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Abstract

While serum-circulating complement destroys invading pathogens, intracellularly active
complement, termed the ‘complosome’, functions as a vital orchestrator of cell-metabolic events
underlying T cell effector responses. Whether intracellular complement is also non-redundant

for the activity of myeloid immune cells is currently unknown. Here, we show that monocytes
and macrophages constitutively express complement component (C) 5 and generate autocrine
Cb5a via formation of an intracellular C5 convertase. Cholesterol crystal-sensing by macrophages
induced C5aR1 signaling on mitochondrial membranes, which shifted ATP production via

reverse electron chain flux towards reactive oxygen species (ROS) generation and anaerobic
glycolysis to favor IL-1p production, both at the transcriptional level and processing of pro-IL-1p.
Consequently, atherosclerosis-prone mice lacking macrophage-specific C5ar1 had ameliorated
cardiovascular disease on a high-cholesterol diet. Conversely, inflammatory gene signatures and
IL-1pB produced by cells in unstable atherosclerotic plaques of patients were normalized by

a specific cell-permeable C5aR1 antagonist. Deficiency of the macrophage cell autonomous

C5 system also protected mice from crystal nephropathy mediated by folic acid. These data
demonstrate the unexpected intracellular formation of a C5 convertase and identify C5aR1 as a
direct modulator of mitochondrial function and inflammatory output from myeloid cells. Together,
these findings suggest that the complosome is a contributor to the biologic processes underlying
sterile inflammation and indicate that targeting this system could be beneficial in macrophage-
dependent diseases, such as atherosclerosis.

ONE SENTENCE SUMMARY
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Mitochondrial C5aR1 signaling is required for pro-inflammatory macrophage activity during
crystal-induced sterile inflammation.

INTRODUCTION

The liver-derived and plasma-circulating complement system is a key member of the host’s
repertoire of pathogen- and damage-associated molecular patterns (PAMP and DAMP)
sensors. Pathogen-sensing in blood triggers activation of C3 into C3a and C3b and of C5
into C5a and C5b, by C3 and C5 convertases, respectively. These complement activation
fragments together mediate opsonization and removal of invading microbes, mobilization

of immune cells, and induction of a general inflammatory reaction. Recent work, however,
has led to the unexpected discovery of a cell-autonomous, intracellularly active, complement
system, termed the complosome.

The complosome is central to the regulation of the basic metabolic pathways underlying
normal function of immune cells. For example, the continuous cell-intrinsic expression

and activation of C3 sustains homeostatic survival of circulating human T cells via tonic
mammalian target of rapamycin (mTOR) activation (1). Cell-autonomous C3 activation
fragments generated upon T cell activation also induce the bioenergetic adaptations required
for the induction of CD4* T helper (Th) 1 and CD8™ cytotoxic T cell (CTL) responses,

by enabling nutrient influx, mammalian target of rapamycin complex 1 (mMTORC1)
activation, glycolysis, oxidative phosphorylation (OXPHOS) and reactive oxygen species
(ROS) production (2-6). Similarly, human monocytes rely on intrinsic C3a activity for their
production of IL-1p during infections (7). Thus, cell-intrinsic, intracellular, complement C3
activity is an integral part of normal human immune cell responses, while hypo- or hyper-
active complosome activity are, in turn, associated with recurrent infections or autoimmune
diseases, respectively (1, 8-10). We have recently shown that T cells also express C5 and
that intracellular C5aR1 signaling after during T cell receptor (TCR) stimulation initiates the
ROS-mediated assembly of a T cell-intrinsic canonical NACHT, LRR and PYD domains-
containing protein 3 (NLRP3) inflammasome, which enhances secretion of mature (IL)-1p
and potentiates the magnitude of the Th1 response (11). It is currently unknown whether
myeloid cells also harbor a C5 system and/or recruit intracellular C5aR1 for normal function
following danger-sensing.

Sterile inflammation, that is inflammation caused by DAMPSs in the absence of infection,
critically depends on leukocyte function and contributes to a broad range of human
pathologies, including ischemic reperfusion injury, arthritic diseases, and atherosclerotic
cardiovascular disease (ACVD) (12). ACVD is a leading cause of death worldwide and
cardinal features of this condition include cholesterol accumulation and precipitation into
crystalline cholesterol (CC) in arterial walls, events that trigger chronic (local) inflammation,
and ultimately the formation of atherosclerotic plaques, causing vaso-occlusive diseases.
Patrolling monocytes that detect and ingest CC present in early atherosclerotic lesions

(13) and monocyte-derived pro-inflammatory foam cells residing within the atherosclerotic
lesions play pivotal roles in the induction and progression of ACVD via NLRP3-dependent
production of IL-1p (14, 15). As CC in circulation can activate serum complement (16,
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17), we hypothesized that DAMP-sensing of phagocytes following CC uptake involves the
complosome. We focused on the intracellular ‘C5 system’ as its activity is unexplored in
myeloid cells.

Here, we report that human monocytes and macrophages continuously synthesized C5 and
generated C5a intracellularly via a cell-intrinsic intracellular C5 convertase. Furthermore,
myeloid cell mitochondria express C5aR1 (mtC5aR1) and engagement of mtC5aR1

was required for optimal IL-1p production by monocytes and macrophages upon crystal-
sensing. Mechanistically, mtC5aR1 shifted adenosine triphosphate (ATP) production by
these organelles, via reverse electron chain flux towards ROS production and aerobic
glycolysis, to favor /L 1B gene transcription and production of mature IL-1f. The biological
significance of mtC5aR1 activity in the induction of crystal-triggered sterile inflammation
was underpinned by two findings: mice lacking C5arI expression only in myeloid cells
developed less severe disease in models of folic acid-induced kidney injury and in Western
diet-precipitated ACVD. Further, exposure of cells within carotid plaques of patients with
atherosclerosis to a cell-permeable C5aR1 antagonist reduced their IL-1p secretion and
inflammatory gene signatures. Overall, these data identify the anaphylatoxin receptor C5aR1
as a direct modulator of myeloid cell mitochondrial function and support a key role for the
complosome in the processes underlying non-resolving, sterile inflammation.

Intracellular C5aR1 supports IL-1p production in cholesterol crystal-sensing macrophages

To examine the activity of the intracellular C5 in myeloid cells, we isolated human
monocytes from blood and stained them for C5 complosome components. We detected
substantial intracellular C5 together with processed C5a stores, and expression of both the
classical C5aR1 and the alternative C5aR2 both intracellularly and on the cell surface (Fig.
1A). T and B cells in culture can endocytose C3(H,0) (18). The presence of C5mRNA
(Fig. 1B), as well as C5 protein in the Golgi apparatus (Fig. 1C, and fig. S1A), however,
supported cell-intrinsic generation of C5 in monocytes. We noticed that C5a was excluded
from the Golgi apparatus (Fig. 1C, and fig. S1A), indicating that intracellular C5 is activated
to C5a in a post-Golgi compartment.

To study the role of the C5 complosome during monocyte crystal-sensing, we blocked
Cb5a receptor function during /n vitro monocyte culture with LPS and/or CC using well-
established, specific inhibitors of surface-expressed C5a receptors: the C5aR2 agonist
peptide P32 (19) or the C5aR1 and C5aR2 double-antagonist ABA71-73 (20). Neither
treatment had a significant effect on IL-1p secretion by monocytes stimulated with LPS
and/or CC (Fig. 1D), whereas inhibition of the NLRP3 inflammasome by the inhibitor
MCC950 reduced IL-1p secretion (Fig. 1E). We next blocked C5aR1 intracellularly using
the C5aR1 inhibitor JPE1375, which displays higher cell-permeability compared to PMX53
(fig. S1B). JPE1375 reduced IL-1p secretion by ~50% during monocyte stimulation with
LPS+CC (Fig. 1F). This effect was specific to IL-1p as JPE1375 had no impact on the
production of tumor necrosis factor (TNF) or 1L-10 (Fig. S1C). While exposure of human
monocytes to increasing amounts of LPS or CC induced, as expected, a proportional
increase in cell death (fig. S1D), the /in vitro priming and CC activation conditions used
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here did not affect cell viability and neither did addition of PMX53 or JPE1375 to cultures
(fig. S1E).

To next determine if and how priming and/or CC sensing modulates the C5 system, we
measured mRNA and protein levels of C5 components after monocyte stimulation. C5AR1
transcription and protein expression increased > 2-fold upon CC and LPS+CC exposure,
while C5and C5aR2transcription and protein concentrations remained largely unchanged
across activation conditions. We noticed, however, that CC-sensing, with and without LPS-
priming, augmented intracellular C5a generation and C5aR1 protein expression (fig. S1F
and G). Moreover, while intracellular C5a pools and intracellular C5aR1 occupied largely
distinct subcellular locations in resting monocytes, LPS+CC activation induced visibly
increased colocalization of this receptor-ligand pair (Fig. 1G). We also noted colocalization
between C5aR1 and NLRP3 in resting and activated monocytes (fig. S1H), although

the implication of this finding is currently unclear. Together, these findings indicate that
CC-sensing in monocytes mobilizes and engages the C5 complosome and supports IL-1p
production.

