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Abstract

A key component of both innate and adaptive immunity, new understandings of the complement
system are expanding its roles beyond that traditionally appreciated. Evidence is accumulating that
complement has an intracellular arsenal of components that provide not only immune defense, but
also assist in key interactions for host cell functions. Although early work has primarily centered
on T cells, the intracellular complement system likely functions in many if not most cells of the
body. Some of these functions may trace their origins to the primitive complement system that
began as a primeval form of C3 likely tasked for protection from intracellular pathogen invasion.
This later expanded to include extracellular defense as C3 became a secreted protein to patrol the
vasculature. Other components were added to the growing system including regulators to protect
host cells from the indiscriminate effects of this potent system. Contemporary cells may retain
some of these vestigial remnants. We now know that a) C3 serves as a damage-associated
molecular pattern (in particular by coating pathogens that translocate into cells), b) most cells store
C3 and recycle C3(H»0) for immediate use, and ¢) C3 assists in cellular survival and metabolic
reprogramming. Other components also are part of this hidden arsenal including C5, properdin,
factors H and B, and complement receptors. Importantly, better definition of the intracellular
complement system may translate into new target discovery to assist in creating the next
generation of complement therapeutics.
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1.0 Introduction

The complement system traces its origins to more than a billion years ago when primitive
proteins evolved to protect the cell from pathogens and to engage in intracellular metabolic
processes. The complement system’s sophistication has grown enormously over the
millennia yet has retained some of these ancient functions. An emerging concept is that the
location of complement expression, in part, dictates its function [reviewed in (Kolev, Friec,
et al., 2014) and (Hess and Kemper, 2016)]. Thus, the role of complement’s intracellular
arsenal may be just as important as its better known actions in the circulation.

This review focuses on expanding our view of complement pointing to major new
intracellular roles. In this inner universe of interactions, C3 (among other components) has
several newly recognized roles. These include being a damage-associated molecular pattern
(DAMP) that can enhance intracellular innate immunity (Tam, Bidgood, et al., 2014), a
controller of cell survival (Liszewski, Kolev, et al., 2013) and a component of an
extracellular/intracellular recycling pathway (Elvington, 2016). Further, autocrine activation
of complement regulator CD46 (also known as membrane cofactor protein) via T-cell
derived C3b plays a key role in nutrient uptake and enhances cellular metabolism essential
for Th1 responses (Kolev, Dimeloe, et al., 2015). Additionally, C3 and factor H (FH) act as
chaperones for the processing of apoptotic cargo (Baudino, Sardini, et al., 2014; Martin,
Leffler, et al., 2016), while release of intracellular properdin and C3 stores in neutrophils
may quickly instigate and enhance local complement activation against pathogens. More
recently, intracellular C5 activation has been shown to be essential for NLRP3
inflammasome assembly in CD4* T cells (Arbore, West, et al., 2016), suggesting a critical
link between these two components of innate immunity that determines effector responses.
Thus, the full importance and mechanisms of complement’s hidden intracellular arsenal
continue to be elucidated. Other intracellular players including the C3a receptor (C3aR), the
Cb5a receptor (C5aR), and factor B (FB) also are currently being evaluated (Hess and
Kemper, 2016).

2.0 The Complement Pathways

Our traditional understanding of complement traces its origins to about 125 years ago when
the system was identified as a relatively unstable and heat-labile lytic substance in blood
(plasma and serum) that “complemented” antibodies in lysing bacteria.

Since then, our knowledge of complement has grown immensely. We now know that the
system consists of three major pathways of activation that ultimately result in the generation
of a common lytic complex. Two target-specific initiating arms are the classical pathway
(CP) and lectin pathway (LP) (Figure 1). A third arm, the alternative pathway (AP), is the
most ancient and likely represents the original complement system. It engages robotically
due to the continuous low-level turnover of one of its main components, C3. The AP has the
potential to rapidly amplify in the presence of FB, factor D (FD) and properdin. Thus, C3 is
the central component as all three activation pathways merge at the step of the generation of
a C3 convertase (Ricklin, Hajishengallis, et al., 2010). Further, the enzymatic generation of
C3b by each cascade commonly leads to the formation of a C5 convertase as well that
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generates C5b to initiate the terminal pathway of complement, appropriately named the
membrane attack complex (MAC). The latter disrupts the integrity of the pathogen’s cell
membrane, often resulting in lysis (Bubeck, 2014).

The convertases generate (i) C3b that deposits on pathogens serves both as a ligand for
receptors in addition to being a central player in the AP’s feedback loop and (ii) C3a and
Chba that act as anaphylatoxins by engaging cells bearing their distinct receptors and (iii)
C5b-C9, the MAC .

Strict control of this potent system is exerted in the fluid phase (plasma) and on healthy self-
tissue at each of the major steps in the pathway: initiation or recognition, amplification
leading to C3 and then C5 cleavage and formation of C5b-9. This is accomplished by
regulatory proteins in plasma and on cells. About one-third of complement’s ~ 60 proteins
function in its regulation (Zipfel and Skerka, 2009).

