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Abstract

Apoptosis and efferocytosis are central to maintaining homeostasis and implicated in
numerous pathological conditions. Elucidation of these processes during development and
disease will help further define mechanism, cellular identity and dynamics in vivo. To date, the
identification and characterization of apoptotic cell death and clearance of apoptotic bodies is
limited to histological markers, co-localization imaging, synthetic dyes, and antibodies. The lack
of tools to monitor apoptosis and phagocytosis in vivo highlight the need for development of
genetically encoded reporters.

To meet this need, we developed a genetically encoded dual fluorescent reporter,
denoted ‘CharON’ after the Greek mythical character who ferries the recently deceased across
the river separating the living from the dead, that can concurrently track both emerging apoptotic
cells and their efferocytic clearance by phagocytes. Through use of CharON transgenic
Drosophila, we track and validate the key steps of efferocytosis in vivo, and for the first time
directly measure coordinated clearance of apoptotic corpses in a living organism. Using
CharON, we are able to discern novel challenges macrophages face during efferocytosis in
vivo. For instance, when macrophages are confronted with a dense field of apoptotic corpses in
vivo, macrophages adopt a strategy which prioritizes debris uptake over corpse acidification and
degradation. As a result of this expedited clearance, individual macrophages display huge
variation in corpse burden, with additional consequences. When challenged with a necrotic
wound, macrophages with high apoptotic corpse burden are impaired in necrotic debris uptake,
despite migrating to the wound site. Furthering this idea, enforcing phagocyte ‘eating limits’ via
modeling suggests that macrophages benefit from ‘unrestrained’ uptake and variable corpse
burden, as the alternative of ‘equal distribution’ drastically increases clearance time. These
findings suggest that macrophages ‘gamble’ or make a functional compromise, wherein they
maximize clearance of developmental / homeostatic apoptosis that is occurring immediately,
while potentially jeopardizing the ability to resolve future tissue damage. Collectively, these live
tracking studies advance and unveil new concepts in macrophage efferocytosis in vivo.

As a follow up to CharON, we develop a second reporter, termed ‘CharOFF’, which is
tailored for both time-lapse imaging and flow cytometry-based analysis of efferocytosis. This
novel probe can detect internalization and phagosome acidification, permitting us to dissect
these steps at a cellular and population level. Using the CharOFF probe, we develop a ‘One-
Dish’ co-culture efferocytosis assay, which features an inducible death system for on-demand

induction of apoptotic targets. This system can report efferocytosis of several target cell types,



demonstrating the wide applicability of CharOFF. Finally, we develop a ‘One-Dish, Multi-Target’
system termed ‘Dubbel’ which is able to track single and multi-corpse engulfment events. Using
Dubbel we uncover interesting trends with regards to macrophage ‘priming’, whereby
engulfment of a corpse enhances the ability of a macrophage to eat a subsequent corpse.
Findings from these studies provide a foundation for elucidating the response of efferocytes
during single and multi-corpse engulfment. Collectively, these data provide novel insights into

apoptosis and efferocytosis in vivo based on new genetically encoded probes.
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Chapter |

1.1 A Brief History of Cell Clearance

Coined by Carl Clauss and later modified by Elie Metchnikoff, phagocytosis is a
composite of the Greek words “phagein” for eating and “kytos” for cell, describing the active
process of cellular engulfment . This phenomenon was first observed in the late 19" century;
however, it was not until the works of Metchnikoff that the importance of phagocytosis towards
maintaining organismal integrity came to fruition. In many of his seminal works, which later
earned him a Nobel Prize, Metchnikoff was captivated with the idea and significance of
intracellular digestion of particles 2. Building from his work, the phagocytosis field grew with the
likes of Zanvil Cohn and James Hirsch from their work on granulocyte phagocytic activity,
followed by a collective effort in uncovering distinct intracellular mechanisms involved in
phagocytosis.

Prophetic for his time, Metchnikoff alluded to the possibility of “self-clearance”, noting
that the amoeba could have the potential to selectively eliminate unnecessary cells. While the
field’s early advances in phagocytic research centered on clearance of intracellular pathogens,
clearance of apoptotic bodies, or “efferocytosis” ®, had yet to be fully appreciated for its role in
ensuring efficient removal of apoptotic cells and maintaining tissue homeostasis *. In the next
few sections | will summarize decades of work on cell death and cell clearance which has

helped further our understanding of this essential biological process.

1.2 Setting the table: Beginnings of the efferocytic process

Stemming from the Greek term for “leaves falling from a tree” apoptosis is a
programmed form of cell death that is characteristic in morphology and down-stream signaling
events ° °. Divided into two main pathways, the intrinsic and extrinsic pathways, initiation of
apoptosis has several modes that ultimately result in similar activation of apoptosis effector
molecules.

The intrinsic pathway begins its signaling cascade through recognition of sufficient
internal damage or organelle stress within the cell. Many of the insults which can prompt the
initiation of the intrinsic pathway are, but not limited to, reactive oxygen species, DNA damage,

endoplasmic reticulum stress and growth factor withdrawal ” 8. The next step in the pathway is
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the transfer of damage sensing to activation of BH3 family-member initiators of apoptosis.
These members, such as Bcl-2-like protein 11 (BIM), P53 upregulator modulator of apoptosis
(PUMA) and BH3 interacting-domain death agonist (BID), serve as a link between cellular stress
and activation of the next step of key initiators in the pathway, Bcl-2-associated X Protein (BAX)
and Bcl-2 homologous antagonist killer (BAK) °. This step in the intrinsic apoptosis pathway is
irreversible and commits the cell to death. Two of these family members, BAX and BAK, insert
themselves into the outer membrane of the mitochondria to form pores which allow the release
of activating molecules from the mitochondrion '°. While it has been appreciated that this step is
irreversible, several other anti-apoptotic members of the BH3 family apply a brake to the
process. B-cell ymphoma 2 (BCL2), B-cell ymphoma extra-large (BCL-xL) and other members
of this class of BH3 family proteins are inserted into the membrane of the mitochondria and
serve to inhibit pore formation via hindrance of pro-apototic members BAX and BAK
oligomerization at the outer mitochondrial membrane .

Up to this point in the pathway, linkage between upstream initiators and downstream
executioner molecules has not been completed. In order to tie the activation of pro-apoptotic
BH3 family member proteins to fully-executed intrinsic apoptosis, contents from the
permeabilized mitochondria must be released through the pore complexes to complete the
transition. Two key molecules in this step are Cytochrome ¢ (CYCS) and second mitochondrial
activator of caspases (SMAC) 2. CYCS, once released from the mitochondria into the
cytoplasm, SMAC binds with apoptotic peptidase activating factor 1 (APAF). Upon
oligomerization with CYCS, the apoptosome is formed which serves as a supramolecular
scaffold for activation of initiator caspase, caspase-9. Packing the second punch in this process,
SMAC is critical for sequestration of inhibitor of apoptosis (IAP) proteins via its IAP-binding
properties 3. Together, these two switches license the activation of caspase-9 and subsequent
activation of the executioner caspases, caspase-3 and caspase-7, which initiate the canonical
morphological and molecular signatures of apoptosis through substrate cleavage .

Extrinsic apoptosis is separate from that of intrinsic apoptosis in the initiation of the
signaling cascade. Whereas intrinsic apoptosis is dependent upon internal damage signals,
extrinsic apoptosis is initiated through the presence of external death receptor activation or
absence of pro-survival ligands. A well studied family of receptors which are central to initiation
of the extrinsic apoptosis pathway is the Tumor Necrosis Factor receptor superfamily of genes
(TNF) and CD95. Both of these pathways exhibit similar mechanics for the initiation of the death
process. Upon binding of their ligands, such as Fas ligand (FasL) for CD95, a death-inducing

signaling complex is formed which recruits the extrinsic apoptosis initiator caspase, caspase-8.
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These signaling complexes are the Fas associated via death domain (FADD) for FAS-mediated
signaling or the TNFRSF associated via death domain (TRADD), respectively '° '®. Activation
through the TNFRSF pathway involves several checkpoints which either promote apoptosis or
pro-survival signaling. Acting through the recruitment of Receptor-interacting serine/threonine-
protein kinase 1 (RIPK1) to the TRADD complex, several molecules ensure the stability of the
signaling hub and activate both pro-survival and pro-inflammatory programs through nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB) activation '’. As with many
signaling events, it is the strength of the signal which determines whether survival or apoptosis
is favored '®. With sufficient activation and commitment to the apoptotic cascade, these
complexes serve as signaling hubs for further downstream signaling events.

Upon transduction of ligand signaling to assembly of the death complexes, caspase-8
undergoes homodimerization and subsequent activation through an autoproteolytic mechanism
% While it might seem that upon activation of caspase-8 there is a commitment to apoptosis
through subsequent activation of executioner caspases, caspase-3 and caspase-7, however
commitment is dependent upon which type of cell is receiving the extrinsic apoptosis signal.
Suppressors of apoptosis induction, such as X-linked inhibitor of apoptosis protein (XIAP),
regulate the activation of executioner caspases in type 2 cells whereas type 1 cells do not
require the activation of pro-apoptotic BH3 family proteins %°. The intricate nature of the extrinsic
apoptosis pathway appears to allow for flexibility through several redundant checkpoints in order

to ensure that superfluous cell death does not ensue.

1.3 Intercellular signaling between apoptotic cells and phagocytes

Cells that undergo apoptosis must be cleared by phagocytes or risk undergoing
secondary degeneration/necrosis and the resulting aberrant inflammation. The careful balance
between cell death and cell clearance is integral to organismal development and tissue health
through efficient removal and maintenance of an anti-inflammatory setting 2' 2. The
orchestrated nature of this process has led to seminal discoveries regarding how phagocytes
locate apoptotic cells, initiate phagocytosis and maintain tissue homeostasis. Upon a cell
undergoing apoptosis, there are several morphological and biochemical changes which occur
within the cell. Hallmarks of an apoptotic cell, such as pyknotic nuclei, membrane blebbing and
cytoskeletal breakdown are often associated with the programmatic nature of activated

caspases cleaving several substrates which maintain cellular homeostasis 23 2 %,
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Initial work on apoptotic released factors stemmed from the seminal observation that
apoptotic cell supernatants exhibited a chemotactic effect on macrophages in vitro. Upon
exposure to apoptotic stimuli, the authors noted that phospholipase A2 was regulated in a
caspase-mediated manner to release the molecule lysophosphatidlycholine (LPC) into the
media %. The role of LPC in attraction of phagocytes to apoptotic cells has been extensively
studied, as well as putative G-protein-coupled receptor G2A, that function on the surface of
phagocytes #’. In addition to the role of G2A as a potential receptor involved in the migration of
phagocytes to apoptotic cells, G2A plays a role in macrophage polarization as well as resolution
of the apoptotic corpse 2 2°.

In addition to morphological changes, activated caspases play a role in releasing factors
which are sensed by surrounding phagocytes, alerting them to the presence of a dying cell,
termed the “Find Me” stage of efferocytosis *°. Endothelial monocyte-activating polypeptide II
(EMAP I1) has been demonstrated to be proteolytically processed and released from apoptotic
cells in a caspase dependent manner *' 3. EMAP Il has properties which induce cellular

migration, which is in-line with other apoptotic released factors *

. Whether the precursor of
EMAP IlI, p43, or EMAP Il itself is the primary chemoattractant remains to be determined as an
additional p43 caspase-mediated product has been identified 3. It will be interesting to
determine the precise role for all of these factors, as well as their role in disease as p43 has
been identified as a factor which is upregulated within atherosclerotic lesions .

As this field has matured, additional factors have been implicated in the mechanisms by
which apoptotic cells influence their environment. The fractalkine chemokine (C-X3-C motif)
ligand 1 (CX3CL1) has been demonstrated to serve as an apoptosis-mediated factor which
attracts phagocytes. Whereas other released factors function on their own, CX3CL1 was
elegantly shown to attach to microparticles generated during apoptotic membrane blebbing and
bridge with phagocytes *°.

Beyond the role of CX3CL1, nucleotides have been demonstrated to serve as second
messengers to phagocytes during apoptotic cell clearance. The nucleotides adenosine
triphosphate (ATP) and uridine triphosphate (UTP) were experimentally determined to be the
nucleotides which are released in a Pannexin 1 mediated fashion *¢ ¥. The assembly and
opening of the Pannexin 1 channel is regulated in a caspase-mediated manner, which serves to
allow the passage of the nucleotides into the surrounding environment and induce macrophage
migration. It is suggested that the primary candidates for nucleotide-mediated migration is
through the P2Y and P2X, G-protein-coupled and ionotropic, purinergic receptors *. Extending

beyond the role of Pannexin 1 in the release of nucleotides, Pannexin 1 has been elegantly
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demonstrated to regulate the disassembly of apoptotic cells and release of metabolites which
shape the tissue microenvironment * 4°4!. As our understanding of Pannexin 1 and nucleotides'
role in serving as ‘Find Me’ signals improves, it will be imperative to further define the role of this

channel during development and disease.
1.4 Utensils for Eating: efferocytosis ligands and receptors

1.4.1 Fork, Spoon, Knife, Chopsticks: The variety of tools for eating

Impressive in both quantity and scope, it has been estimated that our bodies turn over
around 150 billion cells per day towards maintaining tissue health and homeostasis *%. This
process is highly orchestrated at both the tissue and molecular level, as our laboratory and
others have demonstrated, involving numerous cell populations, receptors, and signaling
pathways. While complex and distributed across many tissues, the mechanism of cell
engagement and internalization has been well studied.

In tandem with the release of “Find Me” signals, the apoptotic cell has an additional role
in ensuring its timely removal by exposing Phosphatidylserine (P.S.) on the outer leaflet of its
plasma membrane **. Phosphatidylserine is exposed in a caspase-dependent manner,
distinguishes viable cells from apoptotic cells and serves as a recognition and engagement
molecule for a variety of phagocytosis receptors 4 4°.

Upon exposure of P.S., the phagocyte engages the apoptotic cell through a panoply of
membrane receptors. The variety of receptors include brain-specific angiogenesis inhibitor 1
(Bai1), T-cell membrane protein 4 (TIM4), Stabilin-2 (Stab2), cluster of differentiation 14 (CD14)
and the TAM family which consists of Tyrosine-protein kinase receptor (Tyro3), Tyrosine-protein
kinase receptor UFO (AxI) and proto-oncogene tyrosine-protein kinase MER (MerTK) 46 47 48 49
%0 While diverse in structure and tissue-specific expression, P.S. receptors ultimately elicit a
unified response. Upon activation with an apoptotic cell, P.S. receptors signal through
downstream adaptor proteins to initiate engulfment.

Bai1, a member of the GPCR family, also known as Brain-specific Angiogenesis Inhibitor
1, was identified through a yeast two-hybrid screen for molecular binders of the critical
engulfment regulator engulfment and cell motility protein 1 (ELMO1). This receptor is specific for
binding of apoptotic cell membrane phosphatidylserine, and does interact with many other
common membrane components. Downstream of activation, Bai1 engages directly with ELMO1,
facilitating the engulfment of apoptotic cells *’. To understand the potential roles for Bai1 in

homeostasis and disease, a transgenic mouse overexpressing Bai1 in a colonic-specific manner
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exhibited reduced disease in a mouse model of colitis *'. The role of this receptor in the enteric
system was also noted to be important during infection and clearance of apoptotic cells by
gastric phagocytes *2. Beyond the gut, Bai1 has been shown to play a role in the brain, where it
is expressed in microglia, and functions to initiate phagosome formation for subsequent
degradation of neuronal cell corpses . It will be important to explore whether Bai1 plays an
important role in other cell types and tissues during instances of normal cell turnover and
disease.

TIM4 is a professional macrophage specific receptor expressed in Antigen Presenting
Cells (APC) and Dendritic Cells. TIM4 exhibits specificity for phosphatidylserine and does not
bind to other lipid membrane bilayer molecules >*. Roles for this receptor in maintaining tissue
homeostasis has been demonstrated in the peritoneum, where its expression on resident
peritoneal macrophages was critical for preventing excess cellular accumulation and aberrant

inflammatory responses ° ¢

. In addition, when TIM4 was depleted, along with the P.S. bridging
molecule milk fat globule-EGF factor 8 protein (MFG-E8), mice display heighted production of
autoantibodies and symptoms associated with autoimmunity *®. Additional roles for TIM4 as a
P.S. receptor will be interesting to watch develop, in addition to how this receptor might be
therapeutically targeted for stimulating apoptotic cell clearance.

Stab2, a scavenger receptor expressed in many phagocyte subtypes, binds to many
surface membrane molecules such as low-density lipoprotein, glycated products and P.S.. In its
initial characterization, Stab2 displayed the ability to bind to both aged Red Blood Cells and
Apoptotic Jurkat cells, as well as augment their internalization °’. Opposed to several P.S.
receptors which function downstream through the ELMO1/ dedicator of cytokines 180
(DOCK180) complex, Stabilin-2 has been shown to signal through engulfment adaptor PTB
domain (GULP) 8. A role for this receptor in maintaining homeostasis within the liver has been
suggested, as Stab2 knockout mice display heightened accumulation of toxic metabolic
products within the liver *°. In addition to a potential role of Stab2 in liver homeostasis, Stab2 is
highly expressed within macrophages and epithelial cells within atheroscleortic plaques *°.
Given the ability of Stab2 to bind to a variety of ligands and signal through an alternative
downstream signaling pathway, it will be interesting to dissect the role of Stab2 in other
disease states and cell death modalities.

CD14, first noted as a pattern recognition receptor, is a membrane-anchored monomeric
receptor for both LPS and P.S., however to an extent it does not bind P.S. preferentially ¢ .
CD14 has been demonstrated to serve as a phagocytic receptor in macrophages through

engulfment of a variety of apoptotic targets, such as lymphocytes and neutrophils. Interestingly,
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CD14 was suggested to display a preference for engulfment of lymphocytes over that of
neutrophils %2 &, In addition to having a bonafide role in clearance of apoptotic cells, CD14 has
been shown to bind to a plethora of ligands, including intercellular adhesion molecule 3 (ICAM-
3) on the surface of apoptotic cells ®*. Demonstrations of CD14’s role in clearance of apoptotic
cells in a disease or homeostatic state in vivo have yet to be formally investigated, however this
receptor does appear to be important for the proper clearance of cells.

TAM family proteins, Tyro3, Axl and MERTK, are members of the receptor tyrosine
kinase family of proteins. This family of proteins have been extensively investigated for their
roles in innate immunity as well as direct roles in efferocytosis %. Opposed to many other P.S.
receptor which directly engaged with the outer membrane of apoptotic cells, TAM family
proteins engaged with bridging molecules Gas6 and ProteinS in a vitamin-K and calcium
dependent manner % 7 ¢ These bridging molecules engage directly with P.S. on the outer
leaflet of the apoptotic cell membrane and trigger TAM receptor binding and engulfment.
Expression of TAM receptors throughout the body is diverse in magnitude and specificity. First
evidence of the importance of these receptors was demonstrated through their role in removing
aged or dying sperm within the testes as well as suppressing aberrant systemic inflammation ¢°
0 In addition to the testes, the TAM receptor MerTK has been demonstrated to play a critical
role within the Retinal Pigment Epithelium (RPE) where it serves to engulf rod outer-segments
in a diurnal manner, which when abrogated results in a form of retinal degeneration "' 2. In
addition to serving an important role in the RPE, mice deficient in MerTK and AxI within
microglia presented with an accumulation of apoptotic cells within the neurogenic niches of the
CNS, where apoptotic cells are typically removed in a rapid manner in addition to impaired
recovery from a mouse model of Parkinson’s Disease . Not just microglia are dependent on
TAM receptor signaling, Astrocytes have been shown to be dependent on MerTK signaling for
removal of synapses within the CNS 7 7. Taken together, TAM receptors are prime candidates
for evaluating the role of efferocytosis within homeostasis and disease, in addition to serving as
potential therapeutic targets to boost clearance in settings of disease.

Another mechanism by which apoptotic cells are recognized through bridging molecules
and internalized is through the complement binding to P.S. as well as Milk fat globule-EGF
factor 8 (MFG-E8) "®. Additional molecules such as complement, specifically C1q, has been
demonstrated to bind to the P.S. and signal through CD91 on phagocytes ’. Signaling through
the CD91 receptor, which resembles the process of macropinocytosis, is an ancient form of cell
and debris clearance which involves actin reorganization and internalization. In addition to the

complement and CD91 pathway, the opsonin MFG-ES8 is an additional bridging molecule which
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serves to decorate the membrane of apoptotic cells and facilitate the engulfment through
integrin alphavbeta5 and subsequent ELMO-Dock180-Rac1 signaling cascade " ®°. While
several of the bridging molecules rely on calcium, MFG-E8 functions in a calcium-independent
manner ’°. These molecules add another layer to the complexity and diversity by which
apoptotic cells are engaged and disposed of. It will be exciting to determine when and in what
context these molecules function, as well as how we could use these mechanisms for

therapeutic benefit.

1.4.2 Not one more bite: Negative requlation of efferocytosis

While it may seem that receptor engagement with apoptotic cell ligands is a facile
process, there are other factors which can negatively regulate the process of efferocytosis.
Several of these factors serve to limit activation of receptors at the nexus between apoptotic
cells and phagocytes through suppression of kinase activity or physical sequestration. CD44, a
cell surface adhesion receptor, has been demonstrated to reduce receptor motility through
formation of a glycosylaminoglycan barrier 8. Furthermore, phosphatases such as CD45 and
CD148 can serve to limit receptor activation. The physical removal of these signals from the
interface between apoptotic cells and phagocytes is important for initiation of engulfment &' In
sum, these phosphatases likely serve as a mechanism to gate the correct activation threshold
for initiation of apoptotic cell internalization.

Adding another step of regulation to this process are cell surface inhibitory ligands,
which reside on the target cell to effectively stave off engagement and engulfment. One of these
‘Don’t Eat Me’ factors is CD47. CD47 engages with SIRPa on the phagocyte and initiates
inhibitory signaling through recruitment of SHP-1 #2. In addition, it has been suggested that the
clustering of this receptor on the surface of the target cell functions to disrupt engagement by
the phagocyte 3. Upon the loss of this clustering, through apoptosis, the inhibitory signal is lost
and phagocytosis can proceed. This signaling pathway has been utilized by cancers to avoid
detection and removal by phagocytes, offering an attractive therapeutic angle to boost tumor
clearance . Furthermore, this pathway has been adopted by neurons to avoid microglial-
mediated synapse removal, exemplifying the conserved and important nature of this process in
different tissue compartments 8 It will be important to discover the threshold of CD47, in
conjunction with P.S. exposure, which is sufficient to drive engulfment by macrophages

.Furthermore, whether additional factors are required to overcome this engulfment blockade.
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CD24 is a glycosylated GPI-anchored surface protein which is highly expressed by many
tumors ®. Mechanistically, when a phagocyte encounters this receptor on the target cell,
signaling through Siglec-10 elicits a repressive signaling cascade through SHP-1
%, Building on these observations, when CD24 or Siglec-10 is inhibited, phagocytic function is
restored in a mouse model of breast cancer and tumor burden is reduced ¥ . These findings
highlight another break on phagocytosis, and one which is expressed by many solid tumors.

B2M or MHC-1 has a well defined function in the adaptive immune system, however the
role of B2M in innate immune cells is relatively less well studied. When screening for tumor
expressed molecules which act as co-inhbitory signals with CD47, B2M was found to reduce
anti-CD47 augmentation of phagocytosis. B2M was found to signal through LILRB1, and when
this receptor was inhibited, phagocytosis was boosted and mice displayed reduced tumor
volume 88 &

CD31 is expressed widely and serves as a tether for homophilic interactions between
cells, such as migration of immune cells on the surface of endothelium. CD31 was identified as
a ‘Don’t Eat Me” factor through identification of factors which serve as tethering molecules for
viable and apoptotic cells. During apoptosis, CD31 is disabled, supporting engulfment of
apoptotic cells by phagocytes %. It will be important to determine whether this live versus dead
discriminatory feature is shared by different targets.

