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Abstract

Complement is increasingly recognised as a driver and modulator of antitu-
mour immunity, with context-dependent effects across T cells, myeloid subsets,
stromal elements and tumour cells. Although best known for pathogen clear-
ance and membrane attack complex (MAC) formation, complement also acts
intracellularly via the ‘complosome’ to regulate cellular homeostasis and gene
expression. Complosome activity may dampen antitumour responses by rewiring
single-cell metabolism and transcription, altering nutrient flux and fostering
an immunosuppressive microenvironment. Here, we synthesise advances in
intracellular and extracellular complement, with emphasis on complement com-
ponent 3 (C3) and receptors (C3aR1, C5aR1/CD88, C5aR2/C5L2), highlighting
how these pathways shape T-cell metabolism, exhaustion programmes and
inflammatory tone within tumours. Evidence indicates that tonic C3/C5 sig-
nalling restrains cytotoxicity via C5aR1-driven myeloid recruitment and cytokine
cascades, while complosome signalling tunes T-cell activation thresholds and
bioenergetics. We outline considerations for selectively modulating intracel-
lular versus extracellular complement, propose cell-type-resolved biomarker
strategies and identify opportunities for complosome-directed therapies in can-
cer, integrating roles across T cells, macrophages, B cells, neutrophils, NK
cells, regulatory T cells, dendritic cells, myeloid-derived suppressor cells and
cancer-associated fibroblasts.

KEYWORDS
C3, C3a, C5, C5a, cancer immunity, complement system, complosome, immune cells,
immunotherapy, intracellular complement, tumour microenvironment

Key points
* Intracellular complement (complosome) shapes the tumor immune microen-

vironment.
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1 | INTRODUCTION TO THE
COMPLEMENT SYSTEM

One of the oldest and most important components of
innate immunity is the activation of the complement
system, a cluster of over 50 highly conserved, membrane-
bound and intracellular proteins that primarily circulate in
blood and lymph, opsonise pathogens and induce inflam-
matory responses.' Initially described as a ‘complement’
to enhance and support antibodies in the detection and
removal of pathogens, it is now understood that the
complement system can independently trigger immuno-
surveillance.

Three known canonical pathways activate liver-derived
and serum-effective complement in the extracellular
space: (i) the classical (antibody-dependent) pathway, (ii)
the lectin (carbohydrate recognition) pathway, and (iii) the
alternative pathway activated continuously at low levels’
(Figure 1).

All pathways converge on the central component C3,
generating activation products C3a/C3b and downstream
C5a/C5b, culminating in anaphylatoxin release, opson-
isation and membrane attack complex (MAC) assem-
bly. Beyond hepatic sources, extracellular complement
proteins (namely, C3 and C5) can also be secreted
by macrophages, monocytes, endothelial cells, epithelial
cells, natural killer (NK), dendritic cells (DC), cancer cells,
B and T lymphocytes®* (Figure 2).

2 | INTRACELLULAR COMPLEMENT:
THE COMPLOSOME

While historical attention has focused on the complement
system as an extracellular component of innate immu-
nity, intracellular complement known as ‘the complosome’
has been recently identified as a key cell-intrinsic sig-
nalling programme that integrates metabolism, autophagy,
immune activation and gene regulation.! First defined
in CD4*" T cells in 2013, intracellular complement acti-

* Complosome’s role in cancer is underrecognized yet central to tumor immu-

* C3/C5-driven complosome signals rewire T cell activation, fate, and
metabolism. Complosome activity can promote pro-tumor immune cell

* Blocking the complosome, alone or with checkpoint inhibitors, unveils a new

vation and endogenous C3 and C5 protein produc-
tion were revealed as essential for T-cell homeostasis
and pro-inflammatory cytokine production.’ Since then,
complosome activity has been detected in monocytes,
macrophages, dendritic cells, epithelial and cancer cells,
among others." °

2.1 | Generation of intracellular
complement effectors

Intracellular complement signalling is mediated by
C3aR1 and C5aR1/C5aR2, which can signal from endoso-
mal/lysosomal compartments and, in defined contexts,
from mitochondria or the plasma membrane of immune
and non-immune cells.” The transmembrane cofac-
tor/receptor CD46 is a second hub of complosome control:
C3b (and C4b) engagement of CD46 triggers intracellular
cascades (via CYT-1/CYT-2 cytoplasmic tails) that couple
nutrient sensing and transcriptional programmes to
complement status.® T-cell receptor (TCR) stimulation in
T cells and Toll-like receptor (TLR) activation in antigen-
presenting cells can drive de novo C3/C5 generation, with
cathepsin-dependent cleavage proposed as one route to
yield C3a/C3b/C5a intracellularly; precise enzymology
remains incompletely defined.’ In parallel, stores of C3
and C5 have been observed within intracellular vesicles
(endosomes and lysosomes) of multiple cell types, facilitat-
ing intracellular complement activation when transported
out of the cell membrane or vesicle, where autocrine
re-engagement with C3aR and C5aR is possible.” CD46
signalling (via CYT-1 nuclear shuttling and metabolic
cues) has been linked to upregulated C3/C5 transcription,
further reinforcing the complosome loop."’

3 | COMPLEMENT AND CANCER

Mounting evidence places the intracellular complement
programme (complosome) at the interface of tumour
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Overview of the three main complement activation pathways including the (A) classical pathway, (B) lectin pathway and (C)

alternative pathway. All three pathways converge at the cleavage of C3. Unlike the classical or lectin pathway, the alternative pathway is

continuously active at low levels due to spontaneous hydrolysis of C3 thioester and utilises a distinct C3 convertase comprised of C3b and a
cleaved fragment of plasma protein Factor B. When C3b is bound to a pathogen surface, Factor B binds and is cleaved by plasma protein
Factor D, resulting in C3bBb (C3 convertase). Complement may also be activated via the coagulation cascade pathway (tissue damage) Factor
XII, which upregulates Cl1 in the classical pathway, or via inducible serine proteases and proteins (thrombin, plasmin) activated by

macrophages.*® Created with BioRender.com.

biology and immunity, linking cell-intrinsic signalling
to T-cell dysfunction, myeloid remodelling, and therapy
resistance in the tumour microenvironment. Local com-
plement activity is detected across cancers, supporting a
role in the tumour microenvironment (TME) (Table 1).

