NLRP3,
and decreased levels of NLRC4. IL-1p mRNA was elevated in 3 of the 7 infected
kidneys, but did not achieve significance for the sample group. Other inflammasome-
associated mMRNAs including AIM2, NOD2, caspase-1, Naip5, NLRP1, and ASC did not

show significant changes in infected kidneys at this time point.
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Figure 13. Effect of CD47 on inflammatory gene expression induced by candidemia.
RNA was purified and quantified from kidneys of infected WT and CD47” mice. cDNA
synthesis was performed and primers to NLRP3, NCLR4, IL1b, AIM2, NOD2, Caspase-
1, Naip5, NLRP1, and ASC were used to quantify mRNA expression levels (chapter 3,
table 1). For each experimental group gene Ct values for CD47” were standardized to
CD47""" mice (wild type) and fold change was calculated using the ACt method [175].
Each mouse is plotted as an individual point, and mean and standard error of the mean
are indicated with horizontal lines. Student’s t test was used to calculate significance

(p<0.05) and indicated by an asterisk (*).
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5.3.2 The presence of CD47 does not affect the macrophage phagocytosis of Candida
albicans.

In vivo TSP1 promotes leukocyte recruitment and phagocytosis during systemic
candidiasis [150], whereas CD47 inhibits leukocyte recruitment [203]. CD47 ligation of
SIRPa on macrophage inhibits phagocytosis of opsonized red blood cells [208], but no
data exists showing CD47-dependent phagocytosis of C. albicans. We therefore tested if
CDA47 affects the ability of macrophages to phagocytose C. albicans.

Candida albicans endogenously expressing GFP were incubated at a multiplicity
of infection (MOI) of 0.5, 1, and 5 (Candida to BMDMs) using both wild type and CD47
deficient BMDMs. Any extracellular C. albicans were labeled using an anti-Candida
antibody and allophycocyanin (APC) secondary antibody. Yeast that were bound
extracellularly to the macrophage were APC+, whereas all yeast, regardless of cellular
location, appeared GFP+.

The percentage of macrophage that contained GFP+ Candida did not differ
between wild type and CD47 deficient cells (figure 14A). Likewise, the percentage of
macrophage that had yeast attached to the outside of the cell (% APC+) was not CD47-
dependent (figure 14C). CDA47 did not affect the number of yeast attached and
phagocytosed per macrophage (figure 14B). Correspondingly, CD47 did not cause more
yeast to adhere extracellularly to each macrophage (figure 14D). While neither yeast
attachment nor macrophage phagocytosis was CD47-dependent, both correspondingly
increased with increasing multiplicity of infection (MOI). As MOI of Candida was
increased, more yeast equally adhered to the cells and more were phagocytosed in a

CDA47-independent manner.
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Figure 14. CD47 does not affect the phagocytosis rate or attachment of Candida albicans.
Wild type and CD477 bone marrow was harvested from mice. Bone marrow derived
macrophages (BMDMs) were isolated and differentiated. Candida albicans
endogenously expressing GFP were incubated with wild type and CD47” BMDMs.

Flow cytometry was performed to measure the (A) percent GFP+ BMDMs and (B) mean
florescent intensity (MFI) of GFP. Anti-Candida antibody indirectly conjugated to APC
was used to stain Candida attached to the outside of BMDMs. (C) Percent of BMDMs

expressing APC and (D) MFI of APC was measured. Results were graphed using
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GraphPad Prism. GFP- strain of Candida albicans was used to calculate background
noise and basal florescence. Experimental data is representative of 3 independent

experiments.
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5.3.3 CDA47 does not play a role in the cytotoxicity of BMDMs induced by Candida

albicans

Virulence of Candida alibicans is associated with transition from the yeast to
hyphal phase. If this dimorphic shift occurs inside a macrophage, the pathogen can
escape from phagocytic killing and induces macrophage cell death [99]. Therefore, we
tested to see if cytotoxicity differed between infected wild type and infected CD47
deficient BMDMs, as this could be the reason that we observed more kidney necrosis
during system candidiasis infection [203] and high NLRP3 mRNA levels (figure 13).

The amount of cell death between infected wild type and CD47 deficient BMDMs
showed no significant difference (Figure 15A). Although a relative increase in
cytotoxicity was observed as MOI increased, this increase was similar between the two
genotypes.

CDA47 deficiency opsonizes red blood cells for clearance by macrophages [208].
This process has only been demonstrated to occur between macrophages and CD47-
deficient nonhematopoietic cells [121]. Therefore, we first compared that viability of
untreated wild type and CD47™". LDH release from increasing numbers of naive wild
type and CD47 deficient BMDMs were plotted, and correlation of the variation was
calculated. Wild type BMDM LDH values were correlated to CD47 deficient BMDM
LDH values (figure 15B). The calculated ratio was one between untreated CD47 wild
type and untreated deficient BMDMs with approximately 10% variance. Therefore,
macrophages not infected with Candida exhibit equal cell death regardless of their

genotype.
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Candida alibicans sc5314 also express a D-lactate dehydrogenase gene [209] that
could yield detectable LDH activity upon cell death. We investigated to see if our assay
detected significant LDH release from dead C. albicans, as this may explain a relative
increase in cell death as MOl increased (Figure 15C). A significant increase in the
amount of LDH was detected at MOI 2, 5, and 10, with the sharpest transition between
MOI 5 to 10 (Figure 15C). However, the absorbance values were much lower than
detected when macrophages were present. Therefore, it is highly unlikely that dying
Candida albicans contribute significantly to the LDH signal in figure 15A, and the higher
MOI C. albicans are causing comparable increases in macrophage cell lysis independent

of CD47 expression.
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Figure 15. Wild type and CD47 deficient BMDMs show similar cytotoxicity following
Candida albicans infection. Bone marrow was isolated from CD47** and CD47" mice,
differentiated into BMDMs, and stimulated with fresh C. albicans at the indicated
multiplicity of infection (MOI). Cell supernatant was used to measure cytotoxicity of
(A)BMDMs stimulated with increasing MOI of Candida alibicans or (B) untreated cells.
(C) Diluted yeast cultures at concentrations equal to MOIs indicated were lysed using
glass beads, and a Candida-specific cell death curve was generated. For all assays, the
non-radioactive cell death assay (LDH assay) was used to measure cytotoxicity. Arbitrary
absorbance was measured at the assay endpoint. Each experiment was performed at least

three times independently. p < 0.05 is indicated, (*) denotes significance.
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5.3.4 CDA47 promotes IL-18 mRNA expression following Candida albicans infection.