Whereas many of the “Don’t Eat Me” signals described here are cell surface receptors,
there are other ways in which a cell prevents engulfment. One of these mechanisms is through
surface expression of sialic acid, a molecule which can decorate glycoproteins and glycolipids
and increase their net negative charge. To suppress engulfment, these modifications are
recognized by sialic acid-binding immunoglobulin type lectins which activate inhibitory signaling
through SHP-1 °'. In contrast, the absence of sialic acid promotes the binding of Galectin-3,
which can function through MerTK to stimulate phagocytosis %. Interestingly, a lack of
sialylation in the brain results in neuronal loss and microglial activation, thought to occur through
over pruning of neurons . One potential mechanism is through the increased binding of
complement *. Furthermore, when the membrane is cleaved of these surface molecules, target
cells can readily interact with phagocytes %. It will be important to discover how apoptosis
modifies these surface residues to promote engulfment. In sum, these diverse mechanisms
serve to govern the ability of phagocytes to engage and engulf various targets, likely serving to

protect the tissue from unchecked efferocytosis.
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Figure 1.1: The wide array of engulfment receptors
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The interface between apoptotic cells and phagocytes includes many activating and

inhibitory ligands. For target cells, “Eat Me” signals are displayed on the surface which are

recognized by phagocytes. These signals include: Complement 7" %, Annexins ¥, MFG-E8 % *°,
Calreticulin '®°, CD93 "', Galectin-3 "%, Thrombospondin-1 ', On the phagocyte side, there

are many receptors which have been demonstrated to facilitate engulfment of apoptotic cells. To

categorize these receptors, the mechanism by which they engage with the apoptotic cell have

been categorized. Receptors which detect Opsonins on the apoptotic cell include: MEGF10 ™,
CR1/CR3 '®, SCARF-1 %, CD91 ”, Dectin-1 and Integrins ° ¥, The class of TAM receptors
which engage with apoptotic cells through the bridging molecules Gas6 and Protein S include
Tyro3, MerTK and Axl %°. Receptors which directly engage with P.S. include: Tim4 %, CD14 ©',
Bai1 %7, SR-BI "%, Del-1 %7, Stabilin-2 %, CD36 ' % | OX-1 "% and RAGE '"".
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In contrast, the apoptotic cell may display “Don’t Eat Me” signals which impede a phagocyte’s
ability to engulf the target cell. These signals include: Mucins, Glycoproteins %, Sialic Acid % %,
CD31 %, CD24 ¥, CD47 "2, B2M #°, PDL1 '** " and Oxidized LDL " "°,

These receptors and ligands are often displayed in concert which, depending on the
presence and strength of the signal, mount a phagocytic response or stymie the process. One
example by which “Don’t Eat Me” molecules can inhibit “Eat Me” signals is through clustering of
CDA47. At a critical threshold, during apoptosis, the clustering of CD47 is dispersed and
phagocytosis can occur 8. Furthermore, it appears that the ratio of inhibitory receptor and

activation domains via CD47-SIRPa dictate the ability for engulfment to occur '®.
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1.4.3 Rest and Digest: Post-engagement signaling during efferocytosis

In the final step towards apoptotic cell internalization, the phagocyte and the apoptotic
cell physically engage at an immunological synapse (Figure 1.2). Focusing on the Bai1
pathway, upon engagement with the apoptotic cell, the phagocyte undergoes dynamic
cytoskeletal rearrangement via downstream activation of Ras-related C3 botulinum toxin
substrate 1 (Rac1) to facilitate ingestion of the apoptotic body. Of the known adaptor proteins
that signal downstream of P.S. receptors, the ELMO1/Dock180 complex have been identified as
key players 7. On their own, DOCK180 and ELMO1 are unable to stabilize the nucleotide-free
transition state of Rac1, however, as a protein complex they function as a bi-partite guanine
nucleotide exchange factor to promote activation of Rac1 and subsequent cytoskeletal
rearrangement. Highlighting the importance of these receptors and downstream signaling
modules, numerous elegant studies have demonstrated the lack of these pathways results in

worsened injury resolution, aberrant tissue development, and faulty cell clearance *' %3
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Figure 1.2: Intracellular signaling during efferocytosis
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Upon receptor engagement, several pathways are engaged in order to facilitate
engulfment of the target cell. Beginning with the receptor Bai1, upon engagement with P.S.
through the thrombospondin domain of Bai1, ELMO is recruited and subsequently engages with
DOCK180 through an SH3 domain *’. Through the activation of Rac1, F-actin is formed at the
cell edge in order to facilitate target engagement and internalization '*®. There are negative
feedback loops which must be inactivated in order for the process to occur, such as removal of
RhoA from the emerging phagocytic cup '*°. Signaling through MerTK shares many similar
features, yet is distinct in many ways. Upon engagement with the apoptotic cell through bridging
molecules such as Protein S and Gas6, MerTK is activated and signals through Integrin
alphavbeta5 '?°. FAK, ERK, and P130Cas/Crkl| to activate Rac1 and regulate actin
polymerization '?'. Additional signaling nodes which may contribute to MerTK mediated

engulfment include activation of an ERK-Paxillin-PI3K pathway '*2 and Vav1 phosphorylation 123
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Figure 1.3: Down the hatch: Digesting the meal
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Upon engagement with the apoptotic cell, phagocytes must internalize and process the
cargo. One of the pathways which has been well characterized is through the sequential RAB-
mediated processing of the phagosome and fusion of the phagosome with the lysosome (Figure

3, (1)). Features of pathway include the initiation of PIP3 to the phagosome through VPS34,
association of the phagosome with RABS, recruitment and activation of RAB7 through Mon1-
Ccz1, and finally lysosomal fusion ' '2°_ Alternative routes for cargo processing include the
RAB17 recycling endosome, which limits the presentation of apoptotic-derived antigens from
reaching MHC Il processing and presentation 126

A second route for apoptotic corpse processing is through LC3-associated phagocytosis
(LAP) (Figure 1.3, (2)). To begin, PIP3 is localized to the phagosome through VPS34, VPS15,
Beclin-1 and Rubicon. After deposition of PIP3, NOX2 is able to bind, generate reactive oxygen
species, recruit LC3 associated components and ultimately fuse the LC3-containing phagosome
with the lysosome. Defects within this pathway can contribute to lupus-like disease in mice "%
28 The LAP pathway is essential for establishing an anti-inflammatory milieu, as defects in this

pathway result in increased type | interferon signaling and pro-inflammatory signaling in
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macrophages '%. Taken together, these two well-defined pathways permit the rapid and
controlled disposal of internalized cargo, which when perturbed can result in a variety of disease
states "3° ¥, It will be interesting to parse the differences in these two pathways, whether they
are uniquely employed by specific phagocytes, and whether target identity or size can influence

the routes of disposal %2
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Figure 1.4: Maintaining homeostatic balance during efferocytosis
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Phagocytes are often challenged with large quantities of apoptotic cells, which they must
efficiently clear to prevent aberrant inflammation and maintain high levels of clearance.
Phagocytes utilize several circuits which ensure that they are able to maintain their homeostasis
during efferocytosis, such as efflux of cholesterol from the apoptotic cell through ABCA1 (1) '*3
134 “acute activation of Glycolysis and efflux of Lactate (2) '*°, sterol activation of LXR and
upregulation of P.S. receptor MerTK (3) '*®, utilization of Fatty Acid Oxidation for NAD+
mediated SIRT1 activation and IL-10 release (4) ', Drp1 mediated mitochondrial fission for
continued clearance (5) ', Ucp2 mediated mitochondrial membrane potential uncoupling to
promote continued clearance (6) ', and catabolism of apoptotic cell derived Arginine to
Putriscine for promoting second corpse uptake (7) '°. All of these intricate circuits point to the
myriad of ways in which phagocytes adapt to the increased metabolic load of ingesting an
apoptotic cell. Several questions remain, such as: what is the limit of phagocytes during

efferocytosis, how do phagocytes balance both Glycolysis and FAO to promote continued
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clearance, does the activation of SIRT1 affect histone deacetylation "', and do other

transporters utilize additional substrates for maintaining efferocytic energetics?
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1.5 Phagocyte anti-inflammatory signaling during efferocytosis

Once a cell undergoes programmed cell death, it must be cleared efficiently in order to
avoid the execution of a secondary necrotic program which is pro-inflammatory (Figure 1.3,
Figure 1.4) "2, This process is impressive in scope, as it is estimated that billions of cells
undergo programmed death and removal each day, and any perturbations to this mechanism
could result in aberrant inflammation. Initial studies on macrophage mediated clearance of
apoptotic cells identified several factors which are actively secreted into the surrounding
environment to promote an anti-inflammatory milieu. In order to better characterize the ways in
which macrophages shape their environment upon encountering an apoptotic cell, several
studies have focused on the earliest steps within this process when apoptotic cells release their
‘Find Me’ signals.

Two common ‘Find Me’ signals have been characterized for their anti-inflammatory and
pro-resolving nature when released from dying cells. Beginning with the ‘Find Me’ factor
CX3CLA1, several groups have found that exposure of cells to CX3CL1 mediates an anti-
inflammatory environment. Specifically, CX3CL1 was found to suppress neuronal cell death as
well as augment the ability of microglia to phagocytose debris 3. The story is not always so
straight-forward, as the excessive promotion of pro-resolving inflammatory programs can lead to
negative consequences, such as those observed in the kidney where the receptor for CX3CL1
promoted fibrosis 4.

In addition to the well-defined ‘Find Me’ signal CX3CLA1, the inflammatory nature of
nucleotides which are released from apoptotic cells have also been characterized extensively.
Upon release, nucleotides are sensed via purinergic receptors in phagocytes, as well as
adenosine receptors A2A and A2B. Engulfing macrophages have been shown to upregulate
A2A upon encountering apoptotic cells, and the loss of this receptor promoted pro-inflammatory
skewing of macrophages in a peritonitis model as well as a zymosan model ' %5, The precise
nature of how adenosine is generated through membrane ectonucleotidase enzymes, CD39
and CD73, during the process of efferocytosis will be important to uncover '’ . In addition,
identification of the tissue specificity of this process, as the variety of tissue-resident
macrophages are unique with respect to their apoptotic targets and tissue milieu, is an important
question to address. Interestingly, the presence of apoptotic cells served to skew the
macrophages into an anti-inflammatory phenotype in the presence of pro-inflammatory stimuli
such as LPS, and only when anti-TGF-B antibodies were used did these macrophages revert to

a pro-inflammatory state ' %.
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The anti-inflammatory nature extends beyond the signals which are emitted by the dying
cell. Upon engaging with an apoptotic cell, phagocytes modulate a variety of intracellular
signaling programs to ensure that the apoptotic cell is disposed of and resolved in an efficient
manner. In addition, macrophages actively remodel the environment to promote an anti-
inflammatory environment through secreted factors *°. Several studies have begun to dissect
the importance of engulfment receptors for initiating this program and influencing the
surrounding environment. Key observations were made through the loss of P.S. receptor TIM-4,
where loss of this receptor led to the increased cellularity in the peritoneum, increased levels of
TNFa, increased production of autoantibodies and increased apoptotic bodies *® '#’. In addition,
mice which lack TIM-4 downstream signaling components lead to the production of
autoantibodies and increased production of pro-inflammatory molecules *'.

Beyond the very well characterized role of TIM-4 in resolving apoptotic corpses and
initiating an anti-inflammatory environment, other P.S. receptors and their downstream
processes influence the surrounding environment as evidenced by deficiencies in the Stabilin
family, TAM family, CD300 family and Bai1 in mouse models. Upon direct engagement of
Stabilin 2 with surface displayed P.S., macrophages upregulate TGF-B, as well as through the
downstream signaling partner GULP 8 "%, The well characterized TAM family of receptors has
diverse roles in maintaining tissue homeostasis. Importantly, when phagocytes engage with an
apoptotic cell through MerTK, downstream NF-kB signaling is repressed, in addition to
suppression of STAT signaling and upregulation of suppressor of cytokine signaling 1 (SOCS1)
190 151 "Serving as bonafide P.S. receptors, the CD300 family has been shown to be important
for efficient clearance of apoptotic cells. For instance, CD300b engages with DNA-X Activation
protein 12 (DAP12) and this signaling pathway has been shown to be important for inflammatory
skewing of macrophages ' ', In addition to CD300b, CD300a has been demonstrated to
signal through its immunoreceptor tyrosine-based inhibitory motif (ITIM) during efferocytosis
which is important for suppression of inflammatory signaling °'. Following in line with P.S.
receptor engagement and induction of downstream anti-inflammatory signaling modules, Bai1
was shown to be important in vivo for suppression of aberrant inflammation in the gut, as loss of
this receptor led to the upregulation of an inflammatory phenotype within the gut and worsened
gastritis in a DSS mouse model . Receptor engagement, downstream activation and actin
rearrangement are important for clearance, but also might influence macrophage polarization
and tissue resolution through modulation of cell morphology '*°.

Common to many of these signaling pathways is the upregulation of LXR-a/g which is

triggered through the accumulation of cholesterol in macrophages during engulfment 3.
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Interestingly, the accumulation of cholesterol from engulfed cells leads to an upregulation of
engulfment receptors, thus providing a positive feedback loop to ensure that apoptotic cells are
cleared . A potential autocrine mechanism may exist through IL-10, as IL-10 macrophages
preferentially clear apoptotic cells **". Furthermore, this circuit involves accumulation of sterols,
increase in Th2 associated cytokines and promotion of proresolving mediators, along with use
of apoptotic cargo triggered fatty acid oxidation '*” '3, When this circuitry is disrupted,
autoantibodies increase and symptoms associated with glomerulonephritis manifest within the
kidney, in addition to a marked decrease in upregulation of canonical anti-inflammatory
mediators such as TGF-B and IL-10 '*®, Furthermore, macrophages which frequently encounter
apoptotic cells downregulate several nucleic acid sensing molecules, such as TLR9, dampening
their ability to respond to potential non-self signals "*°.

Additional evidence for the importance of efferocytosis triggered signaling is the
upregulation of transcriptional programs through nuclear receptors upon corpse internalization.
In addition to efferocytosis mediated LXR-a/B signaling, PPAR-3 is another nuclear receptor
which has similar importance in establishing an anti-inflammatory phenotype following apoptotic
cell engulfment. Cells which lack PPAR-3 fail to promote tolerance and skew towards an anti-
inflammatory state ' '*°_ In addition to nuclear receptors, Arg1 is controlled by apoptotic cell
derived signals such as L-arginine. Arg1 activation has been demonstrated to be important for
continual clearance of apoptotic cells and anti-inflammatory signaling, as depletion of Arg1
reduced multiple corpse uptake and reduced digestive capacity through Rag-Ragulator

161 162 137

activation . In light of this evidence, it is tempting to speculate that apoptosis and

efferocytosis are a critical circuit that is routinely executed in order to maintain tissue
homeostasis within tissues, or even promote critical processes such as neurogenesis "% 1%,
Several lines of in vitro and in vivo evidence suggest that deficiencies in either the cell death or
cell clearance process lead to exacerbated disease or initiation of disease. While much has
been described, improvements in the ability to track apoptosis and efferocytosis in vivo will help

in further defining this critical biophysical process as it occurs during homeostasis and disease.
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1.6 Cell death and cell clearance in the CNS

The CNS is an active site of cell death and cell clearance, both in development and
disease. In this section, phagocytes of the CNS and pathologies that arise from defects in
clearance will be discussed. Neurodegenerative and neurodevelopmental disorders exhibit a
wide variety of symptoms, and it is becoming increasingly aware that many of them share a
common feature of neuronal dysfunction and cell death. Specifically, Alzheimer’s Disease,
Fragile X Syndrome and Parkinson’s Disease are different in etiology, yet mounting evidence
suggests that apoptosis and cell clearance mechanisms may play a critical role in disease

progression.

1.6.1 Identity of CNS Phagocytes

Microglia

Arising from yolk sac progenitors and colonizing the CNS beginning at E9.5-10.5,
microglia are the tissue-resident phagocytes who sense, respond and influence neural
development % 166 187 These professional phagocytes arrive within the developing CNS before
the onset of rapid neurogenesis within the cortex and display high heterogeneity 68 169 170,
Central to their function as professional phagocytes, microglia are critical for clearance of
neuronal cells during development as well as postnatal neurogenesis "' 172 173 53 Thijs critical
role has been well characterized in a variety of organisms, where colonization in the Zebrafish
CNS coincides with waves of neural precursor apoptosis '™ 75, As is commonly used to define
a role for a cellular population, the removal of microglia from the CNS results in aberrant
neuronal connectivity and increased abundance of neuronal cells during development and
postnatal neurogenesis '7° 177 '8 Emerging roles for microglia in clearance, and maintenance of
neuronal integrity and connectivity, implicates microglia as both sentinels and sculptors within
the CNS.

To begin, microglia express and employ a variety of receptors and downstream signaling
cascades for engagement, internalization and clearance of neurons. Detailed transcriptional
analysis of the cerebellum and developing white matter identified subsets of microglia which
exist in a primed state to respond to high-levels of cell tumover '"° 73, The transcriptional state
and phagocytic receptor repertoire dictates how microglia respond to apoptotic cells. Elegant
work has implicated the TAM (Tyro3, Axl, MerTK) family in microglia mediated clearance of

apoptotic cells within the Sub-Ventricular Zone . In addition, it appears that microglia use P.S.
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receptors in a concerted effort to promote the steps of tethering and internalization of apoptotic
cells '®. Furthermore, microglia have been shown to promote cell death and subsequent
clearance within the CNS, acting as both the initiator and resolver in the Efferocytic process '
182 1t will be exciting to uncover additional mechanisms by which microglia use single or
combinations of P.S. receptors to remove dying cells, as a variety of forms of cell clearance are
beginning to emerge. One of which is through microglia trogocytosis (partial engulfment) of
synaptic boutons within the hippocampus &,

We are beginning to appreciate the role of phagocytic microglia in shaping neuronal
development beyond the physical removal of cells. Interestingly, secreted factors from
phagocytic microglia have been shown to modulate the rate of neurogenesis and neuron
survival '8 185 188 187 Thege works suggest that microglial processing of corpses serves as an
important relay between the removal and maintenance of neurons. When this process is
disturbed, such as through elimination of the gene SLC37A2, microglia displayed enlarged
phagosomes and reduced corpse resolution . Furthermore, microglia lacking IFNAR1 resulted
in microglia with a similar phenotype, highlighting the importance and scope of the corpse
disposal process '®°. Taken together, these multiple lines of evidence implicate microglia as
primary phagocytes within the CNS and highlight the importance of microglial phagocytosis in

shaping proper neuronal development.

Monocytes
Separate in location and origin, the function and ontogeny of non-parenchymal

macrophages within the CNS is an area of intense investigation. CNS macrophages consist of
meningeal macrophages, choroid plexus macrophages, perivascular macrophages and border
associated macrophages ' *' 92, Presence of monocytes within the different niches of the
CNS is an area of active investigation, furthering our understanding of the ontogeny and
characteristics of CNS monocytes 9" ' 19 |n certain instances, reservoirs of monocyte-derived
precursors can supply the CNS during experimental conditions and certain periods of
development, which might give rise to additional layers of spatial and functional heterogeneity of
the CNS macrophage compartment 194 195 196 197198 ‘|nterestingly, beyond the classical sources
of monocytes, the meninges have recently been implicated as an active site of monocyte
development with well defined roles in disease '°. To date, the phagocytic role of monocytes
within the CNS has been restricted to instances of injury or disease.

In many disease settings, monocytes are able to gain access to the CNS parenchyma in
response to inflammatory cues 2%. Infiltrating monocytes have been shown to adopt an

efferocytic transcriptomic signature and were confirmed to contain apoptotic material 2°'. Not
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restricted to response in ischemic stroke, monocyte derived macrophages play a beneficial role
in a mouse model of intracerebral hemorrhage and mouse models of stroke. Monocytes were
found to be critical for hematoma and erythrocyte clearance through P.S. receptors AXL and
MerTK, when these receptors were absent the mouse had worsened recovery and impaired
neurological function 2°2. In addition, monocytes display the highest level of phagocytosis and
participate in the recovery phase of a mouse model of stroke, with delayed recovery and larger
infarct area when their STAT6-mediated efferocytic function is impaired 2%2 204,

Future studies on relative phagocytic contribution between resident microglia and
monocyte derived macrophages during development would be of great benefit to better
understand to what extent and how these two professional phagocyte populations align and

differ in their efferocytic roles.

Astrocytes
Well known for their supporting roles, Astrocytes are increasingly becoming a focus for

neuroimmunology research as their functions within the CNS are better defined. The close

apposition of Astrocytes to neuronal dendrites and spines, in addition to their expression of
several phagocytosis-associated genes, prompted a closer look at their potential for neuron
pruning and clearance.

Pioneering in vivo work from Tsai et. al brought forth the idea that regional disruption of
Astrocytes altered the number of excitatory synapses, suggesting that beyond the other roles
Astrocytes play, they are important for maintenance of circuitry ™. Further evidence for
Astrocyte involvement in synaptic regulation was evaluated within the developing dorsal Lateral
Geniculate Nucleus (dLGN), where Astrocytes were found to have cleared presynaptic material.
When phagocytic receptors MEGF10 and MerTK were ablated, there was a deficit in the
phagocytic capacity of these Astrocytes. Interestingly, when Astrocytes were compared to
Microglia in terms of their phagocytic potential, Astrocytes surpassed Microglia during later
stages of dLGN developmental clearance 2. This is an intriguing finding given the reduced
corpse processing and acidification potential of Astrocytes and ability of Astrocytes to modulate
microglial phagocytic activity 2 7>, Beyond the dLGN, extensive analysis of Astrocytes within
the Hippocampus later revealed that Astrocytes shape Hippocampal circuitry, with MEGF10
deficiency resulting in altered Hippocampal memory formation 7.

In addition to the role of Astrocyte-MEGF 10 signaling in mediating synaptic clearance,
MEGF10 has been shown to be important for clearance of apoptotic neurons within the

developing cerebellum 2%, The extent to which Astrocytes are able to survey and sculpt both
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neuronal circuitry and apoptotic cells implicates them as a primary phagocyte and candidate for

future research in developmental cell clearance.

Oligodendrocyte Precursor Cells

Oligodendrocyte Precursor Cells are a specialized glia which arise from the
neuroepithelium and populate the developing mouse brain from E12.5 to E15 2. Recent work
using serial electron microscope evaluation within the visual cortex identified OPCs containing
neuronal material, strengthening their case as a phagocyte in vivo '°. Furthermore, OPCs have
been shown to be capable of efferocytosis in a rat model of EAE ?'' (Nguyen, 1997). More
recently, using a sophisticated imaging and focal-ablation technique in mice, OPCs were
observed to be capable of polarizing towards the site of neuronal apoptosis and extended
processes into the spatial void 2'2. These lines of evidence suggest that OPCs are capable of
sensing and responding to cell death, however the extent to which they participate in

homeostatic clearance is yet to be fully evaluated.

