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Abstract

Sections

The complement system is arecognized pillar of host defence against
infection and noxious self-derived antigens. Complementis traditionally
known as a serum-effective system, whereby the liver expresses and
secretes most complement components, which participatein the
detection of bloodborne pathogens and drive aninflammatory reac-
tion to safely remove the microbial or antigenic threat. However, pertur-
bations in normal complement function can cause severe disease and,
for reasons that are currently not fully understood, the kidney is parti-
cularly vulnerable to dysregulated complement activity. Novel insights
into complementbiology have identified cell-autonomous and intra-
cellularly active complement — the complosome —as an unexpected central
orchestrator of normal cell physiology. For example, the complosome
controls mitochondrial activity, glycolysis, oxidative phosphorylation,
cellsurvivaland gene regulationininnate and adaptive immune cells, and
innon-immune cells, such as fibroblasts and endothelial and epithelial
cells. These unanticipated complosome contributions to basic cell
physiological pathways make it anovel and central player in the control
of cellhomeostasis and effector responses. This discovery, together with
therealization that anincreasing number of human diseases involve
complement perturbations, has renewed interestin the complement
system and its therapeutic targeting. Here, we summarize the current
knowledge about the complosome across healthy cells and tissues,
highlight contributions from dysregulated complosome activities

to human disease and discuss potential therapeutic implications.
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Key points

e Complement function is compartmentalized and operates
systemically, locally in the extracellular space, and intracellularly
within sub-cellular compartments and organelles.

e Intracellular complement — the complosome — serves non-classical
roles as a novel central regulator of basic cell physiological processes
including mitochondrial respiration, glycolysis, autophagy and gene
transcription.

e The complosome functions across immune and non-immune cells
and tissues where it controls normal cell turnover, the responses to
infectious and non-infectious stimuli and the return to homeostasis.

e Perturbations in complosome activities contribute to human disease,
including infections and infection-related pathological conditions,
arthritic disease, atherosclerosis, cancer and kidney disease.

o Targeting the complosome, possibly in combination with the
extracellularly active complement, might be therapeutically beneficial
in complement-mediated pathological conditions.

Introduction

The complement system was discovered over a century ago by Jules
Bordet as a serum-operative key arm of innate immunity that ‘comple-
mented’ the activity of antibodies during the detection and removal
of bloodborne pathogens'. Complement soon became known as a for-
midable killer, as it was the force behind the direct lytic destruction of
dangerous microbes?. As the structures and functions of single comple-
ment components were elucidated, the system became recognized as
amediator of the acute inflammatory reaction with important roles in
directing cell migration and activation of innate immune cells**. How-
ever,work thatbeguninthe1980s and is still ongoing demonstrated that
complementreceptor signallingonBand T lymphocytesalso constitutes
an unexpected integral part of humoral and adaptive cellularimmune
responses* ®, We are now on the verge of asimilar fundamental changein
ourunderstanding of complement. Complement activation and effector
functions are more compartmentalized than previously thought and
occurnotonly extracellularly, butalsointracellularly across abroad range
of cell populations and tissues. This intracellularly active complement
system was coined ‘the complosome™®. Ongoing work on the complo-
some continues to unveil strong and exciting evidence that complement
activity in this new location might have novel and non-canonical func-
tions, as the complosome actively participatesinbasic cellular processes,
such as metabolism, autophagy and gene expression’ . In line with its
substantial role in the regulation of normal cell biology, perturbations
in complosome activities are associated with several prevalent human
diseases, including recurrentinfections, arthritic disease, atherosclerosis
and cancer'?”. Interestingly, emerging datasuggest that dysregulation
ofintracellularly active complement might have aprominentroleinthe
kidney, whichis frequently affected by complement deposition™, often
for reasons that are not fully understood.

Inthis Review, we discuss the relatively new concept of the complo-
some”®and examine current evidence about the emerging roles of intra-
cellular complement activity across healthy immune and non-immune
cellsinphysiological cellular processes. Further, we focus on the known

contributions of the complosome to human disease, including kidney
disease. Finally, we consider the therapeutic potential of targeting the
complosomein complement-mediated pathologies and highlight key
limitations and caveats of complosome-focused clinical approaches.

Classical functions of systemic and local
extracellular complement

The human complement system comprises >50 proteins that either cir-
culateinblood (specifically, core components and some complement
regulators) or lymph, or exist as cellmembrane-bound proteins (regula-
torsandreceptors)?. C3 and C5 are major effector molecules thatare
mostly secreted by theliverinapro-enzymatic form. Complement C3
and C5activationisinitiated when one or several activation pathways
is triggered by pathogen- or damage-associated molecular patterns
(Fig. 1a). This recognition leads to the formation of C3 and CS5 con-
vertases, whichthen cleavage-activate C3into C3aand C3b,and C5into
C5aand C5b, respectively. C5b combines withserum C6-C9 to formthe
membrane attack complex (MAC), whichinduces direct lytic killing of
pathogens or noxious target cells. C3b opsonizes microbes and noxious
host cells, which induces scavenger cells to phagocytose and destroy
C3b-tagged targets"*'>'°, Receptors for the anaphylatoxins C3a and
C5a—C3areceptor (C3aR)and C5aR1and2, respectively —are expressed
by most hostimmune and non-immune cells” ", Stimulation of these
receptors induces a range of responses, including activation of the
endotheliumto supportadherence and tissue influx of immune cells,
smooth muscle cell contraction, and migration and activation of innate
immune cells. All of these events underlie the classic inflammatory
reaction***° and are widely considered to be canonical complement
functions. Theimportance of liver-derived circulating complement to
the detection and containment of bloodborne pathogens is under-
pinned by the recurrent bacterial infections that affect individuals
with deficienciesin either C3 or CS5 (refs. 21,22). Of note, unwanted or
chronic complementactivation causes detrimental pathological tissue
conditions®*?*and the systemis therefore tightly controlled by arange
of fluid-phase and cell-expressed regulators®*?° (Fig. 1a).

Although complement is traditionally known as a central arm
of innate immunity, it has equally important roles in the regula-
tion of adaptive immunity. For example, the iC3b/C3dg/C3d-binding
complement receptor 2 (CR2; also known as CD21) is an important
co-stimulatory molecule for B cells and lowers the threshold of B cell
receptor (BCR) signalling by up to 10,000-fold**?”?%, Similarly, the
complement regulator and receptor CD46 (which binds and inacti-
vates C3b and C4b) provides co-stimulatory signals to human CD4*
T cells that are required for normal induction of T helper 1 (T,1) cell
responses® . The discovery that, similar to Toll-like receptors (TLRs),
complement is an integral part of adaptive immunity explains the
broad impact of complement dysregulationacross innate and adaptive
immunopathology-mediated human disease states®*.

