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Abstract

Background and hypothesis: Maladaptive repair drives progression from acute kidney injury (AKI) to
chronic kidney disease. Injured proximal tubular cells overexpress complement C3 mRNA, but its
functional role is not well understood. We hypothesized that complement proteins produced and active
locally within proximal tubules drive maladaptive repair and remain inaccessible to plasma-targeted
inhibitors.

Methods: We investigated complement, encompassing extracellular, autocrine and intracellular pools, in
human biopsies and mouse model of rhabdomyolysis-induced AKI (RIAKI). Hyperplex sequential
immunofluorescence combined with RNAscope was used to localize complement proteins and
transcripts in situ and immune infiltrate. C3 or factor B (FB) deficient mice and pharmacological FB
inhibition were tested in a RIAKI model. Bulk transcriptomics and C3/CFB knockdown in tubular cells
with rescue experiments dissected mechanisms in vivo and in vitro.

Results: In human and experimental RIAKI, injured VCAM-1 proximal tubules showed reabsorption and
local transcription of C3 and CFB in a subset of tubules, induced by inflammatory cytokines. Genetic
deletion of C3 or Cfb attenuated AKI, reducing tubular necrosis, immune infiltration and signatures of
epithelial-to-mesenchymal transition and maladaptive repair. Pharmacological FB inhibition reduced
extracellular C3 activation but did not preserve renal function. In vitro, C3 or FB knockdown in tubular
cells suppressed proliferation, inflammation and mTOR-linked metabolic pathways and was not rescued
by exogenous purified protein, consistent with cell-intrinsic/intracellular mode of action.

Conclusion: Locally produced complement in proximal tubules drives inflammatory and maladaptive
repair programs during AKI. The dissociation between genetic deletion and pharmacological FB
inhibition indicates that the relevant complement activity occurs in a compartment poorly accessible to
systemic inhibitors and supports development of locally acting, tissue-penetrant or cell-permeable
complement-targeted therapies for AKI.

Key learning points

What was known: Complement activation accompanies AKI and complement-deficient mice are
protected, yet systemic complement inhibitors have shown limited benefit in AKI and ischemia-
reperfusion trials. Injured proximal tubular cells can locally synthesise complement components C3 and
factor B.

This study adds: Local and intracellular proximal tubule complement drives inflammatory and
maladaptive repair programs in rhabdomyolysis-induced AKI. Genetic deletion of C3 or Cfb is protective,
whereas systemic FB inhibition reduces extracellular C3 deposition without preserving renal function.

Potential impact: The failure of plasma-targeted complement inhibitors in AKI may reflect inadequate
access to the relevant tubular compartment rather than evidence against complement as a target.
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Locally acting, tissue-penetrant or cell-permeable complement inhibitors are a rational next step.

Introduction

Proximal tubular cells (PT) are both targets and drivers of inflammation, and their injury underlies acute
kidney injury (AKI) and maladaptive repair(1-3). Maladaptive repair, marked by persistent VCAM-1
expression (4), sustained inflammation, epithelial-to-mesenchymal transition (EMT), and fibrosis, drives
long-term renal outcome and the AKI-to-CKD transition.

Complement system is implicated in AKI, yet systemic inhibitors have not translated into clinical
benefit(5). Although most plasma complement is liver-derived, many cell types synthesize components
locally, including C3 and factor B (FB)(6). Upon activation, PT express C3 and secrete cytokines that
recruit macrophages and amplify damage(2, 6—9). Whether PT-intrinsic C3 is a bystander or a functional
driver of maladaptive repair remains unclear. In other cell types, intracellular complement regulates
metabolism and inflammatory signaling beyond the extracellular cascade(10-16).

We hypothesized that C3 and FB produced and acting locally within PT, rather than within the circulating
cascade, contribute to maladaptive repair. We used rhabdomyolysis-induced AKI (RIAKI), a clinically
relevant model of sterile epithelial stress(17), in which strong intracellular C3 staining in injured PT and
protection in C3-deficient mice support a complement role in tubular injury(9, 18, 19).

To test this, we leveraged our in situ complementomics platform(20) for spatial complement mapping
on human RIAKI biopsies, combined with genetic and pharmacological complement manipulation in
mice and loss-of-function studies in PT cells. We show that locally produced C3 and FB in PT reprogram
inflammatory, metabolic, proliferative, and detoxification pathways and amplify maladaptive repair. The
compartmentalisation of this activity, beyond the reach of plasma-targeted inhibitors, may explain the
limited efficacy of systemic complement therapeutics in AKI and supports a rationale for tissue-
penetrant or cell-permeable inhibitors.

Materials and Methods

Detailed methods are provided in the Supplementary Material.
Human samples and spatial analysis.

FFPE kidney biopsies from seven patients with RIAKI (Supplementary Table 1) and three peri-tumoral
controls from clear cell renal cell carcinoma (ccRCC) were analysed by sequential immunofluorescence
(seqlF™, COMET™ platform, Bio-Techne Spatial) using a validated 14-marker in situ Complementomics
panel(20). SeqlF was also combined with RNAscope™ HiPlex Pro for C3 and CFB mRNA co-detection.
Single-nuclei RNA-seq data from normal (tumor-adjacent) kidney tissue were re-analyzed in R/Seurat
with GSEA against MSigDB Hallmark gene sets. All patients gave written informed consent and the
research was performed in accordance with the Declaration of Helsinki.