We next assessed if our observations extended to macrophages as those represent the
disease-driving cells in atherosclerotic lesions and other contexts of sterile inflammation.
Indeed, human monocyte-derived macrophages (hMDM) also contained C5 and C5a stores,
expressed the C5aRs in a pattern comparable to monocytes (fig. S11), and displayed ~ 50%
reduction in IL-1 secretion after LPS+CC activation upon selective intracellular C5aR1
blockage, without an effect on cell viability (Fig. 1H, and fig. S1J). Importantly, when LPS-
primed hMDM were exposed to monosodium urate (MSU) crystals, which generally evoke
a similar NLRP3-dependent IL-1p response, we also observed a significant decrease of
IL-1pB secretion in the presence of the cell-permeable C5aR1 inhibitor (Fig. 1H). These data
indicate that intracellular C5aR1 activation may be a general feature during crystal-sensing
in human myeloid cells.

We next probed whether the C5 complosome induces caspase-8 activation, because this can
drive IL-1p secretion (21, 22). Exposure of hMDMs to £.coli induced caspase-8 activation
whereas LPS priming and crystal-sensing did not (Fig. 11), suggesting that C5aR1 drives
IL-1B generation independently of caspase-8. In line with the inhibitor-generated data,
knock-down of C5aR1 or C5 by siRNA technique in hMDM (fig. S1K) diminished mature
IL-1p secretion (Fig. 1J) without impacting TNF or IL-10 production or cell viability (fig.
S1L and M) in LPS+CC-stimulated macrophages. IL-1p production in response to the
soluble inflammasome activator, nigericin, was also dependent on intracellular C5aR1 (Fig.
1K and L, and fig. SIN and O). Knock-down of either C5or C5AR1 reduced both pro-IL-1p
and mature IL-1 secretion (Fig. 1K, and fig. SIN and O) and /LZB mRNA generation (Fig.
1L) by crystal-activated cells. Thus, inhibition of C5 receptor engagement also impairs /L1B
gene transcription (23). Importantly, under all activation conditions assessed, expression of
genes encoding key NLRP3 inflammasome components, such as NLRP3and ASC, or the
major NLRP3 inflammasome target, CASPI, was not changed (fig. S1P). However, higher
doses of LPS augmented, as expected, NLRP3 gene expression (fig. S1Q).
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Interestingly, the effects of C5aR1 blockade on /n vitro-differentiated human M1 and M2
macrophages upon LPS activation was different from those observed in monocytes and
non-differentiated macrophages (fig. SIR and S). Production of IL-1 by M1 macrophages
was refractory to C5aR1 inhibition, while the addition of JPE1375, but not PMX53, reduced
their IL-10 secretion significantly. In M2 macrophages, on the other hand, all inhibitors
reduced IL-1p and IL-6 secretion, with a strong trend to higher IL-10 production (fig.

S1S). Together these data support the requirement for intracellular C5aR1 signalling in
human monocytes and non-differentiated macrophages for normal /L 1B transcription and
subsequent processing of pro-IL-1p into the mature form by the NLRP3 inflammasome
during DAMP (crystal)-sensing.

An intracellular C5 convertase drives C5a generation within CC-sensing monocytes

We next investigated the mechanism of C5 processing in myeloid cells. As human
monocytes and macrophages express intrinsic C3 at steady state (7), we probed monocytes
for the presence of mMRNASs encoding CFD and/or CFB, which together would enable
assembly of complement alternative pathway C3 (C3bBb) and C5 (C3bBbC3b) convertases.
Freshly isolated monocytes expressed CFDand CFB at low levels and LPS priming
significantly induced CFB (but not CFD) levels (Fig. 2A). Moreover, by double-staining
with antibodies against C3b and the Bb neo-epitope (which denotes Factor B activation and
thus convertase formation) we observed not only the presence of both C3b and cleaved

Bb but also their colocalization in resting cells (Fig. 2B) and increased generation of

C3/C5 convertase formation in primed CC-sensing monocytes (Fig. 2B). Multiple cell plane
(z-stack) analyses confirmed the presence of C3bBb and/or C3bBbC3b complexes within
the cell’s interior (Fig. 2B). FACS analyses of resting and CC-activated, permeabilized or
non-permeabilized, monocytes indicated that the majority of C5 convertases formed under
the cell membrane, but that a proportion of convertases also localized to the monocyte cell
surface (Fig. 2C and D). It is currently not possible to discriminate between formation of
C3 vs. C5 convertases as both are composed of the same proteins assembled in different
proportions. Western blot analyses of non-activated and CC -ctivated monocytes further
confirmed the generation of the active Bb fragment by monocytes (Fig. 2E) and of FD
protein (we were unable to determine whether cells contained the pro-form and/or the
processed form of FD (24)) (Fig. 2F). Western blot analyses of subcellular fractions of
resting human monocytes confirmed co-localization of C3b, Bb, and FD with the cell
membrane (fig. S2A). Surprisingly, however, we also observed the presence of C3b, FB,
Bb, and FD on mitochondria and other, not further defined, organelles (fig. S2A). The
reduction of FBexpression (Fig. 2G, upper panel) by siRNA led to a proportional decrease
in IL-1p secretion by CC-exposed monocytes (Fig. 2G, lower panel) but did not reduce
TNF generation (fig. S2B), in line with our observation that intracellular C5a specifically
drives IL-1p production.

We next assessed the impact of a newly developed human FB inhibitor (cpFBinh) (25)

on the monocyte cell-intrinsic C5 system. This FB inhibitor is highly cell-permeable

(25) and hence potently inhibits both extra- and intracellular FB activity. To simplify the
experimental set-up, we utilized high (100 ng/ml) LPS activation as strong toll-like receptor
(TLR) 4 engagement drives both FB expression and IL-1f production. Activation of human
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monocytes in the presence of cpFBinh indeed reduced intracellular C5a generation by high
LPS-stimulated monocytes (Fig. 2H), which led to a concurrent decrease in their IL-18
production (Fig. 21). The addition of an antibody to FB that inhibits FB-driven convertase
formation only on the cell surface had a limited effect on intracellular C5a generation

and IL-1pB production (Fig. 2H and I). Incubation of LPS-activated monocytes with the
C5aR1 inhibitor JPE1375 in the presence of the cpFBinh did not further reduce IL-1p
production (fig. S2C). Together, these data support that human monocytes harbor a fully
cell-autonomous C5 activation system. They also indicate the requirement for intracellular
FB and C5 convertase activity to enable C5aR1 engagement for IL-1f production in
DAMP-sensing human monocytes. Although human T cells require strictly cell-intrinsic
C3 activation for IFN-y production, they can source serum C3(H,0) to modulate their IL-6
secretion in /n vitro cultures (18). We found that neither addition of serum-purified C5(H,0)
(26, 27) nor Cba rescued cpFBi-mediated reduction in IL-1p production by stimulated
monocytes /n vitro (Fig. 2J), indicating that cell-autonomous C5a is likely required for
optimal monocyte IL-1p production.

As monocytes can express a substantial range of complement proteins (7, 28), we explored

if they may also engage components of the classical complement pathway. We noted C4

and CZgene transcription as well as C4 and C2 protein expression in resting monocytes.
Further, CC-sensing increased C4 protein expression (fig. S2D and E). Western blot analyses
of resting and activated human monocytes confirmed that C4 and C2 were present mostly

in their processed active forms as C4b and C2b, respectively (fig. S2F). Also, and similarly
to C3b, C4b was predominantly intracellularly localized, while a relatively large proportion
of C2b was present on the cell surface (fig. S2G and H). These observations suggest

that monocytes may also support formation of intracellular classical pathway C3 and C5
convertases (C4bC2b and C4bC2bC3b), which warrants further exploration.

Together, these data demonstrate the intracellular formation of the central serum
complement activation hubs, the C3/C5 convertases, in human monocytes and suggest that
intracellular inhibition of the alternative pathway C3/C5 convertase formation may be a
means to modulate IL-1p production by myeloid cells during sterile inflammation.

Mitochondrial C5aR1 controls ETC flux and mitochondrial dynamics

We next examined the localization and function of intracellular C5aR1 in monocytes.
Western blots of sub-cellular fractions from resting human monocytes confirmed the
presence of C5aR1 in the plasma membrane, the cytoplasm, mitochondria and other
organelles, including lysosomes (fig. S3A and B). Because of our previous finding

that intracellular C5aR1 in T cells augments ROS production during Th1 induction

(11), we hypothesized that mitochondrial C5aR1 may impact mitochondrial activity,

the principal source of ROS production in mammalian cells. C5aR1 was expressed on
mitochondria in resting monocytes, specifically the outer mitochondrial membrane, as
evidenced by co-localization with both a mitochondrial stain (Fig. 3A) and with TOM20
(Fig. 3B). This was confirmed by C5aR1 Immunogold staining and electron microscopy
analyses of non-activated THP-1 cells, a human monocytic cell line (fig. S3C). We

also observed colocalization of C5a with mitochondrial-expressed C5aR1 (mtC5aR1) (fig.
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S3D), indicating that Cha is targeted to mtC5aR1 and could exert biological effects on
mitochondria.