Interestingly, studies on the role of complementinadaptive immu-
nity revealed that engagement of complement receptors onimmune
cells is largely independent of circulating complement and, instead,
is mostly driven by immune cell-derived local complement produc-
tion and its extracellular activation (Fig. 1b). For example, C3 and C5
secreted by activated antigen-presenting cells and/or T cells during
cognate antigen-presenting cell-T cellinteractions are activatedinthe
extracellular space by proteases or C3/C5 convertases (with antigen-
presenting cells also being a source of required local factor D (FD)
and FB generation)**"”. The anaphylatoxins C3a and C5a then engage
their receptors expressed on neighbouring cells inan autocrine and/or
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Fig.1| The complement system and its functional compartmentalization.

a, Circulating liver-produced complement can be activated through three
pathways that result in the formation of C3 and C5 convertases, which cleavage-
activate C3into C3aand C3b, and CS into C5a and C5b, respectively. This
process leads to the formation of the membrane attack complex (MAC) and

the induction of classical complement functions. Several regulators (in red)
control complement activation. b, Systemic complement protects against
bloodborne threats, whereas extra-hepatic cell-derived local complement
activation, driven by C3 and C5 secreted by immune and non-immune cells
(and subsequent extracellular formation of C3 and/or C5 convertase formation)
supports cell survival and cell-specific effector responses in an autocrine and/or
paracrine (not shown) manner. ¢, Activation of cell-autonomous, intracellular
complement inimmune and non-immune cells can occur at different subcellular
locations. The generated activation fragments perform their activities across
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distinct cell sub-compartments and support normal physiological processes.
CD46isincluded becauseits cleaved intracellular domain is considered to be a
member of the complosome. ATP prod., adenosine triphosphate production;
CI-INH, C1and MASP1/2 inhibitor; C3aR, C3areceptor; C4BP, C4b binding
protein; C5aR, C5areceptor; CR1, complement receptor 1; ER, endoplasmic
reticulum; ETC, electron transport chain; F, factor; MAC, membrane attack
complex; MASP1/2, MBL serine proteases 1and 2; MAVS, mitochondrial anti-viral
signalling protein; MBL, mannose-binding lectin, mTOR, mammalian target of
rapamycin; mTORC1, mammalian target of rapamycin complex 1; NLRP3, NOD-,
LRR- and pyrin domain-containing protein 3 inflammasome; OXPHOS, oxidative
phosphorylation; PW, pathways; ROS, reactive oxygen species. *Although
hepatocytes are the principal source of secreted and circulating C3 and C5,

they also engage cell-intrinsic intracellular C3 for homeostatic control of their
lipid metabolism.
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paracrine manner, and induce specific cellular responses (for example,
expression of co-stimulatory molecules, cell proliferation and cytokine
production). Pathological changes inlocal cell-intrinsic complement
activities are associated with infections, autoimmunity, transplant
rejection and kidney injury®*'. Current evidence therefore suggests a
division of labour inthe complement system, whereby circulating com-
plement guards the vascular space throughits canonical antimicrobial
functions, whereaslocal cell-derived canonical complement regulates
the behaviour of cells (including immune cells) (Fig. 1b).

Intracellular complement and its role in cell
physiology

Over the past decade, several studies have shown that the compart-
mentalization of complement function extends toathirdlocation — the
interior of cells (Fig.1). We have used the term ‘complosome’ to refer to

Box 1

Sources of intracellular
complement

We propose that the complosome comprises all complement
components that are active intracellularly. Often, cell-intrinsic
expression and direct intracellular activities of complosome proteins
within their respective cell sub-compartment (Fig. 1) are required for
their function. For example, only cell-autonomous C3 can sup-
port T,1 cell induction in CD4* T cells® or stress response-triggered
autophagy in pancreatic B-cells". Moreover, cell-intrinsic C3 and
C5 expression and subsequent intracellular protein production

and activity are needed for IL-18 generation by human and mouse
monocytes during infections and sterile inflammation*”>. However,
in other cases, cells can source complement components from

the extracellular microenvironment to be used intracellularly. For
example, C3 fragments brought into the cytoplasm of epithelial
cells via an opsonized pathogen can induce mitochondrial antiviral-
signalling protein (MAVS) activation®'. Similarly, complement
factor H-related protein 3 (FHR-3) uptake by retinal epithelial cells
augments complosome expression and activation in these cells®*.
B cells can also acquire extracellular C3, which then translocates
to the nucleus and contributes to gene transcription'®, and C3(H,0)
uptake by T cells (coined the C3(H,0) recycling pathway) supports
IL-6 generation by CD4* T cells'*’. Finally, cells can also re-ingest
C3 that they had previously produced and secreted® and move
complosome components between intracellular compartments
upon stimulation®***”#*, Thus, a cell might contain a mixture of
cell-autonomous and acquired complement proteins. Extracellu-
larly sourced complement components might not compensate for
cell-autonomous complement. For example, cell-intrinsic compo-
nents might have distinct structures (for example, based on the pH
or other biochemical properties of the cellular sub-compartment

in which they reside) and/or post-translational modifications that
change the interactions with or affinity of their receptors'#>'°,
Finally, complosome proteins might also operate in cellular com-
partments that are only accessible to the cell-autonomous protein
sorting machinery**%1°,

this high-order protein complex (-some’), that is, active intracellularly,
incontrast to extracellular complement, and whose components not
only interact with each other but also with other intracellular dan-
ger sensor and effector systems (for example, inflammasomes****,
autophagosomes** and the ribosomal machinery*). Complosome
proteins are encoded by the same genes that give rise to the liver-
derived circulating complement system. Furthermore, intracellular
C3 and C5 can also be cleavage-activated by specific proteases®*® or
by intracellular C3 and C5 convertases that form beneath the plasma
membrane and on the surface of subcellular compartments*®. Of
note, although complosome components derive from cell-intrinsic
expressioninmostcells, intracellular C3 canalso be sourced fromthe
extracellular space or the cell surface to become part of the complo-
some that is functionally active intracellularly (Box 1). Complement
components produced by immune cells but then secreted to function
inanautocrine or paracrine fashion on the cell surface (see above) fall
somewhatintoagrey zone with regard to complosome definition. We
suggest describing such complement activities as ‘cell-autonomous
and extracellular’.

The core complosome components C3 and C5, and/or their activa-
tion fragments and receptors, as well assome complement regulators
have been detected in the cytoplasm, lysosome, endoplasmic reticu-
lum, outer membrane of mitochondria and the nucleus. Importantly,
these distinctintracellular locations enable functional roles that differ
from those associated with classical complement. Specifically, the
complosome participates inbasic cell physiological processesinclud-
ing cellmetabolism’, autophagy" and regulation of gene expression™
(Fig. 1c). Intracellular mitochondrial, lysosomal, and/or endosomal
C3aR and C5aR1 exert their function via the induction of signalling
events***™*8 akin to those triggered by engagement of their ‘classical
complement’ counterparts that are expressed on the cell surface.
However, we largely consider the functions of the complosome to be
non-canonical owing to its unique ability to engage directly with the
basic physiology-sustaining cell machinery, whichis spatially separated
from extracellular complement components (Fig. 1c).