Neither Candida phagocytosis nor cytotoxicity was dependent on the presence of
CD47. However, wild type mouse kidneys had significantly less NLRP3 mRNA and a
trend of less IL-18 mRNA, compared to CD47 deficient mouse kidneys following
systemic candidiasis infection (figure 13). These differences could originate from renal
tissue, resident leukocytes, or infiltrating leukocytes [210]. We tested if Candida induced
different MRNA responses between wild type and CD47” mouse BMDMs. NLRP3 and
IL-18 mRNA expression levels were significantly higher in the presence of CD47 during
C. albicans infection (Figure 16A-B). However, CD47-dependent caspase-1 mRNA
expression was significantly lower at MOI 0.05 and 0.1, but significantly higher at MOI
5.0. CDA47 in macrophages promotes IL-1p and NLRP3 message levels during C.

albicans infection.
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Figure 16. CD47 in BMDMs induces NLRP3 and IL-1p mRNA levels during Candida
albicans infection. Bone marrow was isolated from wild type and CD47 deficient mice.
Cells were cultured into bone marrow derived macrophages (BMDMs). Quantitative real-
time transcription levels were measured in BMDMs for (A) IL-1B, (B) NLRP3 or (C)
Caspase-1. Fold induction was normalized to the internal control gene HPRT. All
normalized values were compared to wild type untreated mRNA levels. All experiments
were performed in triplicate and data shown is a representative of three independent
trials. MOI = multiplicity of infection, HPRT = Hypoxanthine-guanine

phosphoribosyltransferase. p < 0.05 is indicated, (*) denotes significance.
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5.3.5 CD47 promotes mature IL-1 at low multiplicity of infection of Candida albicans.
IL-1B mRNA levels do not necessarily correlate with pro-IL-1f activation and
secretion. However, Candida alibicans infection causes the activation and secretion of
mature IL-18 from BMDMs following LPS-priming [200]. Figure 16 shows that CD47
promotes IL-1p message levels following Candida albicans infection. To test IL-1f3
activation and secretion, BMDMs were treated with LPS to induce pro-IL-1§
transcription levels and titrated levels of Candida albicans to cleave pro- IL-1f into
mature IL-1p. Due to a limit in the number of samples that can be analyzed per SDS-
PAGE gel, the data are split into two groups: low MOI (0, 0.01, 0.05, 0.1, 0.2) and high
MOI (0.5, 1.0, 2.0, 5.0) (figure 17). From the data we can infer that CD47 promotes IL-
1B maturation at MOI 0.1 and 0.2 (figure 17, left panel) and inhibits it at MOIls 0.5-2.0
(figure 17, right panel). Mature caspase-1 is detectable at MOI > 0.2, but there is no
discernible difference in the amount of mature caspase-1 produced in wild type compared
to CD47 deficient BMDMs after Candida infection. There are no differences in pro-I1L-
1B or pro-caspase-1 between wild type and CD47 deficient BMDMs. To confirm these
results, the same experiment was repeated three times and densitometry was performed

for analytical quantification.
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Figure 17. CD47 inhibits maturation of IL-1B during high multiplicity of infection. Bone
marrow was isolated from C57BI/6 (+/+) and CD47 deficient (-/-) mice and cells were
differentiated into BMDMs. BMDMs were primed with 20 ng/ml LPS and cells were
either left unstimulated (-) or Candida alibicans was titrated at an increasing MOI (Left
panels = 0.01, 0.05, 0.1, 0.2 [low]; Right panels = 0.5, 1.0, 2.0, 5.0 [high]). Supernatant
(sup) and lysate was analyzed by immunoblotting for each indicated protein. a-tubulin
protein was blotted as a control. Data is representative of three independent experiments.

MOI = multiplicity of infection; BMDM = bone marrow derived macrophage.
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5.3.6 BMDMs deficient in CD47 produce more IL-1p at higher MOI of Candida alibicans

Since the Western blots showed CD47 affects IL-18 maturation variably at
different MOls, we decided to quantify protein levels using densitometry. Both
intracellular pro-caspase-1 and pro- IL-1P were detected by blotting and the density of
each band was compared to density of a-tubulin for that sample (figure 18A-B). The
ratio of intracellular pro-IL-1p (figure 18A) or pro-caspase-1 (figure 18B) to a-tubulin
was similar between wild type and CD47 deficient BMDMs across all experiments.
There is a visible trend of less intracellular pro-1L-1p as MOl titer increased (figure 18A).
A similar trend was not observed with pro-IL-1B. These data indicate pro-IL-1p and pro-
caspase-1 secretion is not CD47-dependent. Additionally, it is unlikely that pro-1L-1
maturation is caspase-1-dependent.

Secreted mature IL-1p was measured and compared to intracellular a-tubulin
from the lysates for each condition (figure 18C). The data show that at MOI 0.05 and
0.1, CDA47 significantly increased maturation of IL-1B. At MOI > 0.5 there is a trend of

CDA47-dependent inhibition of mature IL-1p, but significance was never achieved.
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Figure 18. CD47 promotes IL-1B maturation at lower MOI and inhibits it at higher MOL.
Bone marrow derived macrophages (BMDMs) were differentiated from mouse bone
marrow, primed with LPS, and infected with increasing MOI of Candida albicans.
Supernatant and lysate was analyzed using western blots (n=3), the density was
measured, and ratio was calculated for (A) intracellular pro-caspase-1 compared to a-
tubulin, (B) intracellular pro-1L-p compared to a-tubulin and (C) secreted mature IL-1§
compared to a-tubulin. Significant increase in total secreted protein is denoted by (*), p

< 0.5. MOI = multiplicity of infection.
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5.3.7 CDA47 promotes total secreted IL-1p at lower multiplicity of infection of Candida
albicans

In general, ELISASs are unable to distinguish between specific differences in pro-
and mature secreted IL-1B. However, mechanisms still remain to be elucidated in regards
to extracellular exportation of IL-1p; therefore measuring total secreted IL-1 helps to
gain insight into the possible role CD47 plays in the secretion processes.

Macrophages were first primed with LPS to promote intracellular pro-IL-1
[205]. LPS priming induces TNFa secretion and transcriptionally upregulates IL-1
MRNA expression levels [74]. C. albicans stimulation, following LPS priming of mouse
macrophage, further promotes TNFa production and cleave pro-I1L-1p into mature IL-1
[205, 211].