To probe whether mtC5aR1 can respond to ligand activation, isolated mitochondria were
exposed to increasing amounts of serum-purified C5a ranging from 5 to 50 ng/ml (C5a
amounts commonly found in circulation range from approximately 20 — 150 ng/ml). To
obtain sufficient pure mitochondria, we utilized non-activated THP-1 cells. High purity of
mitochondria in isolated sub-cellular fractions was confirmed by the absence of Ras-related
protein Rab-11A (RAB11) and tubulin (fig. S3E). Addition of C5a to mitochondria evoked
ROS production, a measure of mitochondrial activity, in a dose-dependent manner, and in
a classic bell-shaped response profile characteristic of C5aR signaling elsewhere (Fig. 3C)
(29). Pre-incubation of mitochondria with the C5aR1 antagonist JPE1375 or PMX53 or
with pertussis toxin (which blocks G protein-coupled receptor (GPCR) signaling) blocked
C5a-driven ROS production (Fig. 3D, and fig. S3F). Collectively, these data indicate that
mitochondria express a functional C5aR1 that responds to specific C5a ligand engagement
and induces ROS production via G protein coupling.

We next assessed the downstream signaling pathway(s) recruited by liganded mtC5aR1

in monocytes and macrophages. GPCR signaling, including that of C5aR1, has been

studied traditionally with a focus on plasma membrane-embedded receptors. Nevertheless,
GPCRs are also observed in cellular sub-compartments (30-32), where they can engage
canonical signal transduction (33). In most cells, G-protein signaling coupled to plasma
membrane-expressed C5aR1 recruits the ERK- MAPK signalosome and modulates levels
of the second messenger cyclic adenosine 3, 5’-monophosphate (CAMP) (34). However,
mtC5aR1 did not activate ERK1/2 phosphorylation in isolated mitochondria but, rather,
diminished ERK1/2 protein concentrations without an effect on the voltage-dependent anion
channel 1 (VDAC1), a central entry and exit portal for nutrients in mitochondria (Fig. 3E,
and fig. S3G). Constitutive activity of mitochondrial-associated ERK1/2 is a requirement
for mitochondrial ATP generation. In line with this, mtC5aR1 stimulation was accompanied
by a significant shift away from ATP towards ADP generation (Fig. 3F) and concomitant
reduction in cAMP (which is generated form ATP) (Fig. 3G), indicating an overall inhibitory
effect of mtC5aR1 on the mitochondrial electron transport chain (ETC) and OXPHOS.
Surprisingly, diminished ATP did not trigger phosphorylation of mitochondrial 5° AMP-
activated protein kinase (AMPK), which is typically observed when ATP concentrations
drop (35) (Fig. 3E, and fig. S3G).

When faced with limited ATP provision from respiration, cells can generate ATP through
glycolysis to meet the bioenergetic demands of effector responses. In fact, high glycolytic
activity is a feature of pro-inflammatory monocytes and macrophages (36). We thus
hypothesized that mtC5aR1 activation may result in metabolic shift and assessed glycolysis
and OXPHOS in human resting and LPS+CC-activated monocytes in the presence or
absence of JPE1375. LPS+CC activation significantly augmented glycolysis vs. coupled
(ATP-producing) respiration (Fig. 3H). This was dependent on mtC5aR1 as the effect

was lost upon intracellular C5aR1 inhibition (Fig. 3H). Interestingly, although intracellular
C5aR1-mediated signals are required for nigericin-driven IL-1f production, nigericin
induced distinct metabolic profiles, which seem rather potentiated by mtC5aR1 inhibition,
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compared to those driven by sensing crystals, (fig. S3H). Thus, metabolic adaptations
initiated by intracellular mtC5aR1 seem adjusted according to the nature of the sensed
DAMP.

The observed reduction in glycolysis upon intracellular C5aR1 inhibition was not due to
limitation of glucose flux as neither expression of the glucose transporter GLUT1 (fig.

S3I and J) nor the uptake of glucose was reduced (Fig. 31 and fig. S3K). As expected,
inhibition of glycolysis by 2-DG strongly reduced IL-1p production by human LPS+CC-
activated monocytes with or without JPE1375 addition to cultures (37) (fig. S3K and

L). Hexokinases (HK) I and Il are initial enzymes of glycolysis and catalyze generation

of glucose-6-phoshate (G6P) from glucose. HKs can be mitochondria-associated where
they control VDAC channel opening, mitochondrial integrity, cell survival and NLRP3
activation (38, 39). Silencing of C5ARZ in human macrophages reduced the release of HKI
from mitochondria in resting and in LPS+CC-activated cells, presumably due to reduced
glycolysis (39) (fig. S3M and N). Together, these data indicate that inhibition of intracellular
C5aR1 does not impair glucose uptake and initiation of glycolytic flux but rather directly
impacts mitochondrial activity. Consistent with this, while the expression of C5aR1 on
mitochondria did not change during priming or crystal-sensing (fig. S30), inhibition of
mtC5aR1 function by JPE1375 affected mitochondrial mass and dynamics (Fig. 3J to N).
Importantly, while high LPS doses normally induce mitochondrial mass (as a measure of
biogenesis) in macrophages (40) and fig. S3P), the priming and CC-sensing conditions used
here to evoke IL-1f production rather led to a decrease in mitochondrial mass (Fig. 3J

and fig. S3Q). Pre-incubation of cells with JPE1375 had no effect on mitochondrial mass

in activated cells but JPE1375 surprisingly increased mitochondrial biogenesis in resting
cells (Fig. 3J and fig. S3Q). Assessment of mitochondrial morphology (41) in CC-sensing
THP-1 cells by confocal microscopy (Fig. 3K) supported a role for the mtC5aR1 in directing
mitochondrial dynamics. We confirmed that mtC5aR1 inhibition increased the mitochondrial
footprint (mass) in resting cells (Fig. 3L) and found that mtC5aR1 blockage decreased
mitochondria intensity in activated monocytes (in line with mitochondrial mass increase
normally accompanying IL-1p generation (42)) (Fig. 3M). Moreover, upon CC-sensing,
mitochondria repositioned within cells to assume a perinuclear localization and JPE1375
treatment led to an increase in the mitochondrial network size (Fig. 3N) without affecting
branch length or size (fig. S3R). In sum, these data show that C5aR1 engagement on
mitochondria changes their dynamics and tips the balance of cellular ATP generation from
the ETC to glycolysis, which typically favors pro-inflammatory IL-1p production, during
crystal sensing.

High fat diet-induced atherosclerosis is driven by macrophage-expressed C5aR1

We next thought to address the significance of macrophage IL-1p induced during

sterile inflammation by C5aR1. A hallmark of ACVD is accumulation of CC-loaded,
pro-inflammatory macrophages in lesional plaques. Success in reducing ACVD in mouse
models using NLRP3 or IL-1p inhibitors demonstrate a key pathogenic role for IL-1f (43).
Bone marrow-derived macrophages (BMDMs) from global C5arZ~/~ mice showed reduced
mature IL-1p secretion upon in vitro CC-sensing when compared to wild type macrophages
(Fig. 4A, and fig. S4A). We next exposed 10-12-week-old male and female atherosclerosis-
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prone mice (global La/r'") that had a specific deletion of C5arZ in myeloid cells

only (Lalr’=C5arfVf L yzM-Cret!=, referred to as Ldl~mC5ar1~'-) and Ldlrcontrol mice
(Lalr’=C5ariVf L yzM-Cre™-) to a high fat (cholesterol) Western diet (high fat diet, HFD)
for 12 weeks. Animals were then euthanized and their hearts (aortic roots) and whole aortas
harvested (Fig. 4B). We observed ~50% less atherosclerosis in the entire aortic area in Ld/r—
mC5ar1™'~ mice compared to the Ldlr”—control animals (Fig. 4C and D). This effect was
sex-specific, as only male mice displayed a significant reduction in lesions, while female
mice were not protected (Fig. 4E). This was neither due to differences in circulating very
low-density lipoprotein (VLDL), low-density lipoprotein (LDL) or high-density lipoprotein
(HDL) at the beginning of the HFD (Fig. 4F), nor to differences in total cholesterol or
triglyceride levels between male and female mice (fig. S4B). Also, primed BMDMs derived
from male and female Ld/—mC5ar1™~ animals produced comparable amounts of mature
IL-1B upon CC exposure (fig. S4C). In line with protection against plague formation, male
LdIr-mC5ar1™'~ mice failed to display the increase in total cholesterol levels normally seen
upon HFD and ACVD and that we observed as expected in control mice (Fig. 4G). Female
Ldlr-mC5ar1~'~ mice, which were not protected from ACVD, showed incremented serum
cholesterol levels, similar to control mice (fig. S4D).

Focusing on the male mice, we also observed fewer necrotic areas in the cross sections of
the aortic roots of Lal—mC5ar1™'~ mice compared to control mice (Fig. 4H and 1). Further,
C5ar1 mRNA levels in the whole aortas of male and female Ld///~ mice that had been

fed a HFD were increased compared to animals on standard chow, while C5ar2 mRNA
levels encoding the alternative C5a receptor 2 (C5aR2, classically regarded as a C5aR1-
inhibitory receptor (19)), were decreased (fig. S4E). This shift in balance of C5aR1 versus
C5aR2 expression was also observed in splenic Ly6CM monocytes which are hallmark
cells of atherosclerosis induced by hypercholesterolemia (fig. S4F). Inflammation-induced
macrophages analyzed ex vivo retained predominantly intracellular expression of the C5aRs
(fig. S4G), suggesting that intracellular C5aR1 engagement in myeloid cells during sterile
inflammation can readily occur /in vivo. In summary, we found myeloid cell-specific C5ar1
activity to be a driver of ACVD induced by a Western diet.