Cellmetabolism

Metabolism control seems to represent one of the major functions of
the complosome (as has previously been reviewed”**~; here, we only
provideasuccinct overview). Intracellular complement and single-cell
metabolism are closely connected at least in part because lysosomes
and mitochondria, which are key components of cellular metabolic
machinery®, are hotspots of complosome activity. For example, in
several cell populations, the lysosome contains stores of C3, which are
cleaved by the protease cathepsin L (CTSL) into C3a and C3b®. Lyso-
somes across immune cells also contain stores of C5 and C5a, and C5
activation — at least in monocytes and macrophages — seems to be
dependent on anintracellular C5 convertase®. Intrinsic engagement
of lysosomal C3aR promotes the low-level activation of mammalian
target of rapamycin (mTOR) that generally supports cell survival**. In
addition, cell-autonomous activation and processing of CD46 initi-
ates the assembly of the mTOR complex 1 (mTORCI) at the lysosomal
surface”>. mTORCl is amajor nutrient-sensing node and controller of
cellular growth that also regulates the cholesterol biosynthesis path-
way viaa currently undefined process®. CD46 induces the expression
of genes that encode glucose transporters, such as SLC2A1 encoding
glucose transporter 1 (GLUT1), to enable the nutrient influx required
for cellactivation. Collectively, these events drive therisein glycolysis,
fatty acid metabolism and oxidative phosphorylation that generally
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underlie the initiation of cell effector functions™”*®, Moreover, C3aR
and C5aR1 are expressed on, or can be translocated to, the mitochon-
drial outer membrane, where their stimulation controls Ca®* flux*’
and the direction of the electron transport chain* via extracellular
signalling kinase (ERK) 1/2-induced signals. Those signalling events
control the production of reactive oxygen species versus ATP, and the
net cellularinduction of glycolysis and oxidative phosphorylation***,
Lack ofintracellular C5or mitochondrial C5aR1activity can affect the
mitochondrial footprint (thatis, the overall volume or space that mito-
chondria occupy in a cell), network morphology (that is, the overall
balance of mitochondrial fission and fusionin a cell) and cell survival*,
which suggests that the complosome contributes to maintenance of
normal mitochondrial function and fitness*’.

Autophagy and vesicular transport

The complosome is also involved in autophagy, which is intimately
intertwined with cell metabolic processes®. Specifically, intracel-
lular C3 or C3b participate in anti-bactericidal autophagy**“, cell-
protective autophagy in response to environmental stress™ and tonic
lipophagy (a specialized form of autophagy®’) for the maintenance
of liver triglyceride levels®® (discussed in more detail below). Of note,
thus far, C3-mediated control of autophagy seems to be driven by
direct interaction of C3 fragments with autophagy related 16 like 1
(ATGl16L1),independently of the activation of intracellular C3 fragment
receptors.

Cell-specificactivation (for example, T cell receptor engagement
in T cells or TLR stimulation in myeloid cells) can trigger the activa-
tion and/or re-distribution of complosome components, including
complementregulators and receptors, between sub-cellular compart-
ments®**>%* Interestingly, intracellular complement components
seem to have an active role in this reshuffling of sub-compartmental
content.

Gene expression and protein translation

Unexpectedly, the nucleus is another functional location of the com-
plosome. For example, human CD46 can have a direct and active role
ingene transcription and regulation. CD46 exists inisoforms with two
different cytoplasmic signalling domains, CYT-1and CYT-2. Following
CD46 stimulation, CYT-1and CYT-2 are released by the y-secretase
complex® and translocate to the nucleus®. The nuclear translocation
of CYT-1and CYT-2 are crucial to the induction of metabolic changes
driven by CD46 (ref. 31), whichinclude the transcription of genes that
encode nutrient channels such as SLC2A1 and SLC7AS (which encodes
large neutral amino acid transporter 1 (LAT1))’, as well as genes that
encode metabolic enzymes®. Notably, CYT-1and CYT-2 lack a DNA-
binding site and thus cannot function directly as transcription factors;
the exact mechanism underlying CD46-controlled gene activation
remains tobe defined®®. Cleaved CYT-2is alsoinvolvedin protein trans-
lation. Inbladder epithelial cells, CYT-2 binds to heterogeneous nuclear
ribonucleoprotein (hnRNP) Al directly, whichfacilitates mRNA transla-
tion through assembly of the translational machinery®. Finally, C3 has
also beenimplicated in the regulation of histone-DNA interactions™.

The complosome across cells and tissues

Thenon-canonical functions of intracellular complement components
seem to support normal cell-specific behaviour, homeostasis and/or
responses (Fig.2). Moreover, although initially discovered in human
CD4" T cells®, the complosome has been detected across a range of cells
andtissues, whereitseemsto functionin acell-specific manner (Fig. 2).

Immune cells

T cells. Intracellular C3 stores in human circulating CD4" T cells not
only provide a homeostatic survival signal via tonic mTOR activation
but are also vital for the induction and contraction of T,1 effector
responses. Antigen binding via the T cell receptor and CD28 engage-
ment on human CD4" T cellsinduces the rapid shuttling of intracellu-
larly generated C3btothe T cell surface where it engages CD46 (ref. 8).
Such cell-intrinsic CD46 stimulation triggers nuclear translocation of
the cytoplasmic domains of CD46 and the metabolicreprogramming
specifically required for IFNy production and T,1 cell induction®”*’
(Fig.2). The CD46 cleavage triggered by T cell activationis temporally
controlled and contributes to the T,,1 cell shutdown program (via con-
trol of cholesterol efflux) and cessation of T,;,1 cell responses following
pathogen clearance®***’, These effects of the cleaved intracellular
CD46 domains converge with human T cell-autonomous generation
of C5a that binds to mitochondrial C5aR1 and leads to assembly of
the NOD-, LRR and pyrin domain-containing protein 3 inflammasome
(NLRP3) assembly and IL-1B secretion*. This effect supports T,1 cell
responses at mucosal interfaces*>. Of note, the alternative C5areceptor
(C5aR2) expressed on the surface of T,1 cells seems to inhibit NLRP3
activationand IL-1p productionviaa currently undefined mechanism,
and also contributes to T,1 contraction**”°.

The complosome is also an integral part of cytolytic T cell (CTL)
responses. In human CD8" T cells, intrinsic CD46 engagement is
required for the heightened glycolysis levels and fatty acid synthesis
that underlie optimal IFNy secretion, expression of granzyme B and
cytotoxicity®®”", Furthermore, and similar to what is observed in CD4"
Tcells, intracellular complement components can negatively regulate
CTLresponses. For example, the complement-derived pattern recog-
nition molecule C1q, whichis sourced from the extracellular environ-
ment, acts on human and mouse CD8*T cell mitochondria to restrain
glycolysis and effector function in the setting of infection to reduce
pathological tissue conditions’.