Secreted TNFa and IL-1p was detected from wild type and CD47” BMDMs in a
Candida albicans concentration dependent manner. At higher MOls of C. albicans, in the
absence of LPS priming (figure 19 A, right), significantly more TNFa was produced by
CDA47 deficient BMDMs than wild type BMDMs. In comparison, CDA47" and wild type
BMDMs secreted similar amounts of TNFa at lower MOI of C albicans in the absence of
LPS-priming, and at all MOI of C. albicans, following LPS priming (figure 19A).

CDA47 promoted total IL-1p secretion at MOI 0.05, 0.1, and 0.5 in BMDMs
primed with LPS (figure 19B). At MOI 5.0, CD47 inhibited total secreted IL-1p
following LPS-Candida albicans stimulation. Negligible amounts of IL-1p were secreted

following C. albicans stimulation when BMDMs were not primed with LPS.
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Figure 19. CD47 promotes IL-1p secretion at lower multiplicity of infection. CD47™" and
CD477 bone marrow was collected and differentiated into macrophages. BMDMs were
primed with medium or LPS, and either left unstimulated or an increasing MOI of
Candida albicans was added (as indicated). Supernatant from plated cells were analyzed
by sandwich ELISA using a DuoSet Kit to measure both (A) TNFa and (B) IL-1p. Data
is graphed as lower MOI (left graphs) and higher MOI (right graph) for clarity purposes.
Experiments were performed in triplicate and data shown is representative of three

independent trials. Significant (p < 0.05) is denoted by (*). MOI = multiplicity of

infection.
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5.4 Summary

When a cell is stimulated by a pathogen associated molecular pattern (PAMP) or
a sterile danger associated molecular pattern (DAMP), IL-1p is transcriptionally
upregulated [162]. This first signal creates pro- IL-1p, a precursor that will remain in an
inactive state until it is cleaved. A second signal is necessary to activate pro-1L-1p and
secrete IL-1p. Secreted, mature, IL-1p causes a pro-inflammatory cascade that confers an
acute survival benefit but if sustained can be highly detrimental to the immune system
[39]. Here we have shown that the presence of CD47 during Candida alibicans infection
promotes IL-1p transcriptional levels, maturation, and secretion at lower MOI. At higher
MOIs, maturation and secretion of IL-1p trend towards being inhibited by CD47, but
maturation data are not significant. Notably, total secreted TNFa at higher MOI of
Candida albicans is significantly inhibited by CD47. Therefore, it appears that the
severity of the infection plays a key role in how CD47 affects the pro-inflammatory
response.

We originally attempted to explain why whole mouse kidneys from CD47
deficient mice, infected with systemic candidiasis, had significantly higher NLRP3
MRNA levels, significantly lower NLRC4 mRNA levels, and a trend of higher IL-1f
MRNA levels. The cell autonomous BMDM data generated in chapter 5 does not explain
our systemic candidiasis results. However, data across all aims of this dissertation can be
summarized in the following manner: (1) CD47 promotes IL-1p mRNA expression levels

but TSP1 inhibits CD47-dependent LPS induction of IL-1p mRNA; and (2) CD47
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promotes IL-1p maturation following ATP stimulation, TSP1 ligation, or at low

multiplicity of infection of Candida albicans (figure 20).
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Chapter 6: Discussion

Interleukin-1 was first identified as lymphocyte-activating factor, a mitogenic
protein released in response to phytohemagglutinin or LPS treatment [212]. In the twenty
years following this discovery, researchers further characterized it as two independent
proteins, interleukin-1-alpha and -beta, with a shared class of receptors, and discovered
that IL-1p, unlike its sister IL-1a, was activated only after a proteolytic cleavage event by
“interleukin-1p converting enzyme” or ICE [213]. Eventually ICE would be identified as
caspase-1 and characterized as one of the proteolytic caspases.

Today, researchers recognize that IL-1 can be activated directly by caspase-1, in
conjunction with other proteolytic caspases, or through caspase-1 independent pathways
[214]. Furthermore, proteolytic caspases, such as caspase-1, are transcribed as inactive
precursors that need to be activated prior to cleaving IL-1p. Pro-caspase-1 and pro-1L-1f
transcription and translation are independent events in the cell and are regulated through
different signal transduction pathways after pathogen associated molecular pattern
(PAMP) receptor ligation or danger associated molecular pattern (DAMP) receptor
ligation [214]. An appropriate extracellular or intracellular insult is necessary and
sufficient to produce the inactive precursor of IL-1p protein. Upregulation of precursor
proteins is the ‘first signal’ of IL-1 production.

In order for caspase-1 to be activated canonically, it must associate with a
member of the NLR (nucleotide-binding-and-oligomerization domain and leucine-rich-
repeat—containing) or PYHIN family (pyrin domain and HIN domain—containing) family.

This mature proteolytic complex is called the inflammasome. Activation of the
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inflammasome triggers caspase-1 maturation, and the resulting cleavage of IL-1 is the
‘second signal’ in activating naive IL-1f protein [59]. Only a few published studies have
examined how CD47 is involved in IL-1p transcription and activation. Most recently,
Baba et al reported that CD47 fusion protein ligation of SIRPa” cells correlates to I1L-1B
production in patients suffering from Crohn’s disease. They specifically looked at how
CDA47 ligation of SIRPa effected SIRPa regulation of IL-1f [127]. In this model, CD47
is viewed as a passive ligand that induces signaling through SIRPa. Here, we focused on
intracellular signaling in macrophages controlled engaging CD47 on their surface. We
examined how the presence or absence of CD47 on affects IL-1p transcription and
activation either following ligation by TSP1 or during Candida albicans infection.

We found that CD47 promotes IL-1 maturation following canonical IL-1
stimulation and inflammasome activation (figure 5). In a previous paper, CD47" mice
showed decreased ear swelling following dinitrofluorobenzene painting, a procedure that
induces an epidermal inflammatory response [215]. When this same group dissected
lymph nodes of FITC painted mice, in a parallel experiment, they found similar numbers
of CD11c" cells in both wild type and CD47 deficient mice, but higher migration of
CCL-5 and CCL-19 cells after LPS treatment in wild type [216]. They concluded that
CDA47 promotes an inflammatory cell response following an immune insult. We
therefore tested if CD47 promoted inflammation in a cell autonomous manner by
specifically focusing on the production and activation of IL-13. We used LPS and ATP
as the canonical signal one and signal two, respectively.