In the clinic, among glioblastoma multiforme patients,
elevated C3 and C5b levels were observed in tumour tis-
sue versus healthy controls.® Elevated deposition of C3
has also been observed in patient samples of non-small
cell lung cancer (NSCLC), gastric cancer and pancreatic
cancer.'® - ** High deposition of C3 has been significantly
associated with poor overall 5-year survival in gastric
cancer patient samples, and was significantly associated
with pancreatic cancer metastasis.'® ' The effector ana-
phylatoxin C3a has also been shown to have increased

deposition in tumour cell tissue when compared to healthy
control tissue in cutaneous squamous cell carcinoma
(cSCC), breast cancer and oesophageal adenocarcinoma.®
Additionally, elevated complement proteins are frequently
found in sera from cancer patients versus healthy con-
trols. Elevated C3a protein has been observed in the sera
of breast cancer patients, and elevated C3a in breast cancer
tissue is associated with lymph node metastasis.?* 3
Functionally, complement proteins produced both intra-
cellulary and extracellularly have been shown to have a
direct impact on tumour growth and therapeutic response.
In a lung cancer murine model, silencing of C3 inhib-
ited tumour growth,37 and in NSCLC models, nuclear
C3b is enriched in paclitaxel-resistant cells, implicating
complement in drug resistance.”* Clinically, complement
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proteins have been linked to treatment response and resis-
tance. In colorectal (CRC) cancer, high C3 expression
was associated with increased FOLFOX chemotherapy
resistance and poorer prognosis.*® Although comple-
ment classically enables cell killing, the complosome in
immune and tumour cells can promote a pro-tumour,
immunosuppressive TME via myeloid recruitment, T-cell
metabolic/exhaustion programmes and altered cytokine
networks.>® Here, we map the complosome-immune
microenvironment interface in cancer, examining how
these circuits may underpin treatment resistance, tumour
response and inform actionable interventions.

Despite increasing evidence supporting a pro-tumour
role for intracellular complement signalling, it is important

to highlight that findings across studies are not uniformly
concordant. While multiple reports demonstrate that
intracellular C3 and C5 activation promotes tumour cell
survival, immune evasion and metabolic adaptation, other
studies suggest that complement signalling may exert
context-dependent or even antitumour effects under spe-
cific conditions.*?- #! For example, discrepancies have been
reported depending on tumour type, stage and immune
composition, as well as whether complement activity
is assessed acutely versus chronically.*>*® These diver-
gent observations highlight that complosome signalling is
not inherently oncogenic, but instead reflects a context-
sensitive regulatory axis whose functional consequences
depend on cellular state and microenvironmental cues.
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FIGURE 2 An overview of extracellular complement activation. Canonical complement activation via the classical, lectin and

alternative pathways and the coagulation cascade. Autocrine complement protein secretion occurs in T cells, antigen-presenting cells and

endothelial cells. Created with BioRender.com.
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TABLE 1

Protein

3

Evidence of complement protein dysregulation in cancer.

Cancer type

Description

Overexpression of complement proteins in cancer

Clq

Cls

ClgBP

Clr

C3

C3a

C3b

C4a
C4d

C9

CD55

CD59

CD46

Cervical cancer

Melanoma, colon
adenocarcinoma, lung
adenocarcinoma, breast
adenocarcinoma, pancreatic
cancer

Glioblastoma

Cutaneous squamous cell
carcinoma (cSCC)

Renal cancer

Prostate cancer

Lung cancer

SCC

Melanoma

Gastric cancer

Pancreatic cancer

cSCC

Oesophageal adenocarcinoma

Breast cancer

NSCLC

Papillary thyroid cancer

Renal cancer

Gastric cancer

Colon cancer

Colon cancer

Bladder cancer

Increased levels of C1gB protein are found in serum and cervical cancer
tumour tissue. C1gB expression positively correlated with Ki67 and P16
expression

Increased levels of Clq in tumour stroma and vascular endothelium,
mainly expressed by vascular endothelial cells, fibroblasts and myeloid
cells

Serum Cl1q upregulated in glioblastoma patients vs. healthy matched
tissue, and Clq marked deposition within tumour tissue

Overexpression of Cls in cSCC observed in cell lines and patient
samples. Knockdown of Cls promotes apoptosis and growth
suppression in vitro

Overexpression of Cls in tumours independently associated with high
infiltration of macrophages and T cells in patient samples and
associated with poor prognosis

Serum Cl1q upregulated in prostate patients vs. healthy matched tissue

Overexpression of C1gBP in patient lung cancer samples compared to
healthy tissue

Overexpression of Clr in SCC observed in cell lines and patient
samples. Knockdown of Clr promotes apoptosis and growth
suppression in vitro

Overexpression of Clr in patient samples of melanoma vs. healthy
tissue

Overexpression of C3 in gastric cancer tissue compared to healthy
tissues

C3 overexpressed in PDAC tissue, and its expression correlates with
metastatic potential

C3a overexpression in patient tumour tissues correlated with tumour
cell growth in vitro

Overexpression of C3a in oesophageal adenocarcinoma tissue
compared to healthy tissues

Overexpression of C3a in serum of breast cancer patients compared to
healthy patients

Overexpression of C3 observed in paclitaxel resistance of NSCLC cells;
knockdown of C3 promotes apoptosis

Overexpression of C4a in serum of patients

Overexpression of C4d in plasma of renal cancer patients and deposits
at tumour site

C9 overexpression in the sera of gastric cancer patients vs. healthy
controls

CD55 overexpression associated with less differentiated, higher grade
tumour tissue in patient samples

