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Máté G. Kiss, Nikolina Papac-Mili�cevi�c,

Florentina Porsch, ..., Claudia Kemper,

Ziad Mallat, Christoph J. Binder

Correspondence
christoph.binder@meduniwien.ac.at
(C.J.B.),
mate.kiss@mssm.edu (M.G.K.)

In brief

Misregulation of complement cascade is

associated with chronic inflammatory

disease. Kiss et al. report the impact of

local complement regulation on

atherosclerotic lesions, finding that

monocyte-derived complement factor H

limits cell-autonomous alternative

complement activation. This regulation

restricts monocyte-derived

macrophages’ pro-resolving functions

and promotes plaque necrosis in amurine

model of atherosclerosis.
ll

mailto:christoph.binder@meduniwien.ac.�at
mailto:mate.kiss@mssm.�edu
https://doi.org/10.1016/j.immuni.2023.06.026


Please cite this article in press as: Kiss et al., Cell-autonomous regulation of complement C3 by factor H limits macrophage efferocytosis and exac-
erbates atherosclerosis, Immunity (2023), https://doi.org/10.1016/j.immuni.2023.06.026
ll
Article

Cell-autonomous regulation of complement C3
by factor H limits macrophage efferocytosis
and exacerbates atherosclerosis
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SUMMARY
Complement factor H (CFH) negatively regulates consumption of complement component 3 (C3), thereby re-
stricting complement activation. Genetic variants in CFH predispose to chronic inflammatory disease. Here,
we examined the impact of CFH on atherosclerosis development. In a mouse model of atherosclerosis, CFH
deficiency limited plaque necrosis in a C3-dependent manner. Deletion of CFH in monocyte-derived inflam-
matory macrophages propagated uncontrolled cell-autonomous C3 consumption without downstream C5
activation and heightened efferocytotic capacity. Among leukocytes,Cfh expression was restricted tomono-
cytes andmacrophages, increased during inflammation, and coincided with the accumulation of intracellular
C3. Macrophage-derived CFH was sufficient to dampen resolution of inflammation, and hematopoietic dele-
tion of CFH in atherosclerosis-prone mice promoted lesional efferocytosis and reduced plaque size. Further-
more, we identified monocyte-derived inflammatory macrophages expressing C3 and CFH in human athero-
sclerotic plaques. Our findings reveal a regulatory axis wherein CFH controls intracellular C3 levels of
macrophages in a cell-autonomous manner, evidencing the importance of on-site complement regulation
in the pathogenesis of inflammatory diseases.
INTRODUCTION

Complement represents the serum-effective protease cascade

of innate immunity with a critical role in detecting and clearing

invading microorganisms and dying cells.1,2 The proteolytic

cleavage of the central complement component 3 (C3) is the

convergence point in the activation of three separate comple-
ment pathways.3 Although the classical and lectin pathways are

triggered by antibody-mediated antigen binding or carbohydrate

recognition on microbial surfaces, respectively, the alternative

complement pathway is continuously triggered by a tick-over

mechanism acting as its own catalyst.4 The delicate balance in

complement activation is tightly coordinated by a wide array of

regulators that prevent unwanted host tissue damage.5
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While most of the complement components are primarily pro-

duced in the liver, extrahepatic sources of complement exist,

including immune cells.6 In humans, hematopoietic C3 can

contribute up to 5% of the circulating C3 pool after bone marrow

transplantation.7 Complement activation fragments of immune

cell origin can engage complement receptors independent of

their serum-derived counterparts and act in a paracrine or an au-

tocrine manner8–10 to orchestrate cellular immunity, including

lymphocyte function11–13 and opsonization of cyto-invasive bac-

teria,14 viruses,15 and apoptotic cells.16 Furthermore, tonic gen-

eration of bioactive C3 and C5 cleavage products occurs in an

intracellular fashion,17 mediating basic cellular processes.18,19

Based on these observations, on-site complement production

by hematopoietic cells may have a fundamental physiological

relevance in age-related chronic inflammatory disorders that

are characterized by persistent leukocyte infiltration.

Atherosclerosis is a lipid-driven chronic inflammatory disease

and the pathology underlying coronary artery disease (CAD) and

stroke, leading causes of death worldwide.20 Monocyte-derived

macrophages are central to the maladaptive, non-resolving in-

flammatory response during atherosclerotic lesion progres-

sion.21 In contrast to the common notion that the role of comple-

ment in atherosclerosis is primarily driven by serum-derived

complement, there is increasing evidence that complement fac-

tors are actively expressed in atherosclerotic plaques22 with

recent single-cell sequencing data suggesting distinct lesional

macrophage subsets as potential sources of local complement

production.23–25 Although complement proteins have been

long known to be present in human atherosclerotic plaques,26

exhibiting both protective and detrimental properties,27,28 the

pathologic importance of local vis-à-vis systemic complement

in atherosclerotic lesion formation, including the regulation of

cell-autonomous responses, is not well understood.

Complement factor H (CFH) is a key regulator of alternative

complement activation and the most abundant complement

repressor in plasma of mainly hepatic origin.29 By accelerating

the decay of the alternative C3 convertase, CFH inhibits C3

cleavage in the fluid phase30 and on cellular surfaces via binding

to glycosaminoglycans31 andmalondialdehyde epitopes.32 Con-

sequently, global loss of CFH in mice results in uncontrolled sys-

temic complement activation due to the continuous consump-

tion of circulating C3.33 In humans, genetic variants in the CFH

gene, including the common CFH polymorphism rs1061170,

which results in a histidine 402 to tyrosine exchange (Y402H)

and impairs the binding to malondialdehyde epitopes,32 strongly

predisposes to chronic inflammatory diseases, such as mem-

branoproliferative glomerulonephritis and age-related macular

degeneration (AMD).34

Here, we examined the impact of CFH on atherosclerosis

development. There are conflicting results on the association

of the Y402H variant with cardiovascular disease risk,22 and

although CFH was found to be deposited in atherosclerotic le-

sions,35 its role in atherosclerosis remains elusive. We found

that CFH dampens the efferocytotic capacity of macrophages

by controlling their C3 consumption. We could further demon-

strate that CFH derived from inflammatory monocytes and

macrophages is a key contributor to the progression of

atherosclerosis by limiting lesional apoptotic cell clearance.

Our findings propose a key role for on-site vis-à-vis systemic
2 Immunity 56, 1–16, August 8, 2023
complement regulation in the pathogenesis of inflammatory

diseases.

RESULTS

CFH deficiency protects from plaque necrosis in a C3-
dependent fashion
First, to evaluate whether CFH deficiency affects atherosclerosis

and is dependent on its complement-regulatory functions, we

bred C3+/+Cfh+/+Ldlr�/�, C3+/+Cfh�/�Ldlr�/�, C3�/�Cfh+/+-

Ldlr�/�, and C3�/�Cfh�/�Ldlr�/� mice and fed them a western-

type diet (WTD) for 10 weeks. Plasma cholesterol and triglycer-

ide levels were comparable between the groups (Figure 1A),

suggesting no significant impact of either CFH or C3 deficiency

on lipid metabolism. As expected, the absence of CFH led to

diminished circulating C3 levels, while we confirmed that C3

was undetectable in the plasma of C3-deficient mice (Figure 1B).

Consistent with previous findings,27 C3 deficiency led to height-

ened aortic lipid content, while loss of CFH showed no effect

(Figure 1C). Furthermore, in agreement with our recent report,36

CFH-deficient mice displayed an increase in circulating anti-

dsDNA (double-stranded DNA) autoantibodies compared with

Cfh+/+Ldlr�/� controls (Figure S1A). Although both excessive

complement activation37 and systemic autoimmunity38 accel-

erate atherosclerosis, we found no difference in atherosclerotic

lesion size between the groups (Figure 1D). Instead, global loss

of CFH resulted in reduced necrotic core formation and this ef-

fect was reverted in C3�/�Cfh�/�Ldlr�/� mice (Figure 1E), while

independent from bone marrow hematopoiesis, circulating

monocyte levels, and lesional macrophage or collagen content

(Figures S1B–S1E). Thus, CFH promotes necrotic core formation

in a C3-dependent manner.

CFH controls intracellular C3 levels in monocyte-
derived macrophages
Necrotic core formation is typically a consequence of defective

efferocytosis by macrophages during atherosclerosis progres-

sion.39 CFH promotes inflammation in AMD.40 The proposed

mechanism involves subretinal accumulation of mononuclear

phagocytes due to the blockade of TSP1-dependent CD47 acti-

vation. However, CD47 activation seemed unlikely to mediate

the protective effect of CFH deficiency in atherosclerosis, as

pharmacological inhibition of CD47 prevents lesion formation

by restoring efferocytosis41 and our results indicate a C3-depen-

dent role for CFH in necrotic core formation. Therefore, we

wondered whether CFH modulates inflammation by mediating

C3 activation on a cellular level.

To test this, we first treated bone-marrow-derived macro-

phages (BMDMs) from wild-type (WT) mice with inflammatory

stimuli and measured C3 production. Both interferon-gamma

(IFNg) and lipopolysaccharide (LPS) treatment led to increased

C3 expression and intracellular C3 accumulation (Figure S2A).

Next, we isolated monocyte-derived macrophages (Mo-Macs)

or resident macrophages (Res-Macs) from the peritoneal cavity

of mice injected with or without the sterile inflammatory trigger

thioglycolate, respectively. Mo-Macs had higher C3 production

relative to Res-Macs (Figure S2B). Notably, surface-bound levels

of C3 were minute (Figure S2C) and comparable between Mo-

Macs and Res-Macs (Figure S2D). As C3 activation is tightly
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Figure 1. Global complement factor H deficiency protects from necrotic core formation in a C3-dependent manner

C3+/+Cfh+/+Ldlr�/�, C3+/+Cfh�/�Ldlr�/�, C3�/�Cfh+/+Ldlr�/�, and C3�/�Cfh�/�Ldlr�/� mice were fed an atherogenic diet for 10 weeks (n = 12, 14, 14, and 18,

respectively; pooled from two independent experiments).

(A) Plasma cholesterol and triglyceride levels measured by an automated enzymatic method.

(B) Total plasma C3 levels quantified by ELISA.

(C) Quantitative analysis of atherosclerosis of the whole aorta. Data are expressed as percentage of Sudan IV-stained area of the entire aorta. Representative

images are shown.

(D) Quantification of aortic root plaque size. Values represent the average mm2 of nine sections throughout the entire aortic origin. Representative images of

Masson’s trichrome-stained sections are shown. Original magnification, 503; scale bars, 200 mm.

(E) Assessment of necrotic core formation in cross sections at the aortic origin. Bars indicate the percentage of necrotic area per total lesion area throughout the

entire aortic origin. Representative images are shown. Original magnification, 503; scale bars, 200 mm. Each symbol represents individual mice. Mean ± SEM,

statistical significance was evaluated by one-way ANOVA followed by Tukey’s multiple comparison test (*p < 0.05, **p < 0.01, ****p < 0.0001).
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coupled to subsequent C5 consumption, we compared C3 and

C5 production by Mo-Macs. Remarkably, while Mo-Macs ex-

pressed and secreted substantial amount of C3, we did not

observe detectable C5 either on themRNA or on the protein level

(Figure 2A).

Mo-Macs are derived from circulating Ly6Chi monocytes that

infiltrate the peritoneum upon challenge.42 Intracellular flow cy-

tometry staining revealed that >80% of infiltrating peritoneal

Ly6Chi monocytes contained C3 (Figure S2E), whereas patrolling

Ly6Clo monocytes had minimal C3 content (Figure 2B). More-

over, peritoneal C3+Ly6Chi monocytes displayed elevated sur-

face levels of the macrophage markers F4/80 and C5aR1, indi-

cating that C3 accumulation is associated with macrophage

differentiation (Figure S2E). Finally, we quantified total cell-asso-

ciated C3 levels and found that peritoneal Mo-Macs and inflam-

matory Ly6Chi monocytes contained >103more intracellular C3

compared to Res-Macs or unchallenged circulating Ly6Chi

monocytes (Figure 2C).

Having identified a robust potential for Ly6Chi Mo-Macs to

produce C3, we aimed to determine whether loss of CFH influ-
ences intracellular C3 levels. We sorted Ly6Chi monocytes from

the peritoneum of thioglycolate-injected Cfh+/+ and Cfh�/�

mice, and, intriguingly, monocytes from Cfh�/� mice contained

less intact C3 compared with controls (Figure 2D). Consistent

with this, CFH-deficient Mo-Macs had dramatically reduced

cell-associated C3 levels (Figure 2E), which was due to a

decrease in the intracellular C3 pool (Figure 2F). This appeared

to be a consequence of enhanced C3 consumption, as judged

by a concomitant increase in intracellular C3a levels (Fig-

ure S2F) and a higher C3a/C3 ratio (Figure 2G). Intracellular

complement activation drives C5aR1-dependent NLRP3 in-

flammasome activity in human T cells.19 In line with the lack

of C5 expression in Mo-Macs, CFH deficiency did not induce

the proinflammatory C5a-inflammasome axis, as macrophages

from Cfh+/+ and Cfh�/� mice displayed comparable inter-

leukin1-beta (IL-1b) secretion (Figure S2G). These data demon-

strate that uncontrolled cell-autonomous C3 consumption as a

result of CFH deficiency does not trigger downstream C5

activation in macrophages, including the proinflammatory

sequelae.
Immunity 56, 1–16, August 8, 2023 3
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Figure 2. Complement factor H controls cell-autonomous C3 activation in monocyte-derived macrophages and delays the resolution of

inflammation

(A) C3 and C5 mRNA and protein levels of monocyte-derived macrophages (Mo-Macs) from thioglycolate-injected mice measured by real-time qRT-PCR

and ELISA.

(B) C3 mean fluorescence unit (MFI) of peritoneal Ly6Chi and Ly6Clo monocytes of thioglycolate-injected mice, determined by intracellular flow cytometry.

(C) Intracellular C3 levels normalized to cellular protein content in cell lysates of sorted circulating Ly6Chi monocytes and resident peritoneal macrophages (Res-

Macs) from unchallenged mice as well as Ly6Chi monocytes, and Mo-Macs from thioglycolate-injected mice, quantified by ELISA.

(D) Intracellular C3 levels of peritoneal Ly6Chi monocytes of thioglycolate-injected Cfh+/+ and Cfh�/� mice quantified by ELISA. Representative histograms show

C3 levels within peritoneal Ly6Chi monocytes assessed by intracellular flow cytometry.