Cell-autonomous C5 drives metabolic adaption and IL-1p secretion upon crystal-sensing

We next explored if IL-1p produced by monocytes or macrophages in mice also requires
mitochondrial C5aR1 signaling, similar to our observations in human myeloid cells. We
confirmed mitochondrial expression of C5aR1 in mouse BMDMs (fig. S5A). We utilized
cells from mouse strains that expressed the LDL receptor normally but lacked C5aR1 (44)
specifically in myeloid cells (C5ar1Vfl LyzM-Cret'=, mC5ar1~~) and a matching control
strain. We included in this analysis BMDMs from a new, custom-generated, floxed YFP-C5
Reporter mouse, crossbred to LyzM-cre mice (C5Vf LyzM-cret!=, mC577) (fig. S5B to D)
and a matching control strain to assess the role of cell-intrinsic C5 in crystal-induced IL-1p
production by mouse macrophages. In line with our data derived from human monocytes
and non-differentiated macrophages, primed BMDMSs from male and female mC5ar1™~ and
mC57'~ animals produced significantly less IL-1f (Fig. 5A) and mitochondrial ROS (Fig.
5B) upon CC exposure when compared to their respective control strain cells. Addition of
recombinant mouse C5a to activated cultures did not rescue reduced IL-1p production (Fig.
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5C). Cell viability was unaffected by C5aR1 or C5 deficiency (fig. S5E), although we noted
an increase in cell death in primed BMDMs from all four mouse strains upon CC uptake.
Mitochondrial integrity seemed unaltered in C5aR1 or C5-deficient BMDMSs because

the release of cytochrome ¢ was comparable among cells from all animal strains, with
exception of C5-deficient cells, that had augmented cytochrome c release upon LPS+CC
stimulation (fig. S5F). Seahorse analysis of C5aR1- or C5-deficient BMDMs showed that
both responded with defective glycolysis during LPS priming and upon CC-sensing (Fig. 5D
and E). Of note, primed C5- but not C5aR1-deficient BMDMs also displayed a significant
reduction in OXPHOS after CC exposure as well as reduced mitochondrial ROS production
in the steady state (Fig. 5E), suggesting that macrophages lacking C5 have additional
metabolic perturbations when compared to C5aR1-deficient macrophages during activation.
Taken together, these data indicate that monocyte- and macrophage-expressed mtC5aR1,
engaged by cell-autonomous intracellular C5a generation, is a key contributor to the sterile
inflammation underlying atherosclerotic disease driven by a HFD.

Macrophage intracellular C5aR1 activity broadly controls sterile inflammation

To solidify the contributions of the myeloid cell-autonomous C5 system to pro-inflammatory
responses during sterile inflammation, we performed two additional sets of /n vivo
experiments in a folic acid (FA)-induced acute kidney injury (AKI) model and thioglycolate-
induced peritonitis model. FA-induced AKI is characterized by an inflammatory phase
mediated by innate immune cells followed by tissue fibrosis and kidney dysfunction (45).
Because complement plays a role in FA-induced AKI, we first utilized male and female
mC5~ mice in this model (Fig. 6A). In line with reduced pro-inflammatory capacity of
C5-deficient macrophages upon CC-sensing (Fig. 5A), mC5™~ mice had significantly lower
serum creatinine concentration and blood urea nitrogen at the peak of disease (day 2),
indicating less severe AKI compared to control animals (Fig. 6B and C). Measurement

of collagen and fibronectin expression (as markers of fibrosis) in the kidneys of animals
harvested at day 14 post FA injection showed a trend towards their reduced expression (Fig.
6D). The histomorphology of kidneys from mC5/~ mice harvested on day 14 showed

mild histomorphologic alterations following FA, while samples from control animals
demonstrated fibrosis and concomitant tubular dilatation and an overall higher pathology
score (Fig. 6E and F). Therefore, deficiency in myeloid cell C5 was protective during
FA-induced AKI. Furthermore, RNA-seq analysis of monocytes isolated from the kidneys of
mice after AKI induction showed perturbed OXPHQOS gene expression (Fig. 6G and Data
file S2), in line with a role for cell-intrinsic C5 in mitochondrial biology.

To compare mC5arl™~ and mC57'~ mice directly in a sterile inflammation model, we
induced peritonitis via thioglycolate injection in both strains and corresponding control
animals (fig. S6A). Neutrophil, monocyte and macrophage composition in the exudate was
similar among all strains, with the exception that mC5arZ~~ mice had reduced numbers

of CD11b-intermediate macrophages (fig. S6B). Unexpectedly though, in this model, LPS-
stimulated macrophages from both mC5ar1~/~ and mC5~~ mice displayed significantly
reduced secretion of TNF but an increase in IL-1p production (fig. S6C and D). We noted
no changes in IL-6 (fig. S6C) or in IL-4 and IL-10 (fig. S6C) secretion, suggesting no gross
M1 vs. M2 imbalance among the animals lacking C5 or C5aR1 in myeloid cells. Stimulated
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C5aR1 and C5-deficient macrophages, however, also had augmented mitochondrial ROS
production (fig. S6E), a trend towards increased cytosolic cytochrome c levels (fig. S6F),
and reduced viability (fig. S6G), all features that are associated with heightened IL-1p
production. Thus, while C5 and C5aR1-deficient macrophages display a congruent /n
vivo phenotype during thioglycolate-induced peritonitis, in this model, the cell-intrinsic
C5-ChaR1 axis drives TNF production and restrains IL-1f generation.

Overall, our data indicate that the cell-autonomous C5 system is an important regulator

of monocyte and macrophage IL-1p production during sterile inflammation. Depending on
the nature and location of the inflammation trigger, however, C5aR1 may exert positive or
negative effects on IL-1f production.

C5aR1 activity supports the inflammatory milieu of atherosclerotic plaques

Last, we probed whether our findings surrounding this intracellular C5aR1 (maladaptive)
activity may extend to human disease. For this, we focused on the IL-1p-driving role of

the mtC5aR1 in ACVD. We first obtained atherosclerotic carotid plaques through carotid
endarterectomy of male and female patients with defined ACVD (table S1). Such freshly
isolated plaques contain immune cells of which inflammatory macrophages and activated

T cells represent the dominant immune cell populations and display evidence of active
IL-1p signaling (46). Dissolving CC in isolated plaques by addition of B-cyclodextrin has
been shown to trigger the normalization of expression of genes encoding for inflammatory
mediators including key complement components and /L 1B and NLRP3 (47). We hence

ex vivo cultured isolated plaques in the presence of either extracellular (PMX53) or extra-
and intracellular (JPE1375) C5aR1 inhibitors or carrier overnight and measured cytokines
secreted into the supernatant by plaque-resident cells. We also performed RNA-sequencing
analyses of the differently treated plaques (Fig. 7A). In line with our /n vitro data (Fig.

1), treatment of plaques with the cell-permeable C5aR1 inhibitor JPE1375 but not with

the non-cell-permeable inhibitor PMX53 significantly reduced IL-1f generation (Fig. 7B).
Other cytokines known to contribute to the specialized environment of carotid plaques, such
as TNF, granulocyte-colony stimulating factor (G-CSF), IL-6, IL-5 and anti-inflammatory
IL-1Ra remained unaffected by either treatment (Fig. 7B, and fig. S7). Neither C5aR1
inhibitor treatment affected the viability of cells in the plaques (Fig. 7C), and we confirmed
that monocytes or macrophages represented the majority of immune cells within the plaques
(Fig. 7D). Interestingly, treatment with either the cell-permeable or non-cell permeable
C5aR1 inhibitor reduced the production of fibroblast growth factor (FGF), a hallmark
growth factor of macrophages in advanced atherosclerotic lesions (48, 49). This observation
may indicate that surface C5aR1 activity of macrophages in plaques serves a specific
function connected to FGF biology (fig. S7). Anti-inflammatory IL-10 secretion was also
reduced by JPE1375 treatment (Fig. 7B), in line with the presence of M1 macrophages in
developing plaques (50) and our finding that JPE1375 reduced M1-generated I1L-10 (fig.
S1S).

To further explore the JPE1375-driven mechanism(s), we performed RNA-sequencing
of the plaques treated with carrier or JPE1375. JPE1375 treatment had, as expected, a
predominantly inhibitory effect on gene expression in plaque-resident cells, down-regulating
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453 genes (Fig. 7E, and Data file S1). Congruent with our /n vitro data, the inhibition

of genes encoding for the general inflammatory response, including that of complement
and TNF signaling were among the most enriched hallmark pathways in carrier-treated
cells versus JPE1375-exposed cells (Fig. 7F and G). Further aligning with a role for the
mtC5aR1, we also noted significant changes in the genes encoding proteins that participate
in mitochondrial membrane activity (Fig. 7H). Additionally, cholesterol metabolism and
lipid pathways underlying atherosclerosis were among the top Kegg pathways normalized
by JPE1375 treatment (Fig. 71). Assessment of the immune cell type connected with the
observed gene changes indicated that myeloid cells and monocytes and macrophages were
indeed the predominant populations responding to JPE1375 treatment (Fig. 7J). C5AR1
gene expression itself was reduced by the C5aR1 inhibitor, indicative of the existence of a
positive C5 system feed-back loop during chronic inflammation in immune cells (Fig. 7K).