Neural Precursor Cells

Neural Precursor Cells (NPC) give rise to both mature neurons and glia during
development. In addition, they were found to execute efferocytosis during mouse development
within neurogenic niches. Their phagocytic potential was found to be dependent upon ELMO1,
as ELMO1 deficient NPCs exhibited reduced efferocytosis 2'°. Interestingly, as this population of
cells resides within neurogenic niches, their proximity to developmentally generated apoptotic
positions them well to respond and clear dying cells. Furthermore, it will be interesting to explore

whether NPCs which are capable of efferocytosis form a unique population from their neighbors.
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Neural Crest Cells

Neural Crest Cells (NCCs) play a central role during development, giving rise to many
diverse and functionally distinct cell types. Roles of NCCs during development are wide ranging,
highlighting their inherent plasticity and importance during this critical period. Remarkably,
NCCs were identified as a primary phagocyte during Zebrafish development, exhibiting high

levels of clearance and surveillance within the peripheral nervous system 2'*

. It will be important
to further define the targets, response of NCCs to efferocytosis and whether the collective

population or subsets of NCCs are capable of clearance.

Retinal Pigment Epithelium

Lining the rear of the retina is a specialized phagocyte, the retinal pigment epithelium
(RPE), serves many roles one of which is responsible for engulfing photoreceptor rod outer
segments (R.0.S) on a daily basis "°. This clearance rhythm is necessary for retinal health, as
defects in the P.S. receptor MerTK in RPE results in a progressive form of blindness 2'°.
Mechanisms by which a RPE engages with the R.O.S. is akin to phagocyte and apoptotic cell
interactions 2'® 27 In particular, the RPE employs several distinct receptors including MerTK,
Integrins and scavenger receptors 2'8 21 217 Fyrthermore, R.O.S. display P.S. in a diurnal
pattern, signaling the RPE to phagocytose them in an orderly and routine fashion. It will be
important to uncover the totality of receptors which are important for R.O.S. clearance, as
evidence suggests, simple substitution is not sufficient for proper function 22°. In addition,
mechanisms by which RPE handle the significant metabolic burden from R.O.S. clearance will

be important to tease apart for potential therapeutic intervention.

1.6.2 Cell Clearance in CNS Pathologies

Alzheimer’s Disease

At the cellular level, Alzheimer’s disease (AD) is characterized by extracellular b-amyloid
(AB) plaques and intracellular neurofibrillary tangles #?'. The mechanisms by which these
macromolecules contribute to neurotoxicity remains an open question, however evidence in
both animal models and post-mortem human tissue suggests that apoptosis may contribute to
the progressive neuronal loss during disease course 222 2%,
Using the 5XFAD mouse model of AD, early neuronal AB accumulation correlated with

Caspase-3 staining within the pyramidal neurons ?*. Evidence for apoptotic neuronal loss in AD
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is not restricted to mouse models. Through post-mortem analysis of human AD brains,
Caspase-3 staining and morphological signs of apoptosis were detected in the hippocampus,
frontal and entorhinal cortices ?%° 22, However, apoptosis is not the only form of neuronal cell
death during AD progression, as other forms of cell death such as necroptosis have been
suggested to contribute to cellular loss ?’.  Taken together, mouse models and human
subjects of AD suggest a role for apoptosis in AD, however the mechanisms and extent to which
AD-associated pathology induces apoptosis have yet to be fully elucidated.

Serving as the resident macrophages in the brain, much work related to phagocytes in
AD disease progression centers around the role of microglia 22 22, Numerous studies have
demonstrated the impact of AD pathology on microglial activity, as well as microglial-associated
mutations which increase Alzheimer’s risk 2. In addition, pathological hallmarks of AD, such as
AB deposition, have been shown to increase the prevalence of aberrant neuronal synapse
pruning by microglia through the complement system, further impairing neuronal function 23",
Not limited to synapse pruning, amyloid deposition was suggested to decrease the phagocytic
capacity of microglia in brain slices from 5XFAD mice 2*2. While there have been many
significant advances in understanding underlying microglia in AD pathology, questions regarding
alterations or impairment of other CNS phagocytes during AD progression remain unanswered.

Many genetic mutations or linkages to late-onset AD are within genes that are expressed
in Microglia, underscoring the potentially important role these glial cells play in the pathology of
AD and prompting elucidation of the identified genes and pathways in AD 2 24, |n addition, rare
mutations such as a loss of function mutation within the receptor TREM2 greatly contribute to
AD progression in humans 2%, Several of these genes have roles in the process of
phagocytosis, highlighting the potential link between cell clearance and AD progression such as
triggering receptor expressed on myeloid cells 2 (TREMZ2), CD33 and APOE.

Beginning with TREM2, this receptor is highly expressed in microglia and has been
demonstrated to bind to both AB, P.S. and Apolipoprotein E (APOE) which are ligands and
targets present within the AD brain 2% %7, Loss of this receptor results in clearance defects
within microglia, and over-expression of this receptor in a mouse model reduced AB deposition
238 239 |n addition, AD risk associated mutations within the receptor result in similar defects with
regards to containment of AB plaques and removal of dead cells 2*° 2*'. Furthermore, presence
of TREM2 in microglia shapes their response and results in microglia adopting a Damage
Associated Microglia signature, which is present in many neurodegenerative diseases and has

242 243

been shown to modulate AB deposition and clearance . It will be important to determine

the beneficial or detrimental role of TREM2 in AD progression, as mouse models hint at
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opposing phenotypes and disease progression when TREM?2 is eliminated early or later during
disease course 2 2%,

Recent evidence has implicated a role of CD33 in AD disease progression, with certain
mutations linking to increased or decreased disease susceptibility 2*¢ 4’. CD33, a member of
the Sialic acid-binding immunomodulatory receptor family, and its risk variants have been
shown to modulate the efficiency of AB engulfment as well as binding to C1q which interacts
with AB 2%¢ 249 CD33 has been demonstrated to signal through both DAP12 and act upstream of
TREMZ2, and loss of function of this receptor improved deposition of AB mouse models of AD.
However, these loss of function of CD33 and TREM2 resulted in divergent skewing microglia,
with absence of CD33 shifting microglia towards a more proinflammatory state which has been
shown to be deleterious for AB clearance ?*° %', Interestingly, CD33 expression and phagocytic
function differ between human and mice, as loss of human CD33 increased engulfment,

however loss of mouse CD33 did not 252

. It will be important to uncover the full extent of
molecular interactions of CD33, as targeting this receptor could provide an avenue for

therapeutic benefit.

Fragile X Syndrome

Fragile X Syndrome is a heritable cause of autism spectrum disorder (ASD), presenting
as deficits in social proficiency, intellectual ability and numerous behavioral and neurological
impairments arising from mutations within the FMR1 gene ?°3. Cellular deficiencies in Fragile X
patients and FMR1 mutant model organisms have been previously attributed to neuronal
deficits. Specifically, immature synaptic outgrowths, aberrant synaptic plasticity and decreased
neuronal apoptosis have been described ?**. In addition, decreases in the rate and location of
apoptosis within the developing brain of FMR1 knockout mice were observed, potentially
contributing to neuronal dysfunction 2°°. Altogether, there is evidence to suggest a role for FMR1
in central nervous system development with regards to cell death and cell elimination.

As many of Fragile X studies focus on neuronal milieu, recent work suggests that FMR1
deficiency affects immune response and clearance ?°°. Unexpectedly, when FMR1 was reduced
in Drosophila glia and subjected to axotomy there was an increase in uncleared corpses and
reduced glial uptake. In addition, there was a decrease in the rate of neuronal pruning during
development, suggesting a role of defective clearance in a model of Fragile X, potentially
through the regulation of Rac1 %°’. As FMR1 is known to regulate the mRNA translation, it will
be interesting to define which mRNAs are regulated in a FMR1 dependent manner, and how

these might function during the process of phagocytosis.
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Beyond studies in Drosophila, there is evidence for the expression of FMR1 in several
cell types in the mouse brain such as microglia and astrocytes which have been shown to
possess clearance capability 2°® 2. Furthermore, altered neuronal structure with an increase in
spine densities and reduced numbers of microglia are observed in FMR1 knockout mice. As
these studies have demonstrated the important role of FMR1 in phagocytosis, it will be
important to determine the cell-type specific role of FMR1 in development and uncover how

FMR1 modulates phagocytosis in mammalian systems.

Parkinson’s Disease

Parkinson’s Disease (PD) is a progressive neurodegenerative disease which presents
clinically as a loss of motor function with tremor, rigidity and instability. Pathologically, this
disease is thought to progress through abnormal deposition of proteins such as alpha synuclein,
resulting in the gradual death of dopaminergic neurons within the substantia nigra, the loss of
which contributes to the motor deficits 2° %', While much has been discovered with regards to
alpha synuclein and genetic contributions to PD, processes such as phagocytosis are emerging
as a potential contributing factor and avenue for therapeutic intervention.

Microglia have been implicated in the progression of PD, largely thought to occur
through their activation and subsequent damage or removal of neurons, such as those in the
substantia nigra ?°2. In addition to their putative role in promoting neuronal loss through aberrant
inflammation, microglia are implicated in the phagocytosis of alpha synuclein which can either
lead to improved or worsened outcomes % ?%*, Furthermore, accumulation of alpha synuclein in
microglia impairs their phagocytic activity which could enhance pathology, such as through
transfer via exosomes 2®° 73 | Linking PD pathology to P.S. receptors, it has been demonstrated
that removal of P.S. receptors AXL and MERTK enhanced the lifespan in a mouse model of PD
%66 Taken together, it will be important to discern the pathways which regulate microglia
removal of alpha synuclein, how toxic accumulation of alpha synuclein impairs microglial
function, and contributions of other cells such as Astrocytes to disease progression 27 268,

An emerging idea in PD research is phagocyte removal and killing of neurons. It has
been previously shown that stressed or damaged neurons are removed by microglia **° ?’°. In a
mouse model of PD, inhibiting the ability of microglia to phagocytose neurons reduced
dopamine neuron loss ?’" 22, Furthermore, serum and monocytes from PD patients displayed
enhanced phagocytic properties, underscoring the potential role of excessive phagocytosis in

PD 273, The potential role of phagocytes in potentiating PD, and what mechanisms govern the
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tipping point which leads to phagocytosis, will be an interesting area of research to watch with

therapeutic potential.

1.7 Cell Death and Cell Clearance In Drosophila

Drosophila have provided a foundational understanding of cell death and cell clearance
pathways. Many of the same pathways used by Drosophila melanogaster macrophages are
utilized by mammalian macrophages during cell clearance. In addition to the plethora of genetic
studies and genetic tools that are available, Drosophila are visually transparent during early
stages of development, offering a window into early developmental cell death and cell
clearance. Many of these reasons prompted us to use Drosophila for testing CharON in an in
vivo setting. In this section, | will review background, signaling, macrophage and glial mediated

efferocytosis during Drosophila embryonic development.

1.7.1 Background and Signaling

Much of the foundational understanding of developmental cell death and cell clearance
was discovered through the use of Drosophila as a model organism. Commonly referred to as
the ‘Fruit Fly’, Drosophila emerged as a tractable and viable candidate for elucidation of
development through the advocacy and foundational research of Thomas Morgan who quickly

realized their potential as a model organism %

. With quick gestational periods and relatively
low-maintenance, Drosophila empowered developmental, molecular and genetic biologists to
make great strides towards understanding fundamental phenomena. Key to our understanding
of cell clearance pathways in Drosophila was extensions from the early work on mutants of the
cell death abnormality (CED) family of proteins in C. elegans. This work demonstrated the
importance of evolutionarily conserved apoptotic cell receptors and downstream actuators
during development 2™, Similar to C. elegans, Drosophila are genetically tractable and
amenable to live-imaging in order to understand biological processes such as efferocytosis
signaling at the organismal level. During development, several tissues undergo extensive
remodeling with a high rate of apoptosis which is subsequently cleared by the compartment-
specific macrophages 2’° ?'%, In particular, three major phagocyte populations have been
extensively studied in regards to their specialization, cells that they phagocytose and roles in
development. These phagocytes are the central nervous system Glia, Hemocoel Hemocytes
(Macrophages) and the Follicular Cells of the ovary 277278 279,

Similar to other studies in different model organisms, the three stages (“Find Me”,

“‘Engage Me”, “Digest Me”) have been characterized in the Drosophila. Beginning with the
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attraction of phagocytes to sites of apoptosis, “find-me” signals have not been fully elucidated in
the Drosophila as extensively as they have in the mammalian system. However, evidence exists
to implicate the production or release of H202 at sites of damage within the Drosophila as a
chemoattractant for macrophages #° %', Engagement of the macrophage with the apoptotic cell
has been demonstrated to be critical for establishing proper wounding response . In addition,
finely detailed analysis of macrophage engagement with apoptotic cells has unveiled distinct
modes of process extension for proper clearance 2%2. Phagocyte interactions with apoptotic cells
have implicated three main apoptotic cell receptors which have been well characterized with
respect to their cell-specific function and downstream signaling - Croquemort, integrin Bv and
Draper.

Starting with Croquemort, the mammalian CD36 homolog, which was first characterized
in macrophages, has been demonstrated to be critical for clearance of apoptotic cells during
embryogenesis 2% 2% Furthermore, Croquemort appears to be specific to macrophages as loss
of receptors within epithelial tissues did not have an overt phenotype, however defects within
phagosome fusion were noted. In addition, lack of this receptor resulted in susceptibility to
infection, suggesting that this receptor is important for engagement and clearance of bacteria
25 |n addition to the importance of Croquemort for hemocyte engagement with apoptotic cells,
members of the integrin, specifically integrin Bv, family have been implicated in macrophage-
mediated clearance during development %¢. The Integrin Bv receptor appears to have diverging
downstream signaling to that of the receptor Draper, another key receptor which is critical for
glial and macrophage efferocytic function. To start, Draper was identified to have a critical role
within the CNS where it is primarily expressed on CNS Glia. The first noted cellular phenotype
was its role in glial mediated clearance within the CNS, as a lack of this receptor resulted in the
abundance of uncleared apoptotic corpses 27 28 Building on this work, it was later discovered
that there is more than meets the eye with regards to Drapers role in apoptotic neuron
clearance. A detailed study of Draper’s role in the developing CNS noted that the presence of
uncleared apoptotic neurons was not a deficit in physical removal of the cells, but was attributed
to a lack of digestion and processing of the ingested cargo. In addition, another molecule, Simu
was implicated as an additional tethering receptor which acts in concert with Draper during

9

development to remove apoptotic neurons 2. Draper does not seem to have a preference for a

certain target cell type, as a loss of Draper resulted in deficits within developmental pruning of
the mushroom body, a process which involves similar mechanisms of apoptosis 2*° %',
Interestingly, Draper has a splice-variant which is not expressed in glia during the initial waves

of neuronal apoptosis within the CNS. Draper-II differs structurally from that of Draper,
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containing an ITIM instead of Draper's ITAM (immunoreceptor tyrosine-based activation motif),
which serves to suppress the ability of Draper to activate downstream signaling and subsequent
apoptotic cell removal 22 .

Downstream efferocytosis signaling pathways within Drosophila phagocytes are similar
to those found in their mammalian counterparts, many of the same conserved proteins play a
vital role in initiation of cell clearance. The three Drosophila genes crk, mbc and CED-12 are
homologs to the mammalian counterparts crkil, DOCK180 and ELMO, respectively. Upon
receptor recruitment through ITAM activation via src-mediated phosphorylation, these three
proteins form a Rho-GEF complex which in turn activates Rac1 to facilitate actin rearrangement
293 In addition to the crk, DOCK180 and ELMO pathway, new insights into alternative
downstream signaling during efferocytosis has been elucidated through the role of Eato (CED-6)
in its role in mammary gland remodeling by follicle cell phagocytes ?**. Taken together,
Drosophila has furthered our understanding of both efferocytosis signaling and function during

development, all of which is owed to the power of Drosophila as a model organism.

1.7.2 Macrophage Mediated Cell Clearance within the Ventral Nerve Cord

During Drosophila development, there is an abundance of apoptotic cell death in several
regions as the organism shapes its tissues. One area which receives much attention with
regards to cell death and cell clearance is the Drosophila VVentral Nerve Cord (VNC). The VNC
is the ventral most region of the Drosophila embryo, composed of neural tissue that undergoes
extensive remodeling as the organism takes shape 2*°. Early work has identified much about the
extensive cell death in this area, noting the high-rate of cell turnover around stages 12 to 16 2.
It is thought that the majority of these cells belong to the classification of neuroblasts or ganglion
mother cells. In order to define the extent of cell death, comparative studies between wildtype
and apoptosis-mutant H99 flies, revealed that there was a wave of cell death constant through
the early stages and peaked around stage 15-17 2’ As with any tissue that exhibits a high level
of cell turnover, it is the role of phagocytes to remove the corpses in order to ensure proper
development and avoid aberrant inflammation 2% 2%, Within the ventral niche of the developing
nerve cord, the major phagocytes are the mesoderm derived hemocytes, commonly referred to
as macrophages.

Beginning in the anterior of the developing Drosophila embryo, the hemocytes or
macrophages migrate through the tissue in a stereotypic manner. First, they travel a linear path
from anterior to posterior, and upon tiling the mid-section of the embryo they begin their lateral

movement towards the sides of the embryo. This orchestrated movement, and the factors which
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are essential for proper migration such as VEGF, has been well characterized and coincides
with the emergence of apoptotic cells 3. In addition to the march of macrophages along their
determined developmental routes, efferocytosis plays a critical role in establishing the identity
and fithess of these cells to respond to damage. A seminal study which put forth this idea
employed a variety of genetic methods to inhibit efferocytosis in order to determine the role of
efferocytosis in macrophage priming for tissue injury response 2. Intracellular signaling through
JNK and upregulation of the P.S. receptor Draper was critical for establishing this priming
phenomenon.

Within physiological systems, a balance is required for maintaining homeostasis, and
shifts can induce profound consequences. In particular, one such study furthered the
understanding of this priming phase through induction of apoptosis during VNC development,
implicating the role of P.S. receptor Simu as a key player in regulating apoptotic cell clearance
and subsequent response to tissue damage **'. Extending the findings of cell clearance during
Drosophila embryonic development will be critical to furthering our understanding of the intricate
dance between apoptosis and efferocytosis. In particular, the Drosophila VNC can serve as an
in vivo platform for genetic and chemical perturbations in order to determine cell intrinsic and
extrinsic roles. While much has been uncovered, more fine-grained approaches and use of
genetically encoded efferocytosis reporters such as CharON will be necessary to establish a
deep understanding of macrophage and apoptotic cell interactions during this developmental

period.

1.7.3 Glial Mediated Cell Clearance within the Drosophila CNS

Within the developing CNS, the high levels of neuronal turnover must be properly

attended to by phagocytic glia in order to prevent neurodegenerative conditions " 322’7 Much
like the mammalian CNS which has several different variants of glia which have unique
structure, function and roles, Drosophila glia are specialized in their own right. Within the
developing CNS there are six subtypes of glia, classified based on their location and
functionality, they are named cortical glia, wrapping glia, astrocyte-like glia, perineural and
subperineural. Out of these six different types of glia within the CNS, three of them have been
shown to possess phagocytic ability, the ensheathing, cortical and astrocyte-like glia **.

During Drosophila embryogenesis it is estimated that 30-40% of all newborn neurons die
via apoptosis. Beginning early during development within the CNS, the majority of apoptotic cell
clearance is done through cortical glia **2. These cells are able to adapt to the high burden of

apoptotic cells, and when these cells fail to clear the corpses in an efficient manner signs of
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neurodegeneration have been reported 2%’

. While cortical glia are critical in shaping the early
periods of development within the CNS, ensheathing glia and astrocyte-like glia are critical for
the larval and metamorphosis stages **. Taken together, these phagocytic glia are functionally
distinct yet have unique phagocytic attributes which are crucial for proper development of the

organism.

1.8 Current tools for studying phagocytosis, apoptosis, and future design

1.8.1 Current Tools available for Apoptosis Detection

There has been much development in the space of genetically encoded fluorescent
apoptosis reporters, bringing the possibility of dissecting dynamics of apoptosis in vivo one step
closer to a reality. Many of these reporters rely on dynamic changes in fluorescence via Forster
Resonance Energy Transfer (FRET), Bi-molecular Fluorescence Complementation (BiFC) or
Subcellular localization of fluorescence.

To start, FRET relies on the energy transfer from a donor fluorescent molecule to an
acceptor fluorophore. The difference in excitation and emission between these two molecules
can be determined via FRET efficiency 3. This process has been exploited to monitor caspase
activity via placement of a caspase cleavage motif between donor and acceptor fluorescent
proteins 3%, Upon caspase activation and motif cleavage, the FRET efficiency is reduced, a
process which can be monitored via fluorescent microscopy or Flow Cytometry *’. While the
response of the reporter to caspase activity is rapid, on the order of minutes, evaluation of
FRET signal in vivo can be difficult due to small fluorescent changes and cellular expression
heterogeneity.

Rather than using a tandem pair of fluorescent proteins to monitor caspase activity,
several probes have begun using BiFC to monitor apoptosis in vitro as well as in vivo 3%8 399 310,
Of note, recent developments in rationally designed de-novo protein cages have permitted the
use of a single, split-GFP molecule to be used for caspase-3/7 detection. Both ZipGFP and
FlipGFP rely upon caspase-3/7 cleavage and separation of a coiled-coil cage which sterically
hinders GFP from associating and fluorescing in absence of apoptosis. Upon caspase
activation, the cages are split and GFP is able to fold and mature, providing single-fluorophore
detection of apoptosis in vitro as well as transient in vivo expression 3'! 312,

Finally, rather than using whole-cell fluorescence as a read-out for caspase activity,
three reporters have used extracellular and subcellular localization of fluorescent proteins to

determine apoptosis. First, a group fused YFP to a secreted form of Annexin-V, labeling cells
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which have exposed Phosphatidylserine upon apoptosis. This method has been demonstrated
in both Zebrafish and Mice, however there is a high background signal 3'* ' In addition,
another group used the process of mitochondrial outer membrane permeabilization (MOMP) as
a dynamic readout. Upon MOMP, second mitochondria-derived activator of caspase (Smac) is
released from the inner mitochondrial space into the cytoplasm to sequester anti-apoptotic Xiap
signaling. Using this step as a potential fluorescent reporter, Smac was fused to GFP to
determine when this release occurs and monitor apoptosis *'°. Taking another approach, Bardet
et al. tethered nuclear-localized GFP to the membrane via a caspase-3/7 motif containing linker
318 When cut by caspase-3 or caspase-7, the nuclear-GFP translocates to the nucleus. Overall,
these reporters are dynamic and rapid in their detection of executioner caspase activity,
however in vivo analysis of apoptosis via localized fluorescence poses challenges due to
inherent differences in cellular size, transparency and analysis of subcellular events 3"7.

An exhaustive list of these apoptosis reporters is described in the Table below, detailing
the sensor type, fluorescence molecules used and whether the tool has been used in an in vitro

or in vivo setting.
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Table 1.1: In vitro and in vivo sensors of apoptosis

Name Sensor Spectra In Vitro In Vivo
Type
SCAT FRET CFP donor / YFP + +
(CFP/YFP) acceptor

INDIA FRET GFP, RFP + +
ZipGFP BiFC GFP + +
FlipGFP BiFC GFP + +
xC3ai BiFC CFP, GFP, RFP + +
iCasper BiFC FR + +
CA-GFP BiFC GFP + .
CaspaseTracker | Gal4-ON GFP + +
SMAC-GFP Subcellular GFP + +
Apoliner Subcellular GFP + +
SECA5 Ex-cellular GFP + +
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1.9 Current Tools available for Acidic Environment Detection

Fluorescent proteins have been tailored in a wide variety of ways to sense biological
processes, one of which is for sensing of cellular pH and acidic subcellular compartments. Many
native fluorescent proteins have remarkable sensitivity or insensitivity to acidic environments,
allowing the fluorescent signature of these proteins to serve as markers for relative pH within a
compartment 3'8.