(E–G) Characterization of Mo-Macs in the peritoneal lavage fluid of thioglycolate-injected Cfh+/+ vs. Cfh�/� mice.

(E) Intracellular C3 levels of adherent Mo-Macs by ELISA.

(F) Bar graphs and representative cytometry plots show surface and intracellular C3 staining of Mo-Macs measured by flow cytometry.

(G) C3a/C3 ratio, a measure of complement activation, as judged by total intracellular C3a and C3 levels in lysates of adherent Mo-Macs quantified by ELISA.

(H–L) Characterization of the resolution of inflammation in the peritoneal lavage fluid of Cfh+/+ vs. Cfh�/� mice 2, 24, 72, and 168 h after thioglycolate injection.

Absolute numbers of (H) Mo-Macs and (I) neutrophils, quantified by flow cytometry.

(J) Resolution curves and (K) the corresponding resolution interval, calculated by the resolution indices extrapolated from the curves, are shown. PMN, poly-

morphonuclear neutrophils; MONOs, monocytes.

(L) Absolute numbers of early (AnnV+7-AAD�) and late (AnnV+7-AAD+) apoptotic cells, assessed by flow cytometry. AnnV, Annexin V; 7-AAD, 7-aminoactinomycin

D. Each symbol represents individual mice. Data are representative of at least three independent experiments. Mean ± SEM, two-tailed Student’s t tests

(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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To explore the relevance of altered intracellular C3 levels in the

kinetics of sterile inflammation, we subjected Cfh+/+ and Cfh�/�

mice to thioglycolate-induced sterile peritonitis over multiple

time points. Despite no effect of CFH on steady-state peritoneal

macrophage numbers (Figure S2H) or on the initiation of inflam-

mation, Cfh�/� mice displayed accelerated resolution of sterile

peritonitis, as indicated by a robust reduction in peritoneal Mo-

Macs comparedwith controls (Figure 2H). Because efferocytosis

is key for the resolution of sterile peritonitis,42 we next monitored

in vivo neutrophil efferocytosis and calculated resolution indices

and interval according to Bannenberg et al.43 Although early
4 Immunity 56, 1–16, August 8, 2023
neutrophil infiltration (Figure 2I) and CXCL1 levels (Figure S2I)

were comparable in the peritoneal lavage fluid of Cfh+/+ and

Cfh�/� mice, loss of CFH led to a sharp decrease in neutrophil

numbers 24 h post injection (Figure 2I), indicative of accelerated

efferocytosis of dying neutrophils. Consequently, we predicted

the respective Jmax (maximum neutrophil numbers) values and

projected our dataset on resolution curves (Figure 2J). We

extrapolated an R50 (time point at which neutrophils

decrease by 50%) of 24 h for the control group, while R50 was

18 h in CFH-deficient mice. These led us to estimate that the res-

olution interval (RI) of Cfh+/+ mice is approximately 12 h, while
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Cfh�/�mice displayed a considerably faster RI, ca. 6 h, which led

to a 3.3-fold increase in neutrophil clearance over 24 h (Fig-

ure 2K). Similar findings were made using zymosan-induced

sterile peritonitis (Figure S2J). Furthermore, we calculated the

point of intersection (IPMN = MONO; the time point when the in-

crease in Mo-Macs intersects the decrease of neutrophils).

Although this index was approximately 36 h in the control group,

we calculated an IPMN = MONO of 20 h in CFH-deficient mice,

further supporting accelerated resolution upon CFH deficiency

(Figure 2J). Accordingly, Cfh�/� mice had fewer early (AnnV+7-

AAD�) and late (AnnV+7-AAD+) apoptotic cells in the peritoneal

cavity throughout the course of peritonitis (Figure 2L). Taken

together, these indices led us to conclude that loss of CFH har-

bors a 1.8–2.03 faster pro-resolving capacity following an acute

inflammatory challenge.

CFH-deficient macrophages display heightened
efferocytotic capacity
To perform functional validation of the pro-resolving capacity of

CFH-deficient macrophages, we carried out ex vivo efferocyto-

sis assays in which equivalent numbers of isolated peritoneal

Mo-Macs from Cfh+/+ and Cfh�/� mice were incubated with

chloromethylfluorescein diacetate (CMFDA)-labeled apoptotic

macrophages for 1.5 h. Subsequent quantification of CMFDA+

Mo-Macs by flow cytometry revealed that CFH-deficient macro-

phages indeed display heightened efferocytotic capacity

compared with WT macrophages (Figure 3A). Cleavage prod-

ucts of C3 are potent opsonins and are required for efficient

phagocytosis by macrophages.44 Therefore, we enumerated

the presence of C3 on apoptotic Mo-Macs and found that

Cfh�/� mice display a slight increase in the frequency of C3-

coated 7-aminoactinomycin D+ (7-AAD+) apoptotic cells in the

peritoneal cavity (Figure 3B), suggesting enhanced opsoniza-

tion. To test whether opsonization alone is responsible for the

heightened efferocytotic capacity of CFH-deficient Mo-Macs,

we repeated our assay in the presence of WT or CFH-deficient

sera. Exposure to Cfh�/� serum did not influence the uptake of

CMFDA-labeled apoptotic cells of Cfh+/+ Mo-Macs, and effero-

cytosis by Cfh�/� Mo-Macs was also unaffected by CFH-

competent serum (Figure 3C). These observations suggest that

independent of increased opsonization, cell-intrinsic mecha-

nismsmay shape the potent efferocytotic signature of CFH-defi-

cient macrophages.

To decipher how loss of CFH licenses C3-dependent pro-ef-

ferocytotic functions, we performed RNA sequencing (RNA-

seq) of Mo-Macs from Cfh+/+ and Cfh�/� mice. Expression of

over 1,000 genes was significantly altered (q < 0.1; Figures 3D,

S3A, and S3B) and Enrichr-based pathway analysis45,46 re-

vealed that genes associated with the complement cascade

were primarily upregulated in CFH-deficient Mo-Macs, again

underlining the relevance of cell-autonomous complement in

macrophages (Figure 3E). Other differentially regulated path-

ways included focal adhesion, inflammatory responses, and

eicosanoid synthesis (Figure 3E). Confirming our previous obser-

vations, the regulation of apoptotic cell clearance, i.e., efferocy-

tosis, was identified as the top biological process affected by

CFH deficiency (Figure 3F). We next aimed to identify the molec-

ular mechanisms that are accountable for heightened efferocy-

tosis upon loss of CFH. In general, many hallmark genes of a
disease-relevant macrophage subset23,47–50 defined by high

Trem2 and Spp1 expression were downregulated in Mo-Macs

of Cfh�/� mice (Figure S3C), and we confirmed diminished

Spp1 transcript levels upon CFH deficiency in sorted Mo-Macs

(Figure S3D). In parallel, CFH deficiency was associated with a

marked upregulation of genes that are reminiscent of a resi-

dent-like macrophage phenotype (Figure S3C). Among these—

in particular—we identified a high abundance of cell-surface re-

ceptors, including Marco, Fcgr2b, and Timd4, as well as the

complement receptors Itgam and Vsig4 (Figure 3G) that trigger

an autophagy-related process involved in efficient efferocytosis,

called LC3-associated phagocytosis (LAP).51,52 LAP promotes

rapid phagolysosomal fusion and the hydrolytic degradation of

apoptotic material by conjugating lipids to LC3-bound phagoso-

mal membranes,39,53 and, notably, intracellular C3 promotes

LC3-driven autophagic flux in an ATG16L1-dependent

manner.14,54 Therefore, we first validated the heightened surface

expression of the respective LAP-associated receptors on Cfh�/

� Mo-Macs (Figure 3H) and evaluated the conversion of cellular

LC3-I to the lipidated LC3-II form by western blotting. Impor-

tantly, lysates of Cfh�/� Mo-Macs displayed an elevated LC3-

II/LC3-I ratio compared with WT controls (Figure 3I), consistent

with heightened LAP. Next, to verify that CFH deficiency pro-

motes LAP via increased cell-associated C3 consumption, we

supplemented Mo-Macs with increasing concentrations of puri-

fied C3 and confirmed C3 consumption by detecting elevated

cell-associated C3a levels (Figure S3E). C3 supplementation

increased the expression of Timd4—and especially Vsig4—by

Mo-Macs in a dose-dependent manner (Figure 3J) and led to

elevated LC3 conversion (Figure 3K). These data indicate that

increased activation of cellular C3 promotes the emergence of

phenotypically resident-like macrophages with high efferocy-

totic capacity.

We then sought to determine whether LAP blockage could

delay the resolution of peritonitis in CFH-deficient mice. First,

we treated CFH-deficient Mo-Macs with bafilomycin A1

(BafA1) prior to feeding them with pHrodo-labeled apoptotic

macrophages. BafA1 is a specific vacuolar H + ATPase (V-

ATPase) inhibitor that does not impact the lipidation of LC3

during autophagosome formation in canonical autophagy but

specifically inhibits LC3 lipidation during LAP.55 Accordingly,

BafA1 exposure dampened the efferocytotic capacity of CFH-

deficient Mo-Macs (Figure 3L). Next, we injected WT and CFH-

deficient mice with BafA1 or PBS, 6 and 30 h post thioglycolate

injection (Figure 3M), in a dose equivalent to previous re-

ports.56,57 BafA1 treatment dampened the resolution of sterile

peritonitis, as judged by increased numbers of inflammatory

Mo-Macs in the peritoneum of BAfA1-treated mice relative to

their respective PBS-injected controls (Figures 3N, S3F, and

S3G), and led to a more robust, over 2-fold delay in resolution,

specifically in the CFH-deficient group, suggesting a blunted

clearance of dying macrophages (Figures 3O and S3G).

Together, our findings demonstrate that CFH inhibits efficient ef-

ferocytosis by controlling C3-mediated LAP.

Local CFH production by inflammatory monocytes/
macrophages perpetuates inflammation
Having established a prominent role for CFH in C3-mediated

efferocytosis, we next wondered whether CFH production by
Immunity 56, 1–16, August 8, 2023 5
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Figure 3. Complement-factor-H-deficient macrophages display heightened efferocytotic capacity

(A) Ex vivo efferocytosis assay using adherent Mo-Macs isolated from the peritoneal cavity of thioglycolate-injected Cfh+/+ vs. Cfh�/� mice. Percentages of

CMFDA+ efferocytotic Mo-Macs were quantified by flow cytometry. Representative histograms are shown.

(B) Assessment of opsonization, as judged by the percentage of C3+ and 7-aminoactinomycin D+ (7-AAD) double-positive Mo-Macs in the peritoneal cavity of

Cfh+/+ and Cfh�/� mice, determined by flow cytometry.

(C) Ex vivo efferocytosis assay showing percentages of CMFDA+ efferocytotic Mo-Macs, quantified by flow cytometry.

(D–I) Characterization of Mo-Macs in the peritoneal lavage fluid of thioglycolate-injectedCfh+/+ vs.Cfh�/�mice. (D) Volcano plot of genes with expression change

exceeding a factor of 1.5 (q < 0.1) from a genome-wide transcriptome profiling by RNA sequencing. (E and F) Enrichr analysis. The eight most overrepresented

(E) biological pathways as well as (F) biological processes of all differentially expressed genes between wild-type and CFH-deficient Mo-Macs are shown. Color

coding (E) represents the number of genes featured in each pathway. (G) Heatmap of LAP-associated genes upregulated in CFH-deficient macrophages. (H) Fold

change in mean fluorescence intensity (MFI) of the surface levels of CD16/32, TIM4, VSIG4, CD11b, and MHCII on CFH-deficient Mo-Macs compared with

controls, measured by flow cytometry. (I) Western blot analysis of intracellular LC3-I and LC3-II levels in lysates of Mo-Macs isolated from the peritoneal cavity of

thioglycolate-injected Cfh+/+ vs. Cfh�/� mice. A representative blot is shown.

(J) Real-time qRT-PCR analysis of Itgam, Timd4, and Vsig4 transcript levels of ex vivo peritoneal Mo-Macs of thioglycolate-injected mice supplemented with

increasing concentrations of purified mouse C3.

(K) Western blot analysis of intracellular LC3-I and LC3-II levels in lysates of Mo-Macs incubated with or without purified C3 (1 mg).

(L) pHrodo positivity and MFI of CFH-deficient Mo-Macs following bafilomycin A1 (BafA1; 200 nM) treatment and pHrodo+ apoptotic cell loading, measured by

flow cytometry.

(M) Schematic representation of BafA1 treatment of Cfh�/� mice.

(N and O) Absolute numbers of Mo-Macs with corresponding flow cytometry plots (N) and (O) total counts of 7-AAD+ Mo-Macs in the peritoneal cavity of Cfh�/�

mice, injected with or without BafA1 after thioglycolate injection, quantified by flow cytometry. Pool of two independent experiments. Each symbol represents

individual mice. Mean ± SEM, two-tailed Student’s t tests (*p < 0.05, **p < 0.01, ****p < 0.0001).
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leukocytes affects the resolution of inflammation. We first investi-

gated the expression profile of Cfh, along with other canonical

complement repressors among various immune cell subsets of
6 Immunity 56, 1–16, August 8, 2023
murine splenocytes. We found a unique expression pattern

for Cfh with a restriction to monocytes, while other regulators

were either undetectable (C4bp, Cfhr1, Cfhr2, Clu, Vtn, Cpn1,
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Figure 4. Monocyte/macrophage-derived complement factor H is sufficient to delay the resolution of inflammation
(A) Single-cell RNA-seq data from wild-type spleen, represented by t-distributed stochastic neighbor embedding (t-SNE). Left side demonstrates the clustering

and annotation of splenic immune cell subsets. Gene expression profile of Cfh is shown.

(B) Relative gene expression ofCfh in fluorescence-activated cell sorting (FACS)-sorted splenic immune cell subsets of unchallengedmicemeasured by real-time

qRT-PCR. Data are shown relative to Cfh expression in Ly6Chi monocytes.

(C) Real-time qRT-PCR analysis of C3 and multiple complement-regulatory proteins (Cfh, C4bp, Fhr-b, Cfi, Cfd, CD55, CD55b, Cr1l) in circulating Ly6Chi

monocytes sorted from the blood of thioglycolate-injected vs. control mice.

(D) Total secreted CFH levels in the supernatant of Mo-Macs treated with 100 ng/mL IFNg.