To better understand the /in vivorole played by these pathways in plaque-resident cells, we
sourced independent public RNA-sequencing samples from “stable” and “unstable” regions
dissected from carotid plaques obtained during carotid endarterectomy in symptomatic
patients (51). Macroscopic visible zones of plaque rupture had been categorized as unstable
regions. Unstable plaques displayed an engaged inflammatory C5aR1 activation signature:
C5ARI1 expression was significantly higher in unstable plaques compared to stable plaques
(Fig. 7L) and inflammatory responses, which included complement and TNF signaling were
among the most enriched (top ten) hallmark pathways in unstable versus stable plaques
(Fig. 7M and N). Moreover, the cellular response signature of unstable plaques was also
characterized by predominantly myeloid cells and monocytes and macrophages (Fig. 70)
and increased cholesterol and lipid metabolism (Fig. 7P). Together these data suggest that
local/intracellular complement activity and particularly mtC5aR1 signaling in myeloid cells
(Fig. 8) is a major contributor to high fat diet-induced ACVD in humans.

DISCUSSION

Sustained complement activation, triggered by endogenous DAMPs or by non-infective
irritants has long been identified as a driver of sterile inflammation underlying, for
example, gout, kidney fibrosis, and atherosclerosis (16, 23, 52-55). C5aR1 is particularly
relevant to sterile inflammation because activation of C5aR1 on endothelial cells during
heightened complement activation induces an inflammatory state in these cells, while
C5aR1 activation on innate immune cells fosters attachment to the inflamed endothelium,
uptake of antigen, tissue infiltration and induction of a pro-inflammatory effector phenotype
(56). These events together sustain chronic pathologic tissue inflammation. Inflammation-
driving C5aR1-mediated signals on myeloid cells are currently thought to solely originate
from cell surface-expressed C5aR1. Here, we show that the C5aR1 is also present on
mitochondria in monocytes and macrophages and that intracellular mtC5aR1 stimulation
critically contributes to myeloid IL-1p responses underlying sterile inflammation. These
data align well with previous observations that cyclodextrin promotes regression of
atherosclerosis, at least in part, via reducing intrinsic complement activity in plaque-resident
macrophages (47). The unexpected role of intracellular C5 in driving mtC5aR1 signaling

in myeloid cells may explain why reducing C5 activation in the plasma of patients with
ACVD has not proven clinically beneficial (57). Furthermore, a better understanding of the
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functions of complement in sterile chronic inflammation and specifically its role in IL-1f
biology may help in developing alternate therapeutic strategies. For example, although the
CANTOS study demonstrated that inhibiting IL-1p (a well-established driver of ACVD)
therapeutically reduced CVD events in patients with atherosclerosis, the effects were more
modest than anticipated and accompanied by a high incidence of fatal infections (43).

Our studies demonstrated not only the broad importance of intracellular C5aR1 for DAMP
sensing in several disease models, but also showed that mtC5aR1 signaling has non-uniform
effects on cytokine production by monocytes and macrophages. For example, during
thioglycolate-induced peritonitis, the macrophage cell-intrinsic C5 system restrained ROS
and IL-1p production (fig. S6) and enhanced TNF generation. Thus, the net outcome

of mtC5aR1 stimulation on IL-1f production during sterile inflammation appears to be
dependent on the integration of upstream, lateral, and downstream signals. These involve
the sensing monocyte or macrophage sub-population, the nature and strength of the DAMP
trigger (likely dictating the cellular C5a concentrations) and cross-engagement with other
PRR sensor systems (58). In fact, earlier studies utilizing global C5arZ~/~ mice and different
pathogen dosages also noted that C5aR1 deficiency reduced mouse BMDM but increased
peritoneal monocyte IL-1p production upon TLR4 activation in models of sepsis (59, 60).
The differences in the outcome of myeloid cell responses to mtC5aR1 engagement is likely
due to distinct C5aR1 (or other complosome component) expression signatures among
monocytes, macrophages and dendritic cells, as have been noted in both mice and humans
(61-64), and/or to distinct metabolic sensors engaged (65). For example, in human M2,

but not M1, macrophages, ATP sensing is uncoupled from the NLRP3 inflammasome and
IL-1B production is controlled by ROS and the cytoskeleton (66). Accordingly, we also
found IL-1B suppression only in M2, but not M1, macrophages upon mtC5aR1 blockade.
Conversely, mtC5aR1 inhibition reduced IL-10 production in differentiated M1, but not
M2, macrophages (fig. S1). The latter finding probably explains the impact of C5aR1
inhibition on both IL-1p and IL-10 (and possibly also on the TNF pathway gene signature)
of plaque-resident myeloid cells from the CVD patients, as the plaques harbor a mixture of
M1 and M2 (and other) macrophage populations (67).

The identification of the C5aR1 as a mitochondrial modulator of ROS production and
glycogenic vs. non-glycogenic ATP generation aligns with the emerging role of the
complosome as orchestrator of basic biochemical and particularly metabolic reactions. Such
non-canonical intracellular functions of complement are consistent with the fact that other
ancient PRR systems are also involved in basic physiological processes of the cell (68, 69).
Conceptually, our findings are also in line with the fact that a large proportion of GPCRs (or
receptors in general) operate at the cell surface and within intracellular compartments and
that the location of their engagement may dictate the nature of signaling pathways induced
(30). Of note, C5aR1 does not contain a canonical mitochondrial targeting signal and the
molecular mechanism directing C5aR1 subcellular trafficking is unknown, but may be an
interesting area of future research.

Of importance will also be to further define the diverse triggers and modes of mtC5aR1
engagement /n vivo during sterile inflammation (for example, the response to apoptotic cell
sensing) in more depth for potential therapeutic intervention. Here, we explored a model in
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which monocytes ingest CC and engage the C5-NLRP3 inflammasome axis rather rapidly

to trigger IL-1p production. However, mtC5aR1 activity may also be engaged in a more
gradual fashion: Western diet induces the accumulation of minimally modified (mmLDL)

or oxidized (oxLDL) LDL in macrophage lysosomes over time, where they eventually

form crystal (70). Thus, sustained LDL uptake may continuously enhance C3/C5 convertase
formation, intracellular C5a generation and mtC5aR1 activation resulting in a chronic pro-
inflammatory and high IL-1p-producing macrophage phenotype. This model also aligns
with our observation that C5a is, at least in parts, localized to lysosomes. Mitochondria

and lysosomes engage in a heavy crosstalk via the dynamic formation of inter-organelle
membrane contact sites. Perturbations in this interaction underlies multiple human diseases
(71). Such contact sides would also provide a basis for a controlled C5a and mtC5aR1
interaction that may increase during CC accumulation. Another possibility supporting the
C5a-mtC5aR1 interaction could be rupture of CC-loaded lysosomes in over-loaded, stressed,
monocytes (72), which could release C5a to engage C5aR1 expressed by mitochondria in the
vicinity. The latter scenario could potentially employ other complosome components, such
as intracellular C1q (73-75) and/or activated C2 and C4 proteins in an autocrine fashion (fig.
S2) and further underpins the need to define complosome activities across cells.

In addition, although we have focused here mostly on mtC5aR1 regulating ROS and ATP
production, we have likely only explored one facet of mtC5aR1 activity. Mitochondrial-
associated HKs control several key cell physiological events such as cell death, entry of
anionic metabolites into mitochondria, mitophagy, antioxidant defense and mitochondrial
dynamics (38, 39, 76—78). MtC5aR1-controlled release of mitochondrial-associated HKI
observed here (Fig. 3K) could indicate that mtC5aR1 may also impact on other important
cellular processes. Indeed, we noted that mtC5aR1 restrains mitochondrial biogenesis in
resting monocytes. This suggests that mtC5aR1 may also play a homeostatic role in these
cells, a function that we previously established for the intracellular C3aR in T cells (1).

Overall, we suggest that these data have implications beyond understanding the molecular
mechanisms underlying sterile inflammation, as mitochondrial function is a central node
for cellular stress sensing and control of viability in a broad range of acute and chronic
inflammatory responses. Further, it is probable that intracellular C5aR1/mtC5aR1 signaling
is also engaged during sensing of PAMPs such as intracellular pathogens (as has recently
be shown for intracellular C3 (25, 79)) and is, therefore, also involved in infection control.
Thus, therapeutic targeting of intracellular C5aR1 and/or the intracellular C5 system may
have the potential to restore mitochondrial function and reduce inflammation-mediated
tissue injury in multiple disease settings.

MATERIALS AND METHODS
Study design

This study aimed to investigate if human monocytes harbor and engage components of

an intracellular, cell intrinsic, C5 system to produce IL-1p during sensing of endogenous
danger and induction of sterile inflammation. We selected the sensing of crystals in form of
cholesterol (or monosodium urate (MSU)) crystals and measured the impact of inhibition of
C5 expression, intracellular C5a generation, or intracellular C5aR1 engagement via SiRNA
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technique or application of specific inhibitors on IL-1f production by purified human
monocytes and macrophages /n vitro. In vivo significance of observations derived from
these experiments were confirmed by: 1. Using mice with deletions of the C5ar1 or the
C5gene in myeloid cells only, in /n vivo models of sterile inflammation, including a

high fat diet-induced atherosclerosis model, a folic acid-induced kidney injury model, and
a thioglycolate-induced peritonitis model, and 2. By assessing the impact of intracellular
C5aR1 inhibition on inflammatory cytokine production and RNAseq of cells residing in the
carotid plaques of patients with atherosclerosis (n=5) ex vive.