Page 4/30



Animal models.

Male C57BL/6 wild-type, 37/~ and Cfb™/~ mice received 200 pL 50% glycerol intramuscularly under
isoflurane anaesthesia and were sacrificed at 24 h. In selected experiments the oral FB inhibitor CPX014
(1.2 mg/mouse) was given 90 min before and 10.5 h after glycerol. Muscle injury was assessed by ASAT
to ensure similar level of muscle injury across conditions. Kidney function, histology, complement
deposition and apoptosis (TUNEL) were analysed using HALO software. Immune infiltrate was inferred
from bulk RNA-seq using mMCP-counter tool (21). Experiments were approved by the Charles Darwin
ethical committee (APAFIS#2148).

In vitro studies.

RPTEC, HK-2 and Caki-1 cells were stimulated with TNFaq, IL-1B or IL-6 (10 ng/mL) and gene expression
measured by QuantiGene. Caki-1 was selected for FB studies because of the higher detectable basal FB.
Key C3 findings were confirmed in HK-2. Cells were transfected with siRNAs against C3 or CFB
(RNAIMAX, 50 nM, 72 h). Proliferation (CFSE) and mortality (DAPI) were assessed by flow cytometry.
Rescue used purified C3 or FB. Complement proteins and fragments were measured by ELISA and
Western blot. Targeted metabolomics used cold-methanol extraction with MetaboAnalyst pathway
analysis. Bulk RNA-seq was performed on Illumina with DESeq2, GSEA and SignalR ligand—receptor
analysis. Full methods are provided in the Supplementary Material.

Statistical analysis.

Statistical analyses were performed using GraphPad Prism and R. Non-parametric tests were applied as
appropriate, with p < 0.05 considered statistically significant.

Results

C3 and FB presence reflect both reabsorption and local
synthesis in VCAM-1 positive injured PT

We developed a sequential immunofluorescence (seqlF) antibody panel to detect complement proteins,
immune cells, and tubular markers (in situ Complementomics)(20). In situ Complementomics analysis of
7 RIAKI biopsies (Supplementary Table 1), compared with normal controls, revealed intracellular granular
C3 and FB staining in PT (defined as megalin-positive), (Fig. TA—C). PT have a high reabsorptive capacity,
making it difficult to distinguish locally synthesized proteins (NRNA-protein colocalization) from
reabsorbed proteins (protein without mRNA). To address this, we combined seqlF with RNAscope for C3
and FB. This approach identified tubules displaying protein-only staining, suggesting reabsorption
(Figure S1), as well as tubules positive for both mRNA and protein, supporting local synthesis of C3 and
FB (Fig. 1B,D). C3 and FB staining partially co-localized in ~ 35% of tubules (Fig. 1D). All staining patterns
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were observed within the same biopsies (Fig. 1D). PT expressing C3 and/or FB mRNA were most
frequently VCAM1-positive, consistent with an activated/injured tubular state (Fig. 1E).

Complement-expressing PT carry an inflammatory and stress-
response signature

We extracted the signature of C3* or CFB* human PT from a snRNAseq dataset (peritumoral kidney(22))
(Fig. 2A,B). In this state, only 2.4% of PT expressed C3 and 5.6% expressed CFB, in line with the scarce
protein staining in controls (Fig. 1C). Notably, C3* and CFB* PT showed enrichment of inflammatory
hallmark pathways, including IFN-y, IL-6, and TNF-a responses (Fig. 2A,B), suggesting an association of
C3 and CFB expression with immune-mediated PT stimulation.

Complement-expressing tubules localize within a complement-
responsive myeloid infiltrate

In situ Complementomics enabled mapping of the immune microenvironment in RIAKI kidney biopsies
(Fig. 2C-J). RIAKI kidneys showed increased infiltration of T and B cells (Fig. 2C—E), forming lymphoid
aggregates in 4 of 7 patients, as well as elevated macrophage (CD68*) and neutrophil (CD68-CD11b*)
infiltration (Fig. 2C,F,G). Although the proportion of CD68* macrophages expressing CD163 was similar
to controls (Fig. 2H,I), CD68*CD163* macrophages expressing C5aR1 were markedly increased in RIAKI
kidneys (median 63% vs 4% in controls; Fig. 2J). These macrophages localized near C3* tubules

(Fig. 2C), consistent with our prior observations(9, 18) and suggesting a complement-driven pro-
inflammatory phenotype.