(E–L) Lethally irradiated wild-type mice were reconstituted with bone marrow from Cfh+/+ vs. Cfh�/� mice and were subjected to thioglycolate-induced sterile

peritonitis 10 weeks after transplantation (n = 5 vs. n = 6, n = 3 vs. n = 6 of two independent experiments). (E) Schematic representation of chimeric models of CFH

deficiency. (F) C3 concentration in the serum, peritoneal lavage fluid, as well as cell-associated C3 levels normalized to cellular protein content in lysates of

adherent Mo-Macs of bone-marrow-chimeric mice measured by ELISA. (G) Bar graphs and representative flow cytometry plots show intracellular C3 levels

of Mo-Macs measured by flow cytometry. (H) C3a/C3 ratio, a measure of complement activation, as judged by total intracellular C3a and C3 levels in lysates of

adherentMo-Macs quantified by ELISA. (I) Fold change inmean fluorescence intensity (MFI) of the surface levels of CD11b, TIM4, VSIG4, andMHCII onMo-Macs

of bone-marrow-chimeric mice, measured by flow cytometry. (J and K) Mo-Macs absolute numbers (J) and frequency (K) of late apoptotic (AnnV+ 7-AAD+) Mo-

Macs in the peritoneal lavage fluid of bone-marrow-chimeric mice 72 h after thioglycolate injection, quantified by flow cytometry. Representative plots are shown.

Each symbol represents individual mice. Mean ± SEM, two-tailed Student’s t tests (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Cd59, Cd55b) or ubiquitously expressed (Cr1l, Cd55) (Figures 4A

and S4A). We confirmed our findings by real-time qRT-PCR anal-

ysis of sorted splenic leukocyte subsets, which further revealed

that inflammatory Ly6Chi monocytes predominantly account for

Cfh expression (Figure 4B), suggesting an inflammatory regulation

of CFH production by monocytes. Indeed, we could demonstrate

that expression of Cfh is induced in circulating Ly6Chi monocytes

of thioglycolate-injected mice (Figure 4C), and isolated Mo-Macs

were capable of secreting CFH in an IFNg-inducible manner

(Figure 4D).

Given the observation that CFH is the sole complement regu-

lator with a compartmentalized expression pattern, we investi-
gated the significance of monocyte-derived CFH during inflam-

mation. We transplanted Cfh�/� mice with Cfh�/� or Cfh+/+

bonemarrow and subjected them to sterile peritonitis (Figure 4E).

Although reconstitution of CFH production in the hematopoietic

compartment of CFH-deficient mice did not affect C3 levels in

the serum or in the peritoneal lavage fluid, it did normalize intra-

cellular C3 levels in Mo-Macs (Figures 4F and 4G), which was

accompanied by a robust decrease in cell-associated C3a/C3

ratio (Figure 4H). Furthermore, peritoneal Mo-Macs of CFH-

competent bone-marrow-chimeric mice displayed reduced

transcript levels (Figure S4B) and decreased surface expression

(Figure 4I) of LAP receptors. Intriguingly, hematopoietic CFHwas
Immunity 56, 1–16, August 8, 2023 7
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Figure 5. Complement factor H dominates local complement expression in aortic macrophages

(A–D) Ldlr�/� mice were fed a standard diet (SD) or western-type diet (WTD) for 12 weeks (n = 8 vs. n = 10). Real-time qRT-PCR analysis of Cfh and C3 transcript

levels in (A) and (C) circulating and splenic Ly6Chi monocytes and in (B) and (D) total liver samples. Data are expressed relative to gene expression in SD-fedmice.

(E and F) Relative expression of (E) fluid-phase complement-regulatory proteins (Cfh, Cfhr2, C4bp, Cpn1, Serping1, Clu, and Vtn) as well as (F) complement cascade

components inCD45+CD11b+CD64+macrophagessorted fromplaquesofWTD-fedLdlr�/�mice.Dataareexpressedas transcriptspermillion (TPM) relative toCd68gene.

(G) Expression of complement repressors in aortic leukocyte subsets from a meta-analysis of nine single-cell RNA sequencing studies. Average expression level

(log2 scale) indicated by saturation of blue (dark blue is highest, with minimum scaling to 0). Dot size represents relative percentage of cells that expressed the

corresponding genes within each cluster.

(H) Schematic representation of mixed 1:1 bone marrow transplantation experiment from control (WT, CD45.1) and CFH-deficient (CFH KO UBI-GFP, CD45.2)

into Ldlr-deficient (Ldlr�/� CD45.2) mice, following a 12-week WTD feeding.

(I) Percent of chimerism among blood Ly6Chi monocytes at harvest with a representative dot plot, quantified by flow cytometry.

(J and K) (J) Mean fluorescence intensity (MFI) of surface levels of CD11b, MHCII, TIM4, and VSIG4 and (K) percent of chimerism among aortic macrophages,

measured by flow cytometry. Each symbol represents individual mice. Mean ± SEM, two-tailed Student’s t tests (*p < 0.05, ****p < 0.0001).
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sufficient to delay resolution, as judged by increased numbers of

Mo-Macs (Figure 4J) as well as higher frequency of late

apoptotic macrophages (Figure 4K) in the peritoneal lavage fluid

of Cfh+/+ bone-marrow-chimeric mice. Thus, our data demon-

strate the significance of hematopoietic CFH production in regu-

lating C3 consumption by macrophages and support a func-

tional role for local complement regulation during inflammation.

Alternative pathway components dominate local
complement production in atherosclerotic lesions
Ly6Chi monocytes are hallmark cells of atherosclerosis being

induced by hypercholesterolemia and accumulating in athero-
8 Immunity 56, 1–16, August 8, 2023
sclerotic lesions, where they differentiate to inflammatory mac-

rophages.58 Therefore, the negative effect of monocyte-derived

CFH on efferocytosis could explain the observed protective

role of CFH deficiency in atherosclerosis. Importantly, we could

demonstrate increased Cfh expression in both blood as well as

splenic Ly6Chi monocytes of Ldlr�/� mice fed a WTD compared

with standard-diet-fed (SD) mice (Figure 5A). Of note, Cfh

expression in total liver tissue was not induced by WTD (Fig-

ure 5B) and directly correlated with the extent of myeloid cell

infiltration indicated by Itgam expression (Figure S5A), suggest-

ing that hypercholesterolemia triggers Cfh expression primarily

in monocytes. We also found that Cfh is the most abundant
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soluble complement regulator in CD45+CD11b+CD64+ aortic

macrophages isolated from atherosclerotic lesions of WTD-

fed Ldlr�/� mice (Figure 5E). Concomitantly, transcript levels

of C3 were also upregulated in blood and splenic Ly6Chi mono-

cytes (Figure 5C), while unchanged in the liver of Ldlr�/� mice

upon hypercholesterolemia (Figure 5D), and were also present

in sorted lesional macrophages of WTD-fed Ldlr�/� mice

(Figure 5F).

Next, we characterized the complement signature of plaque-

infiltrating leukocytes from atherosclerotic mouse aortas in a

comprehensive meta-analysis of single-cell RNA-seq (scRNA-

seq) studies.59 Again, we confirmed that among complement

regulators, Cfh was expressed at the highest levels by aortic im-

mune cells, exceeding the expression of membrane-bound

complement regulators (Cd55, Cr1l), while other soluble repres-

sors were barely detectable (Clu, Serping1, Cpn, Cfhr2) or not

detectable at all (C4bp, Vtn) (Figure 5G). Furthermore, Cfh

showed a unique expression pattern restricted to myeloid cells

(predominantly monocytes and macrophages) and was particu-

larly enriched in the subset of resident-like macrophages (Fig-

ure 5G). These cells potentially derive from infiltrating mono-

cytes, which adapt a bona fide resident aortic macrophage

phenotype of prominent phagocytotic signature.23 Of note,

expression of upstream alternative complement activators,

such as properdin (Cfp) or factor B (Cfb), was also augmented

by Ly6Chi monocytes in response to a WTD (Figure S5B) and

showed differential upregulation in resident-like aortic macro-

phages (Figure S5C), which suggests substantial on-site pro-

duction of alternative pathway components in atherosclerotic le-

sions. In parallel, neither C5 nor C9 were expressed in sorted

aortic macrophages (Figure 5F), and both C5 and C9 mRNA

were absent in all cell clusters of our meta-analysis (Figure S5D).

These data suggest that plaque-infiltrating cells have the capac-

ity to contribute to local complement activity, however, only at

the level of C3. Thus, macrophage-derived CFH may promote

disease progression by repressing C3 activation at the local

milieu of atherosclerotic plaques.

To investigate whether CFH-deficient macrophages have an

intrinsic advantage in clearing dead cells, we performed a mixed

bone marrow transplantation study. We transplanted bone

marrow at a 1:1 ratio from WT (CD45.1) and CFH-deficient ubiq-

uitin (UBI)-GFP (CD45.2) mice into irradiated Ldlr�/� (CD45.2)

mice (Figure 5H). 6 weeks after transplantation, we fed these

mice a WTD for 12 weeks and measured the chimerism of

Ly6Chi monocytes deriving from WT (CD45.1+) and CFH-defi-

cient UBI-GFP (GFP+CD45.2+) animals. Despite observing

balanced chimerism in peripheral blood (Figure 5I), aortic macro-

phages of Cfh�/� origin displayed heightened surface levels of

LAP-associated receptors (Figure 5J). Similar results were ob-

tained from infiltrating monocyte-derived macrophages of the

spleen (Figure S5E). Intriguingly, chimerism of aortic macro-

phages showed a robust bias toward CD45.1+ WT cells (Fig-

ure 5K), which did not occur in aortic CD11b+F4/80� and

CD45+CD11b� cells (Figure S5F), and was not due to increased

cell death, as we found reduced 7-AAD staining of CFH-deficient

macrophages compared with controls (Figure S5G). These data

led us to conclude that CFH-deficient macrophages have an

intrinsic advantage to exert pro-resolving functions and may

also serve as better subjects for anti-inflammatory cell clear-
ance. In support of this notion, we found several ‘‘eat-me’’ sig-

nals as well as ‘‘find-me’’ and bridging molecules to be upregu-

lated in CFH-deficient macrophages (Figure S5H).

Hematopoietic CFH deficiency promotes lesional
efferocytosis and reduces atherosclerosis
Having demonstrated a robust expression and a crucial influ-

ence of CFH on macrophages in atherosclerotic lesions, we

tested whether hematopoietic CFH affects disease progression.

To overcome the limitation of hepatic CFH deficiency that insti-

gates age-related, spontaneous nephropathies,33 with con-

founding effects on lesion formation, we generated Ldlr�/�

mice reconstituted with bone marrow of Cfh+/+ or Cfh�/� mice

and subjected them to a WTD for 12 weeks (Figure 6A). Body

weights, plasma cholesterol, and triglyceride levels were unaf-

fected between the groups (Figures S6A–S6C). Furthermore, he-

matopoietic CFH deficiency did not influence total CFH levels

(Figure 6B) or systemic complement activation (Figures 6C and

6D); however, it resulted in a robust reduction of intact C3 con-

tent in lesions (Figure 6E) that was not due to differential C3 pro-

duction, as we found comparable C3 mRNA levels in sorted

aortic macrophages (Figure S6D). Of note, C3 staining was the

most prevalent in the shoulder regions of necrotic cores, which

is consistent with recent findings on human plaques.60 Impor-

tantly, Cfh�/� bone-marrow-chimeric mice developed reduced

atherosclerosis in the entire aorta (Figure S6E) and in cross sec-

tions of the aortic root (Figures 6F and 6G). Furthermore, he-

matopoietic CFH deficiency led to a more than 80% reduction

in necrotic core formation (Figure 6H). A substantial decrease

in lesional TUNEL+ macrophages (Figure 6J), combined with a

striking reduction in the ratio of ‘‘free’’ to ‘‘macrophage-associ-

ated’’ apoptotic cells (Figure 6K), indicated enhanced lesional ef-

ferocytosis upon the loss of hematopoietic CFH, while the overall

plaque macrophage content was comparable between the

groups (Figure 6I). In addition, aortic macrophages from Cfh�/�

bone-marrow-chimeric mice displayed heightened expression

of the anti-inflammatory cytokines Tgfb and Il10 (Figure S6F)

and higher lesional ATG5 expression inmacrophage-rich regions

(Figure 6L), in line with the role of this key autophagy protein in

autophagosome formation61 and macrophage efferocytosis.62

Of note, Cfh�/� bone-marrow-chimeric Ldlr�/� mice were also

protected from hepatic inflammation, as demonstrated by

decreased macrophage content (Figure S6E) and reduced

Cxcl1, Cxcl2, and Tnfa expression in the liver (Figure S6F). Taken

together, despite the abundant presence of liver-derived CFH in

plasma, hematopoietic CFH deficiency markedly attenuates

atherosclerosis by promoting lesional efferocytosis.

C3- and CFH-producing inflammatory aortic
macrophages populate human coronary artery plaques
Havingestablishedacritical role for the local productionof alterna-

tivecomplement inmurineatherosclerosis,we turnedourattention

to human plaques. We started by validating CFH and C3 produc-

tion by human Mo-Macs. We detected substantial secretion of

CFH by human THP-1 monocytes upon IFNg stimulation (Fig-

ure 7A) and further demonstrated high intracellular content of

CFHandC3 inTHP-1Mo-Macs (Figures7Band7C).Next,weper-

formedpathway analysis on key driver genes derived froman inte-

grative genomics approach on CAD63 and identified complement
Immunity 56, 1–16, August 8, 2023 9
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Figure 6. Hematopoietic deletion of complement factor H attenuates atherosclerosis by promoting lesional efferocytosis

(A) Schematic representation of chimeric models of hematopoietic CFH deficiency.

(A–L) Lethally irradiated Ldlr�/� mice were reconstituted with bone marrow from Cfh+/+ vs. Cfh�/� mice and were fed an atherogenic diet for 12 weeks, starting

5 weeks after transplantation (n = 14 vs. n = 12).

(B–D) Total plasma (B) CFH, (C) C3, as well as (D) C3a and C5a levels, quantified by ELISA.

(E) Quantification of lesional intact C3 content. Representative images of C3-stained sections are shown. Original magnification, 503; scale bars, 200 mm.

(F) Quantification of aortic root plaque size. Representative images of Masson’s trichrome-stained sections are shown. Original magnification, 503; scale

bars, 200 mm.

(G) Measurement of lesion volume. The dot plots represent the average mm2 of nine sections throughout the entire aortic origin, bar graphs show total lesion

volume (mm3).

(H) Assessment of necrotic core formation in cross sections at the aortic origin. Percentages of necrotic area of total lesion area are shown. Representative

images are shown.

(I) Measurement of MAC-3+ lesional macrophage content per total cellular area by immunohistochemistry.