Pertinent to this review are the Regulators of Complement Activation (RCA) gene family
whose proteins interact with and control C3 and C4 activation fragments [reviewed in (Kim
and Song, 2006; Rodriguez de Cordoba and Goicoechea de Jorge, 2008; Zipfel and Skerka,
2009)]. This genetically-, structurally-, and functionally- related group is tightly clustered at
1g3.2 and includes the genes (in order) for membrane cofactor protein (MCP; CD46),
complement receptors one (CR1; CD35) and two (CR2; CD21), decay accelerating factor
(DAF; CD55), C4b-binding protein (C4BP), and FH and its family of like and related
proteins.

As will be discussed, new insights reveal that some regulatory membrane-anchored proteins
also are capable of intracellular signaling events that drive critical cellular functions. Further,
recent studies have identified unexpected and novel roles for locally synthesized plasma
proteins such as FH and properdin.

3.0 Evolution-driven multi-tasking of complement

Evolutionary theory suggests that nature “preserves” its most vital components by multi-
tasking them. This certainly applies to the complement system. C3- and FB-like proteins
evolved at least a billion years ago to comprise the earliest complement system (Nonaka and
Kimura, 2006; Pinto, Melillo, et al., 2007). While the evolutionary evidence for such
complement gene function is fragmentary, a primeval form of C3 has been identified in the
phylum Porifera (sponges) (Al-Sharif, Sunyer, et al., 1998). Sponges are arguably the “sister
group” of all extant animals and are representative of a small group of living fossils that are
relatively simple multicellular organisms lacking true tissues or organs (Pisani, Pett, et al.,
2015).

Thus, in our view, a primitive version of C3 likely comprised the first element of the original
complement system and functioned intracellularly. We speculate that this intracellular C3
also engaged in key metabolic processes, some of which are retained in modern times.

With the advent of multi-cellularity and then a pumped circulatory system, C3 subsequently
evolved its well-recognized role as a secreted protein, with liver cells serving as the
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specialized provider. C3 now became the “guardian of intravascular space” serving to
enhance its powerful and protective role in plasma. While the focus of C3 for many years
has been on this latter function, recent studies highlight that contemporary C3 has at least
partially retained some of its more ancient roles inside the cell, on membranes and in the
interstitial space.

C3 belongs to a gene family that also includes C4 and C5, which bear 26-30% identical
amino acid sequence to C3 (Gros, Milder, et al., 2008). Gene duplication of C3 likely
occurred at the time of jawed invertebrates (Nonaka and Kimura, 2006). Another ancient
family linkage is that of the RCA members that underwent a rapid evolution in both the
primary structure and the number of CCP domains, although orthologous relationships have
been difficult to determine (Nonaka and Kimura, 2006).Thus, as the complement system
evolved from its simple intracellular underpinnings, it became more complex and
intertwined with innate and adaptive immune sytems. Deciphering and dissecting the
evolution of this complex mix of ancient and modern functioning proteins may be
problematic. However, further understanding of the roles of these intracellular complement
players may provide an entirely new appreciation for their therapeutic targeting.

4.0 New Insights on the Roles of Intracellular C3

Recent studies have expanded our knowledge of C3 beyond that of the central component of
the complement pathways that functions in the plasma and on host membranes. A new
appreciation is emerging for other roles of C3, especially from the vantage point of inside
the cell. For example, while systemic and local complement activation were thought to occur
primarily extracellularly, new studies demonstrate that protease-driven activation of C3
inside CD4* T cells results in CD46 and C3a-mediated signaling that regulates the induction
of Thl and Th17 responses (Hess and Kemper, 2016; Kolev, Dimeloe, et al., 2015;
Liszewski, Kolev, et al., 2013). In another example, intracellular C3 proteins and CD46
crosstalk mediate nutrient uptake and sensing in human T cells in order to alter glycolysis
and respiration, i.e., processes required for Th1 responses (Hess and Kemper, 2016; Kolev,
Dimeloe, et al., 2015). Additionally, C3 plays a role in detecting and disabling intracellular
pathogens (Tam, Bidgood, et al., 2014) and activated C3 serves as a chaperone for the
intracellular processing of apoptotic cargo (Baudino, Sardini, et al., 2014). Finally, a new
recycling pathway has been identified for intracellular uptake of C3 [in the form of
C3(H,0)] and its partial return to the extracellular milieu (Elvington, 2016). Thus, these new
and exciting findings provide a fresh appreciation of the many important roles for this
versatile molecule.

4.1 C3-Mediated “Tagging” of Pathogens

Pathogens such as viruses and bacteria can evade the host’s immunological response as they
invade the body’s extracellular fluids, and, in some cases, target host cells for intracellular
replication. As an example, Listeria monocytogenes temporarily overcomes the host
response by producing numerous virulence factors allowing it to evade the phagosome,
replicate, hijack host actin filaments and spread between cells through protrusions of the
host cell membrane (Calame, Mueller-Ortiz, et al., 2016). Among viruses, adenovirus and
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rhinovirus can lyse the endosome, while poliovirus and coxsackievirus form pores in the
endosomal membrane (Tam, Bidgood, et al., 2014) to evade the host response.