B cells. Although non-activated human and mouse B cells contain
stores of intracellular C3 and C3a%”*, whether cell-autonomous C3
generation is crucial to normal B cell survival and function is cur-
rently debated. However, one study showed that, in human B cells,
internalized C3 and C3a can enter the nucleus and bind histones;
this binding might control DNA packaging, as C3 inhibited histone-
DNA interactions, but this notion needs to be further substanti-
ated'. Of note, this study focused on the source of intracellular C3
and its subcellular distribution, but did not explore the potential
effects of reduced C3 uptake on B cell functions such as cytokine
production or antibody generation. Conversely, a separate study
demonstrated the importance of extracellular C3 for normal human
B cell memory formation but did not investigate whether this effect
was dependent on C3 uptake and/or subsequent intracellular C3
activities™.

B cell-expressed anaphylatoxin receptors are emerging asimpor-
tant contributors to normal germinal centre formation®® and, although
systemic C3 is the dominant source of the C3a that binds C3aR on
B cells, some evidence indicates a less prominent but still significant
effect of B cell-derived C3in this process®. However, whether the effect
of such B cell autonomous C3 productionis rooted inintracellular C3
activity or inthe activity of secreted C3 that functionsin an autocrine
or paracrine fashion remains unclear. Overall, complosome contribu-
tions to normal B cell biology remain largely unmapped, but might be
aninteresting area for further investigation.
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Fig.2|Complosome across cells and tissues. The figureillustrates the cellsand
tissuesinwhichintracellular C3 or C5, or other complement components and
receptors have been observed. The C3 and C5 activation fragments that drive the
different cellular functions and biological pathways are not shown for simplicity
and because they are not knowninall cases. Cell-specific activities and overall
contributions to normal tissue function of the complosome are shown to the right
of each celland tissue type. The blue arrow below indicates that tissue-resident

immune cells (and their complosome) probably also participate in normal tissue
homeostasis. C3aR, C3areceptor; C5aR1or 2, C5areceptor1or2; ETC, electron
transportchain; FH, factor H; FHR-3, factor H-related protein 3; MAVS, mitochondrial
anti-viral signalling protein; NF-kB, nuclear factor kB; NLRP3, NOD-, LRR-and pyrin
domain-containing protein 3 inflammasome; OXPHOS, oxidative phosphorylation;
RIG-], retinoic acid-inducible gene-I; ROS, reactive oxygen species; SLEC, short lived
effector T cell; T,1, Thelper 1; VLDL, very low density lipoprotein.

Neutrophils, monocytes and macrophages. Although mostimmune
cellsincirculation are characterized by relatively low C3and C5expres-
sion, blood-derived neutrophils and classic monocytes continuously
transcribe high levels of C3 (ref. 75) and C5 (ref. 43) in mice and humans.
Interestingly, neutrophils and classic monocytes are also frontline
immune cell sentinels during the detection of noxious microbes and
their exceptionally quick cellular responses are essential to effective
pathogen elimination”. Whether sustained high C3 loading in neu-
trophils and classic monocytes is required for their ‘rapid response
program’ remains to beinvestigated. Of note, one study suggested that
the neutrophil complosome might control cellular biomechanics via

cytoskeletal re-arrangement”’. The exact molecular mechanism has
notbeen defined, but complosome-controlled cytoskeletal activity in
neutrophils reduced the stiffness of the cellmembrane and supported
neutrophil movement through small vessels.

Macrophages and monocytes rely on cell-autonomous and intra-
cellular C3 and C5 activation — specifically, the engagement of mito-
chondrial C5aR1 - for optimal metabolic reprogramming and NLRP3
inflammasome activation to produce normal levels of pro-inflamma-
tory IL-1B during protective immunity and sterile inflammation*>”.
Conversely, C1q bound to apoptotic cells and therefore ingested by
human macrophages as they phagocytose these cells, inhibits NLRP3
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activity and thus limits their polarization towards an M1 phenotype.
This regulatory effect promotes the non-inflammatory removal of
dead cells™,

Intracellular complement also controls another key aspect of
macrophage biology — the processing of antigens. Through amolecular
processthat has not yet been defined, intracellular C3b-opsonization
of antigens ingested by mouse macrophages and transported into
the lysosome, slows the fusion of cargo-laden lysosomes with phago-
somes’’. This C3b-mediated effect ‘paces’ antigen processing and
subsequent macrophage-directed T cell responses’. Surprisingly,
intracellular complement activity can also actively control the opsoni-
zation of target cells. FHis internalized by early apoptotic humancells
and supports CTSL-mediated cell-intrinsic C3 processing and surface
iC3b deposition to support safe clearance of the dying cell by phago-
cytes, asiC3brecognition by its receptor (CR3; comprising CD18 and
CD11b) does not lead to cell activation®’. Moreover, akin to what is
seeninT cells, the complosome also contributes to human and mouse
myeloid cellhomeostasis because tonic mitochondrial C5aR1signalling
sustains the monocyte mitochondrial footprint, morphology and basic
metabolic turn-over in the steady state®.

Non-immune cells and tissues
Intracellular complement activities extend beyond immune cellsand have
been observed in cells at important host-environment borders, tissue
structural mesenchymal cells and highly specialized cell populations
acrosstissues and organs (Fig. 2).

Epithelial and endothelial cells. Epithelial cells, which are crucial
to interactions between the host and the external environment, can
harbour or acquire a substantial range of complement components.
Thefirst observations of intracellular C3 activity in epithelial cells were
made during studies that focused on the barrier function of epithelial
cells during infections. For example, the C3b that opsonizes Listeria
monocytogenesbacteriaand enters the human epithelial cell cytoplasm
during bacterial invasion supports autophagy-mediated bacterial
clearance via a direct interaction with ATGL16L1 (ref. 44). Moreover,
C3b-opsonized viruses trigger human epithelial cell-autonomous
immunity during infection through activation of the mitochondrial
antiviral signalling (MAVS) pathway, whichrestricts virus replication®’.
ClgAwithinepithelial cells can alsointeract directly with components
oftheretinoicacid-inducible gene-1 (RIG-I) pathway and enhance anti-
viralresponses vianuclear factor-kB (NF-kB)-driven IFNf production®
(Box 2). Notably, pathogens can also take advantage of complosome
components to promote infection. For example, CD46 serves as a cell
entry receptor for severalimportant human pathogens and signalling
eventsinduced by pathogenbinding to CD46 onepithelial cells support
theinvasion of bacteria and viruses across epithelial barriers®.
Importantly, the complosome also orchestrates epithelial cell
responses towards non-infectious stressors. C3-regulatory factor
H-related protein 3 (FHR-3), which is taken up by human retinal epi-
thelial cellsin the eyein conditions of oxidative stress, enhances intra-
cellular complement activation and secretion of pro-inflammatory
cytokines®, whereas mitochondrial C3aR stimulation within retinal epi-
thelial cells reduces mitochondrial respiration and combats oxidative
stress*. Inhuman lung, intracellular C3 protects airway epithelial cells
fromnutrientdeprivation-induced cell death viaa currently unknown
mechanism®. C5expression has also been observed in healthy human
and mouse type Il alveolar epithelial cells; however, its functional
relevance has not yet been explored®®. In bladder epithelial cells, the

processed CYT-2 domain of CD46 controls hypoxia-inducible fac-
tor la (HIF1a) and is associated with malignant transformation and
bladder cancer, probably via hyperactivation of MYC-mediated cell
proliferation®. Similarly, intracellular C1q binding protein (C1QBP)
sustains normal division cycles in human intestinal epithelial cells by
controlling mitochondrial activity® (Fig. 2).