(J) Quantification of dying F4/80+ macrophages per cellular area (mm2) by TUNEL staining using fluorescence microscopy.

(K) Evaluation of lesional efferocytosis. Efferocytotic capacity was determined as the ratio of free vs. macrophage-associated apoptotic cells using fluorescence

microscopy. Representative images of sections stained with 40,6-diamidino-2-phenylindole (DAPI), TUNEL, and F4/80 are shown. Yellow hashes (#) show free,

while pink asterisks (*) indicate macrophage-associated apoptotic cells. Scale bars, 100 mm.

(L) Quantification of ATG5+ lesional area per total cellular area by immunohistochemistry. Each symbol represents individual mice. Representative images are

shown. Mean ± SEM, two-tailed Student’s t tests (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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asone of the topCAD-relevant biological pathways (Figure 7D). To

extend our observations to the cellular constituents of human

atherosclerotic lesions, we performed comparative pathway anal-

ysis on aortic cell subsets from human carotid atherosclerotic pla-

quesusing thedatasetpublishedbyDepuydt etal.64Wefound that

genes necessary for complement activation were enriched in

variousmacrophage populations, with notable—but lower—pres-

ence in smooth muscle cells (SMCs) too (Figure S7A). These find-

ingswere consistentwithpathwayanalysis dataobtained fromour

meta-analysis of murine scRNA-seq studies (Figure S7B).
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To further streamline our investigation to macrophage-

derived complement, we re-clustered aortic myeloid cell

populations of coronary artery plaques from explanted

hearts of transplant recipients.65 Strikingly, a macrophage

subset that displays C3 as one of the top differentially ex-

pressed genes (Figure 7E), hence referred to as C3high in-

flammatory macrophages,66 is present in plaques, occurs

to be of monocyte origin based on high differential expres-

sion of CSF1R and CSF3R (Table S1), and is enriched in

genes associated with IFN (especially IFNg) and IL
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Figure 7. Complement C3- and CFH-producing inflammatory aortic macrophages populate human coronary arteries

(A) CFH secretion by untreated vs. interferon-gamma (IFNg)-stimulated THP-1 monocytes, evaluated by ELISA.

(B and C) Representative flow cytometry histograms and bar graphs show intracellular (B) CFH and (C) C3 levels of untreated vs. IFNg-stimulated THP-1 Mo-

Macs evaluated by flow cytometry. Data are representative of three independent experiments.

(D) Enrichr analysis of coronary artery disease (CAD) candidate genes from the CAD1000G gene list, retrieved from Zhao et al.63 The ten most overrepresented

biological pathways are shown.

(E) Uniformmanifold approximation and projection (UMAP) visualization of aortic myeloid cell populations from human coronary artery plaques re-clustered from

the raw data published by Wirka et al.65 Red circle highlights a distinct population of C3high inflammatory macrophages. Right: C3 gene expression profile is

shown in human aortic myeloid cell populations, average expression level (log2 scale) indicated by saturation of blue (dark blue is highest, withminimum scaling to

0). IFNICs, interferon-response macrophages; DC, dendritic cell; VSMCs, vascular smooth muscle cells.

(F) Enrichr analysis of the top differentially expressed genes enriched in C3high inflammatory macrophages. The most overrepresented biological pathways and

molecular processes are shown.

(G) Expression of C3 and CFH in single cells from human aortic myeloid cell subsets. Average expression level (log2 scale) indicated by saturation of blue (see

above). Dot size represents relative percentage of cells within the respective cluster that expressed the corresponding genes. Mean ± SEM, two-tailed Student’s

t tests (***p < 0.001, ****p < 0.0001).
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(IL10RA, IL13RA1, IL18) signaling (Figure 7F). We identified

multiple biological pathways overrepresented in this cluster

(regulation of ruffle formation, cell projection assembly, and

the regulation of cytoskeleton organization) that may indi-

cate a role for C3high macrophages in apoptotic cell engulf-

ment (Figure 7F).
Supporting our murine findings, C5 expression was undetect-

able in C3high macrophages and was minute among the distinct

myeloid cell types (Figure S7C). Importantly, however, we found

that C3high macrophages display a considerable co-expression

of CFH (Figure 7G). Furthermore, we distinguished CD209+ resi-

dent-like macrophages as the primary local source of CFH with
Immunity 56, 1–16, August 8, 2023 11
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low C3 expression (Figure 7G). Thus, differential expression of

C3 and its main regulator may result in subset-specific functional

differences with respect to complement activation. These data

unravel the presence of a distinct C3/CFH-expressing inflamma-

tory macrophage subset in human atherosclerotic plaques and

identifies an additional layer of potential local complement regu-

lation. Of note, VSIG4 expression was also abundant among

C3high macrophages (Figure S7D), and its downregulation in

aortic macrophages was associated with a symptomatic lesion

phenotype (Figure S7E). Taken together, our findings reveal the

existence and functional relevance of complement-producing

macrophages in both murine and human atherosclerotic

plaques.

DISCUSSION

Our findings describe an immune-regulatory mechanism

wherein cell-autonomous complement controls cytoprotective

functions in monocyte-derived macrophages during inflamma-

tion. This is in line with the notion that early C3 activation evolved

to be a part of an intracellular sensor system that armors individ-

ual cells against cellular stress and injury.67,68 Leukocyte adhe-

sion molecule-1 (LFA-1)-dependent C3 licensing is a cardinal

feature of human immune cells upon diapedesis.69 Thus, our ob-

servations that specifically Ly6Chi monocytes carry their own set

of alternative complement proteins to the site of inflammation

aligns with a general role for intracellular C3 in tissue immune

cell biology.

Although the protective role of classical complement via C1q

is well-described in atherosclerosis,70–72 the effect of alternative

complement on lesion formation is less evident. Global C3 defi-

ciency promotes plaque formation and results in greater lesional

macrophage content.27,73 These observations are consistent

with our current report that enhanced local C3 activation pro-

motes lesional efferocytosis and protects from atherosclerosis;

however, the former studies did not address the contribution of

systemic vs. locally produced C3. Notably, Sca-1+ SMCs are

considered a relevant source of C3 in atherosclerotic plaques,

where they home near the necrotic core.60 This suggests that

non-leukocytes can also contribute to local C3 production and,

if taken up, SMC-derived C3 may represent a paracrine layer

of regulation in complement-mediated efferocytosis.

Here, we identify that CFH, the canonical repressor of alterna-

tive complement activation in serum, is highly upregulated in in-

flammatory monocytes and macrophages, where it suppresses

C3 cleavage. The exact mechanism of action requires further

investigation; however, CFH may accelerate the decay of an

intracellular C3 convertase74 or inhibit a cell-specific protease

with C3-cleaving ability.75 Importantly, we provide evidence for

the non-redundant role of macrophage-derived CFH in regu-

lating C3-dependent efferocytosis during atherosclerosis, as

we show that selective deficiency of CFH in the hematopoietic

compartment leads to a robust decrease in lesion size and

necrotic area. Moreover, the impact of macrophage-derived

CFH on atherosclerosis appears to be dominant over the effect

of liver-derived CFH, as mice with global CFH deficiency still dis-

played a decrease in necrotic core formation, despite having

similar lesion size compared with controls. The lack of difference

in lesion size between Cfh+/+Ldlr�/� and Cfh�/�Ldlr�/� mice is
12 Immunity 56, 1–16, August 8, 2023
likely attributed to the pro-atherogenic effect of global CFH defi-

ciency through excessive systemic complement activation.

Thus, dissecting the layers of CFH activity in a compartmental-

ized manner allowed us to identify opposing effects of systemic

vis-à-vis local complement activation in atherosclerosis. The

local availability of macrophage-derived CFH may depend on

the extent of accumulating apoptotic cells that are bound by

CFH.32,76 In turn, this may limit the amount of secreted CFH for

re-uptake by macrophages and thereby indirectly modulate

intracellular complement activity.77 Thus, our data suggest a

model in which self-derived CFH actively controls the pro-

resolving machinery of infiltrating macrophages.

Mirroring our murine data, we identify a distinct inflammatory

monocyte-derivedmacrophage subset in human atherosclerotic

plaques with substantial C3 and CFH expression. Although

further investigation is warranted to decipher their functional

relevance, C3high macrophages do display a preferential enrich-

ment for genes associated with cytoskeletal remodeling that is a

prerequisite for efficient apoptotic cell internalization. Further-

more, in accordance with our murine findings illustrating the

inability of Ly6Chi Mo-Macs to produce C5 and to activate com-

plement downstream of C3, human C3high plaque macrophages

were also devoid of C5 expression (although low levels of C5

could be detected in other myeloid subsets). Taken together,

these observations—further bolstered by the detrimental role

of macrophage-specific C5aR1 signaling in atherosclerosis78—

strengthen our rationale that C3 and C5 activation might be un-

coupled on the cellular level.68 Supporting this notion, in a recent

study devoted to promoting regression of atherosclerosis via

macrophage remodeling,79 cyclodextrin treatment of human

plaques led to increased C3 but decreased CFH expression,

concomitant with C5 downregulation. Thus, divergent expres-

sion of C5 and C3 accompanied by reduced CFH expression re-

flects a pro-resolving gene signature in human plaques—in line

with our murine studies demonstrating increased cell-associ-

ated C3 consumption but decreased C5 activation upon resolu-

tion. In aggregate, we propose that the specific repertoire of

complement components expressed by macrophages deter-

mines their overall functional consequences on atherosclerotic

lesion formation.

Besides atherosclerosis, the accumulation of apoptotic mac-

rophages is a major characteristic of many other chronic inflam-

matory diseases. Thus, it is tempting to assume that our findings

on cell-autonomous complement regulation are also applicable

to Mo-Macs in other diseases characterized by low-grade,

non-resolving inflammation, such as obesity. In perspective, tis-

sue- or even cell-specific modulation of local complement acti-

vation, i.e., via targeting macrophage-derived CFH, could be

potentially harnessed to promote pro-resolvingmolecular mech-

anisms in chronic inflammatory diseases.

In summary, we identify a mechanism by which uncontrolled

cell-autonomous C3 activation resulting from CFH deficiency in-

duces cytoprotective autophagy in macrophages, promotes le-

sional efferocytosis, andmitigates atherosclerosis development.

The need for alternative strategies in treating atherosclerotic

vascular diseases—such as inducing resolution—is apparent,

as broad anti-inflammatory drug therapies can potentially sup-

press host defense and lead to fatal infections.80 Our findings

indicate that targeting cell-associated complement regulation
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may provide novel opportunities in next-generation therapeutics

against chronic inflammatory diseases without dampening host

defense mechanisms.

Limitations of the study
This study reveals the existence and functional relevance of local

complement regulation by CFH in atherosclerotic plaques. Our

findings propose that the specific repertoire of complement

components in macrophages licenses their overall inflammatory

responses and subsequent pro-resolving phenotype. In this sce-

nario, a cell-specific intracellular C3 convertase that is overacti-

vated in the absence of CFH may aid LAP-mediated apoptotic

cell clearance by enhanced intracellular coating of the engulfed

material. However, the characterization of this convertase activ-

ity was not the focus of our current manuscript and, thus, our

data do not allow for exact dissection of intracellular vs. auto-

crine regulatory effects. Therefore, we refer to it as a ‘‘cell-auton-

omous’’ CFH effect, while placing it in juxtaposition with sys-

temic complement modulation.

We further demonstrate that enhanced cell-autonomous C3

consumption upon CFH deficiency does not culminate in down-

stream C5 activation in Mo-Macs. Although we show that Mo-

Macs do not produce C5, macrophage C5aR1 signaling impacts

atherosclerosis, possibly mediated by C5 of other cellular sour-

ces or via intrinsic C5 in a different macrophage subset. These

observations bolster the notion that C3 and C5 activation might

be uncoupled on the cellular level; however, additional work is

needed to prove this.

Lastly, while our data unravel the presence of a distinct C3/

CFH-expressing inflammatory macrophage subset in human

atherosclerotic plaques, further investigation is warranted to

establish the functional relevance of complement-producing

macrophages in human atherosclerosis and other chronic in-

flammatory diseases.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Mice

d METHOD DETAILS

B Diets

B Evaluation of atherosclerosis

B Immunohistochemistry in aortic root lesions

B Quantification of lesional apoptosis and in situ effero-

cytosis assay

B Liver Histology

B Primary cell isolation, flourescence-activated cell sort-

ing and flow cytometry

B Sorting of aortic macrophages and RNA sequencing

B Meta-analysis of single cell-RNA sequencing data from

atherosclerotic mouse aorta
B Plasma cholesterol and triglyceride quantification

B Quantification of complement component levels

B Quantification of secreted interleukin-1 beta and peri-

toneal CXCL1 levels

B Antibody measurements

B Cell lines

B Generation and stimulation of THP-1-derived macro-

phages

B Generation of CMFDA-labeled apoptotic RAW 264.7

macrophages

B Ex vivo efferocytosis assays

B C3 supplementation studies

B LC3 conversion assay

B Generation and stimulation of bone-marrow-derived

macrophages

B Gene expression analyses

B Single-cell RNA sequencing

B Bulk RNA-sequencing

B Human single-cell RNA sequencing analysis

B Statistical analysis
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

immuni.2023.06.026.

ACKNOWLEDGMENTS

We thank ThomasWinkler-Penz and the Biomedical Sequencing Facility as well

as the Anna Spiegel Animal Facility, especially Astrid Fabry for excellent tech-

nical support. We are grateful to Christina Sch€uller and Robert Kralovics for

providing us with CD45.1 mice. We thank Arif Yurdagul Jr. and Ira Tabas for

providing us with the in situ efferocytosis assay protocol. This work was sup-

ported by the doctoral program Cell Communication in Health and Disease

(CCHD) (DK W1205-B09, to M.G.K. and F.P.), by SFB Lipotox F30 (F

3015-B19), both funded by the Austrian Science Fund (FWF), by the Leducq

Foundation (TNE-20CVD03) to C.J.B., and by the Deutsche Forschungsgemein-

schaft (DFG, German Research Foundation; project number 324392634-TR221

to A.Z., 458539578 and 471705758 to C.C., and 453989101-SFB1525 and

432915089 to A.Z. and C.C.).