CD59 overexpression associated with less differentiated, higher grade
tumour tissue in patient samples

CD46 overexpressed in bladder cancer compared to healthy tissue, and
CD46 expression inversely correlated with tumour stage, grade and
disease progression risk
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TABLE 1 (Continued)
Protein Cancer type Description References

Underexpression of complement proteins in cancer

Clq Prostate cancer Clq downregulated in benign prostatic hyperplasia and prostate cancer 30
tissue, inactivating tumour suppressor WWOX
Cls Ovarian cancer Downregulation of C1s mRNA observed in diseased tissue vs. healthy 31,32
control
Lung cancer Downregulation of Cls at site of lung cancer tumour tissue compared 17

to peritumoral tissue

C4BP Ovarian cancer Downregulation of C4BP mRNA in ovarian cancer tissue compared to 32
healthy control

C7 Ovarian cancer Downregulation of C7 mRNA in ovarian cancer tissue compared to 32
healthy control

CD55 Ovarian cancer Downregulation of CD55 in ovarian cancer tissue compared to healthy 33
controls

4 | COMPLEMENT, IMMUNE
ACTIVATION AND T CELLS IN CANCER

Rather than functioning through isolated signalling
pathways, intracellular complement activation integrates
metabolic, transcriptional and inflammatory programmes
that collectively shape immune cell fate and tumour
behaviour. In both immune and malignant cells, the
complosome acts as a central organising axis that links
intracellular proteolysis of complement components
to downstream metabolic rewiring, cytokine output
and cell survival. Understanding how these pathways
converge, rather than considering them as independent
observations, is essential for appreciating the role of the
complosome in immune activation, immune suppression
and therapy resistance.

Immunologically, intracellular complosome and com-
plement proteins secreted by tumour and/or immune cells
play a significant role in the housekeeping of immune
responses, particularly among T cells. CD4" and CD8*
T cells are the two lymphocyte subsets that are crucial
for cell-mediated immunity and the activation of cytotoxic
immune responses to tumour cells.** CD4" and CD8*
T cells contain low but measurable intracellular stores
of C3/C5, with de novo synthesis upregulated following
TCR or cytokine stimulation.® * It has been shown that
intracellular cathepsins (CTSL) can then cleave C3/C5 to
generate C3a/C5a, supporting cell-intrinsic complosome
signalling.> #°

Early infection models implicated complement in T-cell
responses; C3 was first suggested to mediate CD4* and
CD8* T-cell responses in 2002, where mice deficient in
C3 had significantly lower lymphocyte responses in a pre-
clinical model of influenza.*” However, the link between
complement and T-cell-mediated anticancer immunity

was not identified until 2008 by Markiewski et al.,
when TME-derived C5a was shown to suppress antitu-
mour CD8* T-cell responses, enhance tumour growth,
increase production of reactive oxygen species (ROS),
nitric oxide synthase (NOS) and immunosuppressive
myeloid-derived suppressor cells (MDSCs) in a murine
cervical cancer model.*® Subsequent work has linked com-
plement to dampened anticancer CD4"/CD8* responses
across models, including C5aR1-dependent suppression
and C3a-driven restraint of CTL proliferation/apoptosis
programmes.**->° Vadrevu et al. demonstrated that expres-
sion of C5aR promotes metastases in a breast murine
model by suppressing CD8t and CD4% T-cell popula-
tions and function in lung tissue.* C3a has also been
shown to be specifically expressed by immune cell popula-
tions and promotes T-cell apoptosis and inhibition of CTL
proliferation.”!

4.1 | Potential complosome-immune axis
mechanisms underlying carcinogenesis

Defects in antitumour CD8'/CD4% function reflect
complosome-connected mechanisms: (i) T-helper
differentiation, (ii) metabolic reprogramming, (iii)
APC-mediated suppression and (iv) CD46 signalling>
(Figure 3). In T cells, intracellular complosome activity
is mainly mediated by C3aR1/C5aR1/C5aR2, which can
signal from the plasma membrane, endosomes/lysosomes
and in defined contexts, mitochondria.’ Upon activation of
these receptors on and within T cells, increases in cellular
glycolysis, oxidative phosphorylation (OXPHOS), mTOR
signalling, nutrient efflux, ROS and pro-inflammatory
cytokines (context-dependent [IL-12, IL-13]) have been
observed.”> However, T cells are not the only immune
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Cell-intrinsic complement signaling drives
immune and tumor programs
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An overview of the complosome signalling dynamics governing immune activation in both immune and cancer cells.

Schematic illustrating parallel but functionally divergent complosome signalling pathways in lymphocytes (left) and tumour cells (right). In

lymphocytes, intracellular stores of C3 and C5 are cleaved within endolysosomal compartments, generating C3a and C5a that signal through
intracellular and surface-localised C3aR and C5aR, as well as CD46. Engagement of these receptors coordinates metabolic reprogramming,
including increased glycolysis, nutrient uptake via GLUT1 and LAT1, mTOR activation, and controlled reactive oxygen species (ROS)
production, supporting T-cell survival, Thl differentiation and effector functions such as IFN-y production and cytotoxic mediator release. In

tumour cells, cell-intrinsic complement activation similarly engages C3aR and C5aR localised to endosomes, lysosomes, mitochondria and

the endoplasmic reticulum. Downstream intracellular complosome signalling preferentially activates pro-survival and pro-tumorigenic

pathways, including PI3K-AKT-mTOR signalling, NF-xkB and HIF-1a transcriptional programmes, inflammasome activation and sustained

ROS production. These pathways promote metabolic adaptation, resistance to stress, inflammatory signalling and tumour progression, while
shaping an immunosuppressive microenvironment through recruitment of myeloid-derived suppressor cells (MDSCs), regulatory T cells and
M2-polarised macrophages. Key unanswered questions include the temporal regulation of intracellular complement activation and the extent to
which complosome signalling is conserved across tumour types and immune subsets. Created with BioRender.com.