To harness this inherent quality, groups have fused eGFP (acidic sensitive) and RFPs
(acidic insensitive) to autophagy markers in order to image this process in vitro as well as in vivo
319 Furthermore, many groups have mutated RFPs in order to generate a single-fluorophore
probe that is sensitive to acidic environments, increasing in brightness with a decrease in pH 3%°
321 By using a single fluorophore to determine relative pH, these probes can be used in
conjunction with additional fluorescent proteins, expanding the possibilities for monitoring more
than one biological process at a time. While these single fluorophore probes offer a significant
advantage for monitoring acidification events, their changes in fluorescence upon protonation in

an acidic environment could benefit from protein engineering efforts.
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Table 1.2: In vitro and in vivo sensors of pH

Name Fluorophore | pKa Acidic In In Vivo?
Dynamics Vitro?
eGFP, GFP 6.0 Fluorescence + +
mCherry Decrease
Tandem
Fluorophore
SEP GFP 7.6 Fluorescence + -
Decrease
Phluorin GFP Und. Fluorescence + -
Decrease
Phuiji RFP 7.7 Fluorescence + -
Decrease
mCherryEA RFP Und. Fluorescence + -
Increase
mKeima RFP 6.5 Fluorescence + +
Increase
pHRed RFP 6.6 Fluorescence + +
Increase
Phlorina RFP 6.9 Fluorescence + +

Increase
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1.9.1 Chemical labeling for phagocytosis assays
Of the methods to detect phagocytic events, chemical labeling of apoptotic cells is the

most widely used technique. Commonly used reagents to label targets for phagocytosis are
TAMRA, CyPher5e, PSVue, PSiva, Annexin V, pHRodo, PKH dyes and Acridine Orange. These
chemical dyes are bright and photostable, permitting the ability to determine events of
phagocytosis via microscopic or flow cytometry analysis. The main difference between these
dyes is their ability to respond to acidic environments, labeling substrates and fluorescent
spectrums. Detailed below is a chart which specifies these properties as well their potential use

in vitro as well as in vivo.
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Table 1.3: Chemical probes used to study efferocytosis

Name Spectrum Acidic In Vitro Use In Vivo Use References
(Ex./Em.) Sensitivity (Y/N) (Y/N)
(Y/N)
TAMRA 546nm / 579nm N Y N 322 139
Cypher5e | 644nm /663nm Y Y Y 323 324 325
PSVue 794nm / 810nm N Y Y 326
PSiva 488nm / 530nm N Y Y 327 328
Annexin V Conjugation N Y Y 329 330
Dependent
pHRodo 509nm / 533nm Y Y N 331 170
560nm / 585nm
PKH-26 / 67 | 551nm /567nm N Y N %3
490nm / 502nm
Acridine 500nm / 526nm N Y Y 332333
Orange

These probes all have limitations in that they are limited in their ability to work in vivo, as

well as target specific cells. In addition, many of these probes suffer from significant non-specific

binding, which inhibits their ability to precisely target populations of cells or tissues of interest.

Finally, for these probes to work in vivo, the dye must be introduced to the organism in an

invasive manner which could compromise tissue integrity and affect the output. Given these

concerns and potential for confounding results, it is best to use these chemical dyes in a limited

manner or avoid them, if possible, for in vivo use.
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Chapter Il

Coordination, challenges, and compromises in macrophage
efferocytosis in vivo

2.1 Abstract

Apoptosis of cells and their subsequent removal by the process of ‘efferocytosis’ occurs
in nearly all tissues during development, homeostasis, and disease. While significant
mechanistic progress has been made, the ability to track cell death and subsequent corpse
removal in vivo has remained a challenge due to technical limitations. Here, we develop a
genetically encoded fluorescent reporter, denoted CharON, that can concurrently track both
emerging apoptotic cells and their efferocytic clearance by phagocytes. Using CharON and the
Drosophila embryo as a model system, we could visualise and validate the key steps of
efferocytosis in vivo, and for the first time directly measure coordinated clearance of apoptotic
corpses in a living organism. This analysis also uncovered novel challenges macrophages face
during efferocytosis in vivo. When confronted with a dense field of apoptotic corpses in vivo,
macrophages adopt an ‘eat-first, digest-later’ strategy, prioritising debris uptake over corpse
acidification and degradation. In trying to achieve rapid clearance, individual macrophages
display huge variation in corpse burden, with additional consequences. When challenged with a
necrotic wound, macrophages with high apoptotic corpse burden are impaired in necrotic debris
uptake, despite migrating to the wound site. Enforcing phagocyte ‘eating limits’ via modeling
suggest that macrophages benefit from ‘unrestrained’ uptake and variable corpse burden, as
the alternative of ‘equal distribution’ drastically increases clearance time. This represents a
‘gamble’ or functional compromise, wherein macrophages maximise clearance of
developmental/ homeostatic apoptosis, while jeopardizing resolution after tissue damage. This
efferocytic strategy introduces an inherent vulnerability, with ramifications for diseases where
macrophages encounter overwhelming cell death. Collectively, these live tracking studies

advance new concepts in macrophage efferocytosis in vivo.
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2.2 Introduction

Efferocytosis is an essential process during tissue development, homeostasis and
resolution of inflammation during various diseases. Interactions between apoptotic cells and
phagocytes involve intercellular signaling programs which ensure proper corpse engagement
and disposal. While significant progress has been made in defining the specific molecules on
apoptotic cells and the receptors on phagocytes and the relevance of these molecules to human
disease (e.g. via knockout animals and disease models), due to the longstanding difficulty in
clearly tracking cell clearance in vivo, much of our understanding has been focusing on end
points of the process, and in turn, inference. Here, we develop a genetically encoded
fluorescent reporter of apoptosis and efferocytosis (‘CharON’) to track and quantify cell

clearance during Drosophila embryogenesis at the tissue and single-cell resolution.
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2.3 Material and Methods

2.3.1 In vitro cell death assays

Jurkat cells (ATCC) were treated with 150mJ of UV-C in a StrataLinker 1800 or 10 uyM of
ABT-737 (Abcam ab141336) in RPMI 1640 supplemented with 10% FBS and 1% Pen Strep with
Glutamine. Cells were collected at indicated time points, stained 1:50 with Pacific Blue Annexin
V (Biolegend #640917) and collected on an Attune Flow Cytometer (ThermoFisher). For each

sample, 10,000 gated events were recorded, and data was processed in FlowJo V10. For each

sample, singlet gates were used to distinguish single cells from doublets, followed by sub-gating
on constitutively expressed RFP for analysis of GFP+ and Annexin V+ events. All RFP+, GFP+

and Annexin V+ event gates were set against the respective negative controls.

2.3.2 In vitro live cell imaging engulfment assays

UV-induced apoptotic CharON expressing Jurkat cells were co-cultured with mouse J774

macrophages (ATCC TIB-67) at 1:2 apoptotic cell:phagocyte ratios in 24 well plates and spun at
500rpm for 1 minute. Images were collected every 10 minutes for 24 hours on a Nikon Eclipse
Ti2 scope using 40x magnification and kept under 37C and 4% CO2 for the duration of the
experiment. Raw Tiff images were exported for analysis using Fiji software.
Engulfment events were manually curated through identification of apoptotic pH-GC3ai (GFP+)
cell internalization by J774 macrophages using co-localization between the apoptotic cell and the
macrophage through brightfield. Upon identification of engulfment events, manually drawn
circular regions of interest (ROI) were placed over identified events and tracked throughout the
duration of the experiment. Intensity of phagocytic events were calculated using background
subtracted GFP and RFP values.

2.3.3 Plasmid construction

In brief, all CharON constructs were inserted into a lentivirus backbone for expression in
Jurkat cells. Gibson assembly PCR reactions using oligonucleotides (Integrated DNA
Technologies) with 15bp overhangs were used to amplify and insert transgenes into restriction
sites downstream of a SFFV promoter with an upstream CBX3 UCOE (UCOE-SFFV). In addition,
P2A or T2A elements were used downstream of pH-GC3ai for bi-cistronic expression of mCherry

or pHlorina. Sanger sequencing was used to verify sequences of inserted transgenes.
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For construction of pH-CaspGFP, GC3ai was amplified from plasmid pCDH-puro-CMV-
GC3AI (Addgene #78910). Mutation of GC3ai Q204H was performed via overlapping PCR and
inserted into lentivirus UCOE-SFFV. CharON was constructed using pH-CaspGFP and pHlorina

separated by a P2A site for bi-cistronic expression.

2.3.4 CharON expressing transgenic Drosophila generation

CharON construct was cloned downstream of UAS sequence in pUASt-ATTB, which in
turn was used to generate transgenic CharON flies. This was recombined with daughterless GAL4

320 (

(da-gal4) to drive ubiquitous expression throughout embryo® (;; da-gal4, uas-charon) . Srp-GMA

was used to label macrophages (; srp-GMA; da-gal4, uas-charon).

2.3.5 Imagqing of Drosophila embryos

Embryos laid on apple juice agar plates overnight were collected in cell strainers (Falcon),
dechorionated with bleach (Jangro), and washed with purified water. Embryos at developmental
stages 12-16 were mounted on double-sided tape on a glass slide in droplets of VOLTALEF oil
(VWR), beneath a bridging coverslip (No. 1.0, SLS Ltd) sealed on top of two supporting coverslips
(No. 1.5, SLS Ltd)**. Z-stacks of the ventral side of embryo were captured using a Zeiss LSM
880 (with Airyscan fast) confocal microscope using a plan-apochromat 40x objective with a NA of
1.3. Epithelial wounds were generated using laser ablation (nitrogen-pumped Micropoint ablation
laser tuned to 435 nm, Andor Technologies) as previously described®*. The acquisition software
used was Zen Black (Zeiss). Alternatively, a spinning disc confocal microscope (Perkin Elmer
Ultraview) using a plan-apochromat 63x objective with a NA of 1.4 and a Hamamatsu C9100-14
camera, was used for long-term, live-imaging of macrophage dispersal. The acquisition software

used was Volocity (Perkin Elmer).

2.3.6 Image analysis

Imaged (NIH) was used for all image analysis. For quantification of efferocytosis across
embryogenesis, individual 20 um z-stacks of 5 embryos per developmental stage (25 total) were
imaged using scanning confocal microscopy and quantified for each genotype. CharON labelled
corpses that were superficial to the VNC were isolated by cropping in on a 5 ym z-stack that
minimally contained a cluster of apoptotic bodies. These were then flattened (average intensity

projection) and each apoptotic body was outlined manually using pH-CaspGFP signal. Apoptotic
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bodies deeper within the VNC were isolated by z-projecting (average intensity) the slices from the
top 5 um of the z-stack into the embryo. Apoptotic corpses were again outlined manually using
pH-CaspGFP signal. For identification of apoptotic bodies specifically within ventral
macrophages, 5 ym z-stacks that minimally contained the macrophages (guided by srp-GMA
label) were isolated and z-projected (average intensity). CharON-labelled apoptotic corpse bodies
were outlined manually using pHlorina signal (due to pH-CaspGFP overlap with srp-GMA). Area
and mean intensities within these outlines were measured and their numbers counted.

For time-lapse imaging of macrophage efferocytosis, dispersing macrophages (embryonic
stages 12-13) were imaged using spinning disc microscopy (1 z-stack/minute). Engulfed apoptotic
bodies with strong pH-CaspGFP signal (detectable above srp-GMA) were identified and a 2 ym
z-stack that minimally contained the corpse was isolated (position of this z-stack adjusted in x, y,
and z for every frame to ensure apoptotic body was contained centrally within z-stack as it moved
around embryo within a macrophage). These z-stacks were flattened (maximum intensity
projections) and the apoptotic body was outlined manually in each frame (starting from moment
of uptake). Mean intensities within these outlines were then calculated for each frame. Following
background subtraction, fold-change in intensity from initial value were calculated and plotted.

Macrophage speeds, chemotaxis (FMI) and distances travelled were calculated by
manually tracking cell centroids using the Imaged Manual tracking and chemotaxis tool plugins.
For analysis of ventral macrophage basal migration and inflammatory chemotaxis in response to
wounding, stage 15 embryos (5 unwounded and 5 wounded embryos respectively) were imaged
using scanning confocal microscopy (1 z-stack/minute). The number of CharON-labelled
apoptotic bodies within each macrophage was determined in the initial z-stack (as described
above) and macrophages were then tracked, again using Imaged Manual tracking and
chemotaxis tool plugins. Responders to wounds were defined as macrophages that moved to the
wound edge, wherein tracking was stopped. Non-responders represent cells that were never
recruited to the wound edge and were tracked throughout the entire time-lapse. Necrotic debris
uptake at wounds was observed as fluorescent-negative ‘vacuoles’/voids within the GFP-labelled
macrophages. The uptake of such debris was scored for each macrophage for the entire time it
was at the wound edge. Although we could not anticipate this previously, the wounding laser did
not hinder the pHlorina signal from becoming visible once acidified (e.g., when fused with
apoptotic cell-containing phagosomes).

All the images present in the figures and movies of this manuscript are z-projections and
are adjusted only for contrast and brightness, with occasional use of the ‘despeckle’ tool in imageJ

to adjust for noise (never used during quantification).
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2.3.7 Lentivirus production, purification, and transduction

All lentivirus production was performed using Lenti-X HEK293T (Takara) grown in DMEM
supplemented with 10% FBS and 1% Pen Strep with Glutamine. Cells were transfected at 80%
confluency in 6-well plates with 2 ug total of psPAX2 packaging (Addgene #12260), pMD2.G
envelope (Addgene #12259) and transfer plasmids at a 4:1:4 ratio. Supernatants were collected
48h after transfection and concentrated following the Lenti-X Concentrator (Takara) protocol.

Jurkat cells were plated in 24-well plates at 200k/well in RPMI 1640 supplemented with
10% FBS, 1% Penn Strep with Glutamine and 8ug/mL Polybrene. Purified viral supernatants were
added to the wells and spun at 800g for 45min at 32 °C. After 24h, the cells were pelleted, washed
in PBS and cultured in RPMI 1640 supplemented with 10% FBS and 1% Penn Strep with

Glutamine. Transgene expression was assessed 72 hrs after transduction.

2.3.8 Drosophila heatmap generation

Processed GFP and RFP image z-stacks from each developmental stage were
substacked into VNC (1-30) and sub-VNC (31-99) regions using Fiji software. Images were
corrected for alignment using the Rotate feature before importing into llastik for object
identification. Using llastik, a model was trained on GFP and RFP channel images in order to
segment apoptotic and acidification events, respectively. Segmented images were used for object
identification, followed by object masking for quantification of events. A total of five embryos per

stage were used to evaluate the total number of events within the VNC.

2.3.9 General pHlorina genetic construction methods and materials

All synthetic DNA oligonucleotides for cloning and library construction were purchased
from Integrated DNA Technologies (IDT). Taqg DNA polymerase (New England Biolabs) was used
for error-prone PCR (EP-PCR). PCR products and products of restriction digests were purified
using gel extraction kit (BioBasic) according to the manufacturer’s protocols. Restriction enzymes
and ligases were purchased from New England Biolabs or Thermo Scientific. The DNA

sequences were analyzed at the University of Alberta Molecular Biology Service Unit (MBSU).
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2.3.10 pHilorina protein engineering

Engineering of pHIlorina was carried out by site directed mutagenesis and multiple rounds
of Error-prone PCR (EP-PCR) using plasmids encoding mApple as a template. All synthetic DNA
oligonucleotides for cloning and library construction were purchased from Integrated DNA
Technologies (IDT). Taqg DNA polymerase (New England Biolabs) was used for EP-PCR. PCR
products and products of restriction digests were purified using gel extraction kit (BioBasic)
according to the manufacturer’s protocols. Restriction enzymes and ligases were purchased from
New England Biolabs or Thermo Scientific. The DNA sequences were analyzed at the University
of Alberta Molecular Biology Service Unit (MBSU). All site-directed mutagenesis was performed
using the Quikchange lightning mutagenesis kit (Agilent) and primers designed according to the
manufacturer’s guidelines. EP-PCR products were digested with Xhol and Hindlll and ligated into
pBAD/His B vector digested with the same two enzymes and used to transform electrocompetent
Escherichia coli strain DH10B (Thermo Fisher Scientific), which were then plated on agar plates
containing LB medium supplemented with 0.4 mg/ml ampicillin and 0.02% w/v L-arabinose. Single
colonies were picked and inoculated into 4 ml of LB medium with 0.1 mg/ml ampicillin and 0.02%
w/v L-arabinose and then cultured overnight. Protein was extracted using B-PER bacterial
extraction reagent (Thermo Fisher Scientific) as per manufacturer guidelines. Screening for pH
sensitivity of extracted proteins was performed with a Safire2 fluorescence plate reader (Tecan)
by measuring protein fluorescence excitation and emission spectra in buffers of pH 5.0 and 7.5.
Plasmids were purified with the DNA miniprep kit (Thermo Fisher Scientific) and then sequenced
using the BigDye Terminator Cycle Sequencing kit (Applied Biosystems). We combined
approaches of rational site-directed mutagenesis and random mutagenesis to improve the pH-
induced fluorescence change. Based on pHIluorina0.1 (mApple lle161Cys/Lys163Glu), we first
randomized position Ala217, the corresponding residue of a crucial mutation in pHRed, which
rendered a larger ratio change compared to its template mKeima. The Ala217X (X = all 20
common amino acids) mutant library was expressed and screened by measuring the excitation
spectra at pH 5.5 and 7.5. One variant with the largest excitation ratio change was selected and
designated as pHlorina0.2. Sequencing revealed pHlorina0.2 had a mutation of A217T, Which is
similar to the A217S mutation in pHRed**. To increase the brightness of the pHIorina0.2, another
saturation mutagenesis was performed at the position 143, The brightest variant in this 143X
library, pHlorina0.3, possessed a W143Y mutation. Multiple rounds of random mutagenesis and
screening for maximum red fluorescence increase at acidic pH were performed based on

pHlorina0.3, eventually led to pHlorina.
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2.3.11 Imaging of pHlorina in cell culture for calibration of pH dependency

HelLa cells were grown in DMEM supplemented with 10% fetal calf serum, 1% sodium
pyruvate, and 1% Glutamax with 1% penicillin/streptomycin and maintained at 37°C in 5% CO..
pDisplay-pHlorina was made by subcloning pHlorina into the pDisplay vector (Life Technologies),
between the Bglll and Sall restriction sites. The pDisplay vector is translated into a protein
consisting of the N-terminal signal peptide, pHlorina, and a C-terminal transmembrane domain of
platelet-derived growth factor receptor (PDGFR) which enables anchoring of the fused protein to
the cell surface, hence its sensitivity to changes in extracellular pH. Twenty-four hours before
imaging, cells were transfected with 2 ug of plasmid DNA and 6 ul of X-TREMEGene-HP (Roche),
mixed in PBS for 10 min and added directly in the culture medium. 4 h later, 30000 cells were
plated on 18-mm glass coverslips. Live cell imaging was done at 37°C. Cells were perfused with
solution containing 135 mM NaCl, 5 mM KClI, 0.4 mM MgClz, 1.8 mM CaCl,, 20 mM HEPES, and
1 mM D-glucose, adjusted to pH 7.4 and 315 mOsmol/L. For pH titration, solutions were prepared
as the HBS solution described above using as pH buffers HEPES for solutions at pH 7-10, PIPES
for solutions at pH 6 and 6.5 and MES for solutions at pH 5 and 5.5. TIRF imaging was performed
on an inverted microscope (IX71; Olympus) equipped with an Apochromat N oil 60x objective (NA
1.49), a 1.6x magnifying lens, and an electron multiplying charge coupled device camera
(QuantEM:512SC; Roper Scientific). Samples were illuminated by a 473-nm laser and a coaligned
561-nm laser. Emitted fluorescence was filtered using a 620/60 nm filter (Chroma Technology
Corp.) for pHlorina imaging. In situ pH titration revealed pDisplay-pHlorina has a pK, of 6.2 and
nu of 1.6, with a maximum AF/Fq of 2.6 (Supplemental Data 2c¢). During imaging, we noted the
presence of brightly fluorescent clusters which are not sensitive to change in extracellular pH,
which is likely to be acidic intracellular organelles such as the lysosome. To verify this, we applied
ammonium chloride (NH4Cl, 50 mM) to neutralize the luminal pH of intracellular organelles. This
treatment cancelled the fluorescence of bright clusters, suggesting the fluorescence is from
pHlorina signal in intracellular organelles (Supplemental Data 2c). Taking advantage of the
ratiometric dual excitation, we also imaged the cells under 473 and 561 nm laser excitation, the
bright fluorescent clusters were only visible with 561 nm excitation but not with 473 nm excitation
(Supplemental Data 2e), further confirming that bright fluorescent clusters are from pHlorina in

an acidic environment.
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2.3.12 pHilorina in vitro characterization

To purify the proteins, electrocompetent E. coli strain DH10B (Invitrogen) was transformed
with the plasmid of interest using a Micropulser electroporator (Bio-Rad). Transformed bacteria
were cultured overnight on agar plates containing LB and ampicillin. Single colonies were picked
and grown overnight in 4 mL LB supplemented with ampicillin at 37 °C. For each colony, the 4
mL culture was then used to inoculate 250 mL of LB medium with ampicillin and grown to an
optical density of 0.6. Protein expression was induced with the addition of 0.02% L-arabinose and
the culture was grown overnight at 37 °C. Bacteria were harvested at 10,000 rpm, 4 °C for 10
min, lysed using a cell disruptor (Constant Systems) and then clarified at 14,000 rpm for 30 min.
The protein was purified from the supernatant by Ni-NTA affinity chromatography (ABT) according
to the manufacturer’s instructions. The buffer of the purified protein was exchanged with 10 mM
Tris-Cl, 150 mM NaCl, pH 7.3 with Amicon ultra centrifugal filter (MWCO 10,000) for a final protein
concentration of approximately 10 uM. Fluorescence intensity as a function of pH was determined
by dispensing 2 uL of protein solution into 50 uL of the desired pH buffer in triplicate into a 384-
well clear-bottom plate (Nunc) and measured in a Safire2 plate reader. pH Buffer solutions from

pH = 3 to pH = 11 were prepared according to the Carmody buffer system.

2.3.13 In Silico macrophage efferocytosis

The effect of varying macrophage consumption limit was explored in silico via agent-based
modelling (NetLogo agent based modelling suite®*). A fixed number of macrophages (300) and
corpses (1,800) were randomly distributed within a domain. Macrophages moved at rate of 1
pixel/iteration in any direction, but preferentially moved in the direction of a corpse (biased walk).
If adjacent to more than one corpse, then the choice of corpse was random, and multiple
macrophages were prohibited from co-inhabiting the same pixel. Once a consumption limit was
reached, macrophages no longer engulfed corpses and switched to moving without bias (random
walk). The simulation was run until all corpses were cleared or for a maximum of 1,000 iterations.
Each simulation was repeated 100 times under the varying consumption limits to yield standard

deviations.
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2.4 Results

2.4.1 Generation of ‘CharON’ to concurrently track both apoptosis and efferocytosis

To take a genetic approach to track both apoptosis and efferocytosis in vivo, we
engineered two probes that could be expressed in tandem. For the apoptosis reporter, we focused
on designs where the cleavage by executioner caspases 3 and 7 could induce a fluorogenic ‘turn-
on’ response of an engineered green fluorescent protein (GFP) (Fig. 1A) *®. Previous attempts
to generate such caspase-inducible GFP reporters have had mixed success. Of these, we tested
GCa3ai, FlipGFP and ZipGFP in Jurkat cells and, in our hands, found GC3ai to be the best reporter
of apoptosis ¥'° 3! 332 Further, the appearance of the caspase-induced green fluorescence signal
of GC3ai strongly aligned with phosphatidylserine exposure on the apoptotic cells, as measured
by Annexin-V (Supplemental Data 1A, 1B, 1C). We modified GC3ai further to develop a new
caspase-inducible GFP that we named pH-CaspGFP. As a major limitation of GC3ai is photo-
quenching in the acidic environment of the endosomes/lysosomes, we engineered pH-CaspGFP
to be partly acid-resistant by incorporating a Q204H mutation into the parent GC3ai molecule (Fig.
1A) 3. This mutation in pH-CaspGFP preserved the GFP intensity during early stages of
efferocytosis (compared to parent GC3ai, Fig. 1D and Supplemental Data 1D, 1F).