AUTHOR CONTRIBUTIONS

Conceptualization, M.G.K., N.P.-M., and C.J.B.; data acquisition, M.G.K.,

N.P.-M., F.P., D.T., T.H., M.T., M.-S.N., L.G., M.O.-K., and A.H.; data analysis,

M.G.K., N.P.-M., F.P., D.T., and T.H.; sequencing data interpretation and anal-

ysis, H.Q.D., K.L., M.S., N.F., A.Z., and C.C.; generation of Cfh�/� mice,

M.C.P.; supervision, S.K., F.G., C.B., F.K.S., K.L., A.Z., C.C., C.K., Z.M., and

C.J.B.; manuscript writing, M.G.K. and C.J.B.; manuscript editing, M.G.K.,

N.P.-M., F.P., D.T., T.H., H.Q.D., M.-S.N., L.G., M.O.-K., M.S., N.F., A.H.,

S.K., F.G., M.C.P., C.B., F.K.S., K.L., A.Z., C.C., C.K., Z.M., and C.J.B.

DECLARATION OF INTERESTS

The authors declare no competing interests.

INCLUSION AND DIVERSITY

We support inclusive, diverse, and equitable conduct of research.

Received: March 22, 2021

Revised: October 21, 2022

Accepted: June 30, 2023

Published: July 26, 2023
Immunity 56, 1–16, August 8, 2023 13

https://doi.org/10.1016/j.immuni.2023.06.026
https://doi.org/10.1016/j.immuni.2023.06.026


ll
Article

Please cite this article in press as: Kiss et al., Cell-autonomous regulation of complement C3 by factor H limits macrophage efferocytosis and exac-
erbates atherosclerosis, Immunity (2023), https://doi.org/10.1016/j.immuni.2023.06.026
REFERENCES

1. Walport, M.J. (2001). Advances in immunology between INNATE AND

ADAPTIVE. Engl. J. 344, 1140–1144. https://doi.org/10.1056/NEJM2001041

23441506.

2. Walport, M.J. (2001). Complement. First of two parts. N. Engl. J. Med. 344,

1058–1066. https://doi.org/10.1056/NEJM200104053441406.

3. Holers, V.M. (2014). Complement and its receptors: new insights into hu-

man disease. Annu. Rev. Immunol. 32, 433–459. https://doi.org/10.1146/

annurev-immunol-032713-120154.

4. Elvington, M., Liszewski, M.K., Bertram, P., Kulkarni, H.S., and Atkinson,

J.P. (2017). A C3 (H2O) recycling pathway is a component of the intracel-

lular complement system. J. Clin. Invest. 127, 970–981. https://doi.org/10.

1172/JCI89412.

5. Zipfel, P.F., and Skerka, C. (2009). Complement regulators and inhibitory

proteins. Nat. Rev. Immunol. 9, 729–740. https://doi.org/10.1038/nri2620.

6. Morgan, B.P., and Gasque, P. (1997). Extrahepatic complement biosyn-

thesis: where, when and why? Clin. Exp. Immunol. 107, 1–7. https://doi.

org/10.1046/j.1365-2249.1997.d01-890.x.

7. Naughton, M.A., Botto, M., Carter, M.J., Alexander, G.J., Goldman, J.M.,

and Walport, M.J. (1996). Extrahepatic secreted complement C3 contrib-

utes to circulating C3 levels in humans. J. Immunol. 156, 3051–3056.

8. Elvington, M., Liszewski, M.K., and Atkinson, J.P. (2016). Evolution of the

complement system: from defense of the single cell to guardian of the

intravascular space. Immunol. Rev. 274, 9–15. https://doi.org/10.1111/

imr.12474.

9. Hess, C., and Kemper, C. (2016). Complement-mediated regulation of

metabolism and basic cellular processes. Immunity 45, 240–254. https://

doi.org/10.1016/j.immuni.2016.08.003.
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82. Binder, C.J., Hörkkö, S., Dewan, A., Chang, M.-K., Kieu, E.P., Goodyear,

C.S., Shaw, P.X., Palinski, W., Witztum, J.L., and Silverman, G.J. (2003).

Pneumococcal vaccination decreases atherosclerotic lesion formation:

molecular mimicry between Streptococcus pneumoniae and oxidized

LDL. Nat. Med. 9, 736–743. https://doi.org/10.1038/nm876.

83. Wang, Y., Subramanian, M., Yurdagul, A., Barbosa-Lorenzi, V.C., Cai, B.,

de Juan-Sanz, J., Ryan, T.A., Nomura, M., Maxfield, F.R., and Tabas, I.

(2017). Mitochondrial fission promotes the continued clearance of

apoptotic cells by macrophages. Cell 171, 331–345.e22. https://doi.org/

10.1016/j.cell.2017.08.041.

84. Busch, C.J.-L., Hendrikx, T., Weismann, D., J€ackel, S., Walenbergh,

S.M.A., Rendeiro, A.F., Weißer, J., Puhm, F., Hladik, A., Göderle, L.,
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High Capacity cDNA Reverse

Transcription Kit

Thermo Fisher Scientific Ref#: 4368814

Kapa SYBR Fast Bio-Rad iCycler with

ROX dye

Roche Diagnostics Ref#: KK4602

RNeasy mini kit Qiagen Ref#:74004

TruSeq Stranded mRNA LT sample

preparation kit

Illumina https://www.illumina.com
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REAGENT or RESOURCE SOURCE IDENTIFIER

Takara’s SMART-Seq v4 Ultra Low Input

RNA Kit

Takara Ref#:634894

Deposited data

scRNA-seq and bulk RNA-seq datasets This paper N/A

Experimental models: Cell lines

THP-1 human monocytic cell line ATCC TIB-202

RAW 264.7 murine macrophage cell line ATCC TIB-71

Experimental models: Organisms/strains

Mouse: C57BL/6J Jackson Laboratory Strain code: 000664

Mouse: C57BL/6J Cfh-/- In-house Pickering et al.33

Mouse: B6.12957-Ldlrtm1Her/J Jackson Laboratory Strain code: 002207

Mouse: B6.12954-C3tm1Crr/J Jackson Laboratory Strain code: 029661

Mouse: C57BL/6J Cfh-/-C3-/- In-house N/A

Mouse: C57BL/6J Cfh-/-Ldlr-/- In-house N/A

Mouse: C57BL/6J C3-/-Ldlr-/- In-house N/A

Mouse: C57BL/6J Cfh-/-C3-/-Ldlr-/- In-house N/A

Mouse: C57BL/6Tg(UBC-GFP)30Scha/J Jackson Laboratory Strain code: 004353

Mouse:C57BL/6J Cfh-/-UBC-GFP In-house N/A

Mouse: B6.SJL-Ptprca Pepcb/BoyJ Jackson Laboratory Strain code: 002014

Oligonucleotides

Primers Table S2 N/A

Software and algorithms

FlowJo (version 10) BD Biosciences https://www.flowjo.com

GraphPad Prism (version 8.0) Dotmatics https://www.

graphpad.com

CellRanger (v2.1.0.) 10x Genomics https://

10xgenomics.com/

Seurat (v3) 10x Genomics https://satijalab.org/

seurat

Harmony Broad Institute Korsunsky et al.81

AxioVision Carl Zeiss AG https://www.zeiss.com

Adobe Photoshop CS5 Adobe Inc. https://www.adobe.com

Star 2.5.0a Gensoft Pasteur https://gensoft.pasteur.fr

Image Lab 4.1 Bio-Rad Laboratories https://www.bio-rad.com

Loupe Cell Browser 3.1.1 10x Genomics https://www.

10xgenomics.com

ACT-1 v2.63 Nikon https://www.nikon.com

RTA software Illumina https://www.illumina.com

TopHat2 v2.1.1 CCB at Johns Hopkins https://ccb.jhu.edu

Tuxedo Suite Illumina https://www.illumina.com

Bowtie2 Langmead and Salzberg8 http://bowtie-bio.

sourceforge.net/bowtie2/

index.shtml

ACT-1 v2.63 Nikon https://www.nikon.com

Image J NIH https://imagej.nih.gov

R (version 4.0) The R Foundation https://www.r-project.org

Other

Rodent chow LASvendi https://www.

lasvendi.com

Western-type diet Ssniff Spezialdi€aten https://www.ssniff.com
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Christoph J. Binder

(christoph.binder@meduniwien.ac.at).

Materials availability
This study did not generate new, unique reagents.

Data and code availability
- Single-cell RNA-seq and bulk RNA-seq data have been deposited at GEO and the accession number can be provided upon

request.

- This paper does not report original code.

- Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All experimental studieswere approvedby theAnimal EthicsCommittee of theMedical University of Vienna, Austria andwereperformed

according to the guidelines for Good Scientific Practice of theMedical University of Vienna, Austria. All mice were on a C57BL/6J back-

ground. Cfh-/- mice were generated by Matthew C. Pickering.33C3-/- and Ldlr-/-mice as well as Ubiquitin (UBI or UBC)-GFP transgenic

micewere purchased originally fromThe Jackson Laboratories (BarHarbor,ME, USA). Cfh-/-,C3-/- and Ldlr-/-micewere further crossed

to generateCfh-/- C3-/-, Cfh-/- Ldlr-/-, C3-/- Ldlr-/- andCfh-/- C3-/- Ldlr-/- mice.Cfh-/-UBI-GFPmicewere also generated in-house. CD45.1

mice were a generous gift from Robert Kralovics (Department of Laboratory Medicine, Medical University of Vienna, Vienna, Austria).

Bone marrow transplantation studies were performed. as follows: 8-week-old Ldlr-/- mice or 10-week-old Cfh-/- mice were lethally

irradiated (2x 6Gy) and were subsequently injected intravenously via the retro-orbital plexus with 3x106 Cfh+/+ or Cfh-/- bone marrow

from 6-week-old donors. The recipient mice were given a 5-week recovery period before intervention studies. Successful bone

marrow reconstitution was verified by extracting and amplyfing genomic DNA from the bone marrow of the recipient mice.

The mixed bone marrow chimera experiment was performed, as follows: 8-week-old Ldlr-/- mice were lethally irradiated (2x6Gy)

and were subsequently injected intravenously via the retro-orbital plexus with 5x106 bone marrow cells, which consisted of a 1:1

mixture of Cfh+/+ (CD45.1) and Cfh-/- UBI-GFP (CD45.2) cells from 6-week-old donors. The recipient mice were given a 6-week re-

covery period before the intervention study.

For inducing sterile peritonitis, mice were intraperitoneally injected with a single dose of 50ml/g/body weight sterile thioglycolate

(Thermo Fisher Scientific, Difco Laboratories, Waltham, MA, USA) or zymosan (Sigma Aldrich, St. Louis, MO, USA) in sterile PBS,

and were sacrificed 24 hours, 72 hours or 168 hours post injection. In experiments involving bafilomycin A1 (BafA1; Eubio, Vienna,

Austria) treatment, thioglycolate-injected mice received two doses of BafA1 (1mg/kg) or 0.9% NaCl, 6 and 30 hours post sterile peri-

tonitis induction. This dosage was equivalent to approaches used in previous reports.56,57

All mice were bred in our in-house breeding facility. All experiments were performed with age- and sex-matched adult littermates

(i.e. 8 weeks of age or older).

METHOD DETAILS

Diets
Unless indicated otherwise, all mice received non-atherogenic rodent chow (LASvendi, Soest, Germany). For dietary intervention

studies, experimental mice were fed a Western type diet containing 21%milk fat and 0.2% cholesterol (E15721-347, Ssniff Spezial-

di€aten GmbH, Soest, Germany) for 10-12 weeks.

Evaluation of atherosclerosis
The extent of atherosclerosis was assessed as previously described.82 Briefly, lesion formation in the entire aorta was evaluated in en

face preparations by staining the luminal surface with Sudan IV (Sigma Aldrich). Atherosclerosis in the aortic origin was quantified in

modified elastin-trichrome stained, 5 mm-thick serial sections through a 400 mm segment of the aortic root starting upon the appear-

ance of all 3 valve leaflets. For each mouse, 9 sections separated by 50 mmwere examined and total lesion volume was determined.

Necrotic core formation was quantified as the percent of acellular area compared to total lesional area. Each section was photo-

graphed using the AxioVision software (Carl Zeiss AG, Jena, Germany) and lesion size was assessed in a blinded fashion by com-

puter-assisted image analysis using Adobe Photoshop CS5 (Adobe Inc., San Jose, CA, USA) and ImageJ software (National Institute

of Health).
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Immunohistochemistry in aortic root lesions
For the quantification of lesional macrophage content or ATG5 expression, sections of aortic root lesions were stained with an anti–

mouse MAC-3 antibody (clone M3/84, BD Pharmingen, San Diego, CA, USA) or with a polyclonal anti-mouse ATG5 antibody (Novus

Biologicals, Centennial, CO, USA), respectively. Sections were then stained with a biotinylated goat anti-rat IgG (VectorLabs, Bur-

lingame, CA, USA) and were developed with streptavidin-peroxidase polymer (Sigma Aldrich). For themeasurement of intact lesional

C3 content, sections of aortic root lesions were stained with and HRP-conjugated goat anti-mouse complement C3 antibody (MP

BioMedicals, Santa Ana, CA, USA). Quantification was performed with computer-assisted image analysis using Adobe Photoshop

CS5 (Adobe Inc.) and ImageJ software.

Quantification of lesional apoptosis and in situ efferocytosis assay
Sections of aortic root lesions were de-paraffinized with xylene (Carl Roth, Karlsruhe, Germany) and were rehydrated in decreasing

concentrations of ethanol (Carl Roth). The specimens were then boiled in 1x citrate buffer (Sigma Aldrich; pH 6.0) for antigen retrieval.

After cooling, the sections were incubated with TUNEL using the In Situ Cell Death Detection Kit TMR-Red (Roche Diagnostics, Rotk-

reuz, Switzerland) according to themanufacturer’s instructions at 37�C for 60min in a dark, humidified atmosphere and then washed

3 times with 1X DPBS (Sigma Aldrich). Sections were then blocked with 10% donkey serum (Sigma Aldrich) in 1X DPBS supple-

mented with 1% bovine serum albumin (BSA; PAN-Biotech GmbH, Aldenbach, Germany) for 60 min and were incubated overnight

at 4�C with a rabbit anti-mouse F4/80 antibody (clone: D2S9R, Cell Signaling Technology, Cambridge, UK; 1:200). Following 3

washing steps with 1X DPBS, sections were incubated with a polyclonal donkey anti-rabbit IgG (H+L) antibody conjugated to Alexa

Fluor 647 (Jackson ImmunoResearch, West Grove, PA, USA; 1:500) for 2 hours and after intensive washing with 1X DPBS, were

counterstained with 4’,6-diamidino-2-phenylindole (DAPI, Sigma Aldrich; 1:2000) for 5 min. Slides were mounted in Fluoromount

(Thermo Fisher Scientific). Representative fields (six to eight fields of each valve leaflet in a 200 mm depth) were photographed

with Axio Imager A1 (Carl Zeiss AG). For the quantification of apoptotic macrophages, only TUNEL+F4/80+ cells that co-localized

with DAPI-stained nuclei were counted as being positive. In situ efferocytosis was quantified as described by Wang et al.83 Shortly,

the ratio of TUNEL+ nuclei that were associated with F4/80+ macrophages (‘macrophage-associated’ apoptotic cells), indicative of

efferocytosis, or not associated with F4/80+ macrophages (‘free’ apoptotic cells) was determined.