Inflammatory cytokines from the immune infiltrate induce
tubular C3 and FB expression

We confirmed that PT express C3 and CFB mRNA under inflammatory conditions in vitro in two cell lines
(HK2 and Caki-1) and in primary cells (RPTEC) using QuantiGene (Fig. 2K,L; Figure S2A,B). C3 protein
was detectable in HK2 cells (Figure S2C), whereas FB protein was low; therefore, the higher FB-
expressing Caki-1 line was used for FB analyses (Figure S2D). Even if of tumor origin, Caki-1 cells do not
carry VHL mutation and are suitable model to explore PT(23) Efficient knockdown of C3 or FB was
confirmed by loss of the corresponding bands in supernatants of siC3 and siFB cells compared with
controls (Figure S2C,D). C3 and FB expression was increased by AKl-relevant cytokines IL-1B or TNF-q,
but not IL-6, across all PT models tested (Fig. 2K,L; Figure S2E,F). These findings prompted further
investigation of the coordinated and distinct roles of C3 and FB in PT during inflammatory stress.

Genetic loss of C3 or Cfb attenuates tubular injury after glycerol-induced rhabdomyolysis
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We analyzed Cfb™~ and C3™/~ mice compared to WT in a glycerol-induced RIAKI model (Fig. 3). Both
genotypes showed preserved kidney function, with urea levels remaining within the normal range despite
muscle injury assessed by ASAT elevation (Fig. 3A; Figure S3). Consistently, Cfb™~ and C3™/~ mice
exhibited fewer myoglobin casts, reduced acute tubular necrosis, decreased C3 staining, and less cell
death compared with WT mice (Fig. 3B—D), as previously reported for C3 deficiency(18).

RIAKI triggers a consistent maladaptive repair response in which complement appears to play a role.

To understand why congenital C3 or Cfb deficiency protects against RIAKI, we performed bulk

RNAseq. As the transcriptomic analyses derived from three independent in vivo experiments, we first
assessed the reproducibility of the RIAKI model by comparing our previously published dataset(18) with
two newly generated datasets (FB inhibition and Cfb™~ experiments, see below). All three showed highly
comparable enrichment of Hallmark gene sets in WT glycerol-treated mice compared with PBS controls
(Figure S4A), including inflammation, epithelial-to-mesenchymal transition (EMT), tissue injury, and
complement pathways. Complement-related ligand—receptor interactions were significantly increased
(Figure S4B). Broader ligand-receptor analyses further revealed pathways associated with maladaptive
repair and fibrosis, including CD44 signaling, integrin—collagen interactions, Rho GTPase—mediated cell
adhesion and cell-cycle regulation, and extracellular matrix (ECM) organization involving VCAM1 (Figure
S4C), consistent with fibrotic progression at later disease stages(9, 24). Of note, C3 and Cfb were also
upregulated in PT in mouse models of ischemia/reperfusion injury (25), suggesting a broader relevance
of this process.

C3 or Cfb deficiency disengages the maladaptive repair program

Comparative transcriptomic analysis of Cfb”~ and C3™/~ mice, at baseline and after glycerol-induced
RIAKI, revealed protective programs relative to WT (Fig. 4A—E). At baseline, C3-/- kidneys (versus WT)
displayed 388 down- and 372 upregulated genes (Fig. 4A), with negative enrichment of inflammatory
(TNF-a/IFN-y/IL-6/IL-2, complement), apoptotic, EMT, and mTOR pathways, accompanied by reduced T
cell and fibroblast signatures (Fig. 4A,D), indicating a lowered basal inflammatory tone. Following injury,
both Cfb”~ and €37/~ glycerol-treated kidneys showed attenuated transcriptomic perturbation compared
with WT despite muscle damage (Figure S3), with 1,421/973 and 1,440/872 up- and down-regulated
DEG, respectively (Fig. 4B,C upper panels; Figure S5). In both models, ligand-receptor interactions were
less altered (Figure S6), and GSEA revealed preserved metabolic programs, including oxidative
phosphorylation (OXPHOS), fatty acid, bile acid, and xenobiotic metabolism (Fig. 4B,C, bottom panels),
alongside suppression of inflammatory signaling, EMT, mTOR, cell-cell interaction, and cell-
cycle/proliferative pathways. These transcriptional features correlated with reduced infiltration of
inflammatory monocytes in glycerol-treated Cfb™~ and C3™/~ kidneys (Fig. 4D). Comparative DEG
analysis confirmed convergence between the two models, with ~ 22% overlap after injury (Fig. 4E;
Supplementary Data file 1), defining a shared protective signature characterized by enhanced heme
detoxification and mitochondrial metabolism, preserved PT identity, and broad repression of
inflammatory, fibrotic, and stress-response pathways, including key mediators of leukocyte recruitment
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and ECM remodeling. Together, these data indicate that C3 and FB deficiency confer transcriptional
programs that limit inflammation, maladaptive repair, and proliferative stress, thereby reducing kidney
susceptibility to AKI.

