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Summary

Systemic candidiasis is a common, high-mortality, nosocomial fungal infection. Unexpectedly, it 

has emerged as a complication of anti-complement C5-targeted monoclonal antibody treatment, 

indicating a critical niche for C5 in antifungal immunity. We identified transcription of 

complement system genes as the top biological pathway induced in candidemic patients and 

as predictive of candidemia. Mechanistically, C5a-C5aR1 promoted fungal clearance and host 

survival in a mouse model of systemic candidiasis by stimulating phagocyte effector function and 

ERK/AKT-dependent survival in infected tissues. C5ar1 ablation rewired macrophage metabolism 

downstream of mTOR, promoting their apoptosis and enhancing mortality through kidney injury. 

Besides hepatocyte-derived C5, local C5 produced intrinsically by phagocytes provided a key 

substrate for antifungal protection. Lower serum C5a concentrations or a C5 polymorphism that 

decreases leukocyte C5 expression correlated independently with poor patient outcomes. Thus, 

local, phagocyte-derived C5 production licenses phagocyte antimicrobial function and confers 

innate protection during systemic fungal infection.

In Brief

Locally-produced complement component C5 is a critical mediator of anti-fungal defense in 

infected tissues, and this finding explains the susceptibility of patients to systemic Candida 
infection after C5 inhibition therapy.

Graphical Abstract
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Introduction

Systemic candidiasis is a public health threat causing >700,000 cases/year with high 

mortality despite therapy1,2. It recently emerged as an unexpected complication of 

complement C5-targeted monoclonal antibody treatment3–5, indicating that complement 

activation orchestrates protective antifungal responses. Phagocyte-dependent responses are 

critical for defense during systemic candidiasis6,7. Improving our understanding of these 

responses could enable personalized risk stratification, immunotherapy, and vaccination 

strategies in at-risk patients and improve their outcomes.

The complement system is crucial for bacterial clearance8. Complement activation 

converges on C5 cleavage into C5a and C5b. C5a is a potent chemoattractant and C5b 

forms the multiprotein membrane attack complex for bacterial lysis9. Unsurprisingly, 

inherited C5 deficiency causes life-threatening invasive infections by encapsulated bacteria 

(e.g., meningococcus, pneumococcus)10. Conversely, dysregulated complement activation 

exacerbates inflammation and tissue injury as seen in patients with paroxysmal nocturnal 

hemoglobinuria or atypical hemolytic syndrome9,11,12, who are effectively treated with 

the FDA-approved anti-C5 antibody, eculizumab3,13. As with inherited C5 deficiency, 
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eculizumab predisposes to invasive encapsulated bacterial infections. Unexpectedly, post-

marketing pharmacovigilance revealed that eculizumab also increases the risk of life-

threatening systemic fungal infections3,4, leading the FDA to update its package insert to 

warn against this risk5. These observations suggest a critical yet unexpected role for C5 in 

human antifungal defense mechanisms.

Although complement is traditionally considered hepatocyte-derived and plasma-operative, 

complement components are also expressed and biologically-active intracellularly. C5, 

for example, is expressed by lymphocytes and phagocytes, and acts as a substrate for 

C5a generation locally within tissues8,14. Although C5 produced by CD4+ T cells and 

monocytes/macrophages supports IFN-γ and IL-1β secretion, respectively15,16, whether 

locally-produced C5 contributes to antimicrobial defense is unknown.

Here, we studied complement-dependent immune responses during systemic candidiasis in 

patients and in a mouse model of the infection. In patients, we found that transcription of 

complement genes is the top biological pathway induced in candidemia and is predictive of 

the disease. We also found that suboptimal complement activation due to either decreased 

serum C5a concentrations or a C5 SNP is an independent risk factor for poor clinical 

outcomes. In mice, we show that C5a-C5aR1 signaling in phagocytes is essential for 

immunological fitness to Candida challenge, mediating phagocyte survival, optimal cellular 

metabolism, and effector function, thereby promoting fungal clearance and host survival. 

We demonstrate that this mechanism relies on locally-produced C5 within Candida-infected 

tissue by phagocytes, highlighting it as a critical anti-microbial mediator during systemic 

fungal infection and explaining the susceptibility of eculizumab-treated patients to fungal 

disease.