Because of its sentry-like function, complement is always “on guard” in the intravascular
and extracellular spaces. This is accomplished via low-grade, continuous engagement of the
AP that quickly fires via its feedback loop in the setting of ‘danger’ to irreversibly tag
infectious microbes with C3 fragments. While complement-mediated host defense begins in
vertebrates by immune attack in body fluids, new studies have identified a nontraditional
role in that complement continues defensive strategies inside the cell.

A recent study demonstrated that, despite attachment of complement fragments on
pathogens, when opportunistic microbes evade host defenses and succeed in entering a cell,
complement has another trick up its sleeve; that is, intracellular defenses aimed at sensing of
complement-coated viruses and bacteria become activated and lead to amplification of
intracellular immune responses (Tam, Bidgood, et al., 2014) (Figure 2). In an informative
series of experiments, Tam et al. initially infected human embryonic kidney (HEK) 293T
cells [carrying a nuclear factor-xB- (NF-xB) driven luciferase reporter] with adenovirus type
5 vector (AdV) previously treated with serum. AdV coated with C3 fragments (C3b and
iC3Db) on the viral membrane then entered these cells, which immediately engaged
intracellular defense mechanisms via potent signaling pathways. Key observations included:

1. Infected cells detected a variety of C3 fragment-tagged pathogens (including
RNA and DNA non-enveloped viruses and cytosolic bacteria).

2. Cytoplasmic sensing of C3 activated the mitochondrial antiviral signaling
(MAVS) pathways that lead to potent responses by NF- xB, activating protein 1
(AP-1) and interferon regulatory factors-3, -5, and -7 transcription pathways. As
a result, their induction enhanced proinflammatory cytokine production such as
interleukin-6, tumor necrosis factor, CCL4, IL-1B and interferon-p. These data
suggested that intracellular C3 fragments serve as a DAMP to enhance
intracellular innate immunity.

3. Tagging of the virus with C3 enabled a direct intracellular effector response to
restrict viral infection via degradation (mediated by the AAA-adenosine
triphosphatase valosin-containing protein and by the proteasome).

4, Viruses differed in their ability to defend against this innate sensing of C3
fragments and to evade intracellular complement immunity, either by inactivating
complement components (e.g., C1) or by expressing different proteases that
cleaved C3, thus antagonizing C3-mediated signaling.

5. Attesting to its evolutionary importance, intracellular immunity directed by C3
was shown to be conserved among mammals by using both serum as well as cell
lines from different species such as humans, mice and cats.

In summary, this study showed that cells possess an evolutionarily conserved intracellular
early warning system activated by complement-coated pathogens to provide protection
against a diverse array of intracellular pathogens. This mechanism utilizes the activation of
C3 as a DAMP to activate innate immunity.
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4.2 Intracellular activation of C3

Although hepatocytes are the main source for the constitutive secretion of C3, other cells
also secrete smaller amounts of C3 or can upregulate C3 secretion as part of the acute phase
response (Sacks and Zhou, 2012). The local production of complement components, in
particular C3, may play important roles for immune function including protecting the cell
membrane and interstitial space (an alarm system to a pathogen’s presence) (Freeley,
Kemper, et al., 2016).

An emerging paradigm suggests that immune cell-derived and intrinsically-acting
complement activation fragments are important drivers, especially for modulating adaptive T
cell immunity (Heeger and Kemper, 2012; Kolev, Le Friec, et al., 2013). Additionally, local
production by immunocompetent cells helps shape adaptive immune responses (Carroll,
2004; Kerekes, Cooper, et al., 2001; Kerekes, Prechl, et al., 1998; Price, Schaumburg, et al.,
2005). Further, C3b, produced early after activation of human CD4" T cells by anti-CD3,
rapidly increases after co-stimulation (Cardone, LeFriec, et al., 2010). These findings
prompted a series of investigations demonstrating that activated CD4* T cells generated C3a
and C3b more rapidly than could be accounted for by de novo expression and indicated the
presence of intracellular stores of C3 (Liszewski, Kolev, et al., 2013) (Figure 2). In these
studies, cathepsin L partially colocalized with C3 and was the enzyme responsible for
cleavage of C3 into C3a and C3b. Once generated intracellularly, the C3a engaged its
cognate receptor (C3aR) and moved to the cell surface. C3b also was transported to the cell
surface where it engaged CD46, suggesting an autocrine mechanism that polarizes naive
CD4" T cells towards a Th1 phenotype upon activation.

In addition to its role for cleaving C3 intracellularly, CTSL also migrated to the cell surface
where it mediated extracellular activation of C3. However, if incubated with increasing
amounts of cell-permeable CTSL inhibitor, CD4* T cells became apoptotic within 8-12
hours. Since MTOR (mammalian target of rapamycin) is a kinase that senses and integrates
environmental signals to regulate metabolic activity in cells and plays a key role for cell
survival, mTOR phosphorylation (Laplante and Sabatini, 2012) was also investigated.
Surprisingly, inhibition of CTSL also reduced mTOR phosphorylation in resting as well as
in activated CD4* T cells. Additionally, knock down of C3aR expression with siRNAs in
resting CD4* T cells induced a comparable decrease in cell viability and mTOR activity. The
addition of extracellular C3a did not rescue either the reduced mTOR phosphorylation or
apoptosis. Together, these results indicate that intracellular C3a generation and C3aR
activation create a C3a-C3aR axis that contributes to homeostatic control of mMTOR activity
and CD4* T cell survival.