Liver Histology
The left lobe of each liver was isolated and four equal pieces were snap frozen in liquid nitrogen for further analyses. To assess the

level of macrophage infiltration, 7 mm-thick frozen liver sections were stained with an anti-Mac1 antibody (clone M1/70; R&D Sys-

tems, Minneapolis, MN, USA; 1:500) as described previously.84 Cell nuclei were counterstained with hematoxylin (VWR, Klinipath,

Radnor, PA, USA). Pictures were taken with a Nikon digital camera DMX1200 (Nikon, Tokyo, Japan) and ACT-1 v2.63 software.

To determine the extent of liver inflammation, the number of Mac1+ cells was counted in a blinded fashion using six images

(200X) per each liver.

Primary cell isolation, flourescence-activated cell sorting and flow cytometry
Spleens were mechanically dissociated through a 100 mm cell strainer (BD Biosciences, Franklin Lakes, NJ, USA) and red blood cells

were lysed in red blood cell lysis buffer (Morphisto, Frankfurt amMain, Germany). Peripheral bloodwas collected via the vena cava (in

a MiniCollect EDTA blood collection TUBE; Greiner Bio-One, Kremsm€unster, Austria) and red blood cells were lysed in red blood cell

lysis buffer. Peritoneal exudate cells were harvested by peritoneal lavage using ice-cold HBSS (Thermo Fisher Scientific) supple-

mented with 2% fetal calf serum (FCS; Thermo Fisher Scientific, Gibco). Total viable cells were counted manually using a hemocy-

tometer or by CASY cell counter & analyzer (OLS-OMNI Life ScienceGmbH, Bremen, Germany). For flourescence-activated cell sort-

ing, the whole cell suspension was incubated with 2.5 mg/ml of a blocking anti-CD16/32 antibody (Clone 90, Thermo Fisher Scientific,

eBioscience) diluted in 1X DPBS (Sigma Aldrich) supplemented with 1% FCS for 20 min at 4�C. After two washing steps, cells were

stained with the following monoclonal antibodies: anti-CD11b APC (clone M1/70, Thermo Fisher Scientific, eBioscience), anti-Ly6C

FITC (clone HK1.4, BioLegend, San Diego, CA, USA), anti-Ly6G PE (clone 1A8, BioLegend), anti-F4/80 PerCP-Cy5.5 (clone BM8,

BioLegend), anti-CD45R (B220) PerCP-Cy5.5 (clone RA3-6B2, Thermo Fisher Scientific, eBioscience), anti-CD43 PE (clone S7,

BD Biosciences), anti-CD23 FITC (clone B3B4, BD Biosciences), biotinylated anti-CD21/35 (clone 7E9, BioLegend), anti-CD3e PE

(clone 145-2C11, Thermo Fisher Scientific, eBioscience), anti-CD4 FITC (clone GK1.5, Thermo Fisher Scientific, eBioscience),

anti-CD8a APC (clone 53-6.7; Thermo Fisher Scientific, eBioscience) and streptavidin APC (Thermo Fisher Scientific, eBioscience).

Data were acquired on a SH800S Cell Sorter (Sony Biotechnology, San Jose, CA, USA) and were analyzed using FlowJo software 10

(Tree Star, Ashland, OR, USA).

For flow cytometry, 1x106 cells were added in a 96-well V-bottom plate (Thermo Fisher Scientific) and incubated with 2.5 mg/ml of a

blocking anti-CD16/32 antibody (Clone 90, Thermo Fisher Scientific, eBioscience) diluted in 1XDPBS supplementedwith 1%FCS for

20 min at 4�C. After two washing steps, cells were stained with the following monoclonal antibodies: anti-CD11b APC (clone M1/70,

Thermo Fisher Scientific, eBioscience), anti-Ly6C FITC (clone HK1.4, BioLegend), anti-Ly6G PE (clone 1A8, BioLegend), anti-F4/80

PerCP-Cy5.5 (clone BM8, BioLegend), anti-C5aR1 (CD88) PE-Cy7 (clone 20/70, BioLegend), anti-C5aR2 (C5L2) Alexa Fluor 700

(clone 468705, R&D Systems, Minneapolis, MN, USA), anti-C3aR Alexa Fluor 488 (14D4, Hycult Biotech, Wayne, PA, USA), anti-

C3/C3b/iC3b,/C3c Alexa Fluor 488 (clone 3/26, Hycult), anti-C3a Alexa Fluor 488 (clone mAb 3/11, Hycult), anti-CD16/32 APC (clone

93, Thermo Fisher Scientific, eBioscience), anti-TIM4 PE (clone 54 (RM14-54), Thermo Fisher Scientific, eBioscience) anti-MHCII
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Alexa Fluor 700 (cloneM5/114.15.2, Thermo Fisher Scientific, eBioscience), anti-VSIG4 PE-Cy7 (clone NLA14, Thermo Fisher Scien-

tific, eBioscience), FITC-labelled hematopoietic lineage cocktail (Thermo Fisher Scientific, eBioscience), anti-c-kit (CD117) APC-

eFluor 780 (clone 2B8, Thermo Fisher Scientific, eBioscience), anti-Sca1 (Ly6A/E) PE-Cy7 (clone J43, Thermo Fisher Scientific, eBio-

science), anti-CD34 eFluor 450 (clone RAM34, Thermo Fisher Scientific, eBioscience), anti-CD135 (Flt3) PerCP-eFluor 710 (clone

A2F10, Thermo Fisher Scientific, eBioscience) and anti-IL7R (CD127) PE (clone A7R34, Thermo Fisher Scientific, eBioscience). All un-

conjugated antibodies were labelled using the Alexa Fluor 488 Antibody Labeling Kit (Thermo Fisher Scientific, Invitrogen).

To determine the amount of intracellular C3, C3a, C3aR, C5aR1 and C5aR2, cells were first incubated with the unconjugated form of

the respective antibody and were fixed and permeabilized with Fixation and Permeabilization Solution (Thermo Fisher Scientific, eBio-

science) for 20minutes at 4 �C and then stained intracellularly in permeabilization buffer (Thermo Fisher Scientific, eBioscience) with the

respective conjugated antibodies stated above. For intracellular human CFH staining, THP-1 macrophages were fixed and permeabi-

lized as stated above and then stained intracellularly in permeabilization buffer (Thermo Fisher Scientific, eBioscience) with anti-CFH

(clone OX-24, Cedarlane Laboratories, Burlington, ON, Canada) followed by a secondary antibody staining using anti-IgG1 kappa

APC (clone P3.6.2.8.1, Thermo Fisher Scientific, eBioscience). All stainings were carried out in 1X DPBS supplemented with 1% FCS

for 30min at 4�C, followed by twowashing steps. Finally, to identify early and late dead cells stainingwith Annexin V and 7-AAD viability

solution was performed according to the manufacturer’s protocol (Thermo Fisher Scientific, eBioscience). Data were acquired on a BD

FACSCalibur (BD Biosciences) or BD LSRII Fortessa (BD Biosciences) and were analyzed using FlowJo software 10 (Tree Star).

Sorting of aortic macrophages and RNA sequencing
Ldlr-/-malemice (n=9) were subjected to 3weeks of atherogenic diet. Aorticmacrophages (n= 3 separate samples, each sample con-

sisting of aortic macrophages pooled from 3mice) were subjected to RNA-seq. Single cell suspensions of aortic cells were prepared

and aortic macrophages were identified as CD45+CD11b+CD64+ gated on live singlets. RNA extraction and residual DNA removal

uponDNase digestionwas performedwith the RNeasymini kit (Qiagen) according to themanufacturer’s instructions. Total RNA, after

quality checkwithAgilentBioanalyser 2100system,wasmade intosequencing librariesusingTakara’sSMART-Seqv4UltraLow Input

RNA Kit, following manufacturer’s instruction, at the Genomics/Transcriptomics Core (IMS-MRL, Cambridge, UK). Briefly, total RNA

was fragmented before reverse transcription. Second strand cDNA was PCR synthesized with the incorporation of SMART technol-

ogy. cDNA originally from rRNAwas removed selectively before Illumina-compatible barcoded libraries are generated via PCR ampli-

fication. Indexed librarieswere normalized, pooled andwere sequenced on the IlluminaHiSeq 4000 platform, single-end reads (SE50)

at the Genomics Core Facility, Cancer Research UK Cambridge Institute (Cambridge, UK). Sequence reads were mapped to the

mouse genome (GRCm38) and gene-level count was performed using Star 2.5.0a using standard parameters.

Meta-analysis of single cell-RNA sequencing data from atherosclerotic mouse aorta
We used the results from a meta-analysis of integrating different scRNA-Seq datasets from mouse aortas in our recent review.59

scRNA-Seq data from 9 data sets were analyzed using the latest bioinformatics integration method Harmony.81 Harmony allows

to integrate multiple experimental and biological batches across data from different laboratories in which cells were assigned and

corrected for dataset specificity using fuzzy clustering. After quality control preprocessing, a total of 15,288 cells were projected

and were visualized into a shared embedding space in which cells were assigned and corrected for dataset specificity using fuzzy

clustering. Then, all cells were visualized using the nonlinear high dimensionality deductionmethod, UniformManifold Approximation

and Projection. Louvain-based graph clustering was then used with the Seurat method together with downstream cell-type merging

and annotation that yielded 17 clusters as we published in Zernecke et al.59

Plasma cholesterol and triglyceride quantification
Bloodwas collected from the vena cava (in aMiniCollect EDTA blood collection TUBE; Greiner Bio-One) at the time of sacrifice. Blood

was centrifuged at 1000g for 30 minutes at room temperature. Plasma total cholesterol and triglyceride were measured in an ISO

15189 accredited medical laboratory under standardized conditions on Beckman Coulter AU5400 (Beckman Coulter, Brea, CA,

USA) instruments, using the Beckman Coulter OSR6516 reagent.

Quantification of complement component levels
To measure plasma concentrations of complement components, peripheral blood was collected from the vena cava (in a MiniCollect

EDTA blood collection TUBE; Greiner Bio-One) at the time of sacrifice. Blood was centrifuged at 1000g for 30 minutes at room tem-

perature and plasma samples were snap frozen in liquid nitrogen for further use. To determine the intracellular levels of complement

components in monocyte-derived macrophages (Mo-Macs), peritoneal exudate cells were harvested from thioglycolate-injected

wildtype andCfh-/-micebyperitoneal lavageusing ice-coldHBSS (ThermoFisherScientific,Gibco) supplementedwith 2%FCS. Total

viable cells were counted by CASY cell counter & analyzer (OLS-OMNI Life Science GmbH) and cells were plated in equivalent

numbers in RPMI-1640medium (Thermo Fisher Scientific, Invitrogen) containing 10%FCSat 37�C for 60minutes. Non-adherent cells

were removed bywashing three timeswith ice-cold 1XDPBS (Sigma Aldrich). The purity of adherentMo-Macswas confirmed by flow

cytometry, as described above. Adherent Mo-Macs were lysed in an IP protein lysis buffer containing 50 mM Tris (Sigma Aldrich, pH

7.5), 150 mM NaCl (Carl Roth), 5 mM EDTA (Sigma Aldrich), 5 mM EGTA (Sigma Aldrich) and 1% NP-40 (Merck, Calbiochem, Darm-

stadt, Germany). Lysates of adherent Mo-Macs were kept at -20�C or used immediately. The concentration of complement compo-

nents was determined by specific ELISA kits including the Mouse C3 ELISA kit (Abcam, Cambridge, UK), the Mouse C3a ELISA Kit
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(MyBioSource, San Diego, CA, USA) and the Mouse C5 ELISA kit (Abcam, Cambridge, UK), according to the manufacturer’s recom-

mendations. To quantify plasma CFH levels, a self-established sandwich ELISA was set up using a monoclonal and a polyclonal anti-

mouseCFHantibody (bothR&D systems). As ameasure of C3 consumption, C3a/C3 ratiowas calculated based on total C3a concen-

trationsdividedby the total C3 levels of each individual sample. For intracellularmeasurements, total protein content of the lysateswas

quantified using Pearce BCA Protein Assay Kit (Thermo Fisher Scientific) and was used to normalize complement component levels.

Quantification of secreted interleukin-1 beta and peritoneal CXCL1 levels
Mo-Macs were isolated and plates as stated above. Adherent Mo-Macs were cultured in RPMI-1640 medium (Thermo Fisher Sci-

entific, Invitrogen) containing 10% fetal calf serum (FCS; Thermo Fisher Scientific, Gibco) at 37�C for 24 hours and the supernatant

were collected and spun down at 400g for 5 minutes. The concentrations of interleukin-1 beta in cell supernatants were quantified by

the IL-1 beta Mouse Uncoated ELISA Kit (Thermo Fisher Scientific, Life Technologies) according to the manufacturer’s instructions.

Samples were developed using TMB substrate solution (BD Biosciences) and the reaction was terminated with 1M H2SO4 (Honey-

well, Morristown, NJ, USA). The absorbance wasmeasured with a Synergy 2 plate reader (BioTek Instruments,Winooski, VT, USA) at

450 nm as the primary wavelength.

Peritoneal lavage fluid was analyzed for CXCL1 secretion by an enzyme-linked immunosorbent assay using corresponding capture

and detection antibodies and recombinant protein standards (CXCL1: MAB453, BAF453, 453-KC-010; R&D Systems), followed by

Streptavidin-HRP (DY998, R&D Systems) and TMB Substrate incubation (555214, Becton, Dickinson and Company). Absorbance

was measured using a Synergy 2 Multi-Mode Reader (Biotek).

Antibody measurements
Anti-dsDNA IgG antibodies were quantified as previously described.36 In short, 96-well Nunc MaxiSorp plates (Thermo Fisher Sci-

entific) were irradiated with UV light and coated with calf thymus DNA (Thermo Fisher Scientific, Invitrogen; 5 mg/ml) in 1X DPBS

(Sigma Aldrich). After overnight incubation at 4�C, plates were blocked in 1% bovine serum albumin (BSA; PAN-Biotech GmbH)

in 1X DPBS. Plasma samples were added in 1:200 dilutions and the signal was detected with HRP-conjugated anti-mouse IgG

(1:1000, GE Healthcare, Chicago, IL, USA). The absorbance was measured with a Synergy 2 plate reader (BioTek Instruments) at

450 nm as the primary wavelength.