Healthy donors and patients

Mice

Whole blood samples were obtained and processed with ethical and institutional approvals.
For healthy donors, freshly drawn blood or buffy coats were obtained from the NIH

Blood Bank, Bethesda, USA and from St. Olavs Hospital, Trondheim, Norway, the Health
Authorities of South-Eastern Norway (REC number S-04114). All healthy donors gave
informed consent prior to sample collection (male and female donors between 27 and 65
years of age). Five patients with advanced atherosclerosis (see Table S1) were recruited

at Rikshospitallet, Oslo, Norway (study approval REC number 2014/2078). As part of the
ultrasound examination, the total extracranial part of the carotid artery was examined with
B-mode and Doppler analyses. Ultrasound plaque appearance in terms of echogenicity was
classified according to consensus criteria (80). Mean age of the study population was about
67 years, and three patients were male and two females. Exclusion criteria were heart
failure, liver disease, kidney disease, and severe concomitant disease such as infection,
connective tissue disease, or malignancy.

The C5ari™"F! 1 yzMFre mice were provided via Michail S. Lionakis (NIAID, NIH) by Jorg
Kohl (University of Libeck, Germany). The C57BL/10 Lalr'~ mice were obtained from
Taconic. We generated £a/r'~ mice lacking C5aR1 expression specifically in myeloid cells,
including monocytes and macrophages, by crossing La/r~ mice with Carl™'~ Lyz-Mere
animals. The new floxed C5-Yellow Fluorescent Protein (C5YFP) reporter mouse strain
was custom-generated by genOway (Lyon, France) and the methodological approach is
summarized in Supplementary Figure 5. These mice were bred to Lyz-M° animals to
generate mice lacking C5 expression only in myeloid cells. All animals were maintained

in AALAC-accredited BSL2 or BSL3 facilities at the NIH and experiments conducted in
accordance with the GSK Policy on the Care, Welfare and Treatment of Laboratory Animals
and were reviewed by the Institutional Animal Care and Use Committee either at GSK or
by the ethical review process at NIH and performed in compliance with an animal study
proposal approved by the NHLBI Animal Care and Use Committee.

Human monocytes, macrophages, and THP-1 cell line

Monocytes were isolated from blood using the MACS Human CD14* Positive Isolation
Kit (Miltenyi, Biotech Ltd, Bisley, UK). CD14* cells were consistently > 98% pure and
were cultured in 24-well culture plates (5.0 x 10° cells/well) in media containing 10% heat-
inactivated serum. Monocytes were primed with LPS (500 pg/ml) for 2 hrs and stimulated
with CC (500 pg/ml), MSU (150 pg/ml), Nigericin (5 pg/ml) or PBS for 4-6 hrs. To obtain
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human monocyte-derived macrophages (hMDM), CD14* cells were cultured in medium
supplemented with M-CSF (20 ng/ml) for six days with medium change after three days.
Human M1 and M2 macrophages were generated from purified monocytes (see above).
Monocytes were plates at 0.5 x 108 cells in a 24-well plate and supplemented with 20
ng/mL of human GM-CSF (PeproTech, Rocky Hill, NJ; 300-03) for M1 differentiation,
or with 20 ng/mL of human M-CSF (PeproTech, 300-25) for M2 differentiation. Media,
including respective M1 or M2-driving growth factors, was refreshed on day 3. At day

6, M1 macrophages were further polarized with 100 ng/mL human IFN-y (PeproTech,
300-02) and 50 ng/mL LPS and M2 macrophages with 20 ng/mL 1L-13 (PeproTech, 200-
13) and 20 ng/mL IL-4 (PeproTech, 200-04) for 24 hrs. Stimulation with LPS and/or

CC (500 pg/ml) was performed for 4 hrs the next day and cytokines produced by M1

or M2 measured using the LEGENDplex Human Macrophage/Microglia (13-plex) with
Filter Plate (Biolegend, San Diego, CA; Cat# 740502), according to the manufacturer’s
protocol. THP-1 (ATCC, TIB-202) differentiated into a macrophage-like phenotype with
PMA (Sigma Aldrich, P1585; 50 ng/ml) were primed with LPS (100 ng/ml) for 2 hrs and
stimulated with CC (500 pg/ml), MSU (150 pg/ml) or nigericin (5 pg/ml) for 8 hrs. Where
C5aR1 agonists and/or antagonists and/or the cell-permeable Factor B inhibitor were used,
cells were pretreated for 1 hr with the selected compound(s) prior to priming with LPS
and further stimulation with CC, MSU or nigericin. Cell supernatants and cell pellets were
harvested for multiplex cytokine or Western blot analysis and stored at —80 °C.

Human carotid plaques

Atherosclerotic carotid plaques were collected during carotid endarterectomy. Biopsies from
atherosclerotic carotid plaques were placed in Dulbecco’s modified Eagle’s medium (D-
MEM/F12; Gibco) enriched with 30 mg/ml endotoxin-free and fatty acid-free bovine serum
albumin (Sigma Aldrich). The biopsies containing atherosclerotic plaques of each patient
were split into macroscopically equal pieces and treated with non-cell permeable C5aR1
antagonist PMX53 (10 uM), cell permeable C5aR1 antagonist JEP1375 (1uM) or PBS for

6 hrs. Supernatants were harvested for multiplex cytokine analysis and snap frozen plaques
were stored at —80 °C.

Mouse macrophages

To generate bone marrow-derived macrophages (BMDMSs), single cell suspensions of bone
marrow cells from WT, global C5ar1~/~ mice, Ldlr- and myeloid C5arI-deficient mice
(Lalr!"= C5art™™ LyzM-cret!=, Ldlr-mC5ar1™~) and control mice (Lalr’~ C5ar1FV/F!
LyzM-cre”), and myeloid C5deficient mice (C5VF! LyzM-cret!= mC57-) and control
mice (C5VF! LyzM-cre”~) were generated and red blood cells lysed using ACK lysis buffer
(Life Technologies). Cells were plated in 96-well culture plates in media containing 10%
heat-inactivated serum supplemented with mouse M-CSF (20 ng/ml) for 6 days with a
medium change after day three. BMDM were primed with LPS (100 ng/ml) for 2 hrs and
stimulated with CC (500 pg/ml) or MSU (150 ug/ml) for 6 hrs. Supernatant was harvested
and stored at —80 °C until further analysis. Thioglycolate-elicited peritoneal macrophages
were isolated via aspiration of cells from the peritoneal cavity of euthanized mice 3 days
after thioglycollate i.p. injection and enriched by panning in 48-well culture plates for 2 hrs
at 37 °C.
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Mouse high fat diet

Unless indicated otherwise, all mice received a standard non-atherogenic rodent chow. For
dietary intervention studies, experimental mice were fed a Western type (high fat) diet
containing 21% milk fat and 0.2% cholesterol (E15721-347, Ssniff Spezialdidten GmbH,
Soest, Germany) for 10-12 weeks.

Thioglycollate-induced peritonitis

For the induction of sterile peritonitis, mice were intraperitoneally injected with a single
dose of

2% sterile thioglycolate solution (in 0.3M NaHCO3, volume of 200uL; stock solution was
allowed to age for three weeks at room temperature in the dark before injection) and
sacrificed 72 hrs post injection for isolation and characterization of thioglycolate-elicited
peritoneal macrophages.

Cytokine and chemokine measurements

Secreted human IL-1f and IL-10 were measured using the Human IL-13/IL-1F2 DuoSet
Kit or the Human IL-10 Quantikine Elisa kit (R&D Systems, DY 201 and D1000B,
respectively). Additional cytokines, growth factors and proteins (TNF, G-CSF, IL-6, IL-5,
FGF, Arginase, IL-1RA, etc.) were quantified using a custom-assembled Human Multiplex
Cytokine Assay (Bio-Plex; Bio-Rad Laboratories Inc.). Mouse IL-1B measured by either
utilizing the Mouse IL-1 beta/IL-1F2 DuoSet ELISA kit (R&D Systems, DY 401; recognizes
predominantly mature 1L-1), via intracellular staining, or with the LEGENDplex™ Mouse
Inflammation Panel (13-plex) (BioLegend, 140150). The latter kit was also used to assess
the additional mouse cytokines measured in this study.

Activation of purified mitochondria

The crude mitochondrial (Mc) fraction was further assessed for responsiveness towards
Cba activation. Purified Mc were resuspended in mitochondria resuspension buffer prepared
according to Wieckowski ef a/.(81). The solution containing Mc was distributed into equal
volumes and treated with buffer or with increasing amounts of serum purified C5a (5-

100 ng/ml, CompTech) at 30 °C with and without inhibitors for indicated time points.
Mitochondria were then pelleted at 7000 x g, washed, and utilized in subsequent desired
assays.

Confocal microscopy of isolated mitochondria

Mitochondrial fractions were fixed and permeabilized using the Fixation/Permeabilization
kit (BD Biosciences) and stained with the indicated primary antibodies: anti-C5aR1 (1
ug/ml) and anti-TOM20 (1 pug/ml) overnight. After blocking with 20 % human serum, Mc
were stained for 1 hr, at 4 °C, with highly cross-absorbed secondary antibodies (Invitrogen),
at a concentration of 1 ug/mL: goat anti-mouse IgG (H+L) Alexa Fluor 488 (A11034) and
goat anti-rabbit Atto 647N (Sigma Aldrich). Mc were mounted on coverslips using ProLong
Diamond antifade mountant (Invitrogen, P36970), and images acquired using a Leica SP8
STED 3x microscope (Leica Microsystems) with usage of Huyguens and ImageJ softwares
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for image processing. Images were acquired as Z-stacks, through a 63x/1.4 oil-immersion
objective, using 488 nm, 633 nm white laser lines for detection. Z-stacks images were
deconvolved using SVI Huygens before generating single micrographs, with Fiji (version
2.1.0/1.52t) and JaCoP plugin used for detecting C5aR1 and TOM20 colocalization.