A question raised by these studies was why CD4* T cells from C3-deficient patients (that do
not produce IFN-vy) survive and proliferate normally (Ghannam, Pernollet, et al., 2008; Le
Friec, Sheppard, et al., 2012). RT-PCR and other analyses of C3-deficient patient samples
demonstrated the presence of C3 mRNA and normal amounts of intracellular C3a protein,
respectively. The authors speculated that cells from serum C3-deficient patients do not
secrete C3 or C3 fragments but by some mechanism can still generate sufficient intracellular
C3a for cell survival (Liszewski, Kolev, et al., 2013).
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On the opposite end of the spectrum, patients with juvenile idiopathic arthritis (JIA) have
autoreactive effector T cells producing increased amounts of IFN-vy in their inflamed
synovial tissue. They also have protein kinase B (PKB) hyperactivation, rendering the cells
resistant to suppression by regulatory T cells (Wehrens, Mijnheer, et al., 2011). PKB
activation is required for mTOR function (Verbist, Wang, et al., 2012). CD4* T cells derived
from the synovial fluid of a JIA patient demonstrated increased intracellular C3a, heightened
mTOR activity and enhanced proinflammatory cytokine production (Liszewski, Kolev, et al.,
2013). Further, ex-vivo CTSL inhibition in synovial fluid-derived CD4" cells from patients
with inflammatory arthritis (either JIA or rheumatoid arthritis) ‘normalized’ the pro-
inflammatory pattern, suggesting the value of novel therapeutic approaches for modulating
intracellular C3 activation (Liszewski, Kolev, et al., 2013).

While most of the studies in this report were directed to CD4* T cells, intracellular C3 stores
and “tonic” generation of intracellular C3a were identified in freshly isolated monocytes,
neutrophils, CD8* T cells, B cells, cultured epithelial cells, endothelial cells and fibroblasts
(Liszewski, Kolev, et al., 2013). The apparent universal nature of such an intracellular C3-
activating mechanism also suggests that it provides broad homeostatic functions for both
immune and non-immune cells. In the healthy host, this mechanism likely contributes to
intracellular host immunity and cell survival. However, dysregulation of this system could
have important ramifications relating to other diseases ranging from autoimmunity to cancer.

Important questions and issues remaining include defining the cell-specific C3-activating
proteases in different cell populations, characterizing how the system is regulated and
dysregulated, identifying which C3 fragments (e.g., iC3b, C3dg, or novel fragments) may be
involved in the system, and extending this knowledge to a new dimension of therapeutics
relative to intracellular complement activation.

4.3 Complement and intracellular metabolism

Emerging evidence has linked crosstalk between innate and adaptive immunity with
homeostasis of cellular metabolism and, when altered, to metabolic disorders such as
obesity, diabetes mellitus and fatty liver disease [reviewed in (Phieler, Garcia-Martin, et al.,
2013)]. In these disorders, metabolic products such as insulin, free fatty acids and excess
glucose promote complement activation, resulting in increased proinflammatory derivatives
(C3a, C3a-desArg and C5a), which can upregulate triglyceride synthesis and free fatty acid
uptake, and polarize macrophages to a proinflammatory phenotype. Additionally, adipocytes
themselves secrete proinflammatory factors such as Factor D (Choy, Rosen, et al., 1992),
setting up a vicious cycle that suggests the complement system plays an important role in
influencing the physiology and pathology of metabolically-active organs such as the
pancreas, adipose tissue, and the liver (Phieler, Garcia-Martin, et al., 2013).

A recent study demonstrated the complement system also plays a vital role as an
intracellular metabolic rheostat in human CD4* T cells (Kolev, Dimeloe, et al., 2015); i.e.,
activation of T cells resulted in increased amino acid uptake, glycolytic flux and oxidative
phosphorylation. Given that mTOR had previously been shown as an important link between
intracellular C3a generation and CD4" T cell survival, mTOR signaling was also examined
(Figure 2). mTOR signals via two distinct multi-molecular complexes, mMTOR complex 1
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(MTORC1) and mTOR complex 2 (MTORC?2) (Laplante and Sabatini, 2012). It is well
known that mTORC1 activity induces enzymes needed for glycolysis and for CD4* T cells
and is required for normal Th1 and Th17 cell induction (Pollizzi and Powell, 2014). Kolev et
al demonstrated that, in activated CD4* T cells, CD46 was necessary for mTORCL1 activity.
Additionally, they showed that its engagement by intracellular generated C3b stimulated and
sustained mTORC1 activation and thus regulated cellular metabolic processes such as
glycolysis and oxidative phosphorylation (Kolev, Dimeloe, et al., 2015). Along with their
previous findings, these data suggested that, in addition to a C3a-C3aR axis that contributes
to the homeostatic control of mTOR activity, an autocrine “C3b-CD46 axis” also acts as a
link between complement and metabolic checkpoint indicators that modulate nutrient influx
and metabolic reprogramming in human CD4" T cells.