Our insights into the diverse roles of the complosome in the epi-
thelium are broadening but our knowledge about the complosome
in endothelial cell biology is sparse. A single study exploring the role
of the complosome in kidney glomerular endothelial cells indicates
thatit contributes to normal endothelial cellhomeostasis because the
absence of cell-intrinsicintracellular FH caused spontaneous cytoskel-
etal remodelling, aberrant cellular layer integrity with changes in cell
morphology and loss of barrier function, increased cell proliferation
owingto changesin mitochondrial respirationand ATP production, and

Box 2

Complosome crosstalk with
other intracellular danger
sensing systems

Cooperation between the classic, extracellularly operative,
complement system with other extracellular and cell surface
danger sensing systems, such as the Toll-like receptors (TLRs),

to fine-tune cellular responses and cytokine production’"'*?

during infections has long been appreciated. Furthermore, the
engagement of surface anaphylatoxin receptors and sublytic
membrane attack complex (MAC) formation can trigger NOD-,
LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome
activity’®**®. However, the unexpected finding that complement
functions intracellularly extends the spatial reach of complement
as it enables functional crosstalk with danger sensors within

cells. For example, intracellular C1ga can interact with several
members of the retinoic acid-inducible gene-I (RIG-I) pathway

and support IFN production and antiviral responses in epithelial
cells®. Also, signalling downstream of complement C5a receptor 1
(C5aR1) expressed on mitochondria induces reactive oxygen
species-mediated NLRP3 assembly in human CD4" T cells and
monocytes****, and intracellular factor H-related protein 3 (FHR-3)
triggers this inflammasome in human retinal epithelial cells

via a currently unknown mechanism®. Moreover, C3 brought
into the cytoplasm of epithelial cells by opsonized pathogens
activated mitochondrial antiviral-signalling protein (MAVS)®".
Finally, intracellular mannose-binding lectin negatively controls
TLR3 signalling in phagosomes of human monocytes and dendritic
cells, and reduces TLR3-driven cytokine production after poly(l:C)
stimulation'’. We are only beginning to dissect complosome
activities, but we expect that future research will identify further
functional engagement with other key proteins of sensor pathways
such as the melanoma differentiation-associated protein 5 (MDA-5)
and cyclic GMP-AMP synthase (cGAS)-stimulator of interferon
genes (STING) systems.
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overall heightened angiogenic potential in human and mouse kidney
endothelial cells®®. Functionally, intracellular FH seems to repress
inflammation-associated gene programmes by restricting the nuclear
translocation of NF-kBin these cells but the underlying mechanismwas
notidentified. Understanding the role of the complosomein vascular
endothelial cells will be highly valuable as these cells might represent
animportant interface for cross-communication between the com-
plosome and the classic circulating complement system in health
and disease.

Fibroblasts and mesothelial cells. Fibroblasts are key mesenchy-
mal cells that contribute to the structural framework and volume of
tissues®. An exciting study found that induction of C3 expression
in fibroblasts of mouse arthritic joints contributes to local immune
priming and the exacerbation of immune responses upon antigen
rechallenge or re-encounter?. Specifically, aninitial antigenicinsultin
thejointaugmented C3 expressionin synovial fibroblasts andinduced
a state of priming. This effect relied on the activation of intracellular
complement C3 and C3areceptors, and downstream mTOR and HIF1a-
controlled metabolic reprogramming, which ultimately enhanced
NLRP3 activity and sensitized the tissue to inflammation. This study
focused onsynovial fibroblasts, but the complosome might also have
arolein fibroblastsin other tissues.

Interestingly, a2022 study that mapped complosome expression
across all cell populations of healthy mouse and human lungs noted
that mesothelial cells expressed the greatest number of complement
genes (core components and regulators)®®. Mesothelial cells form
the protective lining of serous body cavities”??, where they medi-
ate the transport of fluids and cells across organ linings, sample the
microenvironment through phagocytosis and produce cytokines®.
Importantly, mesothelial cells have stem cell-like characteristics and
cangiveriseto fibroblasts during the initiation of tissue repair®; both
celltypesarekey participantsin tissue homeostasis, inflammation and
repair®. These cells also represent essential nodes in stromal-immune
crosstalk, and therefore the presence of the complosome in these
cells might haveimportantimplications forintracellular complement
activities across tissues and organs, both in healthy tissue biology and
fibroblast-associated human diseases.

Hepatocytes. In addition to key structural or functional constitu-
ents of allmajor organs, such as fibroblasts and mesothelial cells, the
complosome is present in highly specialized and tissue-restricted
non-immune cells such as hepatocytes. Importantly, hepatocytes and
the liver are the principal source of circulating complement® and C3
contributes to normal liver function and regeneration following injury
or exposure to toxins®. Although the effects of C3 on the liver were
thoughtto besolely mediated by extracellular C3, emerging evidence
indicates that the complosome also contributes to normal hepatocyte
function. Specifically, intracellular C3in mouse hepatocytes prevents
hepatic steatosis by controlling basal liver triglyceride levels through
sustained low-level lipophagy, which maintains normal secretion of
very-low-density lipoprotein®. Given the central role of the liver in
complementbiology, it will be worth assessing whether other complo-
some componentsareintracellularly activein hepatocytes and whether
they control additional cell physiological processes.

Neurons. The observation that complement in the brain contrib-
utes to normal development of the central nervous system, mediates
nerve pruning (thatis, the removal of unwanted neuronal connections

during neuronal network formation)®*~*, can affect memory and
behaviour’°*°°, and contributes to several pathological neurologi-
cal conditions, such as Alzheimer’s disease'*"'*, Parkinson’s disease'”
and schizophrenia'®, renewed interest in the complement system
among neuro-immunologists. However, the source of complement
componentsinthe brainis not well delineated and current hypotheses
include influx from the circulation viaa compromised blood-brain
barrier'® or expression by brain cells'°. Whether intracellularly active
complement components are presentin the healthy human brainand
contribute to normal brain and central nervous system development
and/or function remains unclear, but C1q has been observed within
neurons of the rhesus macaque, although its functional consequences
have not been explored'”. In mice, C1q within cortical neurons can
activate mitochondria, which leads to reactive oxygen species produc-
tion, changes in mitochondrial respiration and augmented neuronal

activity'®s,

Pancreatic -cells. The complosomeis also active in endocrine cells
and is crucial to the function of pancreatic 3-cells. The glycosylphos-
phatidylinositol (GPI)-linked complement regulator CD59 is normally
expressed on cell surfaces to protect host cells from MAC attack and
lysis'®’; however, human and mouse pancreatic B-cells express an exclu-
sively intracellular non-GPl-anchored form of CD59"*™, Within 3-cells,
this CD59 forminteracts with the cytosolic exocytosis machinery that
mediates the secretion of insulin in response to raised circulating
glucose levels'?, including the exocytotic SNARE proteins vesicle-
associated membrane protein 2 (VAMP2) and synaptosome-associated
protein 25 (SNAP25). Intracellular C3 is also an important complo-
some component in pancreatic 3-cells, where it induces protective
autophagy via interaction with ATGL16L1 during glycolytic stress,
whichin turn maintains -cell survival and thus normal glucose levels
and metabolismin the host™.