When pH-CaspGFP was stably expressed in Jurkat cells, apoptosis could be faithfully
detected after different apoptotic stimuli, including ultraviolet-C irradiation and after treatment with
ABT-737 (a BCL-2 inhibitor) or Staurosporine (Fig. 1A and 1B). Two other controls are worth
noting: first, the GFP+ apoptotic events scored via pH-CaspGFP fully matched the Annexin V*
events, and this was corroborated at different time points after death induction (Supplemental
Data 1E, 1G); second, when pH-CaspGFP expressing cells were treated with the pan-caspase
inhibitor Q-VD, the apoptosis/caspase-dependent GFP+ signal was essentially eliminated (Fig.
1B), confirming caspase dependency. pH-CaspGFP was also compatible with detection of
apoptosis induction in multiple cell types, including T cells (Jurkat cells), fibroblasts (LR73 cells)
(Fig. 1C) and monocytes (THP-1 cells) (Supplemental Data 2A, 2B).

To detect engulfed apoptotic cells specifically undergoing corpse acidification and
digestion in phagocytes, we engineered a new ratiometric red fluorescent pH sensor. Using
mApple as a template, we created a library in which residues 161 and 163, both in close proximity
of the chromophore, were randomized®® (Fig. 1E, see Methods). Screening of this library led to
the identification of mApple lle161Cys/Lys163Glu with a large ratiometric pH response and high
brightness. Further engineering via site-directed and random mutagenesis ultimately yielded a

high-performance ratiometric pH sensor, which we designated pHlorina (pH-sensitive fluorescent
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ratiometric indicator derived from mApple, and pronounced ‘florina’) (Fig. 1E, see Methods).
When going from pH 7.5 to pH 5, pHlorina exhibits >20-fold excitation ratiometric change, and
>6-fold red fluorescence intensity increase (excitation 560 nm, emission 620 nm), with an
apparent pK, of 6.1 and Hill coefficient (ny) of 1.1 (Fig. 1F, Supplemental Data 2C, 2E). To assess
the utility of pHlorina in tracking efferocytosis, we stably transduced Jurkat cells, rendered them
apoptotic, and incubated with mouse J774 macrophages for time-lapse imaging (Fig 1G, left,
Supplemental Data 3A). Upon corpse internalization, we could detect 3.4 fold increase in pHlorina
fluorescence (Fig. 1G), and this was inhibited by the acidification inhibitor Bafilomycin (Fig. 1G,
Supplemental Data 2D, 2F). Thus, the novel RFP sensor pHlorina can track internalized apoptotic

corpses during acidification/digestion in phagocytes.
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Figure 2.1: Evaluation and engineering of a pH-Stable apoptosis reporter and RFP pH

sensor

A) Apoptosis sensor design. (top) Schematic of pH-CaspGFP design. Upon apoptosis
induction, a Caspase-3/7 linker is cleaved resulting in GFP fluorescence. (bottom) pH-CaspGFP
expressing Jurkat cells were induced to undergo apoptosis via a pulse of UV-C irradiation, and
after incubation for additional 4 hours, the fraction of GFP+ and Annexin V+ cells were

determined.

B) pH-CaspGFP detects multiple apoptotic stimuli. pH-CaspGFP expressing Jurkat cells were
killed with UV-C, 20nM ABT-737 and 1uM staurosporine and measured for GFP+ events over
four hours. To block apoptosis (and to test GFP signal arising), Jurkat cells were pre-treated with
50uM Q-VD.

C) pH-CaspGFP detects apoptosis in multiple cell types. Stably pH-CaspGFP expressing
Jurkat cells and LR73 cells were rendered apoptotic via UV and 1uM staurosporine, respectively.

GFP+ cells were assessed via time-lapse imaging.

D) pH-CaspGFP improves phagosomal stability. (top left) Schematic of in vitro engulfment
assay: GC3ai and pH-GC3ai apoptotic Jurkat cells were co-cultured with J774 macrophages in
order to capture efferocytic events. Upon internalization, GFP fluorescence intensity was tracked
over 2 hours. (right) Time-Lapse images of GC3ai (Top) or pH-CaspGFP Apoptotic Jurkat cells
engulfed by J774 Macrophages. Arrows indicate phagosomes containing apoptotic Jurkat cells.
(Two-Way ANOVA, ** = p<.0021, * = p<.0332)

E) Development of pHlorina, an RFP Sensor for detection of efferocytosis. (left) Modeled
structural representation of pHlorina and mutations relative to the parental RFP mApple (based
on mCherry structure, PDB 2H5Q). (middle) Excitation spectra of purified pHlorina protein from
400 nm to 600 nm at pH 5.0 (red) and pH 7.5 (blue). (right) Emission spectra of purified pHlorina
with 560 nm excitation at pH 5.0 (red) and pH 7.5 (blue).

F) pH titration of pHlorina in vitro. (left) pH titration of purified pHlorina from pH 10.0 to pH 4.0
with 560 nm excitation and 620 nm emission. (right) Cell surface expression of pHlorina in

mammalian cells and fluorophore pH response to pH 7.0, pH 5.0 and pH 9.0 buffers.

G) pHlorina detects phagosomal acidification during efferocytosis. (left) Schematic of in vitro
engulfment assay to determine pHlorina fluorescence during efferocytosis. Bafilomycin is used to

determine the dependence of pHlorina response to phagosomal acidification. (right) In vitro
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engulfment response of pHlorina fluorescence during internalization is dependent upon
acidification of the phagosome. Apoptotic pHlorina-expressing Jurkat cells were co-cultured with

J774 macrophages to detect efferocytic events. (Unpaired T-Test, **** = p<.0001).
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Next, we combined the above two probes to generate a single promoter driven cassette
to genetically express both pH-CaspGFP and pHlorina reporters in tandem, split by a P2A self-
cleaving site for equimolar expression *°. We denote this construct ‘CharON’ (‘Caspase and pH
Activated Reporter, Fluorescence ON) referring to Charon, who in Greek mythology ferries the
recently deceased across the river separating the living from the dead (Fig. 2A). Our
expectation was that CharON expressing cells undergoing apoptosis would become GFP+ (with
low RFP); and after being engulfed by phagocytes and passing through the acidic
phagolysosome, the GFP fluorescence would be gradually quenched while the red pHlorina
signal would gradually increase (Fig. 2A). When apoptotic CharON expressing Jurkat cells were
mixed with BFP* mouse J774 macrophages, the signals from pH-CaspGFP and pHlorina
allowed all the stages of efferocytosis to be visualised through live-cell imaging (Fig. 2B, Video
1). Both fluorescent components of CharON exhibited a wide dynamic range (Fig. 2C), with a
17-fold increase in average pHlorina/pH-CaspGFP ratio in the first 2 hours after corpse
internalization (Fig. 2C). In addition, we noticed that CharON could detect multiple efferocytic
events, with some macrophages proficiently engulfing multiple corpses (Fig. 2D, Video 2).
These data established CharON as a powerful new tool for tracking apoptosis and early stages

of efferocytosis.
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2.4.2 CharON visualises in vivo efferocytosis

The development of the genetically-encoded CharON offered a unique opportunity to
explore efferocytosis in vivo, within transgenic animals. Programmed cell death is critical for tissue
remodeling and patterning during Drosophila development and apoptosis during embryogenesis
has been well-characterized 2** 3%, Furthermore, the powerful genetics of Drosophila and the
excellent live-cell imaging possible in the translucent embryo offered an ideal model to visualise
and interrogate efferocytosis in vivo through CharON.

We generated CharON transgenic flies, wherein the GAL4/UAS system was used to drive
the ubiquitous expression of CharON throughout the embryo (Fig. 2E). We focused on the ventral
side of the embryo where there is a wave of apoptosis in the developing Central Nervous System

294278 Live-cell imaging of developing CharON embryos

(CNS) during mid-late embryogenesis
(stages 12-16) captured the induction of developmental apoptosis at the whole organism level
(i.e., via pH-CaspGFP fluorescence) (Fig. 2E, Supplemental Data 4A, 4B). Furthermore, at the
embryo-wide level, this coincided with an increasing pHlorina signal, indicative of developmental
efferocytosis.

The apoptotic burden from the embryonic Drosophila CNS is shared by two distinct
phagocytes: the phagocytic glia and the dispersing ventral hemocytes (macrophages) (Fig. 2F)**°.
The highly motile macrophages on the ventral side of the embryo, disperse through the hemocoel
(‘blood-cavity’) immediately below the developing CNS'"". The macrophages cannot access the
apoptotic corpses within the CNS but have a critical role in clearing the superficial corpses
occurring at the interface between the blood-cavity and the CNS3.

To visualise efferocytosis within these two distinct regions during embryogenesis, we
simultaneously imaged CharON superficial to the CNS and deep within the CNS (Fig. 2F, Video
3). Within both these locations, CharON activity revealed coordinated efferocytosis. However,
interestingly, CharON also highlighted distinct differences in the efferocytic dynamics. For
example, efferocytosis within the CNS was highly sporadic across the embryonic stages imaged
(12-16), representing constant, autonomous engulfment by individual phagocytic glia. This
manifested itself as only a weak trend for increasing CharON activity with increasing embryonic
time (Fig. 2G). However, superficial to the CNS, the macrophage-mediated clearance of apoptotic
corpses was far more synchronized in the hemocoel, appearing as a choreographed wave of
apoptosis and efferocytosis, yielding a strong increase in pHlorina activity with increasing
embryonic time (Fig. 2H, Video 3). CharON also highlighted differences in corpse size between

phagocytic glia and macrophages, underscoring nuances of efferocytosis and variability in
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burdens placed on the distinct phagocytes that populate different regions (Supplemental Data 3E,
3F).
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Figure 2.2: Caspase and pH Activated Reporter, Fluorescence ON (CharON) detects

apoptosis and efferocytosis In Vitro and In Vivo.

A) Design of CharON transgene and fluorescent signature. (top) CharON transgene design.
Arrow indicates the promoter driving expression of pH-CaspGFP and pHlorina in one transcribed
product. The P2A site between pH-CaspGFP and pHlorina ensures equivalent expression of both
reporters. (bottom) Fluorescent signature of an apoptotic CharON expressing cell (green) as it is

engulfed by a Macrophage (blue), and the resulting change in fluorescence.

B) CharON detects efferocytic events in vitro. J774 macrophages were incubated with
apoptotic CharON expressing Jurkat cells to detect efferocytic events. CharON GFP and RFP
signal was evaluated via Time-Lapse imaging during the efferocytic process. A.C. = Apoptotic

Cell, M$ = Macrophage.

C) CharON fluorescence during efferocytosis. (left) Individual CharON GFP and RFP
spectrum during engulfment. (right) Ratiometric CharON (RFP/GFP) response during engulfment.
(Two-Way ANOVA, Sidak’s multiple comparison test, **** =p<.0001)

D) CharON detects multiple engulfment events in vitro. (left) Schematic of in vitro engulfment
of multiple CharON corpses by a macrophage over 2 hours. (right) Images of successive
engulfment events by a single macrophage; arrows indicate internalized and acidified corpses

revealed by the pHlorina signal.

E) Generation of CharON expressing Drosophila. The CharON construct was inserted
downstream of the UAS promoter region, allowing tissue-specific expression in Drosophila using
the GAL4 system. CharON Drosophila embryos were imaged during developmental stages 12-
16 to detect Apoptotic (GFP+) and Efferocytic (GFP+/- , RFP+) events.

F) Evaluation of CharON Drosophila during embryonic development. Embryo outlines
highlight gross anatomical changes during embryonic stages 12-16 (orientated Dorsal side up,
Ventral side down). At embryonic stage 14, efferocytosis peaks within the central nervous system
(CNS) on the ventral side of the embryo (dashed box). Within this region (expanded dashed
boxes), apoptotic corpses within the CNS are engulfed by phagocytic glia (pink dashed box),
whereas the ventral-most corpses at the interface between the CNS and the ‘blood-cavity’
(hemocoel) are engulfed by the macrophages (blue dashed box). In both these regions, CharON
visualises the key steps of in vivo efferocytosis (pink and blue boxes respectively). Schematic

adapted from®"'. Scale bars =10 um.
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G and H) Efferocytosis increases during embryogenesis on ventral side of the embryo.
CharON ratio (pHlorina signal/pHCaspGFP signal) of individual corpses in CNS (g), and blood-
cavity (hemocoel) (h), across the embryonic stages 12-16 (5 embryos/stage). CharON ratio

increased during embryogenesis (One-Way ANOVA, **** =p<.0001).
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2.4.3 Macrophages prioritize corpse uptake over degradation

We chose to focus on macrophage efferocytosis due to its synchronised pattern of
CharON activity and because of the important role macrophages have in clearing cellular debris
during human development and disease. Macrophage-specific expression of moesin-GFP (GAL4
independent) was combined with the ubiquitous expression of CharON (GAL4 driven) to allow in
vivo macrophage efferocytosis to be visualised through live-cell imaging (Video 4). For the first
time, this allowed the full efferocytic program to be observed in vivo, including apoptosis,
macrophage recruitment and target binding (“Find Me”), internalization (“Eat Me”) and corpse
acidification and degradation (“Digest Me”) (Fig. 3A, Video 5).

Drosophila macrophages populate the ventral side of the embryo through a highly
stereotyped developmental migration, occurring between embryonic stages 12-15 (Fig. 3B) %*'.
During this journey, they engulf apoptotic corpses arising from the underlying CNS, the total
clearance of which coincides with their full dispersal (stage 15)**2. Quantification of pHlorina
positive corpses specifically within macrophages allowed quantification of this process, with
corpse burden peaking as expected at embryonic stage 15 (Fig. 3C). After an initial lag, the
pHlorina intensity also increased with increasing developmental time, particularly between stages
15-16 (post-clearance), again consistent with macrophages prioritizing corpse uptake over
degradation (Fig. 3D). This was mirrored by the decrease in internalized corpse size, which
represents further evidence of degradation (Fig. 3E). Thus, macrophages prioritize quick
clearance/‘corpse clean-up’ of the tissue during early developmental dispersal (e.g. stages 12-
13), and largely suspend the ‘corpse digestion’ until later in embryogenesis (stages 14-16).

Tracking macrophages during efferocytosis allowed quantification of their in vivo
chemotaxis towards CharON-labelled corpses, revealing that macrophages could sense and
migrate as far as 8% of the embryo length to fulfill this role (Fig 3F-3H) 3. Of note, the recruitment
of multiple macrophages was sometimes required to clear a single, fragmenting apoptotic corpse
(Video 6). Interestingly, the recruitment of macrophages to corpses and the subsequent uptake
of apoptotic bodies took considerably less time (~5-7 min) compared to the time taken to
maximally acidify the engulfed debris (~25 min), suggesting that the digestion steps of
efferocytosis are likely the more rate limiting steps in clearing high corpse numbers within a tissue.
Strikingly, macrophages maintained their high motility throughout the entire efferocytic process
and readily moved towards and engulfed further corpses before acidification of their existing
corpse burden (Video 7). Based on previous in vitro studies using cultured and primary
phagocytes, it has been thought that the stages of cell clearance from corpse sensing to

engulfment to digestion occur as a continuum **3; however, these in vivo data collectively imply
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that macrophages prioritize corpse uptake over degradation, when confronted with a large
number of developing apoptotic corpses, and adopt a strategy of ‘eat-first, digest-later’. This may
in part explain why it is often difficult to detect apoptotic cells even in tissues with high turnover

(now revealed through CharON), and such rapid removal of emerging apoptotic cells may help
avoid secondary necrosis of the apoptotic cells.

78



Figure 2.3: A macrophage efferocytic program is orchestrated during development to

ensure removal and degradation of CNS corpses.

A) CharON visualises the different stages of efferocytosis during in vivo imaging. Time-
lapse imaging of a GFP-labelled macrophage (M®, blue dashed outline) performing efferocytosis
of a CharON-labelled apoptotic corpse (A.C., white dashed outline) within the Drosophila embryo
(stage 12). Apoptosis induces pH-CaspGFP (green) activation in the dying cells and attracts the
macrophage (green), leading to target binding and uptake. Following internalisation, acidification
and degradation of the corpse is detected through increasing pHlorina signal (red) Scale bar =(10
um). Please note that the corpse binding internalization only took ~5 minutes, while the

subsequent digestion took 5x longer.

B) Increasing CharON signal detected during macrophage dispersal and efferocytosis.
Diagrams and representative images highlighting the dispersal of Drosophila GFP-labelled
macrophages (green) and their efferocytosis of CharON-labelled corpses (pH-CaspGFP (green)
and pHlorina (red) on the ventral side of the embryo (outlined) during stages 12-16. Scale bar =10

pum.
C to E) Mean corpse acidification, size, and corpses per macrophage.

¢, Mean macrophage corpse burden (corpses/macrophage, embryo averages, 5/stage) increases
across embryonic stages 12-16 (One-Way ANOVA,*= p<=.0002, **** =p<.0001).

d, Mean corpse size (um? embryo averages, 5/stage) decreases in macrophages across
embryonic stages 12-16 (One-Way ANOVA, ** = p<=.0021).

e, Mean pHlorina corpse signal reflecting corpse acidification (embryo averages, 5/stage)
increases in macrophages across embryonic stages 12-16 (One-Way ANOVA, ** = p<=.0021, ***
= p<=.0002, **** =p<.0001).

F to H) Quantification of macrophage migration to apoptotic cells.

f, Centroid measurement is the macrophage distance from uncleared apoptotic cells. Travelled
distance is the total travel distance during macrophage migration towards uncleared apoptotic
cells. Euclidean distance is the shortest distance from macrophage initial location to point of

engulfment.

g, Measurement of macrophage Forward Migration Index (FMI) during macrophage recruitment.
Forward Migration Index (FMI) demonstrates strong directed migration during efferocytosis. FMI

+1.0 = perfect migration towards corpse, FMI -1.0 = perfect chemotaxis away from corpse, FMI 0
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= random migration. FMI (x) = migration of cells on the same axis as the corpse (strong, positive
chemotaxis), FMI (y) = movement of the same macrophages on the perpendicular axis to corpses

(random).

h, Measurement of macrophage speed during migration towards an apoptotic cell.
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2.4.4 Macrophage prioritization of uptake results in corpse burden heterogeneity

Live-cell imaging of dispersing macrophages revealed that the first, ‘pioneer
macrophages to emerge on the ventral side of the embryo (stages 11/12) are confronted with a
dense field of CharON-labelled (pH-CaspGFP positive) apoptotic corpses (Video 7, Supplemental
Data 5A). We found that the rapid uptake of these corpses by the dispersing macrophages
resulted in dramatic disparities in macrophage corpse burden. For example, by embryonic stage
15 (post-clearance), macrophages which had engulfed an excessive number of apoptotic bodies
(as many as 20) were found in immediate proximity to macrophages that had taken up very little
debris (Fig. 4A). When we quantified macrophage corpse burden during their dispersal, apoptotic
bodies were distributed unequally during this efferocytic clearance (Supplemental Data 5B).
Variation in macrophage corpse burden was observed from the very start of dispersal (stage 12),

with a subset of macrophages exhibiting corpse numbers that were at least 2 standard deviations

above the others at every developmental stage (Fig 4B). We then classified these macrophages
as having either no corpse burden, low corpse burden (<3 corpses), medium corpse burden (4-6
corpses) or high corpse burden (=7 corpses) (Fig 4C). Within the macrophages classified as
having high corpse burden, remarkable examples of macrophages with extreme corpse burden
(=10 corpses) were also observed. Interestingly, during embryogenesis (stages 12-16), a
population of macrophages with extreme corpse load emerge before clearance has completed
(stage 15). In contrast, while the number of macrophages with low corpse burden steadily
decreased during embryogenesis, there was still a significant population of macrophages with low

corpse burden even post-clearance (stages 15-16) (Fig 4C). These data suggest that when a high

concentration of apoptotic cells emerge, the corpse burden is not shared equally among resident
macrophages and that a subset of macrophages demonstrate unrestrained uptake to ensure rapid
clearance, resulting in unequal corpse burdens.

We tested this concept using agent-based modelling of macrophage efferocytosis, where
each macrophage is considered an ‘agent’ with specific function to seek and consume corpses.
This modeling demonstrated that when equal corpse distribution is ‘enforced’ through restrictive
consumption limits, simulated clearance time drastically increased (Fig. 4D). Conversely,

releasing the macrophages from such consumption limit led to rapid corpse clearance in silico
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and yielded the unequal corpse burden (Fig. 4E, Video 8).

While macrophages can robustly internalize even an extreme number of corpses, we explored
whether high corpse load induced any subsequent adaptation. We quantified mean pHlorina
intensity levels in macrophages with low, medium, and high corpse burdens over the course of
their dispersal (Fig. 4F). During stages 12-15, mean pHlorina intensity increased equally over the
three groups. However, at stage 16 (post-clearance/peak degradation) there was a dramatic
increase in mean pHlorina intensity in macrophages with high corpse burden, implying
macrophages with greater corpse load are not limited in their digestive capacity, and may even
increase their ability to acidify their cargo (perhaps a version of positive feed-back). Taken
together, macrophages can adapt and compensate for high corpse burden by enhancing corpse

degradation.
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2.4.5 Macrophages compromise between apoptotic and necrotic corpse uptake in vivo

We next explored whether there were any consequences of varying corpse burden for in
vivo macrophage behavior. Tracking of dispersed macrophages (stage 15) demonstrated that
corpse burden had no effect on basal motility, despite low and high corpse burdens representing
very different physical loads (Video 9). To study the inflammatory chemotaxis of these
macrophages, we used laser-ablation to generate epithelial wounds in stage 15 embryos and
tracked the responding cells (Supplemental Data 5C). Addressing how macrophages confront the
presence of mixed corpses is particularly relevant for diseases such as atherosclerosis where
both apoptotic and necrotic corpses arise in the same tissue neighborhood. In our Drosophila
embryo model, macrophages with high corpse burdens were found to readily migrate towards
laser-induced wounds and there was no significant difference in corpse burden between
responding and non-responding macrophages (Fig. 4G, Fig. 4H, Video 10).

Laser-induced wounding of Drosophila embryos is not associated with apoptosis. Instead,
the wound is entirely necrotic, as demonstrated by the lack of pH-CaspGFP fluorescence (Fig.
4G, Video 10). One role of the recruited inflammatory macrophages is to clear necrotic debris,
which we could readily observe as fluorescence-negative particles taken up by the GFP positive
macrophages. Although macrophages with high corpse burden were recruited to the wound
comparably, once at the wound, macrophages with high corpse burden were significantly less
likely to engulf necrotic debris (Fig. 4/). This suggested that macrophage efferocytic capacity is
not limitless in vivo, rather can reach a certain type of ‘satiety’ (Fig. 4/). Therefore, the rapid
clearance of developmental apoptosis and the unequal corpse burden that arises because of this
‘eat-first, digest-later’ strategy, has consequences for the ability of macrophages to subsequently
clear necrotic debris in response to tissue damage. Thus, despite their extraordinary robustness
and plasticity, macrophages face an efferocytic compromise within the complex environment
found in vivo.