Results

Induced transcription of complement genes in human whole blood predicts candidemia

To investigate the role of complement in defense against systemic candidiasis, we sourced 

bulk RNA-seq data from whole blood of 47 candidemic patients and 29 healthy controls 

(GSE176262)17. We compared the transcriptomes of patients to healthy controls using 

gene-set enrichment analysis (GSEA)18 and found 125 Hallmark and Canonical pathways 

curated by the Molecular Signatures Database (MSigDB)19 to be enriched in the patient 

transcriptomes. Four of these were annotated as complement pathways (Table S1A). 

Ordering of enriched pathways by normalized enrichment score showed that complement 

pathways were among the most enriched and that complement was, in fact, the topmost 

enriched of all pathways (Figure 1A). To contextualize these observations, we also analyzed 

bulk RNA-seq data from whole blood of patients hospitalized with bacterial infections 

(n=45), viral infections (n=59), or non-infectious systemic inflammatory response syndrome 

(SIRS; n=17), i.e., those with sepsis features without identifiable infection. Although 

complement genes were also induced under these conditions, their induction especially 

during bacterial infection or SIRS was not as dramatic as in candidemic patients (Figure 

1B). To identify complement genes induced in candidemic patients, we combined the 

leading edges of the enriched complement pathways to generate a complement “module” 

(Table S1B). This module was noteworthy for genes of the classical pathway of complement 
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activation, including C1QA, C1QB, C1QC, C4A, C4B, and several immunoglobulin genes 

(Table S1B; Figure 1C). Expression of this module was significantly induced in candidemic 

patients relative to healthy controls (Figure 1D), and was a strong predictive biomarker for 

distinguishing candidemic patients from healthy controls with an area under the receiver 

operating characteristic (ROC) curve of 0.94 (Figure 1E). Expression of this module 

appeared more specific to candidemia, as it performed less well at distinguishing healthy 

controls from other types of infection or inflammation (AUC 0.76–0.79; Figure 1E). To 

further contextualize this module’s performance, we performed ROC analysis of all 2545 

pathways curated by MSigDB and ranked their predictive power. The complement module 

was among the very top-ranked pathways as a predictive biomarker for candidemia, being 

within the top 2% of all pathways (Figure 1F; Table S1C).

To independently validate this module, we sourced bulk RNA-seq data from peripheral 

blood mononuclear cells (PBMCs) of healthy donors challenged ex vivo with C. albicans 
(GSE162746)20. We found significant induction of the same complement module upon 

PBMC exposure to Candida, but not mold fungi (Figure 1G). Thus, the observed activation 

of complement gene transcription in whole blood leukocytes of candidemic patients likely 

represents an intrinsic response to Candida and does not appear to be primarily related to 

severe acute illness or sepsis in these patients. Collectively, these data show that activation of 

complement transcription in whole blood leukocytes is the top biological pathway induced 

in candidemic patients and one of the top predictive biomarkers of candidemia.

C5a-C5aR1 signaling promotes fungal clearance and host survival in murine systemic 
candidiasis

Since the anti-C5 antibody eculizumab is implicated in the development of systemic 

candidiasis in humans, we postulated that C5 levels might be associated with candidiasis. 

We examined the expression of C5 mRNA in bulk RNA-seq data from whole blood of 

candidemic patients and healthy controls (GSE176262)17. C5 expression was significantly 

greater in candidemic patients (Figure 1H). Moreover, C5 protein levels were induced in 

monocytes from healthy donors upon stimulation with C. albicans, but not Aspergillus, ex 
vivo (Figures 1I–J). Collectively, these data show activation of C5 transcription in whole 

blood leukocytes of candidemic patients and Candida-mediated induction of C5 protein in 

human monocytes.

To understand how C5a-induced cell activation protects against systemic candidiasis, we 

used an established mouse model, where C. albicans is injected intravenously and spreads 

to several tissues, with kidneys being the primary target21,22. We suspected an in vivo 
protective function for C5 because C5-deficient inbred A/J and DBA/2 mouse strains are 

susceptible to death from systemic candidiasis in this model23–26. However, because these 

strains demonstrate additional immunological defects27,28, the immunological mechanisms 

for Candida susceptibility were not previously established.

We first analyzed bulk RNA-seq data from wild-type (WT) mouse kidneys at steady-

state and at different timepoints post-systemic candidiasis using GSEA (GSE56092)29. 