The story becomes even more interesting because human CD46 consists of not one, but
rather a family of four primary isoforms that co-exist in distinct ratios on most cells. While
most cell types in an individual tend to express the same ratio, cell-specific isoform
expression patterns have been identified (Johnstone, Russell, et al., 1993; Liszewski,
Kemper, et al., 2005; Post, Liszewski, et al., 1991). Each isoform shares the identical amino-
terminal portion consisting of four CCPs that house the sites for ligand (C3b/C4b)
interaction. This is followed by an alternatively spliced region for O-glycosylation, a
juxtamembraneous 12 amino acid domain of unknown significance followed by a
hydrophobic transmembrane region and a charged cytoplasmic anchor. The carboxyl-
terminal tail is also alternatively spliced. It contains nonhomologous cytoplasmic tails of
either 16 or 23 amino acids (CYT-1 and CYT-2, respectively) (Figure 2). Both CYT-1 and
CYT-2 of CD46 bear signaling motifs that can be activated and CYT-2 has a putative nuclear
localization signal (Freeley, Kemper, et al., 2016; Liszewski, Kemper, et al., 2005; Ni
Choileain and Astier, 2012). However, the cellular roles played by each are still being
elucidated.

Building on their findings showing that CD46 was necessary for sustaining mTORC1
activation, Kolev et al. elucidated the role of CD46 cytoplasmic tails in the so-called “C3b-
CD46 metabolism axis” and provided key evidence for the important role played by CD46
cytoplasmic tail ‘switching’ to support CD4™ T cell responses (Kolev, Dimeloe, et al., 2015).
Following TCR engagement, C3b increased on the surface of stimulated CD4* T cells by
one hour and served as a ligand for CD46, consistent with earlier studies (Cardone, LeFriec,
etal., 2010; Liszewski, Kolev, et al., 2013). CD46 costimulation resulted in nuclear
translocation of its cytoplasmic tail. Further, TCR activation increased expression of CD46
isoforms bearing CYT-1 that mediated upregulation of glucose transporter 1 (GLUTZ;
SLC2A1) and the L-type amino-acid transporter, LAT1. GLUTL1 is important for cell
growth, expansion and functionality, and the induction of LAT1 enhances leucine uptake.
The latter stimulates mTORC1 activity via a sensor complex at the lysosomal surface
(Boothby, Raybuck, et al., 2015). Subsequently, amino acid sensing via mTORCL provides
for CD4" T cell maturation and IFN-y production (i.e., a Th1 response). These phenotypic
changes suggest that intracellularly generated complement proteins engage in crosstalk that
may underlie an “intracellular stress detection system” and may reprogram intracellular
metabolic pathways for a desired effector response (Kolev, Friec, et al., 2014). Specifically,
these key interactions help explain how activated CD4* T cells, which can exhibit a

Mol Immunol. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liszewski et al.

Page 9

remarkable enhancement of metabolism, provide for their continuous supply of nutrients
that are needed for effector responses. Aberrant activation of these intracellular metabolic
pathways may potentiate tumor proliferation in non-immune cells, for example, via
increased glycolysis (Warburg effect) and/or the persistent activation of the PI3K-Akt-
mTOR pathway, among other mechanisms that need to be explored (Hess and Kemper,
2016).

Kolev et al also examined CD4* T cells from CD46-deficient patients (Kolev, Dimeloe, et
al., 2015). These CD4* T cells cannot establish Th1 induction, suggesting that the C3b-
CD46 crosstalk was necessary for Thl induction [reviewed in (Yamamoto, Fara, et al.,
2013)]. Predictably, their activated CD4* T cells also failed to upregulate the molecular
components of the metabolic program associated with Th1 induction, including enhanced
glycolysis and oxidative phosphorylation. However, IFN-y production could be re-
established by retrovirus-mediated CD46 CYT-1 expression, confirming the role of the
isoform bearing the CYT-1in Thl-specific responses.

Further, having examined the induction and effector phases following CYT-1 T cell
activation, the Th1 cell contraction and induction of an IL-10 response phase was assessed
(Kolev, Dimeloe, et al., 2015). Consistent with the other findings, CD46 isoform expression
correlated with the Th1 life cycle changes during contraction. That is, as CD4™ T cells
switched from a IFN-y producing Th1 phenotype towards an IL-10 producing T-regulatory
cell phenotype, CD46 reverted to CYT-2 dominance producing a reduction of GLUT1 and
LAT1 as well as downregulation of oxidative phosphorylation and glycolysis. These studies
indicate that CD46 is a key sensor in a metabolic network that responds to variable nutrient
environments, affecting human CD4* T cell phenotype and function. A role for these
mechanisms in other cell types requires further study.