Since naive mouse macrophages can produce basal levels of pro-caspase-1 or pro-

IL-1p in the absence of any stimuli [179], we first quantified these proteins by comparing
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them to the levels of a-tubulin in the same cells. The absence of CD47 did not alter
caspase-1 and IL-1p protein in untreated cells (figure SA). However, significantly more
mature caspase-1 and IL-1p were produced in response to the stimuli in the presence of
CDA47 (figure 5B). Stimulation by LPS or ATP alone did not cause caspase-1 or IL-13
maturation in either the presence or absence of CD47. However, addition of increasing
concentrations of LPS and ATP (10 ng/ml LPS + 1.5 mM ATP to 20 ng/ml LPS + 2.5
mM ATP) stimulated induction of mature caspase-1 and mature IL-1p. Rapid induction
of caspase-1, which promotes IL-1p activation, has been shown to cause a type of
programmed cell death called pyroptosis [177]. While pyroptosis is not the only cause of
cell death, it is classified as a pro-inflammatory mechanism that drives caspase-1
dependent IL-1p activation. Pyroptosis works as a positive regulator of IL-1[3
maturation, since it initiates programmed cell lysis, which, in turn, releases intracellular
contents and activators of the inflammasome including ATP. Therefore, we measured the
amount of cell death in wild type and CD47 BMDMs treated with LPS-ATP, and found
that CD47 deficient cells released significantly more LDH than wild type cells in the
presence of 10 ng/ml or 20 ng/ml LPS (figure 6C). These data do not support pyroptosis
as an instigator of CD47-dependent IL-1p maturation since CD47 deficient cells had less
mature IL-1B, but more detectable cell death. Alternatively, apoptosis controls
inflammation and is driven by other caspases, even though pyroptosis is classified as a
pro-inflammatory caspase-1 dependent cell death. Classic apoptosis results in the
formation of apoptotic bodies with nuclear condensation and an intact membrane [217].
Apoptosis and a third form of cellular death, autophagy, have both been shown to be

influenced by CDA47 [218, 219]. Therefore, from these data, we can conclude that the

113



majority of the cell death we see is non-inflammatory, and maturation of IL-1p is
controlled by a different mechanism.

CDA47-dependent regulation of IL-1p, caspase-1 and NLRP3 is not limited to post-
transcriptional mechanisms. Our data shows that there is significantly more IL-1 and
Caspase-1 mRNA in wild type cells compared to CD47 deficient cells following 10
ng/ml and 20 ng/ml of LPS treatment (figure 7A-B). NLRP3 mRNA was significantly
increased after 10 ng/ml LPS treatment (figure 7D). This indicates that LPS alone can
affect the production of mRNAs for these pro-inflammatory mediators. This is at least in
part transcriptional in that we demonstrated altered NFkB activity. Furthermore, since we
only stimulated mouse BMDMs for 3 hours with LPS, we further hypothesize that CD47
primarily promotes LPS-dependent transcription of pro-IL-13. mRNA decay of pro-IL-
1B occurs at much later time points [34], and therefore mRNA decay is likely not playing
a dominant role in our experiments.

These data are consistent with previously reports that CD47 promoted LPS-
induced lung injury and E. coli pneumonia with significantly more IL-12, MIP-2, and
TNFa levels in the bronchoalveolar lavage fluid [167]. We therefore wanted to
extrapolate this model further and looked at how LPS, in the presence of the CD47-ligand
thrombospondin-1 (TSP1), affects IL-1 production and maturation (chapter 4).

TSP1 is one of three characterized ligands for CD47. The other two are signal
regulatory protein (SIRP) alpha and gamma. SIRPa is a co-receptor that has been shown
to have distinct intracellular signaling motifs upon CD47 ligation. SIRPy is structurally
homologous to SIRPa extracellularly, but lacks the intracellular inhibitory domain that

drives autonomous signaling. TSP1 is a secretory protein that is found normally in the
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body and signals intracellularly through CD47. Each binding partner has been shown to
have specific regulatory functions depending on which of them is ligating CD47, and cell
specificity appears to play a major role [105]. Many researchers have focused on CD47
as an inhibitory ligand for SIRPa signaling, wherein the ability of SIRPa-expressing cells
to perform phagocytosis is inhibited by cells that express CD47. Investigators have
developed inhibitors of CD47 binding to SIRPa as potential therapeutics to stimulate
antitumor innate immunity [220]. Here we have concentrated on TSP1 as a regulator of
CDA47 signaling in macrophages, which has not been previously reported.

Although not linked to CD47 signaling, researchers have shown that TSP1
deficiency protected mice from surgical sepsis-induced mortality and increased
phagocytic capacity in non-surgical peritonitis [149]. LPS promotes the production of
endogenous TSP1 [151] and TSP1 promotes inflammation during septicemia. Therefore,
endotoxemia would instigate a positive pro-inflammatory cascade. To test TSP1-
dependent IL-1p maturation following PAMP stimulation, we stimulated wild type and
TSP1 deficient BMDMs with LPS-ATP, Pam3CSK4-ATP, and PolylC-ATP through
TLR4, TLR1/2, and TLR3, respectively (figure 8). In the absence of TSP1 less mature
caspase-1 and mature IL-1p was produced after either LPS-ATP or Poly(IC)-ATP
stimulation. These data, taken with the previous published results, indicate that TSP1
promotes inflammation.

Our lab had previously demonstrated that endogenous TSP1 during systemic
candidiasis promoted leukocyte recruitment and increased death [150]. In chapter 3, we
illustrate that CD47 promotes IL-13, NLRP3, and Caspase-1 mMRNA expression in the

presence of LPS (Figure 7). When CDA47 is absent, less mature caspase-1 and IL-1 is
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produced following canonical LPS-ATP inflammasome activation (Figure 5). Therefore,
we wondered if TSP1 could be working in synergy with LPS, through CD47, to modulate
IL-1p maturation. We pre-treated macrophages with normal physiological
concentrations of TSP1, and stimulated the cells with LPS (figure 9A). The TSP1
concentrations used represent normal plasma TSP1 levels in healthy donors, which
typically measure between 20-100 pM [198]. Interestingly, physiologically relevant
concentrations of TSP1 preferentially bind CD47, in contrast to its other ligands [134].
Therefore, the amounts of TSP1 used in these experiments represent basal concentrations
that would be present at the initiation of an E coli infection.