The complosome in human disease

Complement dysregulation is associated with many human diseases
as members of the complement system can drive pathological condi-
tions directly and/or exacerbate damage induced by non-complement
diseaseinitiators.Inaddition to theknownrole of systemic and extracel-
lular complement in human disease (as previously reviewed??*1111¢),
here we focus onthe contributions of intracellular complement (Fig. 3).

Infections and infection-associated pathological conditions
of tissue

Reductions in cell-autonomous C3 and/or C5 generation, or CD46
expressioninhuman CD4"and CD8" T cells are associated with failure
toinduce protective T,1 cell and CTL responses, respectively®>§,
Affected individuals have recurrent respiratory tract infections, at
leastearly inchildhood®*""”"® and, inrare cases, can develop common
variableimmune deficiency®. As discussed earlier, defectsinintracel-
lular complement activity in B cells and its potential impact on anti-
bodyresponsesininfection have not yetbeen explored. However, the
inability of humanand mouse monocytes and macrophagestoincrease
LFA-1-driven C3 expression and intracellular C3 production upon dia-
pedesis impairs their pro-inflammatory cytokine production pro-
gram (with a specific defect in IL-1B production)”: patients with LFA-1
deficiency, whichisadisorder termed leukocyte adhesion deficiency-1
(LAD-1), cannot boost C3 levels inimmune cells, and this defect is key
to the primary immune deficiency observed in these patients”.The
reduction of IL-13 production by macrophages from LAD-1 patients
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Infection and infection-associated pathology
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Fig. 3| The complosome in humandisease. The
figure shows disease states that are associated with
pathological alterations in the expression levels
oractivity of specific intracellular complement
components. Included in the lower right rectangle
are additional pathological conditions in which
complosome dysregulation might have arole, but for
which solid evidence is still missing. AD, Alzheimer’s
disease; AMD, age-related macular degeneration;
Cl1qBP, Cl1q binding protein (also known as globular
head Clqreceptor, gC1qR); C5aR1, C5areceptor1;
COPD, chronic obstructive pulmonary disease;

FH, factor H; FHR-3, factor H-related protein 3;

IBD, inflammatory bowel disease; MS, multiple
sclerosis; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2; SLE, systemic lupus
erythematosus.
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couldin partberescued by adenovirus-mediated delivery of intracel-
lular C3a, suggesting a contribution of intracellular C3 to normal cell
activity”. Unfortunately, uncontrolled complosome activity can also
promote the pathological conditions of tissue that canaccompany most
protectiveimmune responses. For example, SARS-CoV-2-induced cell-
intrinsic C3 and C3a generation in the human lung epithelium drives
the hyper-activation of local complement that is associated with the
development of severe COVID-19 (refs.119-122).

Arthritic diseases

Unwanted or chronic activation of the complosome has emerged asa
novel and central driver of arthritic disease. For example, sustained aug-
mented C3expression or perturbationsin cell-intrinsic CD46-mediated
signalling contribute to the destructive hyper-T,1 cell responses
observed in thejoints of patients with rheumatoid arthritis®®”. In fact,
we identified increased C3 expressionin T cells as a novel, highly spe-
cific, biomarker of rheumatoid arthritis severity”. This finding aligns
with the observation that C3-mediated priming of synovial fibroblasts
contributes to inflammation and tissue destruction in the joints of
patients with rheumatoid arthritis®’. Accordingly, a 2022 study that
comprehensively assessed the expression of complement genes across
cells ofinflamed tissue from patients with rheumatoid arthritis revealed
substantial regional alterations in activating and inhibitory factors
that probably promote local complement activation'?’. Although the
researchers did not examine the contribution of extra versusintracel-
lular complement, the work provides animportantand needed starting
point for such future investigations.

In addition to changes in C3 and CD46, patients with systemic
sclerosis'? and/or systemic lupus erythematosus'?* have increased
the activity of cell-intrinsic C5 and C5aRl1in injury-causing T,,1 cells
and CTLs compared with healthy controls. Moreover, lack of FH,
which helps in the tagging of apoptotic cells with iC3b for removal

by phagocytes, has been related to the induction of systemic lupus
erythematosus as the absence of FHincreased disease severity in lupus-
prone mice®. Finally, increased production and cleavage activation
of intracellular C3 and C5 in neutrophils were associated with the
increased activity of low-density granulocytes, which are a distinct
subset of highly vasculopathic neutrophils thatis expanded in systemic
lupus erythematosus”’.

Atherosclerosis

Overactive mitochondrial C5aR1 activity and increased levels of cell-
intrinsic C5 in monocytes and macrophages have been identified as
important contributors to cardiovascular disease as they promoted
the generation of IL-1B-producing Mi-like macrophages in the aor-
ticroot of a mouse model of high fat diet-induced atherosclerosis,
and in the arterial plaques of patients with cardiovascular disease®.
Mechanistically, the accumulation of cholesterol induced by a high-
fat diet triggered the continuous hyperactivation of mitochondrial
C5aR1via augmented intracellular C5a generation in monocytes and
macrophages, which led to a change in the direction of the electron
transportchainthatincreased glycolysis, promoted maladaptive IL-13
production and sustained an M1 phenotype®. Excitingly, a 2022 study
identified C5 polymorphisms as a toprisk factor for cardiovascular dis-
easeinhumans'®, although future work will need to determine whether
intracellular and/or extracellular C5 drive this risk.

Diabetes and metabolic syndrome

Similar to atherosclerosis, studies onapotential pathological role of the
complosomein diabetes and/or metabolic syndromeare limited. None-
theless, the few data available — including the aforementioned roles
of CD59 and C3in pancreatic B-cells and insulin production™™, and of
triglyceride regulation via C3 expressionin hepatocytes® — are excit-
ing and warrant further research. In addition, islet cells from patients
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withtype 2 diabetes express significantly less insulin-controlling CD59

isoform than islet cells from healthy donors".