To understand the mechanism by which CD46 activation affects these metabolic pathways,
King et al. activated human CD4" T cells using antibodies to CD3 and CD46. Employing
microarray analysis of activated human CD4* T cells, they demonstrated that miR-150 was
preferentially downregulated after CD3/CD46 costimulation, especially compared to CD3/
CD28 costimulation. They found that this downregulation was critical for enhanced
upregulation of GLUT1 expression and the relative proportion of cytokine (IFN- -y and
IL-10) secretion from human CD4* T cells (King, Esguerra, et al., 2016). The relative
expression of miR-150 was significantly higher in 1L-10 secreting human CD4* T cells
compared to IFN- -y secreting human CD4* T cells. Thus, it appears that CD46 controls both
Th1 activation and regulation via a miR-150-dependent mechanism. These important
findings have broken new ground to further elaborate the emerging role of the intracellular
complement system and its members not only in immune defense but also in homeostasis
and metabolic reprogramming.

4.4 C3 and factor H as chaperones of intracellular apoptotic cargo

Similar to the findings of Tam et al. where C3 fragment ‘tagging’ of pathogens activated a
MAVS response leading to restriction of viral replication and induction of proinflammatory
cytokines (Tam, Bidgood, et al., 2014), another report demonstrated that C3 activation
fragments deposited on apoptotic cells to: a) elicit engulfment by antigen presenting cells, b)
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mediate lysosomal fusion and processing of cell debris and ¢) regulate antigen presentation
(Baudino, Sardini, et al., 2014) (Figure 2).

Although similar phagocytic mechanisms mediate uptake of a pathogen, subsequent cellular
responses may differ dramatically for phagocytosis of apoptotic cells. For example, Baudino
et al. explored the role of C3 in the handling of dying cells (Baudino, Sardini, et al., 2014).
In particular, they investigated intracellular mechanisms that become engaged following
extracellular C3 opsonization of apoptotic cells. Their hypothesis was that, since C3
deficiency does not commonly predispose to autoimmunity unlike deficiency of other early
complement components such as C1g and C4, C3 likely has a modifying role in disease
pathogenesis.

Using a murine model, they investigated the role of C3 in homologous T-cell responses to
apoptotic cell-associated antigens (Baudino, Sardini, et al., 2014). They compared
phagosome maturation and MHC class Il presentation of peptides in either C3-deficient or
C3-sufficient cells. Consistent with the hypothesis that C3 deficiency leads to impaired
antigen-specific T cell proliferation, they determined that lack of C3 opsonization in C3-
deficient mice accelerated phagosome maturation by enhancing the fusion of the apoptotic
cargo with lysosomes in bone marrow-derived dendritic cells. This was also associated with
a reduction in MHC Class Il presentation of apoptotic-cell associated antigens, which
resulted in impaired antigen-specific T-cell proliferation in vitro and in vivo. Also, pre-
opsonizing the apoptotic cells with C3 activation fragments restored the trafficking and
reversed the T-cell stimulation defects. These findings indicate that opsonization with C3
activation fragments can ‘chaperone’ the processing of an apoptotic cargo to delay
phagosome maturation and prolong intracellular compartment retention. This process
facilitates peptide loading on MHC class Il molecules and thereby serves to modulate T cell
responses to self-antigens derived from apoptotic cells.

Another complement player involved in intracellular activation during apoptosis is the
regulator FH (Martin, Leffler, et al., 2016) (Figure 2). Apoptotic cells bind FH while
simultaneously initiating complement activation via an interaction with a C1 complex to
ensure efficient opsonization and disposal of coated debris, processes crucial for preventing
excessive complement activation, autoimmunity and inflammation (Botto and Walport,
2002; Trouw, Bengtsson, et al., 2007). Dysregulation of this protective mechanism may
contribute to a variety of diseases. Martin et al sought to examine FH-apoptotic cell
interactions in a model of systemic lupus erythematosus (SLE) and age-related macular
degeneration (Martin, Leffler, et al., 2016). They discovered that FH was actively and
rapidly internalized by apoptotic cells, including retinal pigmented epithelial cells.
Following internalization, FH enhanced CTSL-mediated cleavage of endogenous C3. They
also determined that endogenous C3 was cleaved into the opsonin iC3b that became exposed
on the cell surface upon apoptosis induction.

Further, the authors showed that the internalized FH coated intracellular nucleosomes during
apoptosis. Nucleosomes are major autoantigens (especially for SLE patients) that are
released into the cytosol during apoptosis and positively correlate with disease activity
(Williams, Malone, et al., 2001). Unexpectedly, this coating enhanced the release of
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nucleosomes from apoptotic cells. However, it also facilitated uptake of nucleosomes by
monocytes and induced an anti-inflammatory biased cytokine profile. These findings were
supported by in vivo studies from CFH™/"MRL-Ipr mice, which showed higher levels of
circulating nucleosomes and necrotic cells as compared to their CFH*/* littermates. The
authors also demonstrated that FH facilitated phagocytosis of nucleosomes and regulated in
vivo nucleosome and apoptotic cell clearance in the SLE MRL-Ipr murine model.