Systemic FB inhibition reduces complement activation but does not protect against tubular injury or
maladaptive repair

Given the protection from RIAKI observed in Cfb™~ and C3™/~ mice, we tested whether this phenotype
depended on activation of the plasma complement cascade by inhibiting FB with CPX014 (a surrogate
for LNP023/iptacopan)(26). Pharmacological FB inhibition targets the enzymatic activity of circulating
and extracellular FB but does not eliminate the cell-intrinsic/intracellular FB pools; therefore, genetic and
pharmacological approaches are not necessarily equivalent. FB inhibition failed to prevent AKI, as
assessed by plasma urea levels and renal cell death (Fig. 5A,B; Figure S7), and to prevent the C3
overexpression (6-fold in the glycerol-treated mice, compared to WT), despite effective suppression of
tubular C3b/iC3b staining (Fig. 5C,D). CPX014 had no effect on gene expression in PBS-treated mice
(Fig. 5E), and transcriptomic comparison of glycerol-injected WT kidneys with or without CPX014
revealed only minor changes (Fig. 5F). Inflammatory monocyte infiltration was similarly unaffected
(Fig. 5G), and ligand—receptor interaction patterns attenuated in Cfb™~ mice were not reproduced by FB
inhibition (Figure S8).

Together, these data indicate that C3 and FB promote kidney injury in RIAKI through mechanisms
independent of the plasma complement cascade, supporting a role for cell-intrinsic, tubular-derived
complement functions. As PT dominate the renal transcriptomic signal(27) and are major sources of C3
and FB in patient biopsies, we next examined cell-intrinsic complement functions in tubular models in
vitro. This in vitro validation in PT cells was a necessary step, as the mice had global C3 or Cfb deficiency,
and other C3 and FB expressing cells could contribute to the kidney protective phenotype.

Loss of FB in PT cells reproduces the anti-inflammatory, anti-proliferative and metabolic
reprogramming observed in vivo

FB knockdown in Caki-1 cells (Figure S2D) resulted in 745 upregulated and 951 downregulated genes
(Fig. 6A). GSEA revealed positive enrichment of metabolic and DNA repair programs (Figure S9A,B), the
latter likely reflecting an in vitro—specific stress response, as increased cell mortality was observed in
culture (Figure S9C), whereas Cfb™~ mice showed preserved renal histology and no excess cell death
even after glycerol injury (Fig. 3B,D). Consistent with the in vivo phenotype, inflammatory (TNFa/IFNy/IL-
2/I1L-6) and cell-cycle-related gene sets were negatively enriched, indicating suppression of
inflammatory and proliferative responses (Figure S9A,B).

Comparison of differentially expressed genes (DEGs) shared between Cfb™~ glycerol-treated kidneys vs

glycerol-treated WT; and siFB cells vs siC identified 53 commonly upregulated and 64 downregulated

transcripts (Fig. 6B), with concordant enrichment of xenobiotic metabolism, OXPHOS, and adipogenesis

(Fig. 6C). Shared upregulated genes included PT transporters and metabolic enzymes associated with
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preserved epithelial differentiation and solute handling (Supplementary Data file 1), consistent with the
protective phenotype observed in vivo (Figs. 2,3).

Integrated pathway and DEG analyses confirmed that FB deficiency in vitro and in vivo suppresses
inflammatory and immune transcriptional programs, including cytokine and chemokine signaling,
interferon-stimulated pathways, and NF-kB and AP-1 effectors, as well as fibrotic and ECM remodeling
programs (Fig. 6C; Supplementary Data file 1). Suppression of cell-cycle and mitotic regulators paralleled
reduced proliferation measured in vitro (Fig. 6D). Importantly, neither reduced proliferation nor viability
could be rescued by the addition of extracellular purified FB (Fig. 6D; Figure S9C), consistent with
intracellular action and insufficient capacity of the cell to uptake and use the supplemented protein.

Despite transcriptional enrichment of OXPHOS, metabolomic profiling revealed broad reductions in
intracellular metabolites, including amino acids, with pathway analysis indicating downregulation of
amino acid metabolism (Fig. 6E,F). This was associated with reduced expression of biosynthetic
enzymes and amino acid transporters, including LAT1 (Supplementary Data file 1), suggesting that
enhanced OXPHOS signatures reflect compensatory transcriptional adaptation to an underlying
metabolic deficit.

Loss of C3 in PT cells reproduces key features of the protective in
vivo phenotype

C3 knockdown resulted in 92 up- and 97 downregulated genes in HK2 cells and 437 up- and 549
downregulated genes in Caki-1 cells (Figures S2C; 7A,B; S10A,B; S11A,B), without affecting cell viability,
morphology, or 3D interaction capacity (Figure S11C-E).

In agreement with in vivo findings, siC3 cells showed enrichment of xenobiotic metabolism and
metabolic reprogramming pathways, with negative enrichment of cell-cycle/proliferation and mTOR gene
sets in both models (Fig. 7C,D). Reduced proliferation was confirmed functionally (Fig. 7E,F; Figure
S11G,H) and was not rescued by extracellularly added purified C3, consistent with an intracellular
requirement that cannot be replenished by exogenous protein. The similarity of the phenotype of HK2
and Caki-1 cells and the mouse model supports biological convergence despite the transformed
background of Caki-1 and validate its use here as a PT model(23). At the whole-organ level, inflammatory
pathways were reduced in C37/~ kidneys, consistent with MCP-counter analysis showing diminished
immune-cell infiltration, while inflammatory hallmark pathways were enriched in siC3 cells.