subpopulation shown to mediate or be mediated by
complosome activation. In a sentinel study by Liszeski
et al.,, both basal ‘resting state’ intracellular stores of
C3 and ‘tonic’ intracellular C3a have been observed in
myeloid (monocytes, neutrophils), lymphoid (CD8t T
cells, B cells), epithelial, endothelial cells and fibroblasts.’
While the complosome is most well characterised in T
cells, intracellular complement seems to be a ubiquitous
phenomenon across immune cell populations. Addition-
ally, complosome activity within tumour cells themselves
has the potential to recruit immunosuppressive MDSCs,>*

impair T-cell function® and polarise macrophages to a
pro-tumour phenotype.>®

Collectively, these findings support a model in which
intracellular C3 and C5 cleavage initiates a cascade of
receptor-dependent signalling events that converge on
metabolic reprogramming and transcriptional control.
In lymphocytes, this integration canonically supports
controlled effector differentiation and subsequent reso-
lution, which may be dysregulated in cancer contexts,
whereas in tumour cells, chronic complosome activation
reinforces inflammatory signalling, metabolic autonomy
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and immune suppression.” >’ Framing these observations
within a unified mechanistic model clarifies how indi-
vidual molecular findings relate to broader immune and
tumour phenotypes.

4.2 | Complosome, homeostasis and Th
differentiation

Intracellular complement activation is an important medi-
ator of T-cell differentiation (particularly antitumour Thl
production, a subset of CD4*% T cells) and maintenance,
tightly regulated by the production of interferon (IFN)-y
and intracellular C3 cleavage.’® >

Upon TCR and CTSL (ubiquitously expressed lysosomal
endopeptidase) continuously cleaves intracellular stores of
C3 into effector C3a and C3b, which are either exported
to the cell surface or initiate intracellular transcription of
interferon IFN-y following Thl differentiation.” As such,
C3-deficient systems show impaired Thl and reduced IL-
4/1L-5/IL-13/IFN-y after antigen stimulation. For example,
C3-knockout mice have been shown to secrete less IL-4,
IL-5, IL-13 and IFN-y in response to antigen stimulation,
limiting potential antitumour Thl response dependent
on IFN-7.° In people, patients deficient in C3 or CD46
(co-stimulator of IFN-y Thl cell induction) have been
shown to be deficient in Thl cells and experience fre-
quent infections.®" % Inhibition of C3 in vivo has also
been shown to reduce Th cells producing IL-4 (Th2), IL-
17 (Th17), IL-2 and TNF-a, reduce naive CD4" cells, and
reduce the proliferation of both CD4* and CD8* cells.®
Along with intracellular C3, C3aR and C5aR1 have also
been shown to be required for adequate Thl differentia-
tion. Mice deficient in either C3aR or C5aR1 on T cells and
APCs exhibited reduced Th1 expansion in multiple in vivo
studies.’* % In a model of bacterial response to Listeria
monocytogenes (LM), C3-deficient mice showed blunted
Ag-specific CD4*/CD8* expansion during infection.®

In the context of cancer, elevated Thl cells have been
associated with a favourable prognosis in multiple can-
cer types, including NSCLC, ovarian cancer, breast cancer,
melanoma, glioblastoma and CRC.®”"7° Thus, dysfunc-
tional Th differentiation, mediated by dysfunctional intra-
cellular complement signalling or C3 protein deficiency, is
a plausible mechanism of immunosuppression in cancer.

Aside from differentiation, intracellular complement is
an important component of homeostasis. Intracellular C3a
has been shown to engage with C3aR on lysosomes to
activate and sustain mTOR, a potent regulator of glycol-
ysis, inhibitor of immunosuppressive Treg differentiation
and promoter of T-cell survival and homeostasis.> "' When
C3a is blocked, swift T-cell apoptosis occurs.” Importantly,
extracellularly produced C3a from serum is unable to res-

cue and reinstate T-cell proliferation in T cells deficient
in intracellular C3/C3a,” indicating that the intracellular
C3/C3a axis is necessary to maintain T-cell function.

4.3 | Complosome and metabolic
reprogramming of T cells

T-cell fate and effector functions of all immune cells
are coupled to cellular metabolism, and there is growing
evidence that shifts in metabolic pathways by the complo-
some shape adaptive immune responses of CD8* cells.”” In
the inactive state, T cells preferentially rely on OXPHOS
to generate ATP,”> whereas activated and proliferating T
cells are known to upregulate glycolysis.”> 7 Chang et al.
demonstrated that when glycolysis is blocked in vitro by
galactose, CD4* T cells exhibit minimal IFN-y and IL-2
production, stunting Thl expansion, and CD8" cells show
reduced proliferation, showcasing the increased glycolytic
need to sustain effector function.”

There is growing evidence that the complosome may be
implicated in this metabolic shift towards glycolysis, facili-
tated by intracellular stores of C3/C3ain CD4*" and CD8* T
cells (predominantly produced by lysosomes and the endo-
plasmic reticulum).” Complosome signalling contributes
to this metabolic shift, as C3aR1/C3 engagement (in T-
cell lysosomal compartments) has been shown to maintain
basal mTOR (regulator of glycolysis) and GLUTI (glu-
cose transporter 1) expression.*® However, it is unknown
if upregulation of C3aR or intracellular C3 drives aber-
rant hyperactivation of glycolysis. TCR activation results
in the cleavage of stored intracellular C5 by cathepsin D,
generating C5a. C5a binds to mitochondrial C5aR1 and has
been shown to activate glycolytic flux in neutrophils, and
it is likely this process also occurs in T cells due to sim-
ilar C5aR1 expression levels; however, this has still to be
demonstrated in the T-cell population.”® 7/