4.5 Uptake of C3(H,0) into cells

Although the presence of intracellular C3 stores has been identified (Liszewski, Kolev, et al.,
2013), its source and composition are being further evaluated (Elvington, 2016). It has been
shown that many types of cells can ‘load’ C3 from the external environment (Elvington,
2016). Specifically, only the inactivated form of C3 [i.e., C3(H,0)] was internalized, not
native C3. The loading was rapid, saturable, inhibited at 4°C, and sensitive to competition
with unlabeled C3(H,0). Under steady state conditions, a substantial amount of the loaded
C3(H,0) was released into the surrounding milieu. Further, a fraction of the C3(H,0) stores
were cleaved to generate C3a. The mechanisms driving these events are under investigation.
Thus, this study suggests that in addition to local synthesis and storage, another means for
acquiring intracellular C3 stores is by uptake from the blood (Elvington, 2016). In both
cases, the C3 may assist in the rapid response of the host to danger as well as for
homeostatic responses (Kolev, Dimeloe, et al., 2015; Liszewski, Kolev, et al., 2013). Teasing
out the specific roles and interactions of the endogenous and exogenously loaded C3 stores
will be an important area of investigation. Under appropriate conditions, the C3 within cells
can readily generate C3a and other fragments to provide a potent form of innate defense.

5.0 Other intracellular components

The full scope of complement’s hidden intracellular arsenal continues to be discovered and
defined. For example, polymorphonuclear neutrophils (PMN) contain intracellular stores of
properdin (P) as well as C3 as a mechanism for their quick release into the local
environment (Kouser, Abdul-Aziz, et al., 2013).

More recently, intracellular C5 activation has been shown to be necessary for NLRP3
inflammasome assembly in human CD4* T cells, and this assembly is modulated by the
differential activation of C5aR1 versus the surface-expressed C5aR2 (Arbore, West, et al.,
2016). Thus, more components of complement’s intracellular arsenal are being increasingly
recognized both for an immediate as well as a sustained response. The intracellular role of
other players such as the C3a receptor (C3aR), C4 and factor B is only now being evaluated
(Hess and Kemper, 2016).

Using properdin as an example of pre-existing intracellular complement stores made locally
available upon neutrophil activation, we envision the utility of its quick release especially as
it relates to pathogen invasion. In this case, properdin, a positive regulator of complement
activation, is needed to enhance AP response. The strongest evidence for properdin being
required for AP activation in host defense is that deficiency of properdin is highly associated
with ANeisseria infections. Patients have not been shown to be susceptible to any other
conditions. Additionally, the deposition of complement C3b is not sufficient to protect
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against this pathogen. The MAC must be generated. Presumably, local turnover of C3 to C3a
and C3b (via the AP) and subsequent generation of C5 convertases (subsequently resulting
in the generation of MAC) early on requires release of properdin by PMNs. These data
suggest that at least for humans, the MAC and properdin (via the AP) are solely needed for
the host to defend itself against this lethal pathogen of the bloodstream and meninges. The
likely explanation is that to efficiently generate MAC on Neisseria (as the organism is
dividing when its membrane is not wholly protected from a lytic agent), properdin is
necessary (Agarwal, Ferreira, et al., 2010; Spitzer, Mitchell, et al., 2007).

A likely host defense strategy, then, is that PMNs quickly migrate (i.e., chemotax) to the site
of infection or injury and immediately release C3 and properdin locally. Thereby, they could
rapidly facilitate/trigger AP activation and inhibit an organism from entering the blood
stream. Thus, intracellular stores may be key to preventing infections with Neisseria.
Further, local synthesis and storage in a vesicle for release at a site of infection by a single
cell type may be critical early on for initiating complement activation. This points to PMN
and their ‘complement cargo,” working together, to begin AP activation. We envision this as
one mechanism whereby the earliest responders to a pathogen or a non-infectious, yet
injurious, stimulus results in downstream pro-inflammatory sequelae.

Another scenario is that complement stores are released intracellularly to mediate critical
processes involved in host defense. Two activities that one could envisage are release of C3a
from stores derived either from native C3 or by the uptake of C3(H,0) [Figure 2]. A variety
of proteases are capable of generating this anaphylatoxin. Further, the C3(H,0) can engage
FB to form C3bB. FD or related protease would then be required to cleave FB into Bb and
Ba. Properdin could also be released to stabilize the enzyme complex. This form of
intracellular complement activation is largely theoretical, but at least C3a release from native
C3 or C3(H,0) has been demonstrated in several cell types (Liszewski, Kolev, et al., 2013;
Peake, O’Grady, et al., 1999). Additionally, the requirement of intracellular C5 activation for
the assembly of the NLRP3 inflammasome in human CD4* T cells further suggests that, in
addition to directing immune cell phenotypes (such as Th1 polarization of CD4" T cells by
C3a-C3aR and CD46-C3b axes), intracellular complement activation may be playing a
critical role in generating a sustained response that is altered in both infectious and non-
infectious inflammatory diseases (Arbore, West, et al., 2016). That these proinflammatory
pathways can be differentially modulated by receptors intrinsic to the complement pathway -
specifically C5aR1 and C5aR2 in case of NLRP3 assembly - suggests that this area is ripe
for investigation to identify novel therapeutic avenues for targeting inflammation (Morgan
and Harris, 2015).