Complement pathway genes were enriched in transcriptomes post-infection relative to the 

uninfected state, and ranked among the very top Hallmark and Canonical MSigDB pathways 
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(Figure 2A; Table S2). Notably, the leading edge genes of induced complement pathways 

contained C5 and C5ar1, one of the two cognate C5a receptors (Figures 2B–C)14. We 

confirmed increased expression of C5 and C5ar1, but not C5ar2, the other cognate C5a 

receptor14, in Candida-infected kidneys by RT-qPCR (Figure S1A). Moreover, we observed 

significantly increased serum C5a concentrations following systemic candidiasis compared 

to the steady-state (Figure S1B), indicative of systemic complement activation in vivo.

To test the protective role of C5a in candidemic mice, we administered recombinant C5a 

to Candida-infected WT animals and observed significantly improved survival compared 

to vehicle (Figure 2D). Since C5a can signal through C5aR1 and C5aR2, we infected 

C5ar1−/− and C5ar2−/− mice. C5ar1−/− mice were highly-susceptible and exhibited universal 

mortality by day 6 post-infection, whereas 60% of C5ar1+/+ mice remained alive 28 

days post-infection (Figure 2E). C5ar1−/− mice had significantly greater fungal burden 

in several organs throughout the infection and as early as 2 hours post-infection in the 

kidney (Figures 2F; S1C). Impaired control of renal fungal proliferation in C5ar1−/− mice 

was accompanied by reduced kidney function (Figure 2G). Histological examination of 

C5ar1−/− kidneys showed markedly increased fungal invasion, inflammatory lesions, and 

tissue damage (Figure 2H). By contrast, C5ar2−/− mice had similar survival, tissue fungal 

burden, kidney function, and histological appearances compared to WT mice (Figures 

S1D–G). Furthermore, consistent with the segregation of host requirements for controlling 

systemic versus mucosal candidiasis30, C5aR1 was dispensable for fungal clearance during 

oropharyngeal and vulvovaginal candidiasis (Figures S1H–I). Collectively, these data 

indicate that complement activation is among the cardinal features of murine systemic 

candidiasis and that protective immunity is dependent on C5a signaling downstream of 

C5aR1 to prevent mortality.

C5aR1 signaling specifically in phagocytes protects against systemic candidiasis

C5aR1 is expressed on hematopoietic and non-hematopoietic cells, including renal tubular 

cells and pericytes31–34. To assess whether increased susceptibility of C5ar1−/− mice during 

systemic candidiasis is driven by C5aR1 deficiency in the hematopoietic and/or stromal 

compartments, we generated bone marrow (BM) chimeras. WT mice reconstituted with 

C5ar1−/− BM, but not C5ar1−/− mice reconstituted with WT BM, were susceptible to 

systemic candidiasis and exhibited similar susceptibility as C5ar1−/− mice reconstituted 

with C5ar1−/− BM (Figures S2A–D). Therefore, C5aR1 within hematopoietic cells protects 

during systemic candidiasis.

Neutrophils, monocytes, macrophages, and CD11b+ dendritic cells (DCs) are indispensable 

for defense in the model of systemic candidiasis35. To delineate the cells that are dependent 

on C5aR1 signaling during systemic candidiasis, we examined C5aR1 expression on 

leukocyte subsets (gating strategy: Figure S2E) in Candida-infected kidneys using GFP-
C5ar1fl/fl reporter mice31. C5aR1 was highly-expressed on neutrophils and macrophages, 

whereas monocytes displayed intermediate C5aR1 expresssion, and DCs and lymphocytes 

expressed C5aR1 at low levels (Figures S2F–G). To define the differential contributions 

of C5aR1-expressing phagocytes in protection during systemic candidiasis, we generated 

mice with conditional C5aR1 ablation in neutrophils, monocytes/macrophages or all 
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phagocytes36–38. Lyz2-Cre/C5ar1fl/fl mice were highly susceptible to systemic candidiasis 

and recapitulated the phenotype of C5ar1−/− mice (Figures 2I–J; S2H). Mice with specific 

C5ar1 ablation in neutrophils (S100a8-Cre/C5ar1fl/fl) or monocytes/macrophages (Cx3cr1-
Cre/C5ar1fl/fl) also increased susceptibility to systemic candidiasis (Figures 2I–J; S2H). 