Stimulation of TCR and co-stimulation of CD28 in
CD4" T cells shuttles intracellular C3b (produced from
endogenous C3) to cell-surface CD46.”® CD46 couples
complement to nutrient programmes: C3b-CD46 trig-
gers y-secretase cleavage and CYT-1 nuclear translocation,
inducing LAT1, GLUT1 and LAMTORI, thereby increasing
amino acid/glucose uptake and supporting Thl differen-
tiation and IFN-y.! In a study by Kolev et al., activation
of CYT-1 was required for the activation of LAT1 and
increased expression of GLUTI and LAMTORI in human
T cells.*®* When GLUTI and LAT1 are upregulated, nutri-
ent efflux enhances intracellular uptake of glucose and
essential amino acids to support increased glycolysis and
Thi differentiation.”” Unsurprisingly, T cells from patients
with CD46 deficiency show dysfunctional Th1 cell induc-
tion and decreased glycolysis and OXPHOS.*°
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Maintenance of T-cell homeostasis by the complosome
introduces a delicate balance of pro- and antitumori-
genic signals. While Thl expansion is associated with
antitumour responses, the upregulation of GLUT1 and
LAMTORI is associated with the induction of an immuno-
suppressive microenvironment and hyperproliferation in
both immune and tumour cells.®!

4.4 | C3aR/C5aR axis and
immunosuppression

C3aR and C5aR are highly expressed on tumour and
immune cells in preclinical and patient samples.®* %4
Interestingly, while preclinical studies suggest C3aR
and C5aR are significantly upregulated in murine and
patient tumours and tumour-infiltrating lymphocytes
(TILs), peripheral CD8* T cells from non-tumour-
bearing mice exhibit a lack of expression of both
receptors.®®> Activation of C5aR intracellularly by C5
cleavage by cathepsin D (CTSD) has been shown to
promote carcinogenesis in CRC, via the formation of
a C5a/C5aR1/KCTD5/cullin3/Roc-1 complex, which
stabilises f-catenin and drives downstream oncogenic
signalling.”® The increased transcription of stabilised
p-catenin results in enhanced transcription of target
oncogenes Cox2, cyclin D1 and ¢-Myc.”® Intrinsic WNT/g-
catenin signalling in tumour cells is also associated with
poor T-cell infiltration, and WNT/S-catenin signalling
in T cells has been shown to promote the expression
of RORyt, a signature of Thl17 cells (potent activators of
Tregs).5% 87

Inflammasome crosstalk adds complexity to the
immunosuppressive function of the complosome. The
C5aR signalling axis is required for the assembly of
the intracellular protein ‘inflammasome’ complex,
which promotes maturation of pro-inflammatory IL-
18, IL-153, release of pro-inflammatory HMGB1 protein
and caspase-1-dependent pyroptosis.*® Although the
inflammasome is canonically activated by extracellular
PAMP recognition, the inflammasome is also activated
via C5a binding intracellularly to the mitochondria,
with mitochondrial C5aR2-ROS-NOX2 implicated in
activation.®

Inflammasomes play a nuanced role in cancer, and
are associated with promoting angiogenesis and immuno-
suppression in some cancers, such as breast,”® while
supporting Thl and NK cell activity in others, such as
CRC.”' In a murine C5aR2 knockdown model, C5aR2
deficiency inhibited NLRP3 activation in vivo, indicating

the importance of intracellular complement signalling in
inflammasome formation.*

4.5 | CD46 signalling

CD46, expressed on all nucleated cells, integrates com-
plosome with T-cell fate and antitumour response. In its
inactivated state, CD46 maintains T-cell homeostasis by
binding to Jagged-1, shunting Notch signalling and T-
cell differentiation.®® When T cells are activated by the
TCR, CD46 is shed, and Notch is induced, triggering
Thi differentiation.°> CD46 also governs resolution of
Thl responses, driving IL-10 and T-cell plasticity. When
CD46 is activated, IL-10 is expressed in CD4* cells and
Thl cells, inducing a switch in cytokine production from
IFN-y to IL-10.” Clinically, CD46 is generally overex-
pressed in cancers, including ovarian, hepatocellular and
breast cancers.’* Given its role in IL-10 induction, dysreg-
ulated CD46-1L-2R/Notch axes may contribute to tumour
immune evasion.

5 | COMPLOSOME AND IMMUNE CELL
DYNAMICS
5.1 | Regulatory T cells
Regulatory T cells (Tregs) are thought to be in part reg-
ulated by the complosome and complement proteins,
and play important roles in maintaining self-tolerance
(Figure 4). However, in cancer, Tregs promote tumorigen-
esis via the production of suppressive cytokines (TGFS and
IL-10) and stimulation of angiogenesis via the secretion of
VEGE.”> Many tumour tissues are enriched in immuno-
suppressive Tregs, and having a higher proportion of Tregs
is associated with worse overall survival and risk of recur-
rence in multiple cancers, including CRC, NSCLC and
triple-negative breast cancer (TNBC).”-102

Higher numbers of FOXP3*t Tregs were observed in
C3-deficient mice, suggesting C3 may contribute to block-
ing Treg differentiation.'”* Elevated Treg populations have
also been observed in systemic lupus erythematosus (SLE)
patients with lower plasma levels of C3 and C4.'%* Interest-
ingly, complement C4 protein has been shown to induce
Treg differentiation directly in an in vitro model, where C4
was co-cultured with T cells and DCs isolated from patients
with SLE.!> While C3 and C4 are likely linked to Treg
expansion, the mechanisms regulating this association
remain largely unknown.
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Complosome-Immune Cell Dynamics in Cancer
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FIGURE 4 Overview of immune mechanisms regulated by intracellular complement proteins. In T cells, TAMs and Tregs, complosome
signalling drives metabolic reprogramming, inflammation and immune suppression. Neutrophils and MDSCs are activated to support
chemotaxis and pro-tumour signalling, while NK cells’ cytotoxic function is inhibited. Additionally, CAFs are primed by intracellular C3 to

secrete factors including CXCL12 and TGFp, enhancing immune evasion by shunting T-cell expansion and promoting tumour growth.