Cell death assays

During FACS-based measurements, viability of cells was routinely monitored by cell
staining with an appropriate LIVE/DEAD Fixable Near-IR stain (Thermofisher Scientific).
Lactate dehydrogenase (LDH) assay. Monocytes or macrophages were cultured as indicated
in the experiments. Cell death/cytotoxicity, as determined by LDH release, was assayed in
culture supernatants using a calorimetric LDH Assay Kit (CyQUANT™ LDH Cytotoxicity
Assay; Invitrogen, C20301). A7P production. Cell death was also measured using the
CellTiter-Glo® 3D Cell Viability Assay (Promega, G9681), which assesses overall ATP
production by cells as a measure of viability.

Cytochrome c release measurements

To assess cytoplasmic cytochrome ¢ in human and mouse monocytes or macrophages,
the Human Cytochrome ¢ Quantikine ELISA kit (DCTCO) or the Rat/Mouse Cytochrome
¢ Quantikine ELISA kit (MCTCQO, both from R&D Systems), respectively, were used
according to the manufacturer’s protocol.

Glucose uptake measurement

Glucose uptake capacity by resting and crystal-sensing human monocytes was measured by
uptake of the fluorescent 2-deoxy-D-glucose analog 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)amino]-2-deoxy-D-glucose (2-NBDG; Sigma Aldrich, 72987). Briefly, human monocytes
were resuspended in 250 pl RPMI/10 % FCS containing 20 uM 2-NBDG. Cells were either
left non-activated, primed with LPS for 2 hrs and then exposed to cholesterol crystals for an
additional 2 hrs at 37 °C and 5 % CO,, prior to washing twice with FACS buffer. 2-NBDG
uptake was then assessed by flowcytometry on a FACSCanto 1™ (BD Biosciences) and data
analyzed using FlowJo (FlowJo, LLC).

ADP, ATP, and cyclic AMP production by mitochondria

Time-course measurement of cyclic adenosine monophosphate (CAMP) generation was
performed on purified mitochondria treated with purified C5a (10 or 20 ng/ml) for indicated
time points. The Direct cAMP ELISA Kit (Enzo Life Science, ADI-900-066) was used for
measurements according to the manufacturer’s instructions. For assessment of the ADP/ATP
ratio of mitochondria, the ADP/ATP Quantification Bioluminescent Kit (Sigma Aldrich,
MAK135) was used, according to the manufacturés protocol.

Mitochondrial reactive oxygen species (ROS) quantification

Puriffed mitochondria. 1solated crude mitochondria were incubated with 1 uM of CM-
H,TMROS or 5 uM of MitoSOX (Thermofisher Scientific) reagent at 30 °C, for 30 minutes,
prior to treatment with PMX53 (10 uM) and activation with C5a (see above). The CM-
H,TMROS or MitoSOX fluorescence was then measured using Aex/em= 554576 nm. The
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fluorescence intensity measured from mitochondria without CM-H,TMROS or MitoSOX
treatment served as basal background signal and was subtracted before analysis. Whole
cells. Mitochondrial ROS production in human monocytes was measured by incubating
resting or activated cells (LPS (500 pg/ml, 2 hrs) and/or CC (500 mg/ml, 4 hrs) (with or
without pre-incubation with either PMX53 or JPE1375, 10 uM each for 45 min at 37 °C)
for the final 15 min of culture in 5 pM CellROX™ Green Reagent (Thermofisher Scientific,
C10444) in media without FCS and phenol red. Cells were harvested, washed twice in 1

x PBS, and mitochondrial ROS production assessed by flowcytometry. ROS production in
mouse BMDM or thioglycolate-elicited macrophages was measured in a similar fashion
after appropriate stimulation.

Mitochondrial mass assessment

Human purified monocytes were pre-incubated with either PMX53 or JPE1375 (10 uM) or
carrier solution and left non-activated or were primed with LPS (500 pg/ml, 2 hrs) and/or
CC (500 mg/ml, 4 hrs). The media was then removed and replaced with pre-warmed media
without FCS containing 10 nM of MitoTracker™ Green FM and 50 nM of MitoTracker™
Red FM (Thermofisher Scientific) for 30 min. Cells were washed twice with 1 x PBS

and mitochondrial mass (MitoTracker Green) and membrane potential (MitoTracker Red)
assessed by flowcytometry. Changes in mitochondrial mass were as via (MFI, MitoTracker
Green) / (MFI, MitoTracker Red).

Statistical analyses

Analyses were performed with GraphPad Prism. Data are presented as mean + SEM and
analyzed using either Wilcoxon matched-paired signed rank test, or one-way ANOVA or
wo-way ANOVA, with Bonferroni’s multiple comparison test, as appropriate. Pvalues <
0.05 denote statistical significance. All experiments were carried out in duplicate technical
and biological replicate unless otherwise stated. FACS plots depicted are representative of a
minimum of three replicates (n=3).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Intracellular C5aR1 supports|L-1f production in crystal-sensing monocytes and

macrophages.

(A) Assessment of resting human monocytes for intracellular C5 and C5a and C5aR1

and C5aR2 expression by flow cytometry (representative result of n=5). (B and C) C5
gene expression (B) and C5 protein presence in the Golgi apparatus (C) denote cell-
intrinsic C5 generation (both representative of n=3 donors). (D to F) IL-1p production by
human monocytes pretreated with extracellular C5aR2 agonist or C5aR1/C5aR2 antagonist
(D), the NLRP3 inflammasome inhibitor MCC950 (E) or C5aR1 antagonist PMX53

(low cell-permeability) or C5aR1 antagonist JPE1375 (high cell-permeability) (F) prior
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to LPS priming (2 hrs) and CC exposure for 14 hrs (n=5-8). (G) C5a and C5aR1
colocalization in resting and LPS+CC-activated (6 hrs) monocytes assessed via confocal
microscopy (detection of CC by light microscopy inserted) and Z-stack analysis (lower
panels) (representative of n=>5, original magnification 100 x). (H) Impact of extracellular
(PMX53) or extra- and intracellular (JPE1375) C5aR1 inhibition on IL-1p secretion by
LPS+CC-activated human macrophages (n=4-6). (1) Effect of C5aR1 silencing in human
primed and/or crystal-activated macrophages on active caspase-8 generation (n=3). Cells
were exposed to £. coli for 24 hrs as positive control. (J) Effect of C5aR1 (upper panels)
or C5 (lower panels) knock-down via siRNA technique on IL-1f secretion by CC or MSU
crystal-activated THP-1 cells (h=7-14). (K and L) Impact of C5aR1 (upper panel) or C5
(lower panel) knock-down on IL-1f pro- vs. mature protein levels (K) and /L1B gene
transcription (L) by CC, MSU crystal or nigericin-activated THP-1 cells (n=3). Error bars
in graphs represent mean + SEM. (D-F), (J), two-way ANOVA with Bonferroni’s post-test;
(H), (L), Wilcoxon matched-paired signed rank tests. *p <0.05, **p <0.01, ***p <0.005.
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Fig. 2. Anintracellular C5 convertase drives C5a generation within CC-sensing monocytes.
(A) Effect of TLR4 priming on CFB (left panel) and CFD (right panel) gene expression

in non-activated (NA) or CC-activated (4 hrs) human monocytes (n=4). (B) Detection

of intracellular C3/C5 convertase generation (C3bBb, and/or C3bBbC3b) by confocal
microscopy in non-activated or LPS+CC-timulated monocytes (representative of n=3). (C
and D) Measurement of extra- vs. intracellular C3b (upper panel) and Bb (activated FB,
lower panel) protein amounts in resting and activated monocytes 4 hrs post activation.
Representative FACS plot (C) and combined data plotted (D) (n=4). (E and F) Assessment
of activated and resting monocytes for active (Bb) and non-active FB (E) or for FD (F,
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data shown are representative of n=2). (G) Impact of CFB expression knock-down via
SiRNA (upper panel) on IL-1p production by primed and/or CC-exposed macrophages
(lower panel) (n=4). (H and I) Impact of intra- or extracellular C3 convertase inhibition on
monocyte cell-intrinsic C5a generation and IL-1p production. Human monocytes were left
non-activated or were activated with LPS (100 ng/ml) after pre-incubation with or without
a cell-permeable FB inhibitor (cpFBinh) or anti-FB antibody (Ab) or carrier or control
(Ctrl.) Ab and intracellular C5a assessed by flow cytometry (H) and IL-1p (1) secretion
measured at 4 hrs post activation (n=3). (J) Effects of exogenous C5 or C5a supplementation
on IL-1p production by cpFBinh-treated monocytes /7 vitro. Monocytes were activated

in the presence of cpFBinh w/wo C5 or Cba supplementation and IL-1p measured 8 hrs
post activation (n=3). and Error bars in graphs represent mean + SEM. (A), (J), one-way
ANOVA, (G-I), two-way ANOVA with Bonferroni’s post-test. *p <0.05, **p <0.01.
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Fig. 3. Mitochondrial C5aR1 controls ETC flux and mitochondrial dynamics.
(A) Staining of monocytes for mitochondria and C5aR1, upper panel, and Pearson’s