These data illustrate that TSP1 promotes maturation of pro-caspase-1 and pro-IL-
1B in the presence of LPS (figure 9A-B). While LPS promotes IL-18 mRNA expression
levels of IL-1p, NLRP3 and caspase-1 (figure 7), TSP1 appears to promote maturation of
caspase-1 and IL-1p (figure 9A-B). To further prove that this effect was CD47-
dependent, we blocked with the CD47 blocking antibody B6H12 prior to stimulation
(figure 11A). Remarkably, maturation of IL-1J was abolished at the lowest TSP1
concentrations (0.2 and 2 pM) and diminished at the upper limits of TSP1 (20 and 200
pM). Mature caspase-1 appeared to be produced in a CD47-dependent manner only at
these lowest concentrations (figure 9A). These data reinforce that TSP1-induced
maturation of caspase-1 and IL-1p is CD47-dependent. However, these data do not
negate previous findings implicating CD36, a different TSP1 receptor, as promoting
maturation of caspase-1 and IL-1B. Therefore, it is important to consider the complexity

of TSP1.
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TSP1 interacts with multiple integrins, heparin sulfate proteoglycans, PDGF,
cathepsin G, neutrophil elastase, CD36, and CD47. It is a ‘heterodynamic’ protein whose
function changes depending on its protein-protein interactions [129]. Recently CD36, a
known receptor of TSP1, was shown to promote NLRP3-dependent maturation of
caspase-1 and IL-1P. Researchers demonstrated that LPS-primed BMDMs promoted
protein cleavage, following stimulation with either oxidized LDL or amyloid-f, through
CD36. Additionally, each DAMP promoted transcription of IL-1p and NLRP3, through
TLR4 and TLR®, in a CD36-dependent manner [158]. Therefore, we used recombinant
protein that represent three major TSP1 domains (figure 4B) to systematically examine
which domains of TSP1 can promote caspase-1 and IL-1p maturation (figure 11B).

NoC1 contains the trimeric N-terminal domain of TSP1. It has been shown to
interact with integrins, as well as calreticulin/LRP1, and mediates cell adhesion, drives
chemotaxis and promotes angiogenesis [221, 222]. 3TSR consists of the three internal
TSP1 type one repeats that contains the CD36 binding site, additional integrin binding
sites, and mediates activation of latent TGFB1. This domain has been show to interact
with additional integrins to drive cell adhesion [133]. Lastly, the C-terminal region of
TSP1, E123CaG1, contains multiple calcium-binding motifs, a potential integrin-binding
RGD sequence, and is known to directly interact with CD47. Functionally, this part of
TSP1 has been shown to inhibit vascular nitric oxide production, nitric oxide driven
cGMP production, and angiogenesis [223]. Similarly, this same domain has been shown
to disrupt CD47 association with VEGFR2, which inhibits VEGF signaling [194].

We set out to demonstrate how TSP1 affects caspase-1 and IL-1B maturation by

ligating CD47. However, when we used these three domains in parallel we saw that
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mature caspase-1 and mature IL-1p was produced following treatment with any of these
three TSP1 domains (Figure 11B). This is consistent with prior reports that ligands of
TSP1 that interact with each of these domains has been shown to be inflammasome
activators: calreticulin, heparin, integrin a5p1, extracellular calcium and CD36 [62, 158,
224-226]. Therefore, TSP1 is a redundant activator of IL-1f maturation. However, this
is the first demonstration that multiple TSP1 receptors can induce maturation of caspase-
1and IL-1B. Figure 11 illustrates the potential to further investigate how other domains
of TSP1 interact and promote maturation of caspase-1 and IL-1p. Secondly, TSP1 and
CDA47 may not be working alone to activate the IL-13. Td92, a surface protein of the
periodontopathogen, Treponema denticola interacts directly with integrin a5p1 to
promote intracellular K+ efflux and drive inflammasome activation [226]. Since each of
the three domains of TSP1 have been shown to interact with integrins to drive functions
there is a possibility that integrins play a role in TSP1-CD47 dependent maturation of IL-
1p.

While evaluating TSP1 inflammasome activation we asked if TSP1, through
CDA47, also plays a role in signal one. Since induction of IL-1B message occurs through a
separate mechanism from activation of pro-1L-1f into mature IL-18, there is no
precedence that dictates that promoting one event will necessarily induce the other. For
example, the CARD9-BCL-10-Rad50 complex promotes IL-1p transcription and
immature protein production/secretion following cytosolic DNA sensing, but does not
activate pro-I1L-1p to mature IL-1p [227]. Alternatively, rhein, the active metabolite of
diacerein, exhibited anti-inflammatory effects by inhibiting LPS-induced IL-1p and

TNFa secretion and abrogated NFkB-dependent IL-1p and TNFa mRNA induction.
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However, rhein promotes caspase-1 activation and thus IL-1B maturation by suppressing
LPS-activated IKK [} expression [228]).

We have shown that TSP1, through CD47, synergizes with LPS to activate
caspase-1 and IL-1P and produce mature protein (figure 9A-B). Also, CD47 promotes
LPS-induced IL-1B, NLRP3 and Caspase-1 transcription. Therefore, we tested whether
TSP1 through CDA47 activates or suppresses IL-1 transcription and secretion.
Interestingly, physiological levels of TSP1 inhibited CD47-dependent LPS-induced IL-1p
and Caspase-1 message (Figure 10A-F). To confirm that inhibition of IL-13 message
was CD47-dependent, we treated BMDMs from wild type and CD47 deficient mice with
E123CaG1, the C-terminal CD47-specific domain of TSP1, and 3TSR, the CD36 binding
domain of TSP1 (figure 4B). Stimulating wild type BMDMs with E123CaG1 in the
presence of LPS significantly decreased IL-1p mRNA, but 3TSR had no effect compared
to LPS treatment alone (figure 10G). In agreement with our previous findings, there was
a large decrease in IL-1p message in the absence of CD47, regardless of what stimulant
was used: LPS, LPS and E123CaG1, or LPS and 3TSR. Recently another group
published on TSP1 activation of TLR4 through CD36. Specifically, they demonstrated
that high doses of TSP1 (~ 100 fold higher than used in our studies) promote total
secretion of TNFa through CD36. TSP1-dependent TNFa secretion was mediated
through TLR4 and a consequence of inducing NFxB [157]. Our data is consistent with
these findings since we used the equivalent of ~10 ng/ml TSP1 compared to their 10
ug/ml. Typically these supraphysiological concentrations are associated with CD36

signaling, whereas our data addresses the physiological activity of TSP1 that is mediated
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by the higher affinity receptor CD47 [223, 229]. Therefore, 10 ng/ml 3TSR should have
no effect on IL-1p message levels.