Across all C3-deficient conditions, common upregulated genes included AQP3 and FLVCR2, the latter
conferring protection against heme overload(28), in line with an upregulation of the heme-degrading
enzyme HMOXT in both siC3 models at mMRNA and protein levels (Figure S10A,B; Figure S11F).
Importantly, this profile was not recapitulated in siFB cells, suggesting a C3-specific, FB-independent
cytoprotective response to heme stress.
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Cell-intrinsic C3 regulates PT phenotype

In C3-deficient glycerol-treated mice vs glycerol-treated WT; and siC3 cells vs siC, mTORC1-linked
metabolic pathways were consistently negatively enriched (Fig. 7D), accompanied by coordinated
downregulation of mTOR-associated genes (Supplementary Data file 1). Metabolic profiling of siC3 Caki-
1 cells revealed altered glycolysis, with increased intracellular glucose despite unchanged GLUT1
expression, while most other metabolites were unchanged or reduced, indicating broad metabolic
reprogramming (Fig. 7G,H).

Cell metabolism and mTOR signaling have been linked to intracellular C3 cleavage into C3a-like fragment
signaling in lysosomes (13). Consistently, C3 was detected in organelle-enriched fractions of Caki-1 and
HK2 cells, and partially colocalizing with lysosomes (Fig. 7I; Figure S12A-C), together with detectable
C3aR expression (Figure S111, S12D). Moreover, siC3 results in decreased ribosomal protein S6
phosphorylation, without significant change in AKT phosphorylation, supporting the decreased mTORC'1
activity, deduced by the RNAseq (Figure S11J,K). C3 was also present in the nucleus in processed (a/B
chains) and unprocessed forms, as well as unprocessed in the cytosol (Fig. 7I; Figure S12A,B), similar to
previous observations in pancreatic B-cells(12). Intracellular C3a was detected in Caki-1 lysates (Fig. 7J).

C3a may be generated intracellularly by a C3 convertase or by proteolytic cleavage, such as by cathepsin
L(13-15). Processed C3 was detected intracellularly (Fig. 71), while FB cleavage fragments were present
but at the detection limit (Ba 0.66 + 0.017 ng/ml; Bb 0.04 + 0.0078 ng/ml; n = 4). Knockdown of FB or FH
tended to reduce intracellular C3a-like levels (Fig. 7J), suggesting a limited contribution of a convertase,
distinct from FH-regulated mechanisms described in macrophages(14, 29). Cathepsin L expression was
detected in PT in situ and in PT cell lines (Figure S13A—-C). Together, these data are consistent with an
intracellular C3a—C3aR—-mTORCT1 axis operating in PT, similar to that described in T cells and
macrophages. Definitive discrimination between truly intracellular function and autocrine signalling by
locally secreted complement will require compartment-specific genetic tools such as secretion-deficient
C3 or FB mutants and cell-permeable C3aR antagonists, beyond the scope of this study.

Discussion

Our data identify a previously unrecognized cell-intrinsic complement axis in injured PT, driven by locally
produced C3 and FB and acting independently of the systemic cascade (Fig. 7K). Here we show that
immune cell recruitment in AKI induces tubular C3 and FB expression, and that genetic deletion of either
component, but not pharmacological FB blockade, confers protection through anti-inflammatory, anti-
proliferative, anti-fibrotic, and metabolic reprogramming consistent with attenuation of maladaptive
repair. Partial recapitulation by in vitro silencing of C3 or CFB in PT cells, not rescued by extracellularly
added purified protein, supports a locally produced, cell-intrinsic mode of action. These findings reframe
complement function in AKI as a compartmentalized tubular process and offer a plausible explanation
for the limited efficacy of plasma-targeted complement inhibitors in this setting.
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Protection of Cfb™~ and C3™/~ mice from RIAKI, together with partial protection by C3 consumption in
rodents and elevated urinary complement activation fragments in patients and mice(9, 18, 19), supports
complement activation as a driver of rhabdomyolysis-induced AKI. Yet inhibition of C5 or C5aR1 failed to
prevent RIAKI, and complement activation occurred after tubular injury and myeloid infiltration(9). Early
cascade inhibition at the level of FB with the regiment tested here also failed to protect. Similar
observations exist in ischemia—reperfusion injury (IRI)(1, 30—32), where complement-deficient mice are
protected(33) but inhibitors show limited benefit(34-36). In our model, FB inhibition prevented tubular
C3 staining but not C3 gene expression, suggesting staining reflects mainly reabsorption. AKI persisted,
indicating that mechanisms beyond plasma cascade activation contribute to injury.

Genetic deletion removes both extracellular and intracellular complement pools, whereas current
inhibitors spare intracellular and locally shed pools, pointing to locally produced complement in PT as a
contributor to RIAKI and likely other forms of AKI. This compartmentalized view reconciles a long-
standing paradox: complement activation is consistently observed in AKI, complement deficiency is
protective in animals, yet systemic inhibitors have shown limited benefit in clinical trials of AKI, IRI, and
post-cardiac-surgery AKI. This is not evidence against complement as a target, but suggests that the
relevant activity occurs in a compartment poorly accessible to plasma-acting inhibitors. The implication
is to develop locally acting, tissue-penetrant or cell-permeable inhibitors. Some protective transcriptional
signatures in C3-/- mice, particularly inflammatory pathways, were not reproduced in vitro, indicating that
systemic or developmental adaptations also contribute.