The above approach also allowed us to ask whether the apoptotic and necrotic cargo
within the same macrophage may fuse. Remarkably, rapid acidification of necrotic corpses
sometimes occurred through fusion with phagosomes containing a pre-acidified apoptotic corpse
(Fig. 4J, Video 11). In contrast to acidification of apoptotic corpses cleared as part of development,
which took approximately 30 minutes, swift acidification of engulfed necrotic debris was observed
following contact with a pHlorina positive, internalized apoptotic corpse. This perhaps hints at
modalities by which macrophages may promote rapid degradation of necrotic debris, potentially

during inflammation.

84



Figure 2.4: Macrophage efferocytic heterogeneity during development

A) Macrophages take up different corpse loads. (left) Ventral view of embryo (stage 15, post-
clearance) with GFP-labelled macrophages (green) and CharON-labelled apoptotic corpses
(pH-CaspGFP (green) and pHlorina (red). Two adjacent macrophages with very different
corpses burdens are highlighted (dashed-boxes) and magnified in subsequent images (middle

and right). Macrophage cell bodies are outlined in white. Scale bar =10 pym.

B and C ) Quantification of heterogeneity in macrophage corpse burden. b, The range in
corpse number/macrophage is non-uniform (****) during late stage embryogenesis (stage 16).
Macrophages with corpse burden 1 and 2 standard deviations from the mean are highlighted
(blue and orange boxes respectively) for each embryonic stage (D’Agostino & Pearson
Normality test, p<=.0001). c, Macrophages with no corpse burden (0 corpses), low (1-3
corpses), medium (4-6 corpses) or high corpse burden (7+) are indicated. Some within the
high group display extreme corpse burden (10+). Although corpse burden increases with

developmental time (stages 12-16), macrophages exhibit most variation during stages 15-16.

D and E) In silico modeling of macrophage corpse burden. d, In silico, equal corpse burden
can be enforced with strict macrophage consumption limits (top). Increasing consumption limit
(middle and bottom) introduces unequal corpse burden, recapitulating the in vivo distribution.
Histograms are representative, endpoint distributions from final iteration of simulations. See
other corpse limits and distributions in Supplemental Data 5d. e, In silico clearance time is
drastically reduced when per macrophage consumption is greater. Simulation was run until
clearance was completed or the time to achieve 1,000 iterations. Simulations were repeated

50x to yield standard deviations.

F) High corpse burden promotes macrophage adaptation. Mean corpse
acidification/macrophage increases uniformly during clearance (up to embryonic stage 15),
regardless of corpse burden. However, by stage 16, macrophages with high corpse burdens
(7+) have significantly (*) elevated mean corpse acidification/macrophage, implying
adaptation to their increased burdens (One-Way ANOVA, * = p<=.0332).

G and H) Macrophage inflammatory chemotaxis to wounds. g, After laser-induced wounding
at stage 15 (post-clearance), GFP-labelled macrophages (green) were recruited to the wound
edge (dashed oval), and their apoptotic corpse burdens measured through CharON
(green/red). Three macrophages with Medium-High corpse burdens that start equidistant from

the wound edge (0 min), were tracked (white dots/lines) over 20 min. While one macrophage
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did not respond to the wound, high corpse burden does not appear to impede the chemotaxis
of the other two macrophages. Scale bar =10 ym. h, (left) Schematic of response/non-
response of macrophages (green) to wounds (gray). (right) Apoptotic corpse burden of

macrophages does not impair responding to wounds (1 hr post-wounding).

I) Corpse burden impairs necrotic clearance. (left) Diagram highlighting uptake of necrotic
debris by macrophages (green) after recruitment to the wound (gray). (right) Inflammatory
macrophages with high developmental corpse burdens are significantly (*) less likely to engulf

necrotic debris at the wound (Unpaired t-test, , * = p<=.0332).

J) Macrophage clearance of necrotic debris. Time-lapse imaging of a GFP-labelled
macrophage (green) containing CharON-labelled apoptotic corpses (pH-CaspGFP (green)
and pHlorina (red)), engulfing necrotic debris at the wound (‘fluorescent-negative’ vacuole). In
the absence of caspase cleavage during necrosis, the activation of pH-CaspGFP in CharON
helped distinguish the developmental apoptotic corpses from the wound-induced necrosis.
However, acidification of necrotic debris is detectable via pHlorina, occurring rapidly after

interaction (phagosomal fusion) with an acidified apoptotic corpse. Scale bar =10 ym.
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Figure 2.5: Evaluation of Apoptosis Probes, pH-CaspGFP

A) Jurkat cells stably expressing GC3ai, ZipGFP and FlipGFP were subjected to 150mJ UV-C
and monitored over 1-hour intervals for the appearance of GFP+ events via flow cytometry. N=3
independent experiments. (Two-Way ANOVA, **** =p<.0001)

B) (left) Fold changes in fluorescence of GC3ai, ZipGFP, and FlipGFP expressing Jurkat cells
were compared after 4 hours of UV-C exposure. GFP Fold Change was calculated compared to
T=0 hr. (One-Way ANOVA, **** =p<.0001) (right) Fidelity of apoptosis detection of GC3ai, ZipGFP
and FlipGFP stably expressing Jurkat cells were determined through proportion of double-positive
(Annexin V+ / GFP+) events (One-Way ANOVA, **** =p<.0001).

C) Phosphatidylserine on apoptotic cells (measured via Annexin V) on GC3ai (green triangle),
ZipGFP (grey square) and FlipGFP (blue square) expressing Jurkat cells upon UV-C exposure

over a time course.

D) pH-CaspGFP (orange) and GC3ai (green) GFP+ and Annexin V+ signals were determined

over a time course upon UV-C exposure. (One-Way ANOVA, n.s. = not significant)

E) pH-CaspGFP stably expressing Jurkat cells were subjected to either UV-C (black circle), ABT-
737 (blue square) or Staurosporine (magenta triangle) and monitored over 4 hours for double-

positive (Annexin-V+ / GFP+) events.

F) GFP+ Fold Change in pH-CaspGFP stably expressing Jurkat cells after 2 and 4 hours post-
exposure to UV-C, ABT-737 or Staurosporine, compared to T=0 hr.

G) Time-course of Annexin V+ (grey square) and GFP+ (green circle) events upon exposure of

pH-CaspGFP stably expressing Jurkat cells to UV-C, ABT-737 or Staurosporine. In addition, cells

pretreated with caspase inhibitor Q-VD was used as a control (triangle).
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Figure 2.6: Evaluation of pH-CaspGFP in THP-1 and pHlorina expression in mammalian

cells

A) THP-1 cells stably expressing pH-CaspGFP were treated with UV-C (top row), ABT-737
(middle row), or Staurosporine (bottom row) and analyzed after 4 hours for presence of GFP+

events. Cells pretreated with caspase inhibitor Q-VD were used as a control.

B) Time-course of THP-1 cells stably expressing pH-CaspGFP after treatment with UV-C (top),
ABT-737 (middle) or Staurosporine (bottom) and collection of GFP+ (green circle) and Annexin
V+ events (grey square, indicative of phosphatidylserine flipping during apoptosis). Cells

pretreated with caspase inhibitor Q-VD was used as a control (triangle).

C) Left: Quantification of cell fluorescence intensity at pH values ranging from pH 5 to 9.8 (n=5
cells), with pH 7 values normalised to 100. Right: Representative image of HeLa cells transfected
with pDisplay-pHlorina before and after the application of a solution at pH 7, containing 50 mM
NH.CI.

D) Apoptotic cell-derived fluorescence change of pHIlorina over a time Course (fold change) after
internalization by macrophages binned into 30 minute intervals. Fluorescence intensity fold

change was compared to T= 0 min. (Two-Way ANOVA, **** = p<.0001).

E) Representative images of HelLa cells transfected with pDisplay-pHlorina, with fluorescence

excited with 561 nm or 473 nm Laser , at extracellular pH of 5, 7, and 9.

F) Unengulfed and Engulfed pHlorina expressing Jurkat cells were compared during in vitro

efferocytosis assays to determine fluorescence response. (Unpaired T-Test, **** = p<.0001).
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Figure 2.7: In vitro evaluation of pHlorina during efferocytosis and CharON Drosophila

expression during embryonic development
A) Mouse J774 Macrophages (cyan) were co-cultured with apoptotic pHlorina expressing Jurkat
cells (red) during in vitro engulfment assays. Arrows indicate engulfment of pHIlorina expressing

Jurkat cells by Mouse J774 Macrophages starting at T = 0 min.

B) Embryo-wide CharON expressing Drosophila GFP (pH-CaspGFP) signal during stages 12
through 16 of embryogenesis. N = 4 embryos.

C) Embryo-wide CharON expressing Drosophila RFP (pHlorina) signal during stages 12 through
16 of embryogenesis. N = 4 embryos.

D) Embryo-wide CharON expressing Drosophila CharON Ratio (pHlorina / pH-CaspGFP) signal
during stages 12 to 16 of embryogenesis. N = 5 embryos.

E) Average size of corpses within the CNS region of the embryo from stages 12 to 16.

F) Average size of corpses within the hemocoel (blood cavity) region of the embryo from stages
12 to 16 (One-Way ANOVA, ** = p<.0021).
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Figure 2.8: CharON fluorescent signature during development, efferocytic event tracking

in vivo and embryonic macrophage dispersal

A) Apoptosis (pH-CaspGFP) and Acidification (pHlorina) of CharON expressing Drosophila was
evaluated within the ventral notochord across stages 12 to 16. Events were thresholded and

segmented using llastik.

B) (left) Quantification of Apoptosis (pH-CaspGFP); (right) Acidification (pHlorina) within CharON
expressing Drosophila across stages 12 to 16 of embryogenesis. (One-Way ANOVA, ** =
p<.0021, * = p<.0332)

C) (left) Drosophila Macrophages (mCherry, white) dispersing around Dorsal side of embryo
during embryonic stages 12: (Early Arrival), 14 (Dorsal Migration), and 16 (Lateral Migration).
(right) Corpse size and pHlorina intensity, as determined via CharON, was evaluated at stages

12, 14 and 16. Least Square Regression fit was employed.

D) (left) Tracking of CharON fluorescence (pH-CaspGFP and pHlorina) during macrophage
mediated efferocytosis. Upon internalization (T=0 min), an event was tracked over 1 minute
intervals. Fluorescence was normalised to T=0 min. (right) Fold change in normalised CharON

fluorescence response during macrophage-mediated efferocytosis.
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Figure 2.9: Pioneer Macrophage dispersal and efferocytosis, efferocytic burden across

embryonic stages and Drosophila wounding model

A) Diagrams and representative images highlighting how the first (‘pioneer’) GFP-labelled
macrophages (M®, white dashed outlines) that arrive on the ventral side of embryo (early-stage
12) are confronted by a high concentration of CharON-labelled apoptotic corpses (pH-CaspGFP,

blue dashed outlines). Embryo outlined in white, embryonic stages 12-13. Scale bar = (10 uym).

B) Absolute number of corpses /macrophages increases with increasing developmental time

(embryonic stages 12-16).

C) Diagram highlighting laser-ablation (blue) of embryo (stage 15), resulting in epithelial wound
(gray). GFP-labelled macrophage (green), carrying their developmental load of CharON-labelled
corpse (yellow/red) are recruited to the wound as part of inflammation to clear necrotic debris at

the wound.
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Figure 2.10: In silico modeling of efferocytic burden with consumption limits

A) Agent-based modeling iterations of consumption limit ranging from 6 to 14
corpses/macrophage shows distribution of corpse numbers/macrophage. Histograms are

representative, endpoint distributions from final iteration of simulations.
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Table 2.1: Sequences of pHlorina, CharON and UAS-CharON

pHIlorina:

atggtgagcaagggcgaggagaataacatggccatcatcaaggagttcatgcgcttcaaggtgcacatggagggcetceg
tgaacggccacgagttcgagatcgagggcgagggcgagggccgcccctacgaggcectttcagaccgctaagetgaaggtgacca
agggtggccccctgceccttcgectgggacatcectgtccectcagttcatgtacggctccaaggtttacattaagcacccagccgacate
cccgactacttcaagcagtccttccccgagggcttcaggtgggagcgegtgatgaacticgaggacggeggcattattcacgttaacce
aggactcctccctgcaggacggcegtgttcatctacaaggtgaagctgcgcggcaccaacttcccctccgacggecccgtaatgcaga
agaagaccatgggctatgaggcctccgaggagcggatgtaccccgaggacggcegccctgaagagcgagtgtaaggagaggcetg
aagctgaaggacggcggccactacgccgccgaggtcaagaccacctacaaggccaagaagcccgtgcagcetgcccggegcecta
catcgtcgacatcaagttggacatcgtgtcccacaacgaggactacaccatcgtggaacagtacgaacgcactgagggcecgecact
ccaccggcggcatggacgagctgtacaagtaa

CharON:

atgatcaagatcgccaccaggaagtacctgggcaagcagaacgtgtacgacatcggcgtggagagggaccacaacttc
gccctgaagaacggcttcatcgccagcaactgcticaacgaattcatggacaagcagaagaacggcatcaaggcgaactticaaga
tccgccacaacgtcgaggacggcagcgtgcagctcgeccgaccactaccagcagaacacccccatcggcgacggecccgtgetge
tgcccgacaaccactacctgagcacccattccaagctgagcaaagaccccaacgagaagcgcgatcacatggtectgetggagttc
gtgaccgccgecgggatcgacgaggtggacggcegagcetgticaccggggtggtgeccatectggtcgagetggacggegacgtaa
acggccacaagttcagcgtgcgcggcgagggcgagggcegatgccaccaacggcaagctgaccctgaagttcatctgcaccaccg
gcaagctgcccgtgccctggcccaccctcgtgaccaccctgacctacggegtgcagtgctticageccgctaccccgaccacatgaag
cagcacgacttcttcaagtccgccatgcccgaaggctacgtccaggagegcaccatctccticaaggacgacggcacctacaagac
ccgcgecgaggtgaagticgagggcgacaccctggtgaaccgcatcgagctgaagggcatcgacticaaggaggacggcaacat
cctggggcacaagctggagtacaactticaacagccacaacgtctatatcacggccggatccgccgagtactgectgagctacgaga
ccgagatcctgaccgtggagtacggcctgctgcctatcggcaagatcgtggagaagaggatcgagtgcaccgtgtacagegtggac
aacaacggcaacatctacacccagcctgtggcccagtggcacgacaggggcgagcaggaggtgticgagtactgecctggaggac
ggcagcctgatcagggccaccaaggaccacaagttcatgaccgtggacggccagatgcetgcctatcgacgagatcttcgagaggg
agctggacctgatgagggtggacaacctgcctaactctagagccacgaacticicicigttaaagcaagcaggagacgtggaagaa
aaccccggtcctgecaccatggtgagcaagggcgaggagaataacatggccatcatcaaggagttcatgcgctticaaggtgcacat
ggagggctccgtgaacggccacgagticgagatcgagggcgagggcgagggccgeccctacgaggcectticagaccgctaagcet
gaaggtgaccaagggtggccccctgcccttcgectgggacatcectgtccectcagttcatgtacggctccaaggtitacattaagcacce
cagccgacatccccgactacttcaagcagtcecticcccgagggceticaggtgggagegcegtgatgaacticgaggacggceggceatta
ttcacgttaaccaggactcctccctgcaggacggcegtgticatctacaaggtgaagctgcgcggcaccaacttccecctccgacggecce
cgtaatgcagaagaagaccatgggctatgaggcctccgaggagcggatgtaccccgaggacggcgcecctgaagagcgagtgtaa
ggagaggctgaagctgaaggacggcggccactacgccgccgaggtcaagaccacctacaaggccaagaagcccgtgcagcetg
cccggcegcctacatcgtcgacatcaagttggacatcgtgtcccacaacgaggactacaccatcgtggaacagtacgaacgcactga
gggccgccactccaccggcggcatggacgagctgtacaagtaa
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pH-CaspGFP
P2A
pHlorina

UAS-CharON:

ggatccaagcttgcatgcctgcaggtcggagtactgtcctccgageggagtactgtcctccgagecggagtactgtcctccgagecggag
tactgtcctccgagcggagtactgtcctccgagcggagactctagcgagecgecggagtataaatagaggcegcticgtctacggageg
acaattcaattcaaacaagcaaagtgaacacgtcgctaagcgaaagctaagcaaataaacaagcgcagctgaacaagctaaac
aatctgcagtaaagtgcaagttaaagtgaatcaattaaaagtaaccagcaaccaagtaaatcaactgcaactactgaaatctgccaa
gaagtaattattgaatacaagaagagaactctgaat atgatcaagatcgccaccaggaagtacctgggcaagcagaacgtg
tacgacatcggcgtggagagggaccacaacttcgccctgaagaacggcttcatcgccagcaactgcticaacgaattcatggacaa
gcagaagaacggcatcaaggcgaacttcaagatccgccacaacgtcgaggacggcagcgtgcagcetcgeccgaccactaccagce
agaacacccccatcggcgacggccccgtgctgctgcccgacaaccactacctgagcacccatticcaagctgagcaaagacccca
acgagaagcgcgatcacatggtcctgctggagticgtgaccgccgccgggatcgacgaggtggacggegagcetgttcaccggggt
ggtgcccatcctggtcgagectggacggcgacgtaaacggccacaagttcagecgtgcgecggcgagggcgagggegatgccaccaa
cggcaagctgaccctgaagttcatctgcaccaccggcaagcetgcccgtgccctggcccaccctcgtgaccaccctgacctacggegt
gcagtgcttcagccgctaccccgaccacatgaagcagcacgacticttcaagtccgccatgcccgaaggcetacgtccaggagcegcea
ccatctccttcaaggacgacggcacctacaagacccgcgccgaggtgaagticgagggcgacaccctggtgaaccgcatcgagct
gaagggcatcgacttcaaggaggacggcaacatcctggggcacaagctggagtacaactticaacagccacaacgtctatatcacg
gccggatccgecgagtactgectgagctacgagaccgagatcctgaccgtggagtacggcectgetgectatcggcaagatcgtgga
gaagaggatcgagtgcaccgtgtacagcgtggacaacaacggcaacatctacacccagcctgtggcccagtggcacgacaggg
gcgagcaggaggtgtticgagtactgcctggaggacggcagcctgatcagggccaccaaggaccacaagttcatgaccgtggacg
gccagatgctgcctatcgacgagatcticgagagggagctggacctgatgagggtggacaacctgcctaactctagagccacgaac
ttctcictgttaaagcaagcaggagacgiggaagaaaaccccggtcctgeccaccatggtgagcaagggcgaggagaataacatgg
ccatcatcaaggagttcatgcgcttcaaggtgcacatggagggctccgtgaacggccacgagticgagatcgagggcgagggcega
gggccgceccctacgaggcctttcagaccgctaagcetgaaggtgaccaagggtggcecccctgeccticgectgggacatectgteecee
tcagttcatgtacggctccaaggtttacattaagcacccagccgacatccccgactactticaagcagtcecttccccgagggcttcaggtg
ggagcgcgtgatgaacttcgaggacggcggcattattcacgttaaccaggactcctccctgcaggacggcegtgttcatctacaaggtg
aagctgcgcggcaccaacttcccctccgacggecccgtaatgcagaagaagaccatgggctatgaggectccgaggagcggatgt
accccgaggacggcgcecctgaagagcgagtgtaaggagaggctgaagctgaaggacggcggccactacgccgccgaggtcaa
gaccacctacaaggccaagaagcccgtgcagctgcccggcgcctacatcgtcgacatcaagttggacatcgtgtcccacaacgag
gactacaccatcgtggaacagtacgaacgcactgagggccgccactccaccggcggcatggacgagctgtacaagtaa

Elements:
5X-UAS

pH-CaspGFP

P2A
pHlorina
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2.5 Discussion

Although it is acknowledged that cell turnover occurs in every tissue, this has been
extremely difficult to track in vivo 3346347197 Whijle this is often attributed to rapid and efficient
efferocytosis by the phagocytes, a key challenge has been the lack of probes to visualise and
quantitatively determine how phagocytes find, engulf, and ultimately clear apoptotic corpses
within the complex environment of a three-dimensional living organism. Here, we address this
scientific challenge through the development of a novel, genetically-encoded efferocytosis

reporter, CharON. As with advancements in genetically encoded tools which have illuminated

348 288 286 278

questions regarding neuronal activity **°, glial cell function and kinase activity <’° in vivo, we
envision CharON to be instrumental in dissecting efferocytosis in vivo in different contexts. Using
this tool, we were able to track developmental apoptosis and efferocytosis in the Drosophila
embryo occurring in different tissue compartments via the pH-CaspGFP and pHlorina
components of CharON.

At the organismal level, CharON revealed how two distinct phagocytes (the phagocytic
glia and the macrophages) co-operate to clear the developing CNS of apoptotic corpses .
Although both phagocyte populations act on the same wave of programmed cell death, CharON
revealed differences in efferocytic dynamics.

At the population level, we found that macrophages adopt a strategy of ‘eat-first, digest-
later’, to ensure rapid clearance of apoptotic cells. There has been speculation whether there is
arrest of macrophages after they encounter or ingest an apoptotic cell''%#240_ However, through
our ability to track the full efferocytic program with CharON, we find that efferocytic macrophages,
even those with multiple corpses freely move, and conclude that engulfment and motility are not
mutually exclusive. There is a concerted effort by this population of macrophages to collectively
clean up the corpses quickly and efficiently. This may in part explain why it is often difficult to
detect apoptotic cells even in tissues with high turnover; further, such rapid ‘mop up’ of emerging
apoptotic cells may help avoid consequences due to secondary necrosis of the apoptotic cells.

In this work, we quantify that recruitment of macrophages to apoptotic cells can occur at
as much as 8% of the embryo length. Further, by quantifying the time a macrophage spends on
different steps of efferocytosis - the finding, binding, and uptake of corpses - only occupies about
one fifth of the time it takes a phagocyte to digest the corpse. Macrophages appear to employ
ways to retain high motility and successively ingesting apoptotic cells, i.e., two fast processes,

while concurrently balancing the ‘slow’ digestion process of the ingested cargo. Additionally, while

102



elegant work from many investigators in the mammalian systems have identified organ-based

genetic macrophage heterogeneity signatures®® 3" 32

we find functional efferocytic
heterogeneity among macrophages that occupy the same tissue niche. The emergence of
macrophages with such extreme variation in corpse burden was striking, considering their shared
environment. Despite this, we found that macrophages were remarkably robust in their ability to
accommodate even very large corpse burdens, which had no effect on general motility or
inflammatory chemotaxis.

In many human diseases, cells that die by different death modalities can occur in the same
tissue context (e.g. apoptotic and necrotic cells seen in wounds or in atherosclerotic plaques)®®.
It is unclear whether the same macrophage can engulf cells that die by different modalities in vivo.
After laser-induced wounding of the Drosophila embryonic epithelium, we found that
macrophages with internalised CharON-labelled apoptotic bodies seamlessly transitioned to
engulfing necrotic debris. Strikingly, phagosomes containing apoptotic and necrotic cargo
sometimes fused within the same macrophage, suggesting an alternative, rapid means of
phagosome acidification.