Thus, C5a-C5aR1 signaling on both polymorphonuclear and mononuclear phagocytes 

protects from systemic candidiasis.

C5aR1 is dispensable for phagocyte recruitment into the kidney

We next aimed to examine whether C5aR1 deficiency impairs phagocytes quantitatively 

and/or qualitatively to enhance susceptibility to systemic candidiasis. C5a is a potent 

chemoattractant and C5aR1 drives neutrophil and monocyte recruitment in several infectious 

and non-infectious settings39–45. We reasoned that C5aR1 protects during systemic 

candidiasis by mediating phagocyte recruitment to the Candida-infected kidneys. We 

quantified the temporal accumulation of phagocyte subsets in C5ar1+/+ and C5ar1−/− 

kidneys46,47, and observed, contrary to expectations, greater accumulation of neutrophils 

and monocytes in the C5ar1−/− Candida-infected kidneys, whereas DC accumulation was 

unchanged relative to WT mice (Figures 3A, S3A–C). In agreement, we found increased 

levels of neutrophil-targeted and monocyte-targeted chemokines in infected C5ar1−/− 

kidneys (Figure S3D). Furthermore, the induction of other protective pro-inflammatory 

mediators in this model, many of which are phagocyte-derived, such as IL-1β, IL-6, GM-

CSF, and TNF-α48–52, was not decreased in C5ar1−/− kidneys post-infection (Figure S3E).

Renal accumulation of neutrophils and monocytes is proportional to the local fungal 

burden in the model of systemic candidiasis22,46,47. Because of the markedly increased 

fungal burden in C5ar1−/− relative to WT kidneys (Figure 2F), we generated mixed BM 

radiation chimeras. We adoptively transferred CD45.1+C5ar1+/+ and CD45.2+C5ar1−/− 

donor BM cells at a 1:1 ratio into lethally-irradiated CD45.1+C5ar1+/+ recipient mice, and 

infected them post-engraftment (Figure S3F). The relative frequency of CD45.1+C5ar1+/+ 

and CD45.2+C5ar1−/− neutrophils, Ly6Chi monocytes, and Ly6Clo monocytes was similar 

between infected blood and kidney, indicating that recruitment of C5ar1−/− neutrophils and 

monocytes from the blood into kidneys was not perturbed compared to WT cells (Figure 

3B). Collectively, these data show that C5aR1 is dispensable for neutrophil and monocyte 

recruitment or production of pro-inflammatory mediators in the infected kidney during 

systemic candidiasis.

C5aR1 is non-redundant for macrophage accumulation and survival and inhibits caspase-
dependent apoptosis

In contrast to neutrophils and monocytes, we observed significantly decreased macrophages 

in infected C5ar1−/− kidneys (Figures 3A, S3A). Quantitative deficiency of macrophages 

impairs fungal clearance and host survival during systemic candidiasis46,53,54. Therefore, 

we examined the mechanisms of decreased macrophage accumulation in C5ar1−/− kidneys, 

which could be explained by decreased (a) monocyte recruitment from the blood into the 

kidney, and/or (b) macrophage proliferation, and/or (c) macrophage survival. We observed 

no defect in monocyte recruitment from blood into the infected C5ar1−/− kidneys (Figures 

3A–B, S3A) and the proportion of proliferating Ki-67+ macrophages was similar between 
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C5ar1+/+ and C5ar1−/− kidneys (Figure S4A). By contrast, we observed significantly 

increased Indo-1+ or PI+ dead macrophages in C5ar1−/− relative to WT kidneys (Figures 

3C–D). Consequently, the proportion of viable macrophages was significantly greater in WT 

kidneys (Figures 3D).

Consistent with C5aR1 promoting survival by blocking apoptosis in CD4+ T cells55, the 

proportion of annexin V+PI− apoptotic renal macrophages was significantly increased in 

infected C5ar1−/− kidneys (Figure 3D). In agreement, renal C5ar1−/− macrophages exhibited 

increased levels of the pro-apoptotic effector molecules Bax and cleaved caspase-3 (Figures 

3E–F). To examine whether increased macrophage apoptosis in the absence of C5aR1 is 

cell-intrinsic or due to the increased renal fungal load of C5ar1−/− mice, we generated mixed 

1:1 WT:C5ar1−/− BM chimeras. We found enhanced apoptosis and cell death, increased 

expression of pro-apoptotic molecules, and decreased survival of C5ar1−/− relative to WT 

renal macrophages in this setting (Figures 3G–H). In keeping with a cell-intrinsic survival 

defect of C5aR1-deficient macrophages, we also found increased apoptosis and cell death 

and decreased survival of C5ar1−/− relative to WT BM-derived macrophages upon co-culture 

with Candida in vitro (Figure 3I).