Cell lines
Human THP-1 monocytic cells and murine RAW 264.7 macrophages (Abelson leukemia virus-transformed cell line derived from

BALB/cmice) were purchased from ATCC (Manassas, VA, USA) and were maintained in presence of RPMI-1640 (Thermo Fisher Sci-

entific, Invitrogen) supplemented with 10% heat-inactivated FCS and 1% Penicillin Streptomycin Glutamine (Thermo Fisher Scien-

tific, Gibco). All cells were incubated in a humidity-controlled environment at 37�C, 5%CO2 (Thermo Scientific Heraeus Cytoperm 2).

Generation and stimulation of THP-1-derived macrophages
To obtain THP-1-derived macrophages, THP-1 monocytes were stimulated for 24 hours with 100 nM phorbol-12-myristate-13-ac-

etate (PMA; Sigma Aldrich). After 2 days, THP-1 macrophages were stimulated in culture medium containing 100 ng/ml recombinant

human interferon-gamma (BioLegend). Secreted CFH levels were quantified as previously described.85 Intracellular levels of CFH

and C3 were measured by flow cytometry on a BD FACSCalibur (BD Biosciences) and were analyzed using FlowJo software 10

(Tree Star). A monoclonal mouse anti-CFH antibody (OX-24; Cedarlane, Burlington, Ontario, Canada) as well as a FITC-conjugated

goat anti-human C3 antibody (MP Biomedicals) were used as detection antibodies.

Generation of CMFDA-labeled apoptotic RAW 264.7 macrophages
RAW 264.7 macrophages were plated on a cell culture dish (100x20mm, CELLSTAR, Greiner Bio-One) and were incubated in RPMI-

1640 medium (Thermo Fisher Scientific, Invitrogen) containing 5 mM CellTracker Green chloromethylfluorescein diacetate (CMFDA;

Thermo Fisher Scientific, Invitrogen) in the absence of serum for 30 min at 37�C. After replacing the medium with 1X DPBS (Sigma

Aldrich), apoptosis of RAW 264.7 macrophages was induced by UVC irradiation (100mJ/cm2) using a UVP CX-2000 UV Crosslinker

(Analytik Jena, Jena, Germany). Following the irradiation, cells were maintained in RPMI-1640 medium containing sterile bovine

serum albumin (BSA; PAN-Biotech GmbH; 50mg/ml) in a humidity-controlled environment at 37�C, 5% CO2 for 16 hours.

Ex vivo efferocytosis assays
Peritoneal exudate cells were harvested as stated above. Non-adherent cells were removed by two times washing with fresh me-

dium. Adherent monocyte-derived macrophages (Mo-Macs) were cultured in RPMI-1640 medium (Thermo Fisher Scientific, Invitro-

gen) in the presence of 1% of respective sera at 37�C overnight and were subsequently incubated with CMFDA-labeled apoptotic

RAWmacrophages in a 1:3 ratio for 1.5 hours. After discarding the supernatant, cells were washed three times in ice-cold 1x DPBS

(Sigma Aldrich) and were detached using a cell scraper (Sigma Aldrich). Mo-Macs were then taken in collection tubes and the per-

centages of CMFDA+ efferocytotic cells were quantified on a BD FACSCalibur (BD Biosciences) and were analyzed using FlowJo

software 10 (Tree Star). In an alternative approach, adherent CFH-deficient Mo-Macs were cultured in RPMI-1640 medium (Thermo

Fisher Scientific, Invitrogen) in the presence of 1%of respective sera at 37�Covernight. Prior to apoptotic cell feeding,Mo-Macswere

pre-incubatedwith 200 nMBafA1 (1:500 dilution, 0.1mg/ml) for 2 hours. Concomitantly, UVC irradiated apoptotic macrophages were
Immunity 56, 1–16.e1–e10, August 8, 2023 e7
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stainedwith pHrodo (Invitrogen) diluted in 1:1000 for 30minutes on 37�Cand subsequently washed in 1x DPBS. Afterwards, pHrodo-

labeled apoptotic macrophages were added to the culture in a 1:3 ratio for 1.5 hours. Mo-Macs were then taken in collection tubes

and the percentages as well as mean fluorescence intensity of pHrodo+ efferocytotic cells were quantified as stated above.

C3 supplementation studies
Peritoneal exudate cells were harvested as stated above. Non-adherent cells were removed by two times washing with fresh me-

dium. Adherent monocyte-derived macrophages (Mo-Macs) were cultured in RPMI-1640 medium (Thermo Fisher Scientific, Invitro-

gen) and supplemented with increasing concentration of purified mouse complement C3 (Complement Technology Inc., Tyler, TX,

USA). Consumption of added C3 was confirmed with quantifying cell-associated C3a levels using the Mouse C3a ELISA Kit

(MyBioSource, San Diego, CA, USA).

LC3 conversion assay
Protein loading was normalized in each lysate of adherent monocyte-derived macrophages using a Pearce BCA Protein Assay Kit

(Thermo Fisher Scientific, Gibco). After resuspending the lysates in 1x Laemmli buffer (Bio-Rad Laboratories, Hercules, CA, USA)

and heating the samples up to 96�C, proteins were separated on a polyacrylamide gel (Bio-Rad Laboratories), transferred to

PVDF membranes (Bio-Rad Laboratories), blocked with 5% non-fat dry milk (Bio-Rad Laboratories) in 1x TBS (Sigma Aldrich, St.

Louis, MO, USA) containing 1% bovine serum albumin (BSA; PAN-Biotech GmbH, Aldenbach, Germany) and incubated with a

goat anti-mouse LC3 antibody (GeneTex, Irvine, CA, USA; 1:1000). As secondary antibody, rabbit anti-goat IgG-HRP (Bio-Rad Lab-

oratories) was used and the subsequent chemiluminescent quantification was performed on ChemiDoc imager (Bio-Rad Labora-

tories). The signal was measured with Image Lab 4.1 analysis software (Bio-Rad Laboratories).

Generation and stimulation of bone-marrow-derived macrophages
To obtain bone-marrow derivedmacrophages (BMDM), bonemarrow cell suspensions were isolated by flushing femurs and tibiae of

C57BL/6J mice through a 26-gauge needle (BD Biosciences) with 1% fetal calf serum (FCS; Thermo Fisher Scientific, Gibco) in 1x

DPBS (Sigma Aldrich) and red blood cells were lysed as stated above. BMDMs were then cultured in the presence of RPMI-1640

(Thermo Fisher Scientific, Invitrogen), 10% heat-inactivated FCS, penicillin (100 U/ml), streptomycin (100 mg/ml) and antimycotics

(all Sigma Aldrich), supplemented with 10% L929-conditioned medium. After 7-8 days, BMDMs were stimulated in culture medium

containing 100 ng/ml recombinant mouse interferon-gamma (R&D Systems).

Gene expression analyses
Total RNA was isolated from tissue, cell culture or sorted cell subsets using the RNeasy Mini Kit (VWR, PeqLab) and total RNA was

reversely transcribed using the High Capacity cDNA Reverse Transcription kit (Thermo Fisher Scientific, Applied Biosystems). Quan-

titative real-time PCRwas performed using Kapa SYBR Fast Bio-Rad iCycler with ROX dye (Roche Diagnostics, Kapa Biosystems) in

a CFX96 Real-time System (Bio-Rad Laboratories). All data were normalized to the housekeeping gene Cyclin B1 (CycB1) and/or

36B4. Values are expressed as the relative expression compared to untreated samples or the control group/cell type.

Primer sequences

mm CycB1-forward: 5’-CAGCAAGTTCCATCGTGTCATCA-3’

mm CycB1-reverse: 5’-GGAAGCGCTCACCATAGATGCTC-3’

mm 36B4-forward: 5’-AGGGCGACCTGGAAGTCC-3’

mm 36B4-reverse: 5’-CCCACAATGAAGCATTTTGGA-3’

mm Cfh-forward: 5’-ACCACATGTGCCAAATGCTA-3’

mm Cfh-reverse: 5’-TGTTGAGTCTCGGCACTTTG-3’

mm C4bp-forward: 5’-CCTGGCTATGGTAGGGGAAT-3’

mm C4bp-reverse: 5’-CCTCGGACCTCACAAGAACT-3’

mm Cr1l-forward: 5’-ACTCAACCTGGACGAGTGCT-3’

mm Cr1l-reverse: 5’-CTGGGGGTATCTCACAAGGA-3’

mm Cd55b-forward: 5’-TCAACATACCAACCGGCATA-3’

mm Cd55b-reverse: 5’-TTGGTGGGTCTGGACAAAAT-3’

mm Cd55-forward: 5’-TAATGCGAGGGGAAAGTGAC-3’

mm Cd55-reverse: 5’-TGAGGGGGTTCCTGTACTTG-3’

mm Cfi-forward: 5’-TGTGTGAATGGGAAGCACAT-3’

mm Cfi-reverse: 5’-CACAACGGCTCTCATCTTCA-3’

mm Cfd-forward: 5’-TGCACAGCTCCGTGTACTTC-3’

mm Cfd-reverse: 5’-CACCTGCACAGAGTCGTCAT-3’

mm Fhr-b-forward: 5’-GTACAGAGAATGGCTGGTC-3’

mm Fhr-b-reverse: 5’-AGTGATCCTCTTGCTTTCTG-3’

mm Cxcl1-forward: 5’-TGCACCCAAACCGAAGTCAT-3’

mm Cxcl1-reverse: 5’-TTGTCAGAAGCCAGCGTTCAC-3’

mm Cxcl2-forward: 5’-AGTGAACTGCGCTGTCAATGC-3’
e8 Immunity 56, 1–16.e1–e10, August 8, 2023
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mm Cxcl2-reverse: 5’-AGGCAAACTTTTTGACCGCC-3’

mm Tnfa-forward: 5’-CATCTTCTCAAAATTCGAGTGACAA-3’

mm Tnfa-reverse: 5’-TGGGAGTAGACAAGGTACAACCC-3’

mm C3-forward: 5’-AGAAAGGGATCTGTGTGGCA-3’

mm C3-reverse: 5’- GAAGTAGCGATTCTTGGCGG-3’

mm C5-forward: 5’- TCTGAGAGTGCTTGGACAGG-3’

mm C5-reverse: 5’- TGGTGGGGCATATGTCAACT-3’

mm Cfp-forward: 5’- AAGCCATGTGCTGGAAAACT-3’

mm Cfp-reverse: 5’- TCTCACCCTGACCTTCAACC-3’

mm Cfb-forward: 5’- CCCAGGAGAACAGCAGAAGA-3’

mm Cfb-reverse: 5’- ACTCGCCACCTTCTCAATCA-3’

mm Marco-forward: 5’- CCAAGGAAAACCTACTGATC-3’

mm Marco-reverse: 5’- TTCTGCCTACAAGACCTGGG-3’

mm Timd4-forward: 5’- ATCCACTTCACAGCTGACGA-3’

mm Timd4-reverse: 5’- GTCTGGCCTCTTGTGTCTCT-3’

mm Tgfb1-forward: 5’- TGATACGCCTGAGTGGCTGTCT-3’

mm Tgfb1-reverse: 5’- CACAAGAGCAGTGAGCGCTGAA-3’

mm Il10-forward: 5’- GCCAGAGCCACATGCTCCTA-3’

mm Il10-reverse: 5’- GTCCAGCTGGTCCTTTGTTTG-3’

Single-cell RNA sequencing
Droplet-based single-cell RNA sequencing was performed using the Chromium Single Cell 3’ v3 Chemistry (10X Genomics, Pleas-

anton, CA, USA) according to manufacturer’s recommendations. Raw reads were demultiplexed using cellranger (version 2.1.0)

mkfastq. Demultiplexed reads were aligned to the mouse genome provided by 10x Genomics (mm10 genome version 1.2.0) using

cellranger count. Data were analyzed and visualized using Loupe Cell Browser 3.1.1.

Bulk RNA-sequencing
NGS Library Preparation

TotalRNAconcentrationwasquantifiedbyusing theQubit 2.0FluorometricQuantitationSystem (LifeTechnologies,Carlsbad,CA,USA).

The RNA integrity number (RIN) was determined by applying the Experion Automated Electrophoresis System (Bio-Rad, Hercules, CA,

USA). RNA-seq libraries were prepared by using the TruSeq StrandedmRNA LT sample preparation kit (Illumina, San Diego, CA, USA)

and the Sciclone and Zephyr liquid handling workstations (PerkinElmer, Waltham, MA, USA) for pre-PCR and post-PCR procedures,

respectively. Library concentrations were measured with the Qubit 2.0 Fluorometric Quantitation System (Life Technologies, Carlsbad,

CA, USA) and the size distribution was evaluated by using the Experion Automated Electrophoresis System (Bio-Rad, Hercules, CA,

USA).For thesequencingstep, samplesweredilutedandpooled intoNext-GenerationSequencing (NGS) libraries inequimolar amounts.

Sequencing and Raw Data Processing

Expression profiling libraries were sequenced by HiSeq 3000/4000 instruments (Illumina, San Diego, CA, USA) using the 50-base-

pair single-end configuration. The base calls were provided by the RTA software (Illumina, San Diego, CA, USA) and were subse-

quently converted into multiplexed, unaligned BAM format followed by demultiplexing into sample-specific, unaligned BAM files.

For the raw data processing of the instruments, Picard-tool based custom programs were used.

Transcriptome Analysis

[Tuxedo Suite]. Transcriptome analysis was carried out with the Tuxedo suite. For each individual sample, NGS reads tested by

vendor quality filtering were aligned to the UCSC Genome Browser [mm10] flavor of the Genome Reference Consortium

[GRCm38] assembly with TopHat2 (v2.1.1), a splice junction mapper using the Bowtie2 (v2.2.9) short read aligner. Therefore, "basic"

Ensembl transcript annotation (version e87; December 2016) served as reference transcriptome. Based on spliced read alignments

and the reference transcriptome joint with raw transcript quantification, Cufflinks (v2.2.1) allowed for transcriptome assembly. Ahead

of differential expression calling with Cuffdiff (included in Cufflinks v2.2.1), transcriptome sets of each individual sample of each group

was combined via the Cuffmerge algorithm. Lastly, the cummeRbund and biomaRt Bioconductor packages were used in custom R

scripts for performing quality assessment and further refinement of the results from the analysis.