Inflammatory bowel disease

Asdiscussed earlier, the complosome s highly active in epithelial cells
at mucosalsites (Fig. 2) and, unsurprisingly, deviations in normal com-
plosome functioninthese cells might contribute toinflammatory bowel
disease. For example, TLR-induced increased expression of colonic
cell-intrinsic C3 induced a C3aR-dependent pro-inflammatory state
ininvitro and in vivo LPS-stimulated mouse colon epithelial cells'*.
Pathological upregulation of C3 was also noted in a mouse model of
dextran sulfate sodium-induced colitis, and C3 was elevated in the
colonicepithelia of patients with Crohn’s disease but not of those with
ulcerative colitis'?*. These data align with those of another study show-
ing thatintestinal epithelial cellintracellular C3 and C3acontribute to
the tissue damage caused by hypoxia during ischaemic injury'”. The
exact molecular mechanism of action exerted by C3 and C3aR in
the gut epithelium requires further investigation.

Cancer

The role of classic and local complement in cancer is under intensive
investigation (as previously reviewed'?*'?’) but the potential contribu-
tions of the complosome to malignancies remain largely unexplored.
Nonetheless, some studies have suggested arole for the complosome
incancerinductionand progression. For example, intestinal epithelial
cells from patients with colorectal carcinomahad significantly reduced
intracellular levels of globular C1gR (gC1qR) compared with colon
cells from healthy individuals®. In addition, gC1qR1, which is located
largely at the mitochondriain healthy colon cells and supports oxida-
tive phosphorylation, remained in a non-mitochondrial intracellular
location in patient cells; this alternative localization was associated
with augmented glycolysis, cell proliferation and intestinal malignant
transformation®. Further, tumour grading correlated significantly with
reduced localization of gC1qR to mitochondria in patients with colorec-
tal carcinoma®. Although normal human lung epithelial cells seem to be
devoid of basal FH expression, in patients withlungadenocarcinoma,
intracellular expression of FH was surprisingly observed in tumour cells
and this aberrant FH presence was associated with decreased control
of normal cell cycling and with pro-tumoural transformation™.

FHis also overexpressed in human clear-cell renal cell carcinoma
(ccRCC)"°and notonlyis the structure of intracellular FH in ccRCC simi-
larto that of FH secreted by the liver, this protein can also functionasa
C3regulator. Although the exact mechanism has not yet been defined,
FH seems to support malignant transformation in ccRCCin a process
thatinvolves either direct orindirect regulation of the transcriptome.
Silencing of FHin ccRCC cells but not in healthy kidney tubular cells led
to significant changes in the expression of numerous genes involved
in the control of cell proliferation*°. Of note, this pro-tumour effect of
FH wasindependent of intracellular C3 or C5 activation.

Intracellular C1 molecules might also have an unconventional and
complement cascade-independent role in ccRCC tumour proliferation
andsurvival™. High cell-intrinsic Clexpression in tumoursis associated
withpoor prognosis and seems to support a tumorigenic environment
by supporting not only the proliferation of the tumour cellsbut also the
influx of T cells and macrophages with amore suppressive phenotype
into the tumour vicinity™". This observation suggests a role for the
complosomein the communication betweenkidney parenchymal and
resident and/or infiltrating immune cells, an exciting and important
prospect that should be explored in the future.

Kidney disease

The kidney seems particularly prone to the accumulation of acti-
vated complement fragment deposits in diseases where systemic or
local complement activationis observed''*?. The exact molecular rea-
sons underlying this deposition remain unclear, but high hydrostatic
pressurein combinationwith fluid absorption andfiltrationfunctionsin
the kidney mightincreaseits susceptibility to changesin the expression
of complement inhibitors*’. Moreover, C3 derived from kidney tubu-
lar epithelial cells is a crucial contributor to graft rejection in kidney
transplantation™*'*, Accumulating evidence suggests that changes
in the intracellular activities of complement components in kidney
endothelial or epithelial cells contribute to organ dysfunction in the
steady state®® and fibrosis after kidney injury®.

Asdiscussed earlier, the tonic presence of intracellular FH in kid-
ney glomerular endothelial cells is a pre-requisite for their normal
function in the resting state®. Of note, the researchers did not inves-
tigate in detail whether cell-intrinsic intracellular FHis similarin struc-
ture and function to circulating FH, nor did they conclusively exclude
the possibility that the intercellular activity of FH partly operates via
regulation of intracellular C3. In contrast to kidney endothelial cells,
intracellular FH is normally not detectable in tubular epithelial cells
inthe steady state and, accordingly, CFH knockdown had no effect on
their transcriptional programme or cellular behaviour™®.

In afolic acid-induced tubular cell injury model, intracellular C5
and C5aR1activity inkidney-infiltrating macrophages seems to contrib-
utetothe observed nephropathy. Specifically, mice withmacrophages
deficient for C5 or C5aR1 had reduced kidney fibrosis compared with
wild type controls and mitochondrial C5aR1 hyper-activation was
identified as a driver of the initial folic acid-induced injury***¢, Fur-
thermore, single-cell RNA sequencing of kidney tissue showed that
unilateral ureteral obstruction in mice increases kidney C3 and C5
expression, mostly in tubular epithelial cells, whichis accompanied by a
risein C3aRand C5aRl1expressioninkidney interstitialimmune cells™°.
We anticipate that aberrant complosome activity might also contribute
to other pathological kidney conditions, such as C3 glomerulopathies
and lupus nephritis (Fig. 3). Assessing whether intracellular comple-
ment contributes to kidney fibrosis will also be of particular interest
givenits central role in the development of kidney failure'”’.

Therapeutic implications
Complement perturbations, including deviations in normal complo-
some activity, can cause several prevalent human diseases, as discussed
above. However, successin developing broad and effective complement
therapeutics hasbeen modest — currently, ten drugs are availablein the
clinicandtheir applicationis limited to the treatment of rare conditions
such as angioedema, haemolytic uraemic syndrome or paroxysmal
nocturnal haemoglobinuria™. Importantly, these traditional therapeu-
tics only target serum-operative or extracellularly active complement.
Giventhe emerging prominentrole for the complosomein the control
ofbasic cell physiology across immune and non-immune cellsin health
anddisease, tacklingintracellular complement, possibly in combination
with the traditional extracellular complement, might provide a novel
approach towards more broadly effective complement therapeutics.
Ofnote,improved patient stratification within studies would also help
to elucidate complosome perturbations, and aid therapeutic develop-
ment. Here, defining the patient complotype (that is, the combination of
polymorphisms across complement genes®) might be especially useful.
Application of a cell-permeable CTSL inhibitor normalized the
pathologically high production of IFNy by T,1 cells isolated from
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theinflamed joint of patients withidiopathicjuvenilearthritisin vitro to
normallevels seenin paired T,1 cells from the blood of these patients®
and a cell-permeable FB inhibitor abrogated SARS-CoV2-triggered
intracellular hyper-C3 activation in human lung epithelial cells in
vitro"’. The same cell-permeable FB inhibitor also reduced macrophage
hyperactive responsesinisolated unstable arterial plaques of patients
with cardiovascular disease compared with carrier-treated isolated
arterial plaques®. Finally, we determined that the peptide-based C5aR1-
antagonist JPE1375 is cell-permeable* and can successfully ablate
mitochondrial C5aR1 signalling, which reduced pro-inflammatory
and atherosclerosis-driving IL-1$ production in cholesterol-crystal
sensing human monocytesin vitro. Given these data, assessing other,
existing, small-molecule complementinhibitors for their ability to pass
cellular membranes and their potential effects on the complosome
willalso be of interest.