We also examined non-apoptotic mechanisms of cell death as C. albicans can induce 

pyroptosis, necroptosis, and ferroptosis in macrophages56–59. Interestingly, C5ar1−/− renal 

macrophages displayed increased cleaved caspase-1 and cleaved gasdermin D, indicative 

of activated pyroptosis (Figure S4B). WT and C5ar1−/− LPS-stimulated BM-derived 

macrophages exhibited similar levels of cleaved gasdermin D upon Candida co-culture in 
vitro (Figure S4C), suggesting that increased pyroptosis of C5ar1−/− renal macrophages is 

likely cell-extrinsic, reflecting local changes in the micro-environment of C5ar1−/− infected 

kidneys. By contrast, we detected similar amounts of phosphorylated Mlkl and Gpx4 as 

surrogate markers of necroptosis and ferroptosis, respectively, in WT and C5ar1−/− renal 

macrophages (Figure S4D). Collectively, these data show that C5aR1 promotes macrophage 

accumulation in the infected kidney by promoting their survival, not via affecting their 

proliferation or monocyte recruitment. The C5aR1-dependent survival benefit is mediated 

via inhibiting caspase-dependent apoptosis and pyroptosis.

We next aimed to define the C5a-dependent signaling cascades involved in ameliorating 

macrophage apoptosis and death. We focused on extracellular signal-regulated protein 

kinase (ERK1/2) and protein kinase B (AKT) as these kinases are activated by C5a-

C5aR1 in myeloid cells60 and were shown to promote human monocyte survival 

downstream of G protein-coupled receptor engagement61. We found increased ERK1/2 and 

AKT phosphorylation in WT BM-derived macrophages upon C5a treatment, which was 

synergistically enhanced in the presence of Candida (Figure 3J–K). We then assessed the 

role of these signaling kinases on promoting macrophage survival downstream of C5aR1 

activation. C5a treatment decreased apoptosis and cell death and increased survival of 

WT BM-derived macrophages co-cultured with Candida in vitro (Figures 3L–M). This C5a-

induced amelioration of macrophage apoptosis was abrogated by pharmacological inhibition 

of ERK1/2 or AKT signaling (Figures 3L–M). Collectively, these data indicate that C5a 

promotes C5aR1-mediated macrophage survival via ERK1/2- and AKT-dependent inhibition 

of apoptosis.
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C5aR1 mediates fungal uptake by neutrophils and killing by macrophages

We next explored how C5aR1 deficiency may affect phagocytic antifungal functions. In 

the WT setting, phagocytes restrict Candida proliferation via phagocytosis and intracellular 

killing of yeast cells and extracellular destruction of filamentous hyphae30,62, which is 

the virulent morphogenic fungal state63. We first used a fluorescence-based “functional 

microbial reporter”64,65 to assess uptake and intracellular killing of Candida yeast cells 

by renal phagocytes in vivo66,67 (Figure S4E). We observed significantly lower yeast cell 

uptake by C5ar1−/− neutrophils, whereas intracellular yeast cell killing was unimpaired 

(Figure 4A). Congruently, neutrophil reactive oxygen species (ROS) production and 

neutrophil extracellular trap formation were not decreased in C5ar1−/− mice (Figures S4F–

G). Kidney monocytes did not exhibit C5aR1-dependent uptake or intracellular killing 

of yeast cells (Figure 4B). Interestingly, although C5ar1−/− renal macrophages appeared 

to associate normally with yeast cells, they exhibited impaired intracellular yeast cell 

killing (Figure 4C). We FACS-sorted renal macrophages and independently confirmed 

the dependence on C5aR1 for macrophage fungal killing ex vivo (Figure 4D), whereas 

no defect was seen in macrophage ROS production (Figure S4H). Therefore, C5aR1 

deficiency impairs yeast cell uptake by neutrophils and intracellular non-oxidative killing 

by macrophages.