6 Conclusions

While we are only beginning to appreciate the exciting discovery of a seemingly ubiquitous
and potent intracellular complement system arsenal, there are more questions than answers
at present. In which cells does this intracellular system operate? What other pathways are
engaged and for what reasons? What cell-specific mechanisms drive these events? How can
this information be leveraged to create the next generation of complement therapeutics?
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It is clear that new roles for intracellular complement will continue to expand beyond that of
a simple mechanism for innate defense and an adjunct to immunity. In the future, we will
better understand the other key roles for this ancient system including being a player in
metabolic reprogramming and regulator of fundamental cellular processes. As each role is
defined, new opportunities for therapeutic intervention will arise from the “inside out.
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New studies have demonstrated major new intracellular roles for complement:

. C3 is a damage-associated molecular pattern that can enhance intracellular
innate immunity

. C3 helps control cell survival
. C3(H,0) is component of an extracellular/intracellular recycling pathway
. Autocrine activation of complement regulator CD46 via T-cell derived C3b

plays a key role in nutrient uptake and enhances cellular metabolism essential
for Thl responses

. C3 and factor H act as chaperones for the processing of apoptotic cargo

. Release of intracellular properdin and C3 stores in neutrophils may quickly
instigate and enhance local complement activation against pathogens

. Intracellular C5 activation has been shown to be essential for NLRP3
inflammasome assembly in CD4* T cells suggesting a critical link between
these two components of innate immunity that determines effector responses.

The full importance and mechanisms of complement’s hidden intracellular arsenal
continue to be elucidated. Other intracellular players including the C3a receptor (C3aR),
the C5a receptor (C5aR), and factor B (FB) also are currently being evaluated. These new
roles also suggest new therapeutic approaches.
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Figure 1.
Traditional extracellular roles of the complement cascades. The three pathways of

complement activation are shown. Although each is triggered independently, yet they all
merge at the step of C3 activation. The classical pathway (CP) is initiated by the binding of
antibody to antigen and the lectin pathway (LP) by the binding of lectin to an oligosaccaride.
The alternative pathway (AP) turns over continuously, generating small amounts of C3(H,0)
and C3. The AP rapidly amplifies in the presence of pathogens or injured tissue. C3(H,0)
behaves like C3b in that it can bind FB to initiate the AP. Activation of the complement
system leads to inflammation (release of anaphylatoxins C3a and C5a), opsonization (the
coating of targets with C3b and/or C4b), and membrane perturbation (formation of the
membrane attack complex, MAC, C5b-C9).
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Figure 2.

Emerging roles of an intracellular complement system. This system has multiple
mechanisms for cell defense, survival and homeostasis, most of which have been
demonstrated to operate in many cell types. (A) Intracellular cleavage of C3 stores by a
protease generates C3a and C3b (Kolev, Dimeloe, et al., 2015; Liszewski, Kolev, et al.,
2013). In CD4™ T cells, this process is essential for induction of T cell effector function.
Upon activation, the generated C3b regulates the necessary increase in metabolic processes
through mTOR required for a Thl response, while the C3a, together with the C3aR, are
translocated to the cell surface. Additionally, tonic C3a generation is necessary for
homeostatic T cell survival. (B) Extracellular opsonization of viruses and bacteria allows for,
upon uptake by Ig and complement receptors, intracellular sensing and subsequent activation
of mitochondrial antiviral signaling (MAVS) and proteasome mediated viral degradation
(Tam, Bidgood, et al., 2014). (C) C3(H»0) is continuously taken up from blood and a
majority returned to the cell exterior under steady-state conditions (Elvington, 2016). The
C3(H,0) stores retained are a continuous source of intracellular C3a and other fragments.
(D) Opsonization of apoptotic cells mediates their intracellular trafficking, delays fusion
with the lysosome and regulates presentation of apoptotic cell-associated antigens on MHC
Il (Baudino, Sardini, et al., 2014). FH also associates with nucleosomes in apoptotic cells,
resulting in an anti-inflammatory response (Martin, Leffler, et al., 2016). Not shown is that
FH internalized by apoptotic cell facilitates enhanced cleavage of intracellular C3 and
thereby apoptotic cell opsonization. (E) Release of intracellular stores of C3 and properdin
(P) may be a mechanism to rapidly initiate local complement activation at the site of
infection or injury (cell membrane or interstitial space) (Kouser, Abdul-Aziz, et al., 2013;
Spitzer, Mitchell, et al., 2007). These five pathways likely interact. C3a and C3b, generated
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by each, may engage one or more signaling pathways involving Th1/Th17, mTOR, MAVS
and nuclear machinery. P, properdin; FH, factor H; FI, factor I; MAVS, mitochondrial
antiviral signaling.
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