5.2 | Becells

B cells can be pro- or antitumour depending on the
microenvironmental context. High B cell infiltration is

often associated with longer survival in breast, ovar-
ian, renal and lung cancers, in part through the for-
mation of tertiary lymphoid structures (TLS) with DCs
and T cells that enhance antigen presentation and T-
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cell priming.9% 197 TLS are lymphoid aggregates that form
de novo in non-lymphoid tissues in response to chronic
inflammation or cancer, and are commonly found within
and around cancer tissue.'’* Conversely, B regulatory
cells (Bregs)—driven by cytokines, such as IL-21, IL-6,
IL-33, 1L-35, IL-13 and IFN-qa, secrete I1L-10 and promote
immunosuppression.'?-1!

Within this spectrum, the complosome is a core reg-
ulator of B-cell physiology. B cells contain intracellu-
lar C3/C3a and can generate C3 autocrinally, which is
necessary for B cell self-renewal and survival; serum-
derived C3 can also be imported and processed via
cathepsin L to C3b/C3a, with nuclear entry reported for
exogenous C3.%10112 B cells express C3aR1/C5aR1, and
genetic disruption of these receptors abrogates mTOR
activation after BCR/CD40 stimulation, leading to prema-
ture germinal-centre collapse and defective maturation—
highlighting a requirement for complosome signalling in
B-cell activation.'> 114

Complosome signalling in B cells has also been associ-
ated with epigenetic modulation of gene expression. C3a
inhibits histone H1 binding to DNA in a dose-dependent
manner.'? In cancer, the knockdown of H1 in breast cancer
cells has been associated with altered gene expression, type
I IFN production and a hyperproliferative phenotype.'

5.3 | DCs

DCs orchestrate antitumour T cell responses through anti-
gen presentation and co-stimulation, and they express
C3aR along with complement regulators CD49, CD55 and
CD59.1"6 7 Intracellular deficiency of C3 has been associ-
ated with impaired DC differentiation; however, the mech-
anism by which this occurs remains poorly understood.'®
DCs have produced and synthesised C3 intracellularly in
vivo and in vitro, and C3-inhibited DCs exhibit reduced
ability to stimulate alloreactive T cells, polarise CD4* T
cells to a Th2 phenotype and drive Treg expansion.'’
Beyond differentiation, the complosome in DCs mod-
ulates antigen handling and the tempo of T cell prim-
ing. Whereas extracellular opsonisation tags targets via
C3b for phagocytosis, DCs themselves display C3 frag-
ments, enabling a form of intracellular opsonisation that
shapes antigen processing.'”’ In apoptotic cell models,
C3-sufficient DCs retained intact cargo (lysosomal debris)
longer, indicating that C3 fragments act as chaperones
of phagosome maturation. Conversely, C3-deficient DCs
digested cargo rapidly and elicited diminished CD4* pro-
liferation, effectively pacing down the T cell response.'!
Unsurprisingly, T cell response was ‘paced’, as DCs defi-
cient in C3 consumed the target antigen faster and elicited
diminished CD4* T cell proliferation compared to the C3-

3

sufficient DCs, which had not digested the apoptotic cell
by endpoint and elicited a more robust T cell response.'?!
These data support a role for intracellular C3 in regu-
lating antigen-trafficking kinetics and MHC-II exposure,
with potential implications for cancer: reduced DC C3
could truncate antigen presentation and blunt antitumour
immunity.

5.4 | Neutrophils

As the most abundant innate immune cells in bone mar-
row and blood, neutrophils have also been associated
with promoting cancer progression and poor prognosis
when polarised to a tumour-associated ‘TAN’ state.'? 123
TANSs inhibit CD8" T cells and secrete MMP9, VEGF and
Argl.'** Higher neutrophil infiltration in tumour stroma
is associated with poorer prognosis in a variety of cancers,
including breast, lung and glioma.'?> '%° The link between
complement and neutrophils was first identified in 1993,
when C3 was characterised as a strong chemoattractant for
neutrophils in vivo.!?” The role of C3 in neutrophil chemo-
taxis was validated more recently in a murine model of
acute pancreatitis, where C3 expression was required for
the recruitment of neutrophils to the pancreas.'”® As an
innate immune cell, neutrophils are known to have potent
intracellular stores of C3, and intracellular complement
likely mediates neutrophil cytoskeletal maintenance.'”” In
a study assessing neutrophils from healthy controls and
SLE patients, neutrophils from healthy patients exhibited
upregulated C3 and were associated with the preser-
vation of cytoskeletal organisation.”* In the context of
SLE, cytoskeletal abnormalities impair TCR signalling and
immune synapse formation between T cells and APCs,
which contribute to disease progression.'*! However, in
cancer, increased C3 may also promote a pro-tumour TAN
phenotype. In a C3-knockout murine model of ischaemia-
reperfusion injury, C3 was a requirement for increased
neutrophil recruitment to the injury site and neutrophil
extracellular trap (NET) formation.'*> NETs are composed
of condensed nuclear and mitochondrial DNA, proteases
and pro-inflammatory mediators, which may promote
EMT and/or activate dormant cancer cells.'*

5.5 | Natural killer cells

Natural killer (NK) cells limit tumour growth via
granzyme/perforin-mediated cell killing and the pro-
duction of inflammatory cytokines and chemokines.
Like CD8* cells, NK cells can become dysfunctional
in the TME as a result of stromal interactions with
immunosuppressive cancer-associated fibroblasts (CAFs),
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tumour-associated macrophages (TAMs) and MDSCs,
preventing cancer cell killing.'**