To probe neutrophil and macrophage interactions with Candida in vivo in real-time, we 

developed a multicolor intravital microscopy approach. We focused on early phagocyte-

Candida interactions46, and found that whereas ~80% of yeast cells were associated 

with neutrophils in WT kidneys, only ~15% yeast cells were associated with C5ar1−/− 

neutrophils (Figures 4E, F; Movie S1). This observation was not due to differential numbers, 

sphericity, or velocity of WT and C5ar1−/− neutrophils (Figures S4I–J). By contrast, we 

found no difference in C. albicans growth inhibition once the fungus was associated with 

neutrophils, irrespective of the genotype (Figure 4G). With regard to renal macrophages, 

their association with Candida was similar in WT and C5ar1−/− mice (Figures 4F, H). 

However, whereas fungal-associated WT macrophages universally restricted C. albicans 
growth, fungal-associated C5ar1−/− macrophages permitted C. albicans growth in 82% of the 

examined interactions at an average rate of 8 μm/hour (Figures 4G–I; Movie S1). Strikingly, 

the impairment in fungal uptake by neutrophils and growth restriction by macrophages 

in C5ar1−/− kidneys was collectively associated with a marked inability to restrict fungal 

filamentation in vivo. Indeed, whereas ~80% of examined yeast cells germinated into 

filamentous hyphae in the C5ar1−/− kidney, only ~5% of filamentation occurred in the WT 

kidney within the first hour post-infection (Figure 4J).

We next examined whether the defects in fungal uptake and killing by C5ar1−/− renal 

neutrophils and macrophages were caused by cell-intrinsic defects or whether they were 

driven by the local immunological milieu of infected C5ar1−/− kidneys. Neutrophils and 

macrophages harvested from the BM of uninfected C5ar1−/− mice exhibited similar defects 

in fungal uptake and killing, respectively (Figures 4K, S4K). Moreover, C5a treatment 

enhanced fungal uptake and killing by WT BM neutrophils and macrophages, respectively, 

in vitro (Figure 4L). We then asked whether C5AR1 inhibition impairs the antifungal 

function of human phagocytes. We treated human blood neutrophils and monocyte-derived 
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macrophages with the C5AR1 inhibitor, avacopan, which was recently FDA-approved for 

the treatment of anti-neutrophil cytoplasmic antibody-associated vasculitis68. Avacopan 

decreased fungal uptake and killing by human neutrophils and macrophages, respectively 

(Figure 4M), indicating that avacopan has the potential to heighten the risk of fungal disease 

in humans. Collectively, these data show that C5aR1 deficiency causes cell-intrinsic defects 

in neutrophil fungal uptake and macrophage fungal killing, cumulatively resulting in failure 

to prevent fungal filamentation in vivo.

Since C3a is a major complement effector upstream of C5a, we wondered whether it exerts 

similar functions to C5a during fungal challenge. As with C5a, C3a was increased in 

Candida-infected mouse sera relative to steady-state (Figure S5A), and administration of 

recombinant C3a in WT mice improved their survival post-infection (Figure S5B). C3−/− 

mice rapidly died after systemic candidiasis (Figure S5C), confirming prior observations69, 

and were resistant to oropharyngeal candidiasis (Figure S1H), thereby phenocopying the 

susceptibility of C5ar1−/− mice (Figures 2E, S1H). We exposed WT BM neutrophils and 

BM-derived macrophages to Candida in vitro, and asked whether C3a modulates their 

survival and effector functions as C5a did. C3a decreased apoptosis and cell death and 

increased survival of macrophages (Figures S5D–E), similar to C5a (Figures 3L–M). 

By contrast, C3a did not directly affect neutrophil fungal uptake or macrophage killing 

(Figures S5F). Collectively, these data indicate that C3a protects against murine systemic 

candidiasis and reveal similarities and differences on the mechanistic roles of C3a and C5a 

in phagocytes.