In chapter 4 we showed that TSP1 ligation of CD47 inhibits LPS-induced IL-1f3
message and also promotes maturation of pro-1L-1p into IL-1p in a CD47-dependent
manner (figure 20). The transcriptional and translational regulation of caspase-1 and IL-
1B are independent from maturation of pro-capase-1 and pro-1L-1p. Anti-inflammatory
and pro-inflammatory phenotype is cell-type specific and dependent on the activation
state of the cell. We use different types of macrophage in our studies including: primary
human monocyte derived macrophage, primary mouse bone marrow derived
macrophage, and human cell line monocyte derived macrophage. Myeloid cell biologists
no longer believe that a macrophage in vivo can be characterized distinctly as pro- or
anti-inflammatory [12]. We artificially differentiate monocytes into macrophages [18].
Inflammatory peritoneal mouse macrophages, M1, polarized with INFy and LPS have
been shown to produce copious amounts of basal intracellular pro-IL-13. M2 phenotype,
an alternatively activated macrophage, conventionally has been considered anti-
inflammatory and does not make basal intracellular IL-1p, but intracellular and activated
IL-1pB can be induced in cases of acute stimulation [230]. We rationalize that TSP1
through CD47 can promote mature IL-1 from pro-IL-1p and also inhibit LPS-dependent
IL-1B mRNA expression level since basal levels of pro-IL-1f are always produced

monocyte derived macrophages used in our studies.
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Figure 20. Model for TSP1 regulation of LPS-stimulated IL-1B expression and
maturation in macrophages. (original figure) LPS binding to CD14 and LBP initiates
signal one through TLR4, which induces NFkB/AP1-dependent transcription of pro-IL-
1B and pro-caspase-1. CDA47 is basally complexed with CD14 [193], but binding of the
C-terminal domain of TSP1 to CDA47 displaces CD47 from this complex and attenuates
signal one. Inflammasome-mediated maturation of pro-IL-1f and caspase-1 is induced by
signal two triggered by extracellular ATP binding to purinergic receptors. CD47

signaling positively regulates signal two. TSP1 also positively regulates signal two via
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binding of its N-domain (NoC1), presumably to macrophage integrins [152], and its

central type 1 repeats (3TSR) to CD36 [231].
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We tested to see how much total secreted IL-1p was being produced after TSP1-
LPS stimulation compared to LPS alone (figure 9C-D). We wanted to confirm that there
was a discrepancy between total secreted IL-1p and mature IL-1p during TSP1-LPS
treatment. Both THP1 monocyte derived and primary macrophages (figure 9C, 9D,
respectively) expressed less IL-1B when a physiological amount of TSP1 was present
during LPS treatment relative to that induced by LPS in the absence of TSP1. Therefore,
we hypothesized that TSP1 should inhibit NFkB-dependent transcriptional activity
following LPS treatment compared to LPS alone. We used a commercially available
THP1 reporter cell line, THP1-XBlue. This cell line has been shown to measure
NF«xB/AP-1 activity by quantifying secreted embryonic alkaline phosphatase (SEAP)
[232]. We treated these cells with TSP1 and LPS as previously described (figure 12D).
No SEAP was detectable following treatment with TSP1 alone (data not shown), so we
calculated the amount of NFkB/AP-1 expression by comparing TSP1-LPS treated cells to
LPS treated cells (figure 12D). Additionally, since SEAP levels with TLR4 agonists are
not as high as with TLR2 agonists, we additionally tested the effect of TSP1 treatment in
the presence of Pam3CSK4 stimulation (figure 12E) . In both cases, TSP1 significantly
inhibited the amount of SEAP produced in the presence of the respective PAMPs. This
further confirms that TSP1 through CDA47 is suppressing the amount of NFxB/AP-1-
driven IL-1p message.

Many published studies of the role of CD47 in macrophages have highlighted
CDA47 only as a counter-receptor to SIRPa. When macrophage SIRPa encounters CD47
on other cells, CD47 through SIRPa, induces inhibitory signaling in the macrophages

[208]. However, studies in our lab have extensively documented the important role of
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CDA47 as a signaling receptor in several vascular cell types. Although CD47 is clearly
expressed by macrophages, its intrinsic function as a signaling receptor in those cells has
not been appreciated. CD47 has only a minimal cytoplasmic domain, so its signaling
often involves lateral associations with other membrane proteins. CD47 interacts with
and alters the function of several membrane-bound proteins. In platelets CD47 was
discovered to associate with the integrin allbB3 and c-Src. When 4N1K, a TSP1 peptide,
was used to specifically ligate CD47, FAK was phosphorylated. These data
demonstrated that TSP1- CD47 interacts with integrin allbB3 to promote platelet
activation [234]. CDA47 interacts with and regulates activation of several additional
integrins including a2p1, 04p1, and a5p1. More recently, our group has shown that CD47
constitutively binds to VEGFR2 and inhibits its phosphorylation and signaling through
Src. This inhibition mediates the anti-angiogenic function of TSP1-CD47 signaling
[194]. Other studies have shown that CD47 laterally regulates Fas signaling and IGF-
receptor signaling.

In 2001, researchers looked at the association of major monocyte receptors with
the pattern recognition co-receptor CD14. They found that CD47 significantly associated
with CD14 and this association was disrupted in the presence of 40 ng/ml LPS [193]. We
found that TSP1 regulates LPS and Pam3CSK4 activation through CD47 (figure 12D-E).
CD14 is necessary for both LPS and Pam3CSK4 signaling [197, 235]. Because TSP1
disrupts the lateral association between CD47 and VEGFR2, we wondered if when TSP1
could similarly alter the association between CD14 and CD47. Co-immunoprecipitation
confirmed that CD47 directly interacted with CD14 (figure 12A). In untreated primary

monocyte derived macrophages CD47 associated with CD14, but addition of TSP1 dose-
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dependently decreased the amount of CD14 that was bound to CD47 (Figure 12B). In
these experiments we used physiologic levels of TSP1, which preferentially bind CD47.
To validate that TSP1 through CD47 was specifically disrupting CD47-CD14 binding,
we treated cells with domain-specific TSP1 proteins 3TSR, NoC1, and E123CaG1 (figure
4B) and blotted for the association between CD14 and CD47. E123CaGlcomplete
abolished CD47-CD14 binding, whereas 3TSR and NoC1 were inactive (figure 12C).
Pfeiffer et al hypothesized that the CD14-CDA47 association on a lipid raft could be
influencing function [193]. Here we demonstrated this prediction. All these data
summarized show LPS promotes CD47 -dependent transcription of IL-1p by dissociating
CDA47 from CD14. TSP1 similarly promotes dissociation of CD14-CD47 and dampens
LPS-dependent NFkB/AP-1 activation and IL-1p message induction (Figure 20).
Alternatively, in the context of IL-1p maturation, TSP1 through CD47 promotes caspase-
1 and IL-1p maturation in the presence of LPS (figure 20). When CD47 and LPS are
present in the absence of normal physiological levels of TSP1, CD47 promotes
transcriptional regulation of IL-1p. CD47-dependent TSP1-independent IL-1f mRNA
expression could possibly be regulated via lateral integrin interaction or through SIRPa,
the alternate CD47 ligand/counter receptor. TSP1 has also been shown to promote
CDA47-independent inflammatory responses. For example, TSP1 promotes integrin-
dependent macrophage recruitment, activates latent TGF and significantly correlates to
tissue levels of IL-1B in breast carcinoma [152, 236, 237]. TSP1 and LPS synergize to
aggravate inflammation and disease pathology by promoting supraphysiological levels of

TSP1 in bone marrow derived macrophages, peritoneal macrophages, and dendritic cells
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[151]. At these high TSP1 concentrations pro-inflammatory effects are most likely
CDA47-independent.