Sterile inflammation from injured tubules is central to RIAKI(9, 24, 37). Patient biopsies revealed
lymphoid and myeloid infiltration, consistent with heme-driven tubular injury recruiting immune cells in
mice(9, 24). This milieu induces tubular C3 and FB expression, in line with cytokine-responsive
signatures in C3* and CFB* human PT and with IL-13- and TNF-a-induced C3/FB expression in vitro.
Reduced immune infiltration in C37/~ mice and anti-inflammatory reprogramming in Cfb™~ mice indicate
that tubular complement drives immune recruitment. Reduced IL-6 in C3-deficient kidneys and cells,
similar to the intracellular C3-dependent IL-6 regulation in T cells(16), may underlie diminished basal T-
cell infiltration and suggests tubular C3 maintains a defensive inflammatory baseline but amplifies injury
under stress.

In situ complementomics with RNAscope localized C3 and FB expression to VCAM-1-positive injured
tubules, echoing findings in IRI and interstitial nephritis(7, 38, 39). C3 and FB deficiency reduced tubular
proliferation in vivo and in vitro, implicating local complement in repair dynamics. The signatures
rescued by C3 or Cfb-deficiency, persistent VCAM-1, NF-kB and TGF-B signalling driving EMT and ECM
remodeling, are molecular hallmarks of maladaptive repair and the principal determinant of progression
to CKD(40-42). Locally produced C3/C3a and FB promote EMT across tissues(43-45), supporting a
conserved complement—EMT axis. Convergence of heme detoxification programs (HMOX1, FLVCR2) in
C3-deficient kidneys and cells further suggests tubular complement modulates the response to the
dominant injurious stimulus in RIAKI.
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Complement deficiency consistently enhanced xenobiotic metabolism and heme-protective pathways.
Upregulation of FLVCR2(28) and HO-1 likely contributes to defense against heme toxicity in RIAKI and
other AKI forms(46). FB deficiency similarly dampened inflammatory signaling and altered metabolic
programs, consistent with prior kidney, macrophage, and lung observations(6, 14, 47), identifying FB and
to some extent C3 as positive regulators of epithelial inflammatory responses. C3 and FB deficiency is
thus protective in sterile inflammation, even if deleterious in infection(48, 49).

Mechanistically, our data support intracellular C3 cleavage into a C3a-like fragment(13-15), possibly via
cathepsin L or minor convertase activity. C3 detection in lysosomes and mTOR-linked metabolic control
align with the C3/C3a—C3aR-mTOR axis(13—-15). Cytosolic and nuclear C3 suggests additional
regulatory functions requiring further study.

Several limitations apply. The Cfb™~ cohort was limited owing to SARS-CoV-2 constraints. siRNA
depletion eliminates both intracellular and locally secreted pools, and failure of extracellular protein to
rescue may reflect insufficient uptake or a genuinely intracellular function; definitive discrimination
awaits compartment-specific tools such as secretion-deficient mutants. Finally, germline deletion may
entail developmental adaptations, and acute cell-specific causality was not directly tested, as PT-specific
C3 or Cfb-deficient mice are unavailable to us.

In conclusion, heme-driven tubular injury initiates inflammation and immune recruitment, which induces
local tubular C3 and FB expression and activity thus driving maladaptive repair beyond the reach of
systemic inhibitors (Fig. 7K). The same compartmentalized biology likely extends to IRl in cardiac
surgery, stroke, and transplantation(17, 50), supporting the development of tissue-penetrant or cell-
permeable complement-targeted therapies to preserve epithelial integrity and limit progression to CKD.
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Figure 1

Intracellular C3 and FB protein and mRNA are detected in injured proximal tubular cells from RIAKI
patients. (A) Detection of intracellular, granular pattern of C3 with an anti-C3d but less/no with anti-C3c
recognizing antibody as well as FB in proximal tubular cells (detected by Megalin) of a RIAKI patient
(top), contrary to the weak staining in control kidney biopsy (bottom) by multiplexed sequential
immunofluorescence (SeqlF). Panels show merged image (left) and individual markers (megalin : white,
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FB protein : pink, C3 protein detected by anti C3d or anti C3c antibody : green) (B) Multiplexed sequential
immunofluorescence (SeqlF) combined with RNA scope in a RIAKI patient. Panel shows merged image
(top, left) and individual markers (CD34: cyan, megalin: grey, VCAM-1: white, FB mRNA: yellow, C3 mRNA:
orange, FB protein: pink, C3 protein detected by anti C3d antibody: green). Detection of colocalization of
protein and mRNA staining for C3 and FB in a fraction of the activated (VCAM-1+) proximal tubular cells
(Megalin+). In another portion of the proximal tubules, protein but not mRNA were detected. C) % of
proximal tubules, positive for staining with anti-C3d, anti-FB and anti-C3c antibody in RIAKI vs control
kidney biopsies, quantification by Halo software. (D) Venn diagram for the number of tubular cells
positive for C3 protein and/or mRNA and FB protein and/or mRNA in the tested patient biopsy. E)
Percentage of VCAM-1 positive proximal tubular cells by C3 and FB protein/mRNA status. * p<0.05,
Mann Whitney test for pairwise comparison.
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Figure 2