Despite their remarkable efferocytic robustness, macrophages with large apoptotic corpse
burdens were impaired in clearing necrotic debris at the wound, implying functional consequences
for not sharing the efferocytic burden more equally. In mathematical modelling to explore why
macrophages might adopt a strategy wherein unequal corpse burden arises, simulation of
developmental efferocytosis within the Drosophila embryo demonstrates that the speed of
clearance dramatically decreases if equal corpse burden is enforced via a strict consumption limit.
In contrast, allowing macrophage efferocytosis to eat freely, allows rapid clearance, in turn,
introducing unequal corpse burdens. The former would undoubtedly also require additional
regulatory complexity to enforce the equal sharing of corpses. Therefore, we conclude that
macrophages must ‘gamble’ on the efferocytic compromise between rapidly clearing
developmentally generated apoptotic cells and maintaining the capacity to clear necrotic debris
in response to injury. While in our model, this only impaired the function of a proportion of
macrophages at the wound, the vulnerability inherent to this efferocytic compromise could have
profound consequences in many human disease states where macrophages are faced with

overwhelming cellular debris such as atherosclerosis, lupus and diabetes 238 3%4333
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Chapter lll

Development and evaluation of a flow cytometry based efferocytosis
probe

3.1 Abstract

Efferocytosis is an essential process during development and disease, as billions of cells
must be cleared in an efficient manner to prevent unchecked inflammation. In order to better
define this process in vitro and in vivo, tools which facilitate the detection of cell death and cell
clearance will deepen our understanding of this process. Here, we develop a genetically
encoded system termed ‘CharOFF’, Caspase and pH Activated Reporter, Fluorescence OFF, to
track both apoptosis and efferocytosis in vitro using both time-lapse imaging and FACS
analysis. Furthermore, using CharOFF, we characterize the native ability of macrophages to
enhance clearance of multiple targets in a novel co-culture system. This efferocytic priming
event is time restricted, suggesting that populations of macrophages transiently enhance their
ability to ingest multiple targets. These findings will support additional investigations into the

mechanistic and in vivo relevance of efferocytic priming.
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3.2 Introduction

Since Eli Metchnikoff's observation, “The extension and importance of [phagocytosis]
can no longer be denied.”, we have long appreciated the critical role of phagocytosis in
immunity and how this intricate process is regulated at the cellular and tissue level. Despite
decades of progress, we lack sufficient genetically encoded tools to study this process in a high
through-put manner. It is understood that phagocytes can be presented with large quantities of
apoptotic cells in vivo and as presented in the Drosophila embryo model with CharON in the
previous chapter, phagocytes can engulf multiple corpses successively. However, determining
how they are processed and to isolate them at different stages of digestion is a fascinating, yet
important challenge, for us to decipher the steps of efferocytosis. To approach this question, we
engineered a novel fluorescent reporter, CharOFF ‘CharOFF’, Caspase and pH Activated
Reporter, Fluorescence OFF’, to assess corpse internalization and corpse degradation via
time-lapse and flow cytometry-based analysis. This probe allows a novel in vitro co-culture
efferocytosis assay which incorporates inducible target killing and multi-target engulfment read-
out to assess dynamics and kinetics of multi-cell engulfment. Using this system, we
demonstrate that macrophages can individually and collectively undergo ‘efferocytic priming’ to
eat multiple corpses upon first corpse engulfment. Furthermore, macrophage efferocytic
priming, at a population level, occurs within a restricted time window after exposure to apoptotic
cells. Insights from CharOFF will provide a platform to better understand efferocytic dynamics

and priming response in vitro and in vivo.
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3.3 Materials and Methods
3.3.1 In vitro cell death assays

Jurkat cells (ATCC) were treated with 150mJ of UV-C in a StrataLinker 1800 or 10 uyM of
ABT-737 (Abcam ab141336) in RPMI 1640 supplemented with 10% FBS and 1% Pen Strep with
Glutamine. Cells were collected at indicated time points, stained 1:50 with Pacific Blue Annexin
V (Biolegend #640917) and collected on an Attune Flow Cytometer (ThermoFisher). For each

sample, 10,000 gated events were recorded, and data was processed in FlowJo V10. For each

sample, singlet gates were used to distinguish single cells from doublets, followed by sub-gating
on constitutively expressed GFP for analysis of RFP+ and Annexin V+ events. All RFP+, GFP+

and Annexin V+ event gates were set against the respective negative controls.

3.3.2 In vitro live cell imaging enquifment assays

UV-induced apoptotic CharOFF expressing Jurkat cells were co-cultured with mouse J774
macrophages (ATCC TIB-67) at 1:2 apoptotic cell:phagocyte ratios in 24 well plates and spun at
500rpm for 1 minute. Images were collected every 10 minutes for 24 hours on a Nikon Eclipse
Ti2 scope using 40x magnification and kept under 37C and 4% CO2 for the duration of the
experiment. Raw Tiff images were exported for analysis using Fiji software.

Engulfment events were manually curated through identification of apoptotic CharOFF
(RFP+) cell internalization by J774 macrophages using co-localization between the apoptotic cell
and the macrophage through brightfield and macrophage fluorescence (BFP+). Upon
identification of engulfment events, manually drawn circular regions of interest (ROI) were placed
over identified events and tracked throughout the duration of the experiment. Intensity of

phagocytic events were calculated using background subtracted GFP and RFP values.

3.3.3 In vitro flow cytometry engulfment assays

For exogenously applied apoptotic cell engulfment assays, UV-induced apoptotic
CharOFF expressing Jurkat cells were co-cultured with BFP (Addgene #122373) mouse J774
macrophages (ATCC TIB-67) at indicated apoptotic cell:phagocyte ratios in 24 well plates and
spun at 500rpm for 1 minute before incubation at 37C. After 6 hours, apoptotic cells were gently
washed 1x from the wells using 1x PBS before trypsinization and resuspension of cells. 10,000
macrophage events were collected per treatment on an Attune (ThermoFisher) FACS machine.

Analysis of engulfment events was performed using FlowJo 10.4.2 (FlowJo LLC).
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For ‘One-Dish’ engulfment assays, CharOFF-ic9 LR73, THP-1 or NIH-3T3 cells were
plated the night before (12h) at indicated ratios of target : J774 macrophages. The following day,
death of the target cells was induced via 20nM of AP20187 (MedChemExpress HY-13992) prior
to incubation for 6 hours at 37C followed by 1x washing of wells with 1x PBS to remove unengulfed
apoptotic cells and trypsinization for analysis on an Attune (ThermoFisher) FACS machine.

For ‘One-Dish’ multi-target engulfment assays, CharOFF-ic9 LR73 and miRFP720-SEP-
tBid LR73 cells were plated the night before (12h) at indicated ratios of target : J774 macrophages.
The following day, death of the inducible caspase-9 (ic9) and miRFP720-SEP-tBid target cells
was induced via 20nM of AP20187 (MedChemExpress HY-13992) or 1ug/mL of Doxycycline
(Sigma 17086-26-1), respectively, before incubation for 6 hours at 37C prior to 1x washing of
wells with 1x PBS to remove unengulfed apoptotic cells and trypsinization for analysis on an
Attune (ThermoFisher) FACS machine. Pretreatent of macrophages with 1 yM Cytochalasin D
(Sigma 22144-77-0) was used to inhibit efferocytosis.

A detailed gating strategy for determining engulfment events is provided in Supplemental
Figure 3. To begin, a singlet gate (SSC-A vs SSC-H) was created, followed by a macrophage size
and fluorescence (BFP+) gate to select for macrophages (Supplemental Fig. 3A). Next, un-fed
macrophages were used as a negative control gate for setting an engulfment event gate (RFP+)
(Supplemental Fig. 3B). Finally, a negative acidification gate was set based upon unfed
macrophages (GFP- / GFP+) to determine internalized and acidified events within fed
macrophages (RFP+ / GFP-). In addition, to confirm internalized and acidified events, 50nM
Bafilomycin A treated macrophages were analyzed for presence of internalized and un-acidified
events (RFP+/ GFP-) (Supplemental Fig. 3C). This gating strategy was followed for all conditions

and experiments.

3.3.4 Plasmid construction

In brief, all CharOFF constructs were inserted into a lentivirus backbone for expression in
Jurkat cells. Gibson assembly PCR reactions using oligonucleotides (Integrated DNA
Technologies) with 15bp overhangs were used to amplify and insert transgenes into restriction
sites downstream of a SFFV promoter with an upstream CBX3 UCOE (UCOE-SFFV). In addition,
P2A or T2A elements were used downstream of CaspRFP for bi-cistronic expression of GFP or
SEP. Sanger sequencing was used to verify sequences of inserted transgenes.

For construction of CaspRFP, mScarlet-l was amplified from plasmid mSCarlet-I-
mTurquoise-2 (Addgene #98839). mScarlet-l was split into N (8V-155D) and C-term (156G-224T)
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segments for insertion into the split-intein scaffold, separated by a Caspase-3/7 cleaveable
substrate (DEVD|G). Native Npu intein splice sites were maintained after NpuC (CFA) and NpuN
(AEY) to ensure efficient protein trans-splicing and circularization of the mScarlet-l protein.
CharOFF was constructed using pH-CaspGFP and SEP separated by a P2A site for bi-cistronic
expression.

For construction of CharOFF-ic9, an inducible form of caspase-9 (Addgene #15567) was
inserted downstream of CharOFF, with an upstream T2A element to ensure equimolar translation
from a common promoter. For construction of miRFP720-SEP-itBID, miRFP720 (Addgene
#136574) was inserted upstream of SEP, separated by a P2A site. Upon selection of miRFP720-
SEP cells, cells were transduced with a dox inducible vector (Addgene #85400) encoding tBID.

3.3.5 CharOFF expressing transgenic Drosophila generation

The CharOFF construct was cloned downstream of UAS sequence in pUASt-ATTB, which
in turn was used to generate transgenic CharOFF flies. This was recombined with daughterless

355

GAL4 (da-gal4) to drive ubiquitous expression throughout embryo™™> (;; da-gal4, uas-charon) .

Srp-GMA was used to label macrophages (; sn-GMA; da-gal4, uas-charon).

3.3.6 Lentivirus production, purification, and transduction

All lentivirus production was performed using Lenti-X HEK293T (Takara) grown in DMEM
supplemented with 10% FBS and 1% Pen Strep with Glutamine. Cells were transfected at 80%
confluency in 6-well plates with 2 ug total of psPAX2 packaging (Addgene #12260), pMD2.G
envelope (Addgene #12259) and transfer plasmids at a 4:1:4 ratio. Supernatants were collected
48h after transfection and concentrated following the Lenti-X Concentrator (Takara) protocol.

For suspension cells like Jurkat, THP-1 and SCI cells, cells were plated in 24-well plates
at 200k/well in RPMI 1640 supplemented with 10% FBS, 1% Penn Strep with Glutamine and
8ug/mL Polybrene. Purified viral supernatants were added to the wells and spun at 800g for 45min
at 32 °C. After 24h, the cells were pelleted, washed in PBS and cultured in RPMI 1640
supplemented with 10% FBS and 1% Penn Strep with Glutamine. Transgene expression was
assessed 72 hrs after transduction.

For adherent cells like LR73 and NIH-3T3 and, cells were plated in 24-well plates at
200k/well in alpha-MEM or DMEM supplemented with 10% FBS, 1% Penn Strep with Glutamine
and 8ug/mL Polybrene. Purified viral supernatants were added to the wells and incubated for 24h.

After 24h, the cells were trypsinized, lifted and washed in PBS before culturing in alpha-MEM or
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DMEM supplemented with 10% FBS and 1% Penn Strep with Glutamine. Transgene expression

was assessed 72 hrs after transduction.
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3.4 Results

3.4.1: Generation of CharOFF for detection of apoptosis and efferocytosis in vitro

To complement CharON, which is much better suited for direct imaging than flow
cytometry, and to obtain a more kinetic analysis of efferocytosis in both live-imaging and flow
cytometry based analysis, we needed new probes. To design a reporter which detects
apoptosis and corpse processing during efferocytosis, we designed a new efferocytosis reporter
consisting of RFP-based apoptosis reporter and a pH sensitive GFP. To develop an RFP-based
apoptosis reporter, CaspRFP, which is detectable via flow cytometry, we turned to the
monomeric red fluorescent proteins mScarlet and mScarlet-1. We inserted these two fluorescent
proteins into a caspase-3/7 sensitive scaffold and created stably expressing Jurkat cells for
downstream analysis (Fig. 3.1A, Figure 3.2A). We were able to detect an RFP+ population
which was in-line with Annexin V exposure. CaspRFP based upon mScarlet-1 displayed
improved detection of apoptotic events compared to CaspRFP T741 (mScarlet) or a previously
RFP-based apoptosis reporter RC3ai (Supplemental Figure 3.2B). Furthermore, CaspRFP
responded robustly to three apoptotic stimuli and RFP signal that correlated with Annexin V
positivity and caspase activity (assessed through Q-VD inhibition) (Fig. 3.1B, Fig. 3.2C). Taken
together, these results demonstrate the ability of CaspRFP to detect apoptotic activity.

Next, to monitor internalization of apoptotic cells and corpse acidification, we appended a
pH-sensitive GFP, called SEP, to CaspRFP in a single transgene, creating the efferocytosis
reporter CharOFF (Caspase and pH Activated Reporter, Fluorescence OFF), based on the
previously named CharON construct. Under apoptotic conditions, CharOFF fluorescent
signature is both RFP+ / GFP+, however when an apoptotic cell is internalized and acidified, the
SEP based GFP signal rapidly ceases, and thus the overall signal rapidly switches to RFP+ /
GFP- (Fig. 3.1C, top). To determine whether CharOFF reliably detects efferocytic events, we
co-cultured apoptotic CharOFF expressing Jurkat cells with mouse J774 macrophages in order
to observe efferocytic events via time-lapse imaging. When an apoptotic cell is engulfed, the
GFP fluorescence quenches rapidly whereas the RFP remains stable throughout the digesting
period up to five hours, providing a dynamic fluorescent signature for detecting apoptotic cell
resolution (Fig. 3.1C, bottom, Fig. 3.2E, Fig 3.2F ).

To confirm whether CharOFF is able to detect efferocytic events via flow cytometry, we
cocultured J774 macrophages with apoptotic CharOFF Jurkat cells and gated for RFP+ events.
Convincingly, internalized apoptotic cells (RFP+) were detected in addition to internalized and
acidified events (RFP+ / GFP-) (Fig. 3.1D, left). To further confirm the specificity of CharOFF to
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detect acidified corpses, we treated macrophages with V-ATPase lysosomal inhibitor
Bafilomycin A1 to decrease corpse acidification. Bafilomycin A1 treated macrophages displayed
increased unprocessed (RFP+ / GFP+) events, suggesting that CharOFF is able to detect
efferocytic events via flow cytometry with high signal fidelity (Fig. 3.1D, right, Fig. 3.5A).
Extending the ability to identify efferocytic events using a genetically encoded reporter,
we developed an efferocytosis co-culture system by appending an inducible caspase-9 to
CharOFF, denoted CharOFF-ic9. Using this coherent system, we could selectively kill target
cells in the presence of phagocytes, preserving cell-cell interactions and secreted factors (Fig.
3.1E, top). To determine whether CharOFF-ic9 can induce apoptosis, we observed a significant
increase in RFP+ and Annexin V+ events upon application of the inducible caspase-9 dimerizer
AP20187 in three different cell lines. Importantly, this effect was inhibited by the addition of
Q-VD, supporting the notion that CharOFF-ic9 can induce and detect apoptosis (Fig, 3.2D).
Next, we co-cultured CharOFF-ic9 LR73 cells with J774 macrophages and induced apoptosis to
determine if we can detect efferocytic events in a ‘One-Dish’ efferocytosis assay. Convincingly,
in the presence of the caspase-9 inducer, we observe efferocytic events (RFP+), the majority of
which are acidified (RFP+ / GFP-) (Fig. 3.1E, bottom left). Furthermore, the internalized and
acidified signal of CharOFF-ic9 is blunted with the addition of Bafilomycin A1, increasing
internalized and unacidifed events (RFP+ / GFP+) (Fig. 3.1E, bottom right). To further confirm
the expandability of this ‘One-Dish’ assay, we tested CharOFF-ic9 in three cell lines, LR73
hamster fibroblasts, THP-1 monocytes and NIH-3T3 human fibroblasts. In each of these cell
lines, we could observe an increase in efferocytic events with higher apoptotic cell :
macrophage ratios. Importantly, macrophage efferocytosis of CharOFF-ic9 cells is significantly
blunted with treatment of actin-inhibitor Cytochalasin D (Fig. 3.7F). In sum, these data suggest
that CharOFF represents a novel RFP apoptosis reporter and a multi-functional efferocytosis
reporter which includes a cohesive ‘One-Dish’ efferocytosis assay for facile detection of

efferocytosis.
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Figure 3.1: Development and evaluation of CharOFF for detection of apoptosis and

efferocytosis in vitro

A) Schematic of CaspRFP design and detection of caspase-3/7 activity.

B) CaspRFP detects multiple apoptotic stimuli. (top) Schematic of experiment. (bottom)
CaspRFP expressing Jurkat cells were exposed to UV-C, ABT-737 or Staurosporine (Stauro)
apoptotic stimuli for 4h. Caspase-specific activation of RFP was evaluated by pretreatment with

50uM caspase-inhibitor Q-VD prior to exposure to apoptotic stimuli.

C) CharOFF detects efferocytosis in vitro. (top) Schematic of CharOFF fluorescent signature
during efferocytosis. (bottom) Apoptotic CharOFF expressing Jurkat cells were co-cultured with
BFP mouse J774 macrophages in order to detect efferocytic events. Prior to internalization, both
RFP (caspase-activity) and GFP (no acidification) were detected. Upon internalization and
digestion, GFP signal is lost due to pH-induced quenching in the phagolysosome while RFP signal

is maintained. A.C = apoptotic cell. M¢ = Macrophage. Scale bars = 20 uym.

D) CharOFF detects efferocytosis via FACS. Apoptotic CharOFF expressing Jurkat cells were
co-cultured with BFP mouse J774 macrophages prior to analysis via FACS. (left) In the presence
of CharOFF Jurkat cells, RFP+ events are detected. (right) CharOFF GFP signal quenching is
phagolysosome dependent, as treatment of macrophages with 50nM Bafilomycin A1 increases

GFP+ events.

E) Design and evaluation of ‘One-Dish’ CharOFF efferocytosis assay. (top) Schematic of
‘One-Dish’ CharOFF efferocytosis assay. (bottom left) Detection of efferocytosis with ‘One-Dish’
CharOFF efferocytosis assay. Without caspase-9 induction in LR73 CharOFF-ic9 cells, there is
an absence of efferocytic (RFP+) events in J774 macrophages, however with caspase-9 induction
efferocytic (RFP+) events are detected in J774 macrophages. (bottom right) CharOFF GFP+
signal is phagolysosome dependent. Inducer = AP20187. BafA1 = Bafilomycin A1.

F) CharOFF detects efferocytosis of different targets. (top left) Apoptotic CharOFF-ic9 LR73,

(top right) apoptotic CharOFF-ic9 THP-1, (bottom) and apoptotic CharOFF-ic9 NIH-3T3 cells were

co-cultured with mouse J774 macrophages are varying apoptotic cell : macrophage ratios.
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Pretreatment of macrophages with 1 yM Cytochalasin D was used to inhibit efferocytosis to

determine specificity of CharOFF signal. A.C = apoptotic cell.
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Figure 3.2: Evaluation of RFP-based apoptosis sensors, CaspRFP, and CharOFF

fluorescent signature during efferocytosis

A) Design of RFP apoptosis reporters. Plasmid vector design of RFP-based apoptosis
reporters. (top) CaspRFP vector design, (middle) RC3ai vector design and (bottom) CaspRFP
T741 vector design. 2A = p2a site. pA = polyA.

B) CaspRFP Accurately Detects Apoptosis. Jurkat cells stably expressing CaspRFP (red
circle), CaspRFP T74l (magenta triangle) or RC3ai (purple square) were subjected to UV-C
induced apoptosis and assayed at 1 hour increments for Annexin V+ and RFP+ double-positive
events to confirm RFP signal fidelity. One-Way ANOVA,*= p<=.0332,** = p<=.0021, ****
=p<.0001. N=3

C) Time course of CaspRFP apoptosis detection through several stimuli. CaspRFP Jurkat
cells were subjected to UV-C, ABT-737 or Staurosporine induced apoptosis and assayed at 1
hour increments for presence of Annexin V+ (grey square) and RFP+ (red circle) events. To
confirm caspase-3/7 specific RFP signal, Jurkat cells were pretreated with caspase inhibitor Q-

VD and checked for Annexin V+ and RFP+ events (red and grey triangles). N=3

D) CharOFF ic9 induces apoptosis in several cell lines. THP-1, NIH-3T3 and LR73 cells
stably expressing CharOFF-ic9 were subjected to induction of caspase-9 and monitored at 1
hour increments for presence of Annexin V+ (grey square) and RFP+ (red circle) events. To
determine specificity of caspase-3/7 RFP signal, Jurkat cells were pretreated with caspase

inhibitor Q-VD and checked for Annexin V+ and RFP+ events (red and grey triangles). N=3

E) CharOFF fluorescent signature during in vitro efferocytosis. (left) RFP and GFP signal
of CharOFF was tracked during in vitro efferocytosis time lapse imaging of J774 macrophages
phagocytosing apoptotic Jurkat CharOFF cells. (right) Fold change of CharOFF GFP signal after

10 minutes post internalization. N=20
F) CharOFF RFP signal maintains in the phagosome. J774 macrophages were co-cultured

with apoptotic Jurkat CharOFF cells. RFP fluorescence was tracked upon internalization for 5
hours. N=17
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3.4.2 Macrophage corpse-priming occurs in a time dependent manner

It has long been assumed that macrophages maintain a heightened ability to engulf
apoptotic cells, however whether there is any longitudinal variation in their efferocytic capacity
remains to be elucidated. To begin to understand macrophage efferocytic fithess, we developed
an assay in which we can pulse two unique fluorescent targets to determine single and multi
corpse engulfment capacity.

The ‘Dubbel’ system incorporates two spectrally unique fluorescent targets with inducible
caspase-9 for target killing. Dubbel includes: 1) a far-red fluorescent protein, miRFP720 (720),
which is paired in a single transgene with pH-quenchable GFP, SEP, to permit detection of
internalized and acidified corpses and 2) CharOFF-ic9 (Fig. 3.3A, 3.4A, 3.4B). Upon induction of
cell death, engulfment of unique target types are able to be resolved via FACS using the Dubbel
system (Fig 3.3B, Fig. 3.4D) To ascertain whether prior corpse engulfment influences additional
corpse engulfment, termed corpse priming, macrophages which were 720+ had higher
percentages of RFP+ compared to single-target engulfers alone. This phenomena was true for
the inverse as well, RFP+ macrophages displayed significantly higher engulfment percentages of
720 targets compared to 720 single-target engulfers (Fig. 3.3C). To determine whether duration
of corpse priming had an effect on macrophages at the population level to engulf multiple targets,
we developed an assay with orthogonal death switches, inducible caspase 9 and inducible tBID,
to permit time-dependent pulses of apoptotic targets (Fig. 3.3D, Fig. 3.4C). Remarkably, corpse
priming only occured after 24 hours of first corpse exposure, and was observed at three different
macrophage : apoptotic cell ratios, suggesting a time-dependent element for macrophage corpse

priming at the population level (Fig. 3.3E).
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Figure 3.3: Macrophage corpse-priming enhances efferocytosis in a time dependent

manner

A) Design of ‘Dubbel’ Multi-Corpse ‘One-Dish’ Efferocytosis Assay. (top) To detect multi-
corpse engulfment in a contained system, termed Dubbel, CharOFF-ic9 and miRFP720-ic9
expressing LR73 cells were co-cultured with mouse J774 macrophages at varying macrophage
: target ratios. Analysis of single (RFP+/720-, RFP-/720+) or multi-corpse (RFP+/720+)
engulfment was determined by FACS.

B) Dubbel detects unique target engulfment. Upon induction of death in Dubbel, engulfment
of CharOFF-ic9 (top) and miRFP720-ic9 (bottom) was detected in J774 macrophages.