[STARAligner andDESeq2].NGS readsweremappedonto theGenomeReferenceConsortium [GRCm38] assembly togetherwith the

‘‘Spliced Transcripts Alignment to a Reference’’ (STAR) aligner using the ‘‘basic’’ Ensembl transcript annotation (version e87; December

2016) servingas the reference transcriptome.As the [mm10]assemblyflavorof theUCSCGenomeBrowserwas favored for alignmentas

well as for downstream data processing with Bioconductor packages, Ensembl transcript annotation needed to be adjusted to UCSC

Genome Browser sequence region names ahead of the alignment. Reads overlapping transcript features were determined by using

the summarizeOverlaps() function of the Bioconductor GenomicAlignments package also taking into consideration that the Illumina

TruSeq stranded mRNA protocol results in sequencing of the second strand, therefore all reads required inverting before counting.

The Bioconductor DESeq2 package was then applied to model the data set and identify differentially expressed genes.
Immunity 56, 1–16.e1–e10, August 8, 2023 e9
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Human single-cell RNA sequencing analysis
We reanalyzed scRNA-seq data of cells from atherosclerotic coronary arteries of 4 donors as published inWirka et al. Nat Med 2019.

Theauthor-providedcountmatrix (GeneExpressionOmnibusGSE131778)was loadedandanalyzed inSeurat v3 (Stuart, 2019). Batch

correction across patients was performed using Harmony.81 We first performed Louvain clustering, dimensional reduction (UMAP),

and differential gene expression analysis on total coronary artery cells to identify major vascular cell lineages. Cells corresponding

tomononuclear phagocytes (monocytes, macrophages, dendritic cells) were extracted and separately reanalyzedwith Louvain clus-

tering and UMAP dimensional reduction. Differential gene expression analysis across clusters was performed using the built-in ‘Fin-

dAllMarkers’ Seurat function. Data visualizations were generated using the built-in Seurat functions ‘DotPlot’ and ‘FeaturePlot’.

Statistical analysis
Statistical analyses were performed using Graph Pad Prism 8 for Windows (Graph Pad Software, La Jolia, CA, USA). Normal distri-

bution of data was assessed, and experimental groups were compared using two tailed Student’s unpaired or paired t test or Mann-

Whitney U test or one-way ANOVA followed by Tukey’s multiple comparison test, as appropriate. Data points that were more than 2x

standard deviation of themeanwere excluded as statistical outliers. Data are presented asmean ±SEMand considered significant at

p % 0.05 (*p % 0.05, **p % 0.01, ***p % 0.001 and ****p %0.0001, respectively).
e10 Immunity 56, 1–16.e1–e10, August 8, 2023
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Figure S1 (Related to Figure 1). The effect of global CFH and/or C3 deficiency on autoantibody levels, bone marrow 
hematopoiesis, blood monocyte levels as well as iesional macrophage and collagen content (A-E) C3+/+Cfh+/+Ldlr-/-, C3+/+Cfh-/-

Ldlr-/-, C3-/-Cfh+/+Ldlr-/- and C3-/-Cfh-/-Ldlr-/- mice were fed an atherogenic diet for 10 weeks (n=12, 14, 14 and 18, respectively; pool of two 
independent experiments. (A) Plasma IgG titers specific for double stranded-DNA measured by ELISA of C3+/+Cfh+/+Ldlr-/- and C3+/+Cfh-/-

Ldlr-/- mice. (B) Enumeration of bone marrow hematopoiesis (LSK: Lin-Sca-1+c-Kit+ hematopoietic stem cells, CMP: common myeloid 
progenitors, GMP: granulocyte-monocyte progenitors, MEP: megakaryocyte-erythroid progenitors) and (C) Ly6Chi monocytes in the 
blood by flow cytometry. Quantification of (D) MAC-3+ lesional macrophage and (E) Sirius-Red+ collagen content per total cellular area 
by immunohistochemistry. Statistical significance was evaluated by one-way ANOVA followed by Tukey’s multiple comparison test. Error 
bars indicate SEM.

Figure S2 (Related to Figure 2). Accumulation of intracellular C3 in Ly6Chi monocytes and monocyte-derived macrophages 
without downstream C5 activation (A) qRT-PCR analysis of C3 transcript levels and ELISA measurement of intracellular C3 levels of 
bone marrow-derived macrophages of wild-type mice cultured with or without interferon-gamma (IFNγ) or LPS for 24 hours. (B) C3 
levels of resident macrophages (Res-Macs) vs monocyte-derived macrophages (Mo-Macs) in the peritoneal lavage fluid of control vs 
thioglycolate-injected mice (24 hours) quantified by intracellular flow cytometry. (C) Extracellular and intracellular C3 mean fluorescence 
intensity (MFI) of Mo-Macs from the peritoneal cavity of thioglycolate-injected mice (24 hours) measured by flow cytometry. 
Representative flow cytometry histograms are shown. Bars represent the mean±SEM of 4 mice. (D) Surface levels of C3 on monocyte-
derived macrophages vs resident macrophages in the peritoneal lavage fluid of thioglycolate-injected vs control C57BL/6J mice 
assessed by flow cytometry. Bars represent the mean±SEM of 4 vs 4 mice. (E) Representative flow cytometry plot shows the percentage 
of intracellular C3+ Ly6Chi monocytes in the peritoneal lavage fluid of thioglycolate-injected mice (24 hours) assessed by flow cytometry. 
Mean fluorescence intensity (MFI) of macrophage markers (F4/80, C5aR1) on the surface of C3- and C3+ Ly6Chi monocytes in the 
peritoneal lavage fluid of thioglycolate-injected mice quantified by flow cytometry.(F) C3a MFI measured by intracellular flow cytometry 
and (G) IL-1β levels in the supernatant of Mo-Macs isolated from peritoneal cavity of thioglycolate-injected Cfh+/+ vs Cfh-/- mice 
measured by ELISA. (H) Total F4/80+ macrophage numbers in the the peritoneal cavity of unchallenged Cfh+/+ vs Cfh-/- mice. (I) CXCL1 
levels in the peritoneal lavage fluid of Cfh+/+ vs Cfh-/- mice 2, hours after thioglycolate injection, quantified by ELISA. (J) Absolute 
numbers of neutrophils (Cd11bintLy6ChiLy6G+) in the peritoneal lavage fluid of Cfh+/+ vs Cfh-/- mice 10 and 36 hours after zymosan 
injection, quantified by flow cytometry. Statistical significance was evaluated by two-tailed Student’s t-tests (* P < 0.05, ** P < 0.01, ***P < 
0.001, ****P < 0.0001). Error bars indicate SEM.

Figure S3 (Related to Figure 3). Purity, principal component analysis plot as well as transcriptomic and functional profile of 
adherent monocyte-derived macrophages isolated from the peritoneal cavity of Cfh+/+ vs Cfh-/- mice (A) Representative flow 
cytometry plots show the percentage of CD11b+F4/80+ cells among adherent cells after plating total peritoneal cells isolated from 
thioglycolate-injected Cfh+/+ and Cfh-/- mice measured by flow cytometry. (B) Principal component analysis (PCA) plot of RNA 
sequencing experiment of Cfh+/+ vs Cfh-/- mice. (C) Heat map of genes associated with a Trem2hi vs resident-like macrophage 
expression profile between CFH deficient vs control macrophages. (D) qRT-PCR analysis of Spp1 transcript levels of Mo-Macs sorted 
from the peritoneal cavity of thioglycolate-injected Cfh+/+ vs Cfh-/- mice. (E) Cell-associated C3a levels of ex vivo Mo-Macs isolated from 
the peritoneal cavity of thioglycolate-injected C57BL/6J mice following supplementation with increasing concentrations of purified mouse 
C3. (F) Schematic representation of BafA1 treatment of Cfh+/+ and Cfh-/- mice. (G) Relative change in the numbers of Mo-Macs 
(Cd11bintF4/80intLy6Cdim) as well as 7-AAD+ dying Mo-Macs in the peritoneal cavity of Cfh+/+ and Cfh-/- mice injected with or without 
BafA1 after thioglycolate injection, quantified by flow cytometry. Pool of two independent experiments. Each symbol represents individual 
mice. Statistical significance was evaluated by two-tailed Student’s t-tests (*P < 0.05, **P < 0.01, ****P < 0.0001). Error bars indicate 
SEM.

Figure legends to supplementary figures:



Figure S4 (Related to Figure 4). Expression pattern of complement activators as well as regulators among immune cells and 
the effect of monocyte-derived CFH deficiency on monocyte-derived macrophage phenotype during inflammation (A) Single cell 
RNA-seq data from the spleen of a C57BL/6J mouse, represented by t-SNE. Middle panel demonstrates splenic immune cell clustering 
and annotation, surrounding feature plots show expression of complement genes (Cfh, C4bp, Fhr-b, Cfi, Cfd, Cd55, Cd55b, Cr1l) are 
shown around the middle panel. (B) Lethally irradiated wild-type mice were reconstituted with bone marrow from Cfh+/+ vs Cfh-/- mice and 
were subjected to thioglycolate-induced sterile peritonitis, 10 weeks after transplantation (n=5 vs n=6 and n=3 vs n=6 of two independent 
experiment). qRT-PCR analysis of Marco, Timd4 and Vsig4 transcript levels of Mo-Macs isolated from bone marrow chimeric mice 72 
hours after thioglycolate injection. Data are expressed relative to gene expression in Cfh-/- bone marrow-transplanted Cfh-/- mice. 
Statistical significance was evaluated by two-tailed Student’s t-tests (*P < 0.05, ***P < 0.001). Error bars indicate SEM.

Figure S5 (Related to Figure 5). Ly6Chi monocytes upregulate alternative complement genes upon Western diet feeding (A) 
qRT-PCR analysis showing that transcript levels of Cfh correlate with Itgam (encoding CD11b) expression in the liver of Ldlr-/- mice fed a 
standard (SD) or Western-type diet (WTD) for 12 weeks (n=8 vs n=10).  (B) Ldlr-/- mice were fed SD or WTD for 12 weeks (n=8 vs 
n=10). qRT-PCR analysis of Cfp and Cfb transcript levels in circulating and splenic Ly6Chi monocytes. Data are expressed relative to 
gene expression in SD-fed mice.(C) Cfp and Cfb expression of aortic myeloid cell subsets from a meta-analysis of 9 single cell RNA 
sequencing studies of atherosclerotic mouse aorta. Average expression level (log2 scale) indicated by saturation of blue (dark blue is 
highest expression with minimum scaling to 0). (D) Hc (C5) and C9 expression of aortic leukocyte subsets from a meta-analysis of 9 
single cell RNA sequencing studies of atherosclerotic mouse aorta (Zernecke et al., 2020). Average expression level (log2 scale) 
indicated by saturation of blue (dark blue is highest expression with minimum scaling to 0). (E-G) Mixed 1:1 bone marrow transplantation 
experiment from control (WT, CD45.1) and CFH deficient (CFH KO UBI-GFP, CD45.2) into LDLR-deficient (Ldlr-/- CD45.2) mice, 
following a 12 wks WTD feeding. (E) Mean fluorescence intensity (MFI) of surface levels of CD11b, TIM4, VSIG4 and MHCII among 
splenic monocyte-derived macrophages (Mo-Macs), measured by flow cytometry. (F) Percent of chimerism among aortic CD11b-F4/80- 
and CD11b+F4/80- cells at the end of the study with the representative dot plots, quantified by flow cytometry. (G) Enumeration of 7-
aminoactinomycin D (7-AAD)-positive aortic macrophages by flow cytometry. (H) Heat map of genes associated with “eat me”, “find me” 
and bridging molecules between CFH-deficient vs control macrophages. Each symbol represents individual mice. Statistical significance 
was evaluated by two-tailed Student’s t-tests (*P < 0.05, **P < 0.01, ***P < 0.001, **** P < 0.0001). Error bars indicate SEM.

Figure S6 (Related to Figure 6). Hematopoietic deletion of complement factor H does not affect weight gain or lipid metabolism 
but mitigates atherosclerosis and hepatic inflammation  (A-H) Lethally irradiated Ldlr-/- mice were reconstituted with bone marrow 
from Cfh+/+ vs Cfh-/- mice and were fed a Western-type diet (WTD) for 12 weeks, starting 5 weeks after transplantation (n=14 vs n=12). 
(A) Schematic representation of the study. (B) Final body weight. (C) Plasma cholesterol and triglyceride levels measured by an 
automated enzymatic method. Symbols represent individual mice. (D) qRT-PCR analysis of transcript levels of C3 in sorted aortic 
macrophages. (E) Quantitative analysis of atherosclerosis in the aorta. Data are expressed as percentage of Sudan IV-stained area of 
the entire aorta. Representative images are shown. (F) qRT-PCR analyses of transcript levels of Tgfb and Il10 in sorted aortic 
macrophages. (G) Quantification of infiltrating macrophages in liver sections. Data are expressed as number of positive cells per mm2. 
Representative images of Mac-1-stained liver sections are shown. Original magnification, 200X; scale bars, 100 µm. (H) qRT-PCR 
analyses of transcript levels of inflammatory genes (Cxcl1, Cxcl2 and TNFα) in total liver tissue. Data are expressed relative to the 
expression of individual genes in control Cfh+/+ bone marrow-chimeric mice. Bars represent the mean±SEM of 14 vs 12 mice. Statistical 
significance was evaluated by two-tailed Student’s t-tests (*P < 0.05, **P < 0.01). Error bars indicate SEM.

Figure S7 (Related to Figure 7). Complement C3- and CFH-producing inflammatory aortic macrophages from human coronary 
arteries express VSIG4, but not C5 (A-B) Comparative analysis of (A) mouse and (B) human “complement system” and “complement 
activation” biological pathways among various aortic leukocyte subsets from Zernecke et al. 2020 and Depuydt et al. 2020, respectively, 
using Enrichr. (C) Expression of C3 and C5 in single cells from human aortic myeloid cell subsets. Average expression level (log2 
scale) indicated by saturation of red (dark red is highest expression with dark blue being the minimum scaling to 0). Dot size represents 
relative percentage of cells that expressed the corresponding genes in cluster. (D) Gene expression profile of VSIG4 is shown human 
aortic myeloid cell populations. (E) Volcano plot of genes with a significant differential expression in aortic macrophages from carotid 
artery plaques of symptomatic versus asymptomatic patients. Red arrow indicates VSIG4 being significantly downregulated in 
symptomatic patients.
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