Endogenous expression of TSP1 promotes disease progression and exasperation
in infection models. Endogenous TSP1 expression promoted surgical and non-surgical
peritonitis and led to decreased bacterial clearance, higher peritoneal inflammation and
higher murine mortality [149]. Similarly endogenous TSP1 in mice promoted infiltration
of iNOS™ monocytes and secretion of the pro-inflammatory cytokines TNFo and I1L-6
following A-carrageenan aggravation. In systemic candidiasis, mice lacking endogenous
TSP1 had lower fungal counts in their kidney, higher macrophage phagocytosis, and were
less susceptible to disseminated candidiasis [150].

We recently investigated the role of CD47 in disseminated candidiasis. In
contrast to TSP1, CD47 promoted survival, and CD47 deficient mice had more renal
necrosis and significantly higher secreted TNFa, IL-6, and IL-10 after day 4 of systemic
Candida albicans infection [203] (data not shown). We measured IL-1 and
inflammasome mRNA expression levels in the kidneys of infected wild type and CD47
deficient mice (Figure 13). We saw that NLRP3 message levels are significantly
decreased. Additionally, the presence of CD47 decreases the amount of IL-1, AIM2,
and Naip5. These data support our initial observations that CD47 inhibits disseminated
candidiasis pathology. Notably, a lot of work has recently been done on the role of the
inflammasome in kidney inflammation. Non-immune cells can also produce
components of the NLRP3 canonical inflammasome, and active IL-1f is secreted by
some of the same cells following DAMP or PAMP stimulation. Often, these insults have

been directly correlated to inflammatory nephropathy and necrosis [210]. However, one
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of the largest producers of cytokines at a necrotic organ is infiltrating leukocytes. CD47™"
mice infected with disseminated candidiasis showed significantly more neutrophils and
CD45.2+, Thyl.2-ve, CD11b+, Grl+ and Ly6c+ cells. Therefore, we decided to
investigate how CD47 influences differences in IL-1f production and activation in
macrophages on a cell autonomous level.

Since 20 pg/ml of TSP1 inhibited phagocytosis of C. albicans in U937
macrophages [150] we began by investigating whether CD47 deficiency had any effect
on macrophage phagocytosis of live Candida. There was no difference in the amount of
C. albicans inside or attached to the outside of wild type and CD47 deficient BMDM
(Figure 14). Correspondingly, there was no difference in cell death between wild type
and CDA47 deficient BMDMSs. The detectable increase in cell death could be accounted
for by the increase in number of yeast added to the assay culture (Figure 15). These data
can be used to infer that CD47-dependent inflammatory effects following Candida
albicans infection are more likely not due to CD47-SIRPa signaling. CD47 ligation of
SIRPa on inhibits phagocytosis and efferocytosis [128, 208].

Additionally, measuring both macrophage phagocytosis and cell death in unison
contributes to our foundation of why nephritis might occur during disseminated
candidiasis. C. albicans virulence is governed by their dimorphic switch, which is caused
by a wide variety of metabolic and environmental cues [96]. Phagocytosis of C. albicans
by macrophages occurs after pattern recognition by either toll-like to C-type lectin
receptors [99]. Wild type C. albicans appear resistant to ROS-mediated killing and the
role of phagolysosome-mediated killing is not well defined. However, certain

environmental conditions have been shown to be necessary for Candida virulence [238].

127



Often Candida escape the macrophage after transition into hyphae and subsequent lysis
[239]. Our data show that CD47 deficiency does not increase the rate of recognition by
macrophages (figure 14A-B). Secondly, CD47 does not make macrophages more
susceptible live C. albicans-induced cytotoxicity (figure 15B). The presence of CD47
does not affect lysosomal killing of C. albicans. Having established that difference in the
kidney inflammatory responses are independent to phagocytic killing of C. albicans, we
asked if there was a difference in the amount of mature IL-1f produced in wild type
compared to CD47 deficient macrophages.

NLRP3-dependent IL-1p activation is one of the best characterized ways that
mature IL-1p is produced. Although researchers made concrete connections between the
productions of IL-1p during all forms of candidiasis soon after the discovery of
interleukin-1, a series of papers published in 2009 made a direct correlation between C.
albicans infection and induction of the NLRP3-dependent inflammasome. The first
paper published evaluated major pattern recognition receptors (PRRs) critical for
caspase-1 and NLRP3-dependent IL-1p maturation. They initially demonstrated that
different germ stage tubes induced IL-1p to different degrees. Late germ stage tubes
induce the most IL-1f although human peripheral blood mononuclear cells and THP1
monocyte derived macrophages both secreted less IL-1p than bone marrow derived
dendritic cells (BMDCs). TLR2 and Dectin-1 were critical PRRs in sensing C. albicans
in oral and mucosal candidiasis [240]. Another paper was published within the month
that expanded on this research by demonstrating a critical intracellular signaling
mechanism necessary for activation of IL-1B. They showed that tyrosine kinase Syk

signals upstream of IL-1p activation following Candida activation of these critical PRRs
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in BMDC. Similar to the previous paper focusing on mucosal and oral candidiasis, these
researchers also evaluated systemic candidiasis. They showed that NLRP3 was necessary
and sufficient for survival and control of fungal burden during systemic infection [200].
The final paper evaluated NLRP3-dependent maturation of IL-1 in mouse macrophages
and used mutant yeast strains to identify if dimorphic transition was necessary for
inflammasome activation. They confirmed that some extracellular PAMP is present on C.
albicans that is not present in the single cell form. They claim that the dimorphic shift is
essential for inflammasome activation. Additionally, this group also clarified that C.
albicans signaling to activate IL-1p differs in mouse BMDCs compared to macrophages.
They clarify that dendritic cells appear to both upregulate and cleave IL-1p upon C.
albicans stimulation, however macrophages need a different ‘signal one’ to promote
transcriptional regulation of IL-1f to a level sufficient to detect inflammasome activation
[205].