C3 and FB are expressed in patients and in vitro by proximal tubular cells under inflammatory
stimulation. (A-B) GSEA of A) C3 and B) CFB expressing human proximal tubular cells in normal kidney
tissue (peritumoral) derived from a single nuclei (sn) RNAseq dataset from Hu et al., 2024. (C-J)
Inflammatory immune infiltrates in kidney biopsies from RIAKI patients detected by SeqIF. (C)
Representative SeqlF image of immune infiltrates in RIAKI biopsies by multiplexed sequential
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immunofluorescence (SeqlF) . Panels show merged image (top left) and individual markers: proximal
tubules (Megalin, grey), B cells (CD20, red), T cells (CD3, cyan), macrophages (CD68, yellow), myeloid
cells including neutrophils (CD11b, orange), C3 protein (anti-C3d, green), and factor B protein (FB, pink).
Nuclei are counterstained with DAPI (blue). Scale bars, 100 um. (D-G) Quantification of immune
infiltrates in 7 RIAKI patients compared with 3 normal kidney biopsies for T cells (CD3*; D), B cells
(CD20%; E), macrophages (CD68*; F), and neutrophils (CD68-CD11b*; G). (H) Phenotype of macrophages
infiltrating RIAKI kidneys compared with normal kidney biopsies. Panels show proximal tubules (Megalin,
grey), macrophages (CD68, yellow), and phenotype markers CD163 (cyan), C1q (white), and C5aR1
(magenta). (I) Proportion of macrophages (CD68*) positive for CD163 in control and RIAKI kidneys. (J)
Proportion of CD68*CD163* macrophages positive for C5aR1 in control and RIAKI kidney biopsies. (K)
C3 and (L) CFB gene expression is stimulated by AKl-relevant inflammatory mediators in proximal
tubular cell line HK2. Gene expression detected by QuantiGene. Unstim — unstimulated cells. * p<0.05,
Mann Whitney test for pairwise comparison.
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Figure 3

Mice deficient for C3 or FB are protected from AKI in a rhabdomyolysis model (A) Kidney injury (renal
function) measured by blood urea nitrogen (BUN) in WT PBS-injected mice (green), WT-glycerol (GLY)
mice (orange) and deficient for 37~ PBS (blue) or GLY (turquoise) mice, or Cfb”" PBS (pink) or GLY (red)
mice. The horizontal dotted line indicates the normal range, determined by the average + 2SD of the
value measured for the PBS treated group. The presented results are from total of 21 PBS and 21 GLY
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injected WT mice; 2 PBS and 4 GLY injected Cfb”" mice; and 2 PBS and 8 GLY C3” mice. (B)
Hematoxylin/eosin staining on paraffin-embedded kidneys 24 hours after injection by PBS (WT PBS) or
glycerol (WT GLY) or after glycerol injection in Cfb”" (Cfb”" GLY) or €37 (C37 GLY) mice. Original
magnification 20x. Blue arrows indicate myoglobin casts. (C) Double staining of C3b (green) and CD31
(magenta) immunofluorescence on WT-PBS, WT-GLY, FB-/- GLY mice. (D) TUNEL staining on kidney of

WT-PBS (left), WT-GLY (middle left), 37 (middle right) and Cfb” (right) mice, original magnification 20x.

* p<0.05, ** p<0.01, *** p<0.001, **** p < 0.0001, Kruskal Wallis test with Benjamini, Krieger and Yekutieli
correction for multiple comparisons.
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model. (A) Volcano plot of gene expression in C37 versus WT mice at resting state (PBS condition) (top).
GSEA of the hallmark gene-sets that are significantly different in C3”7~ PBS mice as compared to WT PBS
(bottom). (B) Volcano plot of gene expression in Gly-treated C3-/- versus WT mice’ kidneys (top). GSEA

of the hallmark gene-sets that are significantly different in C37mice as compared to WT 24 hours after
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Gly injection (bottom). (C) Volcano plot (top) and GSEA of the hallmark gene-sets of the Cfb-/- mice,
analyzed as the C37 ones (bottom). (D) Estimating the population abundance of kidney-infiltrating T
cells, fibroblasts and inflammatory monocytes by the mMCP-counter tool in the C3 and Cfb”" mice
compared to WT in the RIAKI model. (E) Venn diagrams of the common up or down-regulated DEG
(genes with an absolute log fold change >1 and an adjusted p-value of less than 0,05 are differentially
expressed (DEG) between the control and the test groups) between the C3-/- PBS vs WT PBS, C37"GLY

vs WT GLY and Cfb”" GLY vs WT GLY mouse kidneys. (A, B, C bottom) Shown are the gene-sets with FDR
threshold FDR<0.25 and FDR g-value p<0.05. Plotted is the Normalised Enrichment Score (NES). * p<0.05
Kruskal Wallis test with Benjamini, Krieger and Yekutieli correction for multiple comparisons.
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Figure 5

Inhibition of complement cascade does not protect the WT mice in the rhabdomyolysis model.