NK cells highly express C3aR, C5aR, C5aR2, CR3 and
CR4; however, it is unknown whether NK cells can secrete
or produce C5 and/or C3 intracellularly.”®> Interestingly,
in a C3-knockout murine melanoma model, C3 deficiency
resulted in increased antitumour immunity of NK cells and
reduced tumour growth."*® Depletion of C3 has also been
shown to enhance the ability of target cells coated with
rituximab to activate NK cells and improve the efficacy
of monoclonal antibody therapy in a murine lymphoma
model.”*” Similarly, C3aR signalling has been shown to
inhibit NK infiltration in vivo by triggering the formation
of high-affinity LFA-1, a critical lymphocyte trafficking
integrin, suggesting that C3/C3aR blockade may support
anticancer NK responses.'*

5.6 | Macrophages
Macrophages are early, prevalent TME infiltrates. When
polarised to M2-like (pro-tumour) TAMs, they secrete
immunosuppressive cytokines and ROS, and higher TAM
burden predicts poorer outcomes in pancreatic, gastric and
breast cancers.”*” Higher infiltration of TAMs has been
associated with poorer prognosis in numerous cancers,
including pancreatic, gastric and breast cancer.'*0-14?
Intracellular C3 in tumour cells is associated with the
promotion of an immunosuppressive macrophage pheno-
type. Zha et al. demonstrated that intracellular activation
of tumour-derived C3 (resulting in the intracellular gener-
ation of C3a and C3b) promoted the generation of TAMs
via activation of the C3a-C3aR-PI3K pathway in vivo.'*?
Importantly, the activation of PI3K has been shown to
activate other pro-tumorigenic pathways in TAMs, such
as NF-xB, which functions to sustain hyperproliferation
and immunosuppression.'** This generation of M2-like
macrophages was also associated with the suppression of
CDS8™ T cells, a common interaction between TAMs and T
cells. Further, when C3 was deleted in high C3-expressing
tumour-bearing mice (implanted with 4T1 mammary car-
cinoma cells), mice were sensitised to anti-PD1 therapy,
and reduced tumour burden was observed.'** The induc-
tion of C3 gene transcription can also be activated by the
binding of LFA-1, and LFA-1 activation may inhibit NK
cells and promote M2 macrophages simultaneously.'*
Additionally, as previously described in T cells,
macrophages and monocytes use autonomous, constitu-
tive and intracellular C3 and C5 activation (engaging with
mitochondrial C5aR) to sustain metabolic reprogramming
and inflammasome formation."”” As demonstrated by
Niyonzima et al., continuously synthesised intracellu-
lar C5 shifts ATP production towards ROS generation,

aerobic glycolysis and promotes IL-18 expression in
macrophages.’’> 140

5.7 | MDSCs

MDSCs are another prevalent immune cell population in
the TME, implicated in immunosuppression and carcino-
genesis. Like Tregs, they restrain CD8" T-cell expansion
via IL-10, arginase and ROS, and express high levels of
C5aR1.* %7 C5a, generated intracellularly and/or locally
within tumours, acts as a potent chemoattractant; once
released, it recruits MDSCs to tumour and stromal sites
and directly signals via C5aR1 on MDSCs to enhance
suppressive function.*> 4% 14% Consistent with local pro-
duction, C5/C5a is detected within the TME and is secreted
by phagocytes.*®°° In cervical cancer models, C5aR1
sufficiency was required for the intratumoral accumu-
lation of polymorphonuclear MDSCs.*® In colon cancer,
anti-PD-1/PD-L1 therapy increased C5a intratumorally,
which amplified MDSC inhibitory activity and boosted
ROS/NOS/arginase output; C5a/C5aR1 blockade restored
antitumour effects of checkpoint therapy.””! Lastly, in
hepatocellular carcinoma cells, C3 secretion induced by
PIWILI gene activation (upregulated in 80.4% of colon can-
cer cases), activated oncogenic p38 and MAPK signalling in
MDSCs. #6152

5.8 | Fibroblasts and CAFs
Cancer-associated fibroblasts (CAFs) are abundant
stromal cells in the TME. Recent work shows that intracel-
lular C3 can be cleaved to generate C3a/C3b, which then
signals autocrinally via C3aR1 (endosomal or plasma-
membrane) to drive ‘tissue priming’ and metabolic
reprogramming.’’ 1> 15*  Primed fibroblasts increase
pro-inflammatory IL-6/IL-8 and CCL2/CXCL12, switch to
aerobic glycolysis, and encode transcriptional/epigenetic
memory of past inflammatory events, heightening respon-
siveness to later stimuli, a phenotype commonly observed
in autoimmunity and chronic inflammation, and is
increasingly implicated in tumour-associated stromal
activation.® ® In synovial models, tissue priming
depends on intracellular C3/C3a, drives glycolysis, and
activates mTOR and HIF-1a.'>* %7 In the context of cancer,
intracellularly generated and secreted C3a can promote
cancer invasion and metastasis via the activation of CAFs
in murine models."®

Concordant data in gastric cancer models show CAF-
intrinsic C3 associates with NF-xB upregulation, CD8*
dysfunction and therapeutic resistance. Patient samples
also revealed an association between increased C3* CAFs
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in the stroma and stromal infiltration of immunosuppres-
sive M2 macrophages.">® Targeting the NF-xB/C3 pathway
by silencing p65 through siRNA significantly decreased C3
secretion in CAFs; however, the exact intracellular cues
that drive initial C3 cleavage are currently unknown."
Taken together, CAF complosome activation, via intracel-
lular C3 cleavage and autocrine C3aR1/CD46 signalling,
drives metabolic rewiring, myeloid recruitment and broad
immunosuppression within the TME.>" 154 156

6 | THERAPEUTIC TARGETING OF
THE COMPLOSOME-IMMUNE AXIS IN
CANCER

Given its roles in tumorigenesis and immune regula-
tion, the complosome is an attractive therapeutic axis,
though no complement-directed drugs are yet approved in
oncology.'®* 19! While anticancer complement-inhibitory
drugs are in development, most aim to target extracel-
lular proteins, leaving the intracellular arm relatively
unexplored.'®