We decided to test if CD47 influenced the amount of mature IL-1 produced by
macrophages following C. albicans infection. We followed previously published
protocols [205] and pre-treated the macrophages with LPS to induce IL-1B message.
Interestingly, the lowest multiplicity of infection (MOI; 0.01, 0.05, 0.1, 0.2 Candida per
macrophage) showed that CD47 promoted IL-1p maturation. CD47 also promoted IL-1p
secretion at a MOI of 0.05 and 0.1, following LPS priming. In contrast, at higher MOIs
(0.5, 1.0, 2.0, 5.0 Candida per macrophage) CD47 did not appear to promote IL-1p
maturation, and may even have inhibited IL-1p maturation (figure 17). Similarly, CD47
inhibited total secreted IL-1p following LPS-C. albicans stimulation at MOI 5.0 and

TNFa at the highest MOI of C. albicans (0.5, 1, 2, 5) , in the absence of LPS (figure19).
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These data show that CD47 promotes macrophage inflammation bimodally. In infections
with lower fungal burden, which often resolve through a local immune response, CD47
promotes inflammation [96]. In systemic infections, depicted in figure 13, CD47 inhibits
inflammatory responses.

All IL-1p maturation was independent of caspase-1 maturation. At the higher
infection rates, mature caspase-1 appears to be produced in copious amounts regardless
of the presence of CD47 (figure 17-18). Our data shows that undetectable or marginal
amounts of more mature caspase-1 are produced at our lowest infection rates (figure 17).
At higher MOI, maturation of caspase-1 does not appear to be CD47-dependent. Rather,
at these infection rates there are equally higher levels of cell death. Therefore, CD47-
dependent IL-1p maturation, induced by C. albicans, is caspase-1 independent. C.
albicans CD47-independent pro-caspase-1 maturation correlates with C. albicans CD47-
independent cytotoxicity. There is no CD47-dependent cell death effect during C.
albicans infection in macrophage and there is no CD47-dependent pro-caspase-1 effect
during C. albicans infection in macrophage. These data confirm that CD47-dependent
C.albicans induced pro-IL-1p maturation does not promote pyroptosis.

Additionally, since CD47 does not promote IL-1p maturation in a caspase-1-
dependent manner following C. albicans infection, there appears to be an alternate
mechanism responsible for maturation of IL-1p in the presence of CD47. Initially we
supposed that differences in macrophage Candida albicans killing or phagocytosis, or
efferocytosis of other infected macrophage, could result in CD477- BMDMs producing
less IL-1B. The phagocytosis and cytotoxicity data (figure 14-15) undermines this

possibility. Therefore, we propose that CD47 is regulating caspase-8-dependent
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maturation of IL-1p following C. albicans infection. Gringhuis et al shows that C.
albicans can ligate dectin-1 to induce both capase-1 dependent and caspase-1
independent activation of IL-1B. They show that in caspase-1 independent activation a
CARD9-Bcl-10-MALT1-caspase-8—ASC complex cleaves IL-1f [54]. We will
continue studies to evaluate this mechanism.

When we analyzed how the amount of mature IL-1p produced following Candida
albicans stimulation is effected by CD47 we consequently measured the amount of
intracellular pro-caspase-1 and pro-IL-18; there was no quantifiable difference in either
(Figure 18A-B). Therefore, we tested the amount of IL-1 message produced following
Candida stimulation in the presence or absence of CD47. CDA47 promotes C. albicans
induced IL-1PB and NLRP3 transcription (figure 16A-B). C. albicans ligates dectin-1 and
activates Syk to promote formation of the CARD9-Bcl-10-MALT1 complex to induce
IL-1 transcription [241]. Likewise, preliminary evidence suggests that TSP1 C-terminal
ligation of CD47 induces phosphorylation of Syk [242]. Therefore, we postulate that
CD47-promotes dectin-1-dependent activation of Syk to induce IL-1p transcription in
macrophage during candidiasis. Furthermore, we hypothesize that CD47 promotes
activation through other Candida-associated PPR. We have seen that plasma mannan
levels are not different between wild type and CD47 deficient systemically infected mice
[203] and that there is no difference in the amount of C. albicans adhered to the outside
of the cell wall during a phagocytosis experiment (Figure 14), but we have shown that
TSP1 ligation of CD47 inhibits NFkB/AP-1 signaling a transcriptional regulator of IL-1
(figure 12). Also, Caspase-1 message was inhibited by CD47 except for the two highest

MOiIs tested (Figure 16C), but CD47 promoted Candida-dependent induction of IL-1p
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and NLRP3 message. CDA47 interacts with Candida-associated PAMPs to regulate cell
activation and transcription of pro-inflammatory cytokines. There are three major classes
of PRRs in addition to unclassified scavenge receptors that recognize the major fungal
PAMPs [243]. Other publications demonstrate that CD47 regulates function via a
recognized fungal-associated PAMP. One researcher showed that CD47 sensitized
neutrophils to transendothelial migration in the presence of a TLR2/6 agonist. They
showed that CD47 inhibited neutrophil transmigration was TLR2-dependent [244].
Another researcher showed that a fungal adhesion protein, BAD-1, actually mimics TSP1
and thereby blocks T cell activator and effector function [245]. Therefore, we propose
that future studies should continue to evaluate the relationship between CD47 and
PAMPs focusing on how they modify cytokine expression and activation.

An underlying theme of our research has been that CD47 regulates IL-1p via
several mechanisms. CD47 alone promotes transcription and activation of I1L-1p.
However, when CDA47 interacts with one of its ligands this regulation can change. TSP1
dissociates CD47 from CD14 and therefore prevents LPS and related PAMPSs from
inducing the NFkB/AP-1 mediated expression of IL-1p. Independently, TSP1 ligation
drives CD47-dependent maturation of IL-1 (Figure 20). These processes could help to
buffer LPS response in the body since it mildly activates macrophages after cleaving any
available immature pro-IL-1p, while decreasing the further induction of message. These
functions can be physiological since TSP1 is a normal component of plasma. While our
studies concentrate on physiological levels of TSP1, we do recognize the importance of
studying hyperactivated states as well. When TSP1 is secreted in the presence of wound

injuries, supraphysiological TSP1 levels are likely to induce and signal through the IL-1p
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via additional TSP1 receptors. However, as we have demonstrated here, TSP1 plays a

vital role in the normal physiological regulation of macrophage cytokine expression.
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