A) Kidney injury (renal function) measured by blood urea nitrogen (BUN) in WT mice injected by PBS or
glycerol (GLY), in mice preventively treated by FB inhibitor CPX014 as compared to excipient (Excip). The
presented results are from one experiment with 5 Excip/PBS, 4 CPX014/PBS, 7 Excip/GLY, 7
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CPX014/GLY injected mice. B) Quantification of the TUNEL staining for apoptosis. C) Quantification of
the C3 staining in the kidney. Quantification of the % area of C3b deposits on snap-frozen kidney by
immunofluorescence, evaluated by HALO software upon FB inhibition. D) Examples of C3b/iC3b staining
(magenta) of mouse kidney. Nuclear staining (Dapi) is in blue. (E-G) Transcriptomic analysis of the
kidneys of the glycerol-injected mice, pre-treated with FB inhibitor CPX014 or excipient (Excip).
Volcanoplots of E) control or F) Gly-injected mice. G) Estimating the population abundance of kidney-
infiltrating inflammatory monocytes by mMCP-counter tool. * p<0.05, ** p<0.01, *** p<0.001, **** p <
0.0001, Kruskal Wallis test with Benjamini, Krieger and Yekutieli correction for multiple comparisons.
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Figure 6

FB knockdown in a proximal tubular cell in vitro model recapitulates the phenotype of the mouse kidney
through a cell-intrinsic mode of action. A) Volcano Plot representing differentially expressed genes
(absolute log2 fold change >1 and an adjusted p-value < 0,05) upon FB knockdown in Caki-1 cells
evaluated by RNA sequencing. B) Venn diagram showing the common un and down-regulated DEG
between the Cfb-/- mice and siFB cells. C) Comparison of the Hallmark gene sets among the siFB Caki1l
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cells and the Gly-injected Cfb-/- mice. D) Proliferation test (CFSE signal dilution) for siC and siFB Caki-1
cells in presence or absence of purified FB or BSA as a control. E) Heatmap of the significantly up or
downregulated metabolites in siFB cells (blue-up; red-down), detected by mass spectrometry. F)
Significantly impacted metabolic pathways. * p<0.05, ** p<0.01, Kruskal Wallis test with Benjamini,
Krieger and Yekutieli correction for multiple pairwise comparison.
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C3 knockdown in proximal tubular cell in vitro models partially recapitulates the phenotype of the C3-/-
mouse kidney through a cell-intrinsic mode of action. (A-B) Volcano Plot representing differentially
expressed genes (absolute log2 fold change >1 and an adjusted p-value < 0,05) upon C3 knockdown in
A) HK2 cells and B) Caki-1 evaluated by RNA sequencing. C) Venn diagram comparing the up and down-
regulated DEG between the two in vitro and the two in vivo models of C3 deficiency. D) Common
Hallmark gene sets between Gly-treated C3-deficient mice, siC3 HK2 and Caki-1 cells. (E-F) Proliferation
test (CFSE signal dilution) for siC and siC3 E) HK2 cells and F) Caki-1 in presence or absence of purified
C3 or BSA as a control. G) Targeted metabolomic analysis of the lysate of Caki-1 cells. Heatmap of the
significantly up or downregulated metabolites in siC3 cells (blue-up; red-down). H) Significantly impacted
metabolic pathways. I-J) Exploration whether FB modulates cell functions by cleaving intracellular C3 or
not. I) Detection of C3 in the total lysate and sub-cellular fractions of Caki-1 by western blot with anti-C3
polyclonal Ab, reducing conditions. The ~170 kDa band corresponds to an unprocessed form of C3, the
110 kDa band to the a-chain of C3 and the 75 kDa band - to the b-chain of processed C3. Schema of the
chains and fragments of C3. J) Evaluation of the process of C3a generation by silencing its source
protein C3, the potential cleaving enzyme FB and the potential regulator FH. C3a levels in the lysate of
Caki-1 cells, silenced for C3, FB or FH measured by ELISA. K) Proliferation test (CFSE signal dilution) for
siC3aR compared to siC and siC3. * p<0.05, ** p<0.01, *** p<0.001, **** p < 0.0001, Kruskal Wallis test
with Benjamini, Krieger and Yekutieli correction for multiple comparisons. L) Schematic representation
of the proposed hypothesis of a cross-talk between myoglobin/heme injured proximal tubules in the
context of RIAKI with the immune infiltrate in the kidney, leading to C3 and FB overexpression and
reabsorption from the extracellular space. The cell-intrinsic C3 and FB promote by different modes of
action an inflammatory and proliferative phenotype, metabolism reprogramming and increased
susceptibility to AKI.
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