correlation coefficient for mitochondria-C5aR1 colocalization, lower panel (n=7, original
magnification 100 x). (B) Confocal microscopy assessment of C5aR1 and TOM20
expression on mitochondria isolated from human monocytes. Data are presented as Z-stack
analysis (n=4). (C and D) ROS production by isolated mitochondria after stimulation with
different amounts of C5a (C, n=4) or with 10 ng/ ml C5a in the absence or presence of
PMX53, JPE1375, or pertussis toxin (PTX) pre-incubation (D, n=4-6). (E) Impact of C5a
on ERK1/2 and AMPK-a. phosphorylation in isolated mitochondria assessed by Western
blotting (control VDAC) (data representative of n=4-5 independent experiments). (F and
G) Effect of C5a on purified mitochondrial ADP/ATP balance (F) and cAMP production
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(G) at indicated time points post C5a exposure (n=4-5). (H) Effect of intracellular C5aR1
inhibition on glycolysis (ECAR) versus ATP-coupled respiration in LPS+CC-activated
human monocytes measured at 4 hrs post activation by Seahorse analysis (n=11). (I) Effect
of extra- or intracellular C5aR1 inhibition on 2-DG uptake of monocytes after priming
and/or CC-sensing (n=3). (J) Mitochondrial mass in resting and activated monocytes with
or without PMX53 or JPE1375 pre-incubation (n=3). (L to N) Mitochondrial dynamics

in CC-sensing THP-1 cells with or without JPE1375 treatment. Shown is a representative
image of cells stained with TOM20 and Z-stacks analysis of each treatment condition (K)
and analysis of mitochondrial footprint (L), intensity (M), and mean network size (N)
(n=15-38). Error bars in graphs represent mean + SEM. (C), unpaired ¢tests; (D), (H), (1),
(J), (L—N), two-way ANOVA with Bonferroni’s post-test; (F), (G), one-way ANOVA. *p
<0.05, **p <0.01, ***p <0.005, ****p <0.001.
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Fig. 4. High fat diet-induced atherosclerosisis driven by macrophage-expressed C5aR1.
(A) Mature IL-1p generation of BMDMs from wild type (WT) or global C5arZ~~ mice at

12 hrs post activation with LPS+CC (n=3). (B) Schematic of the high fat (cholesterol or
Western) diet-induced atherosclerosis mouse model and animals (Ld/r- and myeloid C5ar1-
deficient mice, Lal~mC5ar1™=; Ldlr'= C5ariF"F! LyzM-cre*!=) and control mice (Lalr’~
CharIFVF\ [ yzM-cre™) utilized. (C) Representative image of the entire aorta isolated from
a male control or male Ldlr-mC5ar1~'~ mouse with plagues visualized by Sudan 1V staining
(original magnification 0.5 x). (D and E) Quantification of aortic lesions of all mice (D,
n=13) and of mice separated by sex (E, male=5; female=8). (F) Circulating LDL, VLDL,
and HDL in control and Ldl—mC5aR1™~ mice (mix of male and female animals, pooled
plasma, n=7/group) before transfer to a HFD. (G) Total cholesterol levels in male control
and Lal-mC5ar1™~ mice at 12 weeks on either a standard diet (SD) or high fat die (HFD)
(n=5). (H) Heart aortic root plagque size in male control and La/—mC5arI™'~ mice (left
panel, representative image (n=5); original magnification, 50 x) and quantification of lesion
area (right panel). (I) Necrotic area formation through the heart aortic root at indicated
depths. (D), (E), unpaired ttests; (G-I), two-way ANOVA. Error bars in graphs represent
mean = SEM. *p <0.05, **p <0.01.
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Figu_re 5. Cell-autonomous C5 drives metabolic adaption and | L-1p secretion upon crystal-
sensing.

(A an(ﬁj B) IL-1p secretion (A) and mitochondrial ROS production (B) by BMDMs from
male and female mC5ar1~'~ (left panels) or mC57/~ (right panels) mice after priming with
LPS (4 hrs) and subsequent exposure to CC (4 hrs) (n=6). (C) Effect of C5a supplementation
into media on IL-1p production from mC5ar1™= (left panels) or mC5™~ primed BMDMs
upon crystal-sensing (n=3, activation performed as under ‘A”). (D and E) Impact of C5ar1
or C5 deficiency on glycolysis (ECAR) and OXPHOS (OCR) in BMDMs upon LPS
priming and CC sensing. Representative seahorse profile (D) with summarized data (E,
n=3-6). Error bars in graphs represent mean £ SEM. (A), (B), (E), two-way ANOVA with
Bonferroni’s post-test; (C), unpaired ftests. *p <0.05, **p <0.01, ***p <0.001, ****p
<0.0001.
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Figure 6. Macrophage intracellular C5aR1 activity drives pathology in AKI.
(A) Depiction of the folic acid (FA)-induced acute kidney injury (AKI) model used. (B

and C) Measurement of serum creatinine (B) and blood urea nitrogen (BUN) (C) in mice
measured at day 2 post FA injection (n=12-13). (D) PCR analysis of collagen (Col1al)
and fibronectin (F7Z) mRNA in Kidney tissue samples from mice scarified at day 14 post
FA injection (n=7-9). (E and F) Histopathological analysis of kidney biopsies (day 14)
with a representative H&E staining (E, original magnification 10 x) and summarized injury
scores (n=7-10) (F). (G) Barplot showing log2 fold changes of genes involved in oxidative
phosphorylation (OXPHOS) when comparing kidney-derived wild type control or €57/~
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monocytes following FA-induced AKI. OXPHQOS genes were taken from Hallmark and
KEGG collections, and only genes with a log2 fold change > 1 are shown. Error bars in
graphs represent mean + SEM. (B), (C), (F), unpaired #tests. *p <0.05.
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Fig. 7. Intracellular C5aR1 inhibition attenuates the inflammatory milieu of carotid plaques.
(A) Ex vivo system for examining effects of extracellular (PMX53) or extra- and

intracellular (JPE1375) C5aR1 inhibition on the carotid plaque inflammatory ‘state’. Human
atherosclerotic carotid plaques were obtained by carotid endarterectomy (n=5), separated
into macroscopically equal pieces and cultured with either PMX53, JPE1375 or a carrier
solution (16 hrs). Cell supernatants were analyzed for cytokines and cells used for RNA-
sequencing analysis. (B) Effect of C5aR1 inhibition on IL-18, TNF and IL-10 production

(n=5) and (C) on cell viability. (D) Macrophage and T cell composition of plaques as

assessed from gene expression signatures (E) (n=4). (E) Assessment of genes in plaque-
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resident cells affected by JPE1375 treatment. (F) Hallmark immune pathways enriched

in carrier-treated plaques (false discovery rate (FDR) < 0.05) by gene set enrichment
analysis (GSEA) compared to JPE1375-treated plaques. Pathways are ranked by normalized
enrichment score; highlighted are top 4 pathways in red. (G) Representative GSEA plots
showing top ranked pathways from (E). (H and I) Hallmark and GO (H) and Kegg (1)
pathways enriched in 453 genes downregulated in plaques after treatment with JPE1375.
The select pathways are highlighted. Pathways are ranked by FDR. (J) Enrichment of
marker genes from 79 known immune cell types within 453 genes downregulated in plaques
after JPE1375 treatment. (K and L) C5ARI mRNA expression in JPE1375-treated versus
non-treated (NT) plaques (K) and stable versus unstable plaques (L) (n=4). (M and N)
Hallmark pathways enriched in unstable plaques (FDR < 0.05) by GSEA compared to stable
plagues (M) with specific assessment of the complement pathway (N). (O) Enrichment of
marker genes from 79 known immune cell types within 1012 genes highly expressed in
unstable plaques compared to stable plaques. (P) Kegg pathways enriched in 1012 genes
highly expressed in unstable plaques compared to stable plaques. Select top metabolic
pathways are highlighted. Error bars in graphs represent mean + SEM. (B), one-way
ANOVA,; (K), (L), paired ttests. *p<0.05, **p<0.01
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Figure 8. MtC5aR1 contributionsto I L-1B production upon CC-sensing.
Monocytes and macrophages express the C5aR1 constitutively on mitochondria (mtC5aR1)

and continuously generate intracellular C5a via an intracellular C5 convertase. TLR4
engagement by endogenous danger signals (for example, modified LDLSs) triggers a priming
Signal 1 (A) that induces (increased) transcription of the /LZB and CFB genes. Uptake

of CC amplifies cell-intrinsic C5a production by augmented C5 convertase formation and
triggers mtC5aR1 ligation (B). MtC5aR1 activation, in a G protein-coupled fashion (a;),
reduces mitochondrial ERK1/2 phosphorylation, ATP and cAMP formation, and OXPHOS
(C) and simultaneously increases ROS production and glycolysis (D) via reverse electron
transport and also induces detachment of HKI from mitochondria. Together, these events
further elevate /L 1B gene transcription and also provide Signal 2 (B) for the assembly

of the NLRP3 inflammasome and processing of immature pro-IL1f into mature IL-1p

(E). (?), hypothetical provision of C5a to mtC5aR1 via CC-induced lysosomal rupture.
ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate; CC, cholesterol
crystals; GLUT1, glucose transporter 1; HKI/II, hexokinase | (or I1); OXPHQOS, oxidative
phosphorylation; ROS, reactive oxygen species.
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