Targeting upstream inducers of complosome expression and
activity is another emerging strategy. For example, cholesterol
crystals are known complosome activators™ and, in amurine athero-
sclerosis model, treatment with oligosaccharide 2-hydroxypropyl-p-
cyclodextrin, whichis acompound thatincreases cholesterol solubility
and can reverse atherosclerosis, reduced inflammation-driven com-
plosome component expressionin plaque cells***!, Moreover, type
interferons control C3 expression during viral infections and Janus
kinase (JAK)1/2inhibitors, which ablate typelinterferon receptor sig-
nalling, have thus been proposed as a potential approach to reducing
complosome activity"’. Finally, the integrin lymphocyte function-
associated antigen 1 (LFA-1) has been identified as a master regulator
of C3expressioninimmune cells™'**and might therefore also warrant
consideration as a cell-surface target for intracellular C3 control.

Importantly, several currently existing limitations and caveats
might hamper the successful development of complosome-targeted
drugs. For example, the molecular mechanisms underlying complo-
someactivities, how they areregulated, and how they intersect not only
with otherintracellular pathway systems but also with the extracellular,
canonical complement system must be clarified. However, the current
difficulties in dissecting conclusively, and specifically in vivo, which
parts of cell-associated complement originated ina cell-intrinsic versus
cell-extrinsic manner, and which components function within the cell
or on the cell surface (upon secretion) hinder this goal. For example,
currently no methods enable the specific ablation of sub-cellular but
not surface complement receptor expression. Generating deeper
insights into complosome biology should ideally be accompanied
by theimprovement of small animal and/or preclinical models, includ-
ing the generation of mice with cell-specific and inducible ablation of
complosome components. However, important species-specific differ-
ences in complosome biology exist between mice and man®® and these
mustbe takeninto consideration. For example, rodents do not express
CD46 on somatic tissues and a functional murine homologue that
serves the diverse roles of CD46 has not yet beenidentified*. In addi-
tion, the expressionand activity of C3aR and C5aRs by mouse T cells is
still disputed in the field". Of note, data supporting our early sugges-
tion that cell-autonomous C3 differs in structure and post-translational
modifications from liver-derived C3 (and might therefore not be
recognized by antibodies raised against the latter C3 form'**) is only
now emerging'*. Such differences will probably require a new range of
highly specific reagents tobe developed to probe complosome biology
that take into accountits unique biochemistry (reviewed in ref. 64).

Specific details on how the normal complosome changes in dif-
ferent human diseases, and its functional consequences on disease

pathology and/or progression must also be clarified. These insights
are especially important where the same complosome components
might contribute to pathological conditions, while also being essen-
tial for tissue homeostasisin the steady state and/or repair and return
to homeostasis following an immune response. Furthermore, com-
plosome activity occurs across cellular systems during an immune
response, oftenin astimulus-specific (and temporal) fashion. Specific
targeting of complosome functions and cell types (and possibly subcel-
lular compartments) might therefore be required to avoid undesired
side effects.

Conclusions

Currentevidence suggests that the complement system is ubiquitously
presentin the host — from subcellular compartments, the cytoplasm
and cell surfaces to the extracellular space, and the interstitial and body
fluids. Furthermore, the location of complement activity seems to dic-
tateitsdiverse functions, with circulating complement protecting the
vascular space frombloodborne infections,immune cell-secreted and
locally active complement directing immune cell effector function,
and intracellular complement orchestrating basic cell physiology.

Intracellular complement activities have been observedinall cell
typesassessed so far forits presence, indicating its broad physiological
importance. Accordingly, the complosome contributes to normal cell
turnover in the steady state, cell-specific responses to infectious and
non-infectious stressors, and the subsequent return to homeostasis.
We suggest that the close connection between the complosome and
cellular physiology machinery might be rooted in the evolutionary
origin of C3 as a single-cell intracellular protein with non-canonical
metabolic functions®. The liver-derived and secreted version, withits
known canonical activities, might have appeared later during the
evolution of multi-organ organisms that required protection of
the vasculature. Here, we have detailed the currently known complo-
some contributions within distinct cell populations in isolation. We
fully expect that immune cell subtypes not yet probed for intracel-
lular complement presence — such as natural killer cells, natural killer
Tcells, dendritic cells, y5 T cells, mast cells and eosinophils —and other
non-immune cells will join this list in the future. Understanding how
the complosome might contribute to communication between cells,
forexample, duringimmune cell influx into tissues upon infection and
inflammation will also be important (Fig. 2).

Although the complosome has been detected in several major
organs, whether complosome dysfunction always contributes to dis-
eases associated with these sites remains unclear. In this regard, we
suggest that, in additionto the diseases discussed earlier, the role of the
complosomeinage-related macular degeneration or general pathologi-
cal conditions of tissue associated with ageing®*, additional pulmonary
disease conditions (such as chronic obstructive pulmonary disease
and asthma)®®"*¢, chronic inflammatory conditions of the brain'*’, and
possibly diseases associated with faulty haemopoiesis**® should be
investigated further (Fig. 3). Moreover, asacommunity, we may need to
reassess patients and our clinical data, as well asreapply and reinterpret
animal models of complement-driven pathophysiologies for missed
contributions of the complosome.

Detangling the specificindividual and interrelated contributions
of extracellular andintracellular complement to host homeostasis, as
wellastheirrespective functionalintersections with other extracellu-
lar and intracellular biological effector systems is now essential. The
novel concept of the complosome is receiving increasing attention
among the broader immunological community and underpins the
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notion that complement is by no means fully explored. These insights
have been fuelled in part by the improved general accessibility of key
technologies, including single-cell RNA sequencing and proteomics,
and the observation that central complement components often rank
prominently among candidate genes and pathways that differ between
healthy and diseased cells and tissues.

The observation that complement ‘is everywhere’ and, unex-
pectedly, controls fundamental cellular processes from within cells
probably explains why so many human diseases are associated with
complement perturbations. Given that the complosome largely func-
tionsbeyond the classically known complement activities, dissecting
its biology will require tissue-focused, cutting-edge technological
approaches, as well as collaborative efforts among scientists and clini-
ciansacross adiverse range of disciplines. We argue that the collective
new knowledge gained by such approaches will be of great value for our
understanding of complement biology in general and its translation
into future therapeutic benefit.

Published online: 13 April 2023
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