C) Prior corpse engulfment enhances second corpse engulfment. Engulfment percentage
of macrophages which have eaten a single corpse (represented as a single-color red or purple
dot) were compared to those which have eaten at least two corpses (double colored dots).
Macrophages which had eaten only RFP (CharOFF-ic9) corpses or had eaten both 720
(miRFP720-ic9) and RFP targets were compared across three different macrophage : apoptotic

cell ratios. Unpaired t-test, * = p<=.0332, ** = p<=.0021.

D) Macrophage corpse-priming longitudinal assay. To determine the time period in which
corpse-priming occurs, CharOFF-ic9 LR73 cells were killed in the presence of macrophages for

6, 24 or 48 hours prior to exposure to miRFP720-itBID LR73 cells serving as a second target.

E) Macrophage corpse-priming is time dependent. Macrophages were exposed to apoptotic
LR73 cells (CharOFF-ic9) for 6, 24 or 48 hours before induction of second target (miRFP72-
itBID) death. Engulfment percentages of second target alone (grey bar) or corpse-primed
macrophages (red bars) were determined across different macrophage : apoptotic cell ratios.
One-Way ANOVA,*= p<=.0332,*** = p<=.0002, **** =p<.0001.
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Figure 3.4: Evaluation of miRFP720-SEP engulfment and itBID induction of apoptosis.

A) miRFP720-SEP detects efferocytic events in vitro. Apoptotic stably expressing
miRFP720-SEP LR73 cells were incubated with J774 macrophages to determine fluorescent
signature upon engulfment. After internalization, SEP (pH-sensitive GFP) is quenched while
miRFP720 fluorescence is maintained. M¢ = Macrophage. A.C = apoptotic cell. Scale bar = 20

um.

B) CharOFF, CharOFF-ic9 and Dubbel Constructs. Vector designs for CharOFF, CharOFF
inducible caspase 9 (ic9), miRFP720-SEP inducible caspase 9 (ic9) and miRFP720-SEP
inducible tBID (itBID). Dubbel incorporates cells expressing CharOFF-ic9 and miRFP720-SEP-
ic9 or CharOFF-ic9 and miRFP720-SEP-itBID depending on whether a single or double death

trigger is required, respectively.

C) Inducible tBid (itBID) rapidly induces apoptosis. Stably expressing miRFP720-SEP-itBID

LR73 cells were treated with 1uM doxycycline and assayed for Annexin V+ events every hour.

D) miRFP720 is detected during in vitro engulfment. J774 macrophages were incubated with
stably expressing miRFP720-SEP-ic9 cells and death was induced to detect efferocytic events.
After 6 hours, internalized and acidified (720+ / GFP-) events (right panel) were analyzed via

flow cytometry compared to a J774 macrophage alone control (left panel).
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Figure 3.5: Flow cytometry gating strategy for CharOFF in vitro efferocytosis assays

A) Macrophage gating strategy. Singlets (SSC-H vs SSC-A), followed by size exclusion (FSC
vs SSC) and finally J774 BFP+ gating (FSC vs BFP) are used to select macrophages in
CharOFF efferocytosis assays.

B) Efferocytic event gating strategy. (left) No apoptotic cell (RFP-) gates are used to
determine efferocytic events (right).

C) Internalization and acidification gating strategy. (left) No apoptotic cell (GFP-/ GFP+)
gates are set to determine acidified (GFP-) and unacidified (GFP+) RFP+ events within
macrophages. (right) Bafilomycin A1 is used as a control to confirm internalized and unacidified
(GFP+ / RFP+) efferocytic events.
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Table 3.1: CharOFF, CharOFF-ic9, CharOFF-itBID sequences

CharOFF

atgatcaagatcgccaccaggaagtacctgggcaagcagaacgtgtacgacatcggcgtggagagggaccacaacttc
gccctgaagaacggcttcatcgccagcaactgcticaacgaattcggegtgctgaagggcgacattaagatggccctgecgectgaag
gacggcggccgctacctggcggactticaagaccacctacaaggccaagaagcccgtgcagatgcccggegcectacaacgtcgac
cgcaagttggacatcacctcccacaacgaggactacaccgtggtggaacagtacgaacgctccgagggccgccactccaccgac
gaggtggacggcgtgatcaaggagttcatgcggttcaaggtgcacatggagggctccatgaacggccacgagticgagatcgagg
gcgagggcgagggccgcccctacgagggcacccagaccgccaagctgaaggtgaccaagggtggcecccctgecctictcctggg
acatcctgtcccctcagttcatgtacggctccagggcecttcatcaagcaccccgecgacatcceccgactactataagcagtecttcece
gagggcttcaagtgggagcgcgtgatgaacticgaggacggcggcegccgtgaccgtgacccaggacacctccctggaggacgge
accctgatctacaaggtgaagctccgcggcaccaacttccctcctgacggccccgtaatgcagaagaagacaatgggcetgggaag
cgtccaccgagcggttgtaccccgaggacggatccgecgagtactgcctgagctacgagaccgagatcctgaccgtggagtacgg
cctgctgectatcggcaagatcgtggagaagaggatcgagtgcaccgtgtacagecgtggacaacaacggcaacatctacacccag
cctgtggcccagtggcacgacaggggcgagcaggaggtgticgagtactgcctggaggacggcagcectgatcagggccaccaag
gaccacaagttcatgaccgtggacggccagatgctgcctatcgacgagatcticgagagggagctggacctgatgagggtggacaa
cctgcctaactctagaggctccggegcecacgaacitictctctgttaaagcaagcaggagacgtggaagaaaaccccggicetgeca
ccatgagtaaaggagaagaacttttcactggagttgtcccaattcttgttgaattagatggtgatgttaatgggcacaaattttctgtcagtg
gagagggtgaaggtgatgcaacatacggaaaacttacccttaaatttatttgcactactggaaaactacctgticcatggccaacactt
gtcactacgttaacttatggtgttcaatgcttitcaagatacccagatcatatgaaacggcatgactttttcaagagtgccatgcccgaagg
ttacgtacaggaaagaactatatttttcaaagatgacgggaactacaagacacgtgctgaagtcaagtttgaaggtgatacccttgtta
atagaatcgagttaaaaggtattgattttaaagaagatggaaacattctiggacacaaattggaatacaactataacgatcaccaggtg
tacatcatggcagacaaacaaaagaatggaatcaaagctaacttcaaaattagacacaacattgaagatggaggcgttcaactagc
agaccattatcaacaaaatactccaattggcgatgggcccgtccttttaccagacaaccattacctgtttacaacttctactctttcgaaag
atcccaacgaaaagagagaccacatggtccttcttgagttigtaacagctgctgggattacacatggcatggatgaactatacaaata
a

Elements

CaspRFP
P2A
SEP

CharOFF-ic9

atgatcaagatcgccaccaggaagtacctgggcaagcagaacgtgtacgacatcggcgtggagagggaccacaacttc
gccctgaagaacggcttcatcgccagcaactgcticaacgaattcggegtgctgaagggcgacattaagatggccctgecgectgaag
gacggcggccgctacctggcggactticaagaccacctacaaggccaagaagcccgtgcagatgcccggegcctacaacgtcgac
cgcaagttggacatcacctcccacaacgaggactacaccgtggtggaacagtacgaacgctccgagggccgccactccaccgac
gaggtggacggcgtgatcaaggagttcatgcggttcaaggtgcacatggagggctccatgaacggccacgagticgagatcgagg
gcgagggcgagggccgcccctacgagggcacccagaccgccaagctgaaggtgaccaagggtggccccctgecctictcctggg
acatcctgtcccctcagttcatgtacggctccagggcecttcatcaagcaccccgecgacatcceccgactactataagcagtecttcece

gagggcttcaagtgggagcgcgtgatgaacticgaggacggcggegccgtgaccgtgacccaggacacctccctggaggacgge
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accctgatctacaaggtgaagctccgcggcaccaacttccctcectgacggcccecgtaatgcagaagaagacaatgggcetgggaag
cgtccaccgagcggttgtaccccgaggacggatccgecgagtactgcctgagctacgagaccgagatcctgaccgtggagtacgg
cctgctgcctatcggcaagatcgtggagaagaggatcgagtgcaccgtgtacagecgtggacaacaacggcaacatctacacccag
cctgtggcccagtggcacgacaggggcgagcaggaggtgticgagtactgectggaggacggcagcectgatcagggccaccaag
gaccacaagttcatgaccgtggacggccagatgctgcctatcgacgagatcticgagagggagctggacctgatgagggtggacaa
cctgcctaactctagaggctccggegcecacgaacitictctctgttaaagcaagcaggagacgtggaagaaaaccccggicetgeca
ccatgagtaaaggagaagaacttttcactggagttgtcccaattctigttgaattagatggtgatgttaatgggcacaaattttctgtcagtg
gagagggtgaaggtgatgcaacatacggaaaacttacccttaaatttatttgcactactggaaaactacctgticcatggccaacactt
gtcactacgttaacttatggtgttcaatgcttitcaagatacccagatcatatgaaacggcatgactttttcaagagtgccatgcccgaagg
ttacgtacaggaaagaactatatttttcaaagatgacgggaactacaagacacgtgctgaagtcaagtttgaaggtgatacccttgtta
atagaatcgagttaaaaggtattgattttaaagaagatggaaacattctiggacacaaattggaatacaactataacgatcaccaggtg
tacatcatggcagacaaacaaaagaatggaatcaaagctaacttcaaaattagacacaacattgaagatggaggcgttcaactagc
agaccattatcaacaaaatactccaattggcgatgggcccgtccttttaccagacaaccattacctgtttacaacttctactctttcgaaag
atcccaacgaaaagagagaccacatggtccttcttgagttigtaacagctgctgggattacacatggcatggatgaactatacaaata
aggctccggcgagggcagaggaagtctgctaacatgcggtgacgtcgaggagaatcctggecccagecaccatgggagtgecaggt
ggagactatctccccaggagacgggcgcaccttccccaagecgcggccagacctgegtggtgcactacaccgggatgcettgaagat
ggaaagaaagttgattcctcccgggacagaaacaagccctttaagtitatgctaggcaagcaggaggtgatccgaggetgggaaga
aggggttgcccagatgagtgtgggtcagagagccaaactgactatatctccagattatgcctatggtgccactgggcacccaggcatc
atcccaccacatgccactctcgtcticgatgtggagcttctaaaactggaatctggcggtggatccggagtcgacggatttggtgatgte
ggtgctcttgagagtttgaggggaaatgcagatttggcttacatcctgagcatggagccctgtggccactgcctcattatcaacaatgtg
aacttctgccgtgagtccgggcetccgcaccegcactggctccaacatcgactgtgagaagttgecggcegtegcttctectegetgcattte
atggtggaggtgaagggcgacctgactgccaagaaaatggtgctggctttgctggagctggcgcggcaggaccacggtgctctgga
ctgctgcgtggtggtcattctctctcacggcetgtcaggccagcecacctgcagticccaggggctgtctacggcacagatggatgcecctgt
gtcggtcgagaagattgtgaacatctticaatgggaccagctgccccagectgggagggaagceccaagctctitttcatccaggcectgt
ggtggggagcagaaagaccatgggtttgaggtggcctccacttcccctgaagacgagtccecctggcagtaaccccgagcecagatgce
caccccgttccaggaaggtttgaggaccticgaccagctggacgccatatctagtttgcccacacccagtgacatctttgtgtcctactct
actttcccaggttttgtttcctggagggaccccaagagtggctcctggtacgttgagaccctggacgacatctitgagcagtgggctcact
ctgaagacctgcagtccctcctgcttagggtcgctaatgcetgtttcggtgaaagggatttataaacagatgcctggttgctttaatttcctee
ggaaaaaacttttctttaaaacatcagtcgactatccgtacgacgtaccagactacgcactcgactaa

Elements

CaspRFP

P2A

SEP

T2A

Inducible Caspase-9

Inducible tBID:

atgggcagccaggccagccgctccttcaaccaaggaagaatagagccagattctgaaagtcaggaagaaatcatccac
aacattgccagacatctcgcccaaataggcgatgagatggaccacaacatccagcccacactggtgagacagctagccgcacagt
tcatgaatggcagcctgtcggaggaagacaaaaggaactgcctggccaaagcccttgatgaggtgaagacagcecttccccagaga
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catggagaacgacaaggccatgctgataatgacaatgctgttggccaaaaaagtggccagtcacgcaccatctttgctccgtgatgte
ttccacacgactgtcaactttattaaccagaacctattctcctatgtgaggaacttggttagaaacgagatggacgaattcggatccggta
cctag

Elements

tBID
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3.5 Discussion

Macrophages are highly dynamic and adaptable to their environment. We have
uncovered much about their responses in health and disease, where they serve as the
mediators of tissue homeostasis. In this work we develop a novel in vitro system, CharOFF,
which permits induction and detection of single and multi corpse macrophage efferocytosis in a
closed loop system. Using this platform, we demonstrate that macrophages undergo corpse-
induced priming to collectively increase their ability to engulf multiple targets in a time
dependent manner.

To begin with our technical innovations, we first designed a novel RFP-based apoptosis
reporter, CaspRFP, which outperforms previously reported RFP-based apoptosis reporters.
Second, we paired CaspRFP with a pH-sensitive GFP in a single transgene to create CharOFF,
an efferocytosis reporter which functions in both imaging and FACS settings. Third, we
designed and tested a ‘One-Dish’ efferocytosis assay which uses an inducible apoptosis system
tethered to CharOFF, providing on-demand killing of target cells in a contained in vitro system.
Fourth, to monitor multi-corpse engulfment, we designed and tested ‘Dubbel’, which permits
detection of single and multiple corpse engulfment via FACS in a coherent system. Fifth, we
generated an orthogonal, dual inducible death Dubbel engulfment system to monitor
macrophage response to first and second waves of corpses at specified time points.

Insights from Dubbel prompted us to study the effect of macrophage corpse priming,
which we observed in vivo during our CharON studies. To further define this phenomena, we
demonstrate that previous corpse engulfment augments the ability of macrophages to eat
subsequent corpses, and this phenomena occurs within a defined time window. Corpse priming
has broad ranging implications with regards to innate immune memory, developmental and
disease states such as CNS development, atherosclerosis and wounding where macrophages
are subjected to waves of dying cells 3° **' 3% _Fyrthermore, understanding the transcriptional
and metabolic landscape of corpse primed macrophages will further our understanding of
macrophage efferocytosis and provide a basis for manipulating these circuits for therapeutic

benefit.
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3.6 Future Directions

We are arriving at an exciting time in the efferocytosis field where the nexus of novel
technologies, model organisms and understanding of the efferocytic process are beginning to
merge and strengthen our ability to manipulate and potentially harness efferocytosis for
amelioration of disease. This section will focus on key areas which are notable for future
investigation. Namely, generation of novel transgenics, application of tools for understanding of
development and disease, and potential application of knowledge derived from these efforts will

be discussed.

3.6.1 Generation of CharON transgenics

CharON is in its infancy for applications beyond in vitro and Drosophila developmental
work. To begin, CharON would benefit from wide adoption and creation of transgenics in such
model organisms as C. elegans, Zebrafish and mice. C. elegans are similar in their plethora of
genetic drivers and amenability to generation of transgenics. Furthermore, C. elegans offer
many of the same optical benefits as Drosophila, such as a high degree of optical transparency
during development and compact size. In addition, C. elegans have a well defined cell death
and cell clearance atlas, providing a template for location of cell death and cell clearance during
development. These properties make C. elegans a great candidate for studying cell death and
cell clearance using CharON.

Zebrafish offer many of the same beneficial optical qualities as both C. elegans and
Drosophila, in addition to sharing many conserved immune cells with mammals. While genetic
drivers are not as robust as previously described model organisms, Zebrafish have several well
established immune cell reporters and protocols for generation of transgenics. In particular,
creation of a Cre-dependent CharON Zebrafish would allow expression of CharON in many
neuronal tissues, which have been demonstrated to undergo cell death during development.
Using this system, we could track the fate of individual neuronal populations and identify
phagocytes which mediate their removal. Insights from these studies could help build an
understanding of phagocyte behavior and targets during development.

There are many benefits to C. elegans, Drosophila and Zebrafish, however mice
assume a unique status with regards to disease modeling and understanding of shared biology
with humans. While not as extensive as Drosophila, mice have many well established Cre-
based systems which could be used in conjunction with a Cre-dependent CharON mouse. To

gain insights at the tissue and single-cell level, optical windows and other minimally invasive
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techniques such as ex utero culture could be used to provide an avenue for observing cell death
and cell clearance during development and disease **’. In sum, these three efforts would permit
the study and comparative analysis of cell death and cell clearance in three well established
model organisms. It would be interesting to compare and contrast the modes in which
phagocytes clear apoptotic corpses across species, perhaps uncovering conserved and unique

aspects to the efferocytic process.

3.6.2 Generation of CharOFF transgenics

As CharON relies primarily on imaging techniques, CharOFF has an inherent advantage
is its ability to detect apoptosis and efferocytosis via imaging and flow cytometry. In addition to
the previously described CharON transgenics, generation of CharOFF in a similar manner
would permit a high-throughput approach to cataloging cell death and cell clearance during
organismal growth.

For instance, many tissues in mice are not easily accessible for live-imaging or require
invasive techniques in order to gain the required temporal and spatial resolution. While
CharOFF can certainly be used in imaging campaigns, a Cre-based CharOFF transgenic would
permit additional analysis. For instance, using a Cre-based CharOFF transgenic mouse, tissue
could be excised, processed and run through a flow cytometer in order to determine the quantity
of cell death and cell clearance. Additional layers of information could be added using
immunostaining, RNA-seq analysis and proteomics of efferocytic phagocytes during
development or in disease models. These approaches could assist with defining the efferocytic
landscape and means by which phagocytes maintain tissue homeostasis.

Finally, the flexibility of CharOFF in the mouse system would be an advantage for the
field where instrumentation or expertise are limiting factors. Many of the proposed imaging
techniques are esoteric and require extensive training, limiting the accessibility of this
technology. The flexibility of CharOFF would help in collective efforts to create, share and

evaluate cell death and cell clearance, which is needed for substantial progress in the field.

3.6.4 Additional applications of CharON

Generation of CharON Drosophila resulted in several key insights into the kinetics and

qualities of efferocytosis at the single-cell and tissue wide level. While there are many exciting

avenues to explore, three areas of future investigation will be discussed.
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First, the identity of cells which undergo apoptosis during Drosophila embryonic
development are not fully characterized. In order to discern which cells and lineages undergo
extensive cell death during CNS development, different UAS drivers could be used to express
CharON in specific cellular subsets, such as neuroblasts, which give rise to many neuron and
glial cells **8, By driving CharON in these different subsets, the quantity of cell death could be
evaluated with regards to lineage. Furthermore, the identity of phagocytes which clear the
apoptotic cells could be tracked, providing information on location and kinetics of cell clearance.
These detailed studies would assist in systematically defining the means by which an organism
shapes a rapidly growing tissue.

Second, while much of our Drosophila work focused on macrophages, additional
phagocyte populations are prime candidates for future exploration. Specifically, phagocytic glia
within the developing embryo exhibit high levels of phagocytosis, however their targets and
kinetics have not been fully evaluated. In order to better characterize these cells, glial specific
repo Gal4 could be used in conjunction with a blue or far-red fluorescent protein to mark these
cells. Once established, these lines could be used in conjunction with CharON to determine the
location of cell clearance and the kinetics by which these cells maintain homeostasis within the
CNS. Furthermore, it would be interesting to evaluate whether similarities exist between
macrophage and glial mediated efferocytosis.

Third, there have been many exciting developments within the Drosophila macrophage
field with regards to distinct subsets of macrophages during development. What was once
thought of as a homogenous population is now being re-examined, as several unique subsets
have been identified 3*°. To better understand the efferocytic qualities and contributions of these
subpopulations, CharON could be used to determine whether they are similar in their target
cells, cargo processing and capacity. Insights from these collective studies would provide a

detailed view into the Drosophila efferocytic network.

3.6.5 Additional applications of CharOFF

Use and analysis of CharOFF transgenics in a high-throughput, unbiased manner has

the potential to transform our understanding of efferocytosis in vivo. Three approaches to better
characterize efferocytosis in vivo will be explored.

First, using mice which express a Cre-dependent CharOFF, neuronal drivers could be
used to express CharOFF in the developing CNS. Next, during CNS development, dissected

tissues could be prepared and run through a FACS machine in order to sort out phagocytes
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which had internalized and digested apoptotic neurons. After collecting the phagocytes which
have phagocytosed neurons, these cells could be prepared for single cell RNAseq. This
unbiased approach would have the potential to elucidate the identity of known and unknown
efferocytic players during CNS development. Furthermore, information from such studies would
help build a cellular atlas of efferocytes during development, which could be contrasted with one
during disease states.

Second, design and generation of a Cre-dependent CharOFF AAV would be beneficial
for in vivo analysis of specific tissue compartments in a focal manner. One such effort that
would benefit from the use of CharOFF AAV would be evaluation of efferocytosis during spinal
cord injury and recovery. Through use of CharOFF AAV within the spinal column after focal
injury, apoptotic cell death and cell clearance could be studied at the tissue level through FACS
based analysis, and additional RNAseq profiling. Insights from this effort would help us define
the clearance repertoire within an injury setting.

Third, an alternative means to assess apoptotic cell clearance in vivo using CharOFF, is
through the creation of CharOFF expressing allogeneic cells, such as primary HoxB8
hematopoietic cell lines **° *'. HoxB8 cells are generated by immortalization of bone marrow
precursors from mice using a ER-fused HoxB8 construct, which allow a ready supply of
allogeneic cells for differentiation into many progenitors in vitro and use within in vivo bone-
marrow chimera settings. Creation of stably expressing HoxB8 CharOFF cells with an inducible
death switch, such as diphtheria toxin, would permit in vivo analysis of monocyte or
macrophage clearance through bone marrow chimera experiments. One interesting application
would be to evaluate the identity of phagocytes which clear infiltrating monocytes during injury,
such as EAE where there is a large influx of monocytes. This could provide insights into disease
course, and the role of efferocytosis in EAE disease progression. Taken together, these three
proposals survey the landscape of cell death and cell clearance in different settings and using
different methods, highlighting the utility of CharOFF.

3.6.6 Extending our understanding of efferocytic compromise and coordination

Additional investigations into the coordination and compromise of macrophages during
efferocytosis has broad ranging applications for disease states where there is a mix of apoptotic
and necrotic targets. First, branching from our findings to study efferocytic dynamics during
development and the ways in which macrophages prioritize and compromise their collective
efforts, it will be important to determine whether these findings extend to other model organisms

and tissues. For instance, do macrophages in different tissue compartments experience
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efferocytic burden and do they display different distributions of efferocytic burden? Likewise,
does efferocytic burden shape their response to inflammatory insults? Insights from these
focused studies would help us further understand the similarities and differences among
efferocytic macrophages.

One possible avenue of research would be to create CharOFF-ic9 or CharOFF-DTR
mouse transgenics to determine whether generation of additional apoptotic cells during
development results in macrophage adaptation to corpse burden and if this has any impact on
tissue health, inflammatory state or ability to clear necrotic debris. An approach to answer these
outstanding questions within the peripheral nervous system would be to subject mice to spinal
cord injury after induction of apoptotic cell death using CharOFF-ic9 or CharOFF-DTR. It is
known that monocytes and microglia are important for clearance of apoptotic and myelin debris
post-injury, however using this experimental approach would further our understanding between
corpse burden and resolution of injury. Second, as we demonstrated that glia and macrophages
display unique efferocytic properties, it will be important to perform longitudinal studies during
organismal development to determine which efferocytes are present and the extent to which
they are similar or different in their phagocytic capacity. These two points would serve as
important extensions of our findings in order to better define the landscape of cell death and cell

clearance in vivo.
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