One leading preclinical strategy is C3aR/C5aR block-
ade combined with traditional immune -checkpoint
inhibitors. In lung cancer models, C5a-C5aR1 antago-
nism plus anti-PD-1 reduced tumour growth, prolonged
survival, decreased MDSCs and restored CD8" effec-
tor function.’>1971% In melanoma, co-delivery of
C3aR1/C5aR1 antagonists with anti-PD-1 produced syn-
ergy beyond PD-1 alone, replicated across studies.®? 15! 165
It has also been demonstrated that C5aR blockade may
reprogramme M2 TAMs and synergise with anti-PD-1
therapy.'® In a gastric cancer model, higher intratumoral
densities of C5aR1" TAMs, the compartment with the
strongest C5aRl1 signal, associate with worse overall sur-
vival and chemoresistance.'®” Selective C5aR1 antagonism
reduced tumour proliferation, lowered IL-6/1L-10/TGF-3
from TAMs (consistent with M1 repolarisation), and
reinvigorated CD8™ cytotoxicity in vivo.'®°

Complement inhibition can also potentiate cytotoxic
therapies. Radiotherapy increases intratumoral C3/C3b
and C3a/C5a in ovarian tumour models'®; In CRC, sys-
temic C5aR1 antagonism improved radiation responses.'®
Systemic blockade of C5aR1 has also shown preclinical
synergistic effects with chemotherapy. C5aR1 blockade
plus paclitaxel enhanced CD8" proliferation/cytotoxicity
in an IFN-y-dependent manner in SCC.>° Data from our
group link complement to neoadjuvant chemoradiation
(nCRT) response across gastrointestinal cancers.”’ 7! In
oesophageal adenocarcinoma (OAC), it was demonstrated
that pretreatment serum levels of complement anaphy-
latoxins (C3a/C4a) predict poor response to nCRT and
adverse outcomes.'”’ More recently, in rectal cancer, we

3

reported that complement is increased in radioresistant
rectal cancer cells and that C3 functionally modulates
the radioresponse in vitro, with inhibition of C3 reversing
a radioresistant phenotype, concomitant with increased
radiation-induced DNA damage and a shift towards a more
radiosensitive cell cycle phenotype.'”> Collectively, these
findings implicate complement, particularly C3 and its
downstream effectors, as a determinant of resistance to
cytotoxic therapy and a rational target for radio-chemo-
immunotherapy combinations.

Therapeutically, translating these preclinical studies
into the clinic largely depends on agent selection and
receptor selectivity, access to intracellular complement
pools and delivery to relevant cell types. Current tools,
including C5aR1 antagonists (PMX53, PMX205, avaco-
pan/CCX168) and C3aRl tool/antagonist compounds
(SB290157, context-dependent pharmacology), primarily
engage cell-surface receptors.'®> !> The dual small-
molecule DF2593A blocks C3aR1/C5aR1 in vitro, and
JPE1375 shows activity against C5aRl, including mito-
chondrial pools in select settings.””- 17 However, selective
access to intracellular C3 versus extracellular C3 is
limited.!

Despite its therapeutic promise, targeting intracellular
complosome signalling presents substantial translational
challenges. Key barriers include the difficulty of achiev-
ing subcellular delivery to intracellular receptors such as
C5aR1,"”’ tumour microenvironment heterogeneity that
may drive variable therapeutic responses, and the risk of
unintended immune perturbation due to the pleiotropic
roles of complement in host defence.'”® " Additionally,
most available complement inhibitors were developed to
neutralise extracellular pathways and may not effectively
engage intracellular targets. Emerging strategies to over-
come these challenges include tumour microenvironment-
responsive nanocarriers,'®’ cell-type-restricted delivery
platforms,'®! and biased receptor modulators designed to
selectively inhibit pathogenic intracellular signalling while
preserving homeostatic immune functions.'®” Advances
in single-cell profiling and spatial transcriptomics may
further enable rational patient stratification and guide
precision targeting of complosome-driven tumour states.

Beyond therapy, the complosome shows promise as a
biomarker. Profiling a patient’s intracellular complosome
and ‘complotype’ (complement-gene polymorphisms) may
inform prognosis and treatment selection.'’? 133 Potential
approaches include quantification of intracellular C3 or C5
expression, assessment of C3a/C5a signalling signatures,
or integration of complotype variants with transcrip-
tional and metabolic profiling.*® 4> However, standardised
detection methods, clinically actionable thresholds, and
prospective validation in patient cohorts remain largely
unexplored, underscoring the need for translational stud-
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ies to define the clinical utility of complosome-based
biomarkers.!®% 185 While systemic complement and com-
plosome testing are not yet routinely included in oncology
patient profiling, given the role of the complosome in can-
cer and immune regulation, complosome proteins may
be important novel biomarkers in prognostic, diagnos-
tic and clinical decision-making. Prospective evaluation
within oncology workflows, especially among cancer types
where early diagnosis is challenging, such as OAC, is
warranted.

7 | CONCLUSION

The complosome represents an emergent axis of tumour-
immune regulation with relevance to cancer progres-
sion, treatment resistance and inflammatory comorbidity.
In this review, we highlight evidence across preclinical
models indicating that intracellular complement shapes
T-cell expansion and differentiation, promotes immuno-
suppression through MDSC, macrophage and CAF recruit-
ment/polarisation, and reprogrammes metabolism via
mTOR activation, glycolytic flux and ROS/NOS. Therapeu-
tic strategies to modulate complosome C3 activity, particu-
larly through C3aR and C5aR antagonism, hold promise in
reducing immunosuppression and pro-tumour metabolic
reprogramming in immune cells. Further research is
required to unravel the exact mechanisms underlying
intracellular C3 cleavage and complosome activation in
tumour cells and immune cells. Future research priorities
include (i) achieving compartmental specificity (selective
access to intracellular vs. extracellular complement); (ii)
building pharmacodynamic endpoints (myeloid traffick-
ing; T-cell metabolism/exhaustion) into study and trial
design; and (iii) standardising complement/complosome
biomarker panels for routine oncology workflows.
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