Phagocytic molecules are decreased in C5ar1−/− neutrophils

We next FACS-sorted neutrophils and macrophages from infected C5ar1+/+ and C5ar1−/− 

kidneys and performed bulk RNA-seq. Principal component analysis separated the 

transcriptomes of WT and C5ar1−/− neutrophils and macrophages along the first two 

principal components (PCs), approximately by cell-type (PC1) and genotype (PC2), 

demonstrating clear differences in transcriptional programs in cells lacking C5aR1 (Figure 

S6A). 1966 transcripts were differentially expressed (>2-fold change in either direction at 

adjusted P<0.01) in C5ar1−/− relative to WT neutrophils (Figures S6B–C; Table S3A). We 

compared the transcriptomes of C5ar1+/+ and C5ar1−/− neutrophils by GSEA for enrichment 

of the positive regulation of phagocytosis geneset curated by gene ontology (GO:0050766). 

Genes in this geneset were more highly expressed by WT compared to C5ar1−/− neutrophils 

(Figure S6D). Among the leading edge of genes from this geneset were Clec7a and Fcgr1, 

which encode the bona-fide phagocytic receptors Dectin-1 and high-affinity Fc receptor 

(FcγR1), respectively. Both receptors were more significantly expressed in WT neutrophils 

(Figure S6D; Table S3A). In agreement, we found decreased protein levels of Dectin-1 and 

FcγR1 on the surface of C5ar1−/− neutrophils harvested from Candida-infected kidneys of 

C5ar1−/− and of mixed 1:1 WT:C5ar1−/− BM chimeric mice and from uninfected mouse BM 

(Figure S6E–G) Exposure of WT BM neutrophils to C5a and Candida synergistically up-

regulated Dectin-1 and FcγR1 expression in vitro (Figure S6G). Thus, C5a-C5aR1 promotes 

neutrophil fungal uptake associated with increased expression of phagocytic receptors.

Desai et al. Page 10

Cell. Author manuscript; available in PMC 2024 June 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mTORC1-associated metabolic rewiring is enhanced in C5ar1−/− renal macrophages

We next compared the transcriptomes of WT and C5ar1−/− macrophages for differentially-

enriched biological pathways among the Hallmark pathways curated by MSigDB. 915 

transcripts were differentially expressed in C5ar1−/− relative to WT macrophages (Figure 

S6B; Table S3B). Transcripts of the Hallmark apoptosis pathway were enriched in C5ar1−/− 

macrophages (Figures 5A, S6H; Table S3C), in agreement with their enhanced caspase-

dependent apoptotic cell death (Figures 3C–D). Notably, some of the most enriched genesets 

in C5ar1−/− renal macrophages were glycolysis, mTORC1 signaling, and ROS pathway, 

suggestive of metabolic rewiring (Figures 5A, S6H; Table S3C). Indeed, C5ar1−/− renal 

macrophages had greater expression of phosphorylated ribosomal protein S6, indicative of 

enhanced mTORC1 activity, increased levels of the glucose transporter Glut1, and increased 

extracellular acidification rate and oxygen consumption rate by Seahorse extracellular flux 

analysis compared to WT macrophages (Figures 5B–C).

mTORC1 signaling regulates cellular energetics, including glycolysis, and survival in 

phagocytes70. Pharmacological inhibition of hyperactive mTORC1 rescues macrophages 

from apoptotic cell death during sterile inflammation71–73. Thus, we reasoned that 

pharmacological inhibition of hyperactive mTORC1 in C5ar1−/− mice may ameliorate 

apoptotic cell death in macrophages and improve the outcome of systemic candidiasis. 

Indeed, treatment of C5ar1−/− mice with the FDA-approved mTOR inhibitor rapamycin 

decreased p-S6 and Glut1 expression, reduced the proportion of apoptotic and dead cells, 

and decreased the expression of cleaved caspase-3 and Bax in C5ar1−/− renal macrophages 

(Figures 5D–E), and improved kidney function and survival of C5ar1−/− mice (Figures 5F–

G). The protective effects of rapamycin on reducing macrophage apoptosis and improving 

renal function and survival in C5ar1−/− mice were also seen following infection with the 

isogenic rapamycin-resistant C. albicans strain rbp1Δ/Δ74, albeit to a lesser degree for 

mouse survival (Figures 5H–J). Moreover, rapamycin decreased apoptosis and cell death 

and increased survival of WT and C5ar1−/− BM-derived macrophages upon co-culture 

with the rapamycin-resistant strain rbp1Δ/Δ in vitro (Figure 5K), indicative of a direct 

protective effect of rapamycin on macrophages that is independent of its in vitro antifungal 

activity74. Collectively, these data identify enhanced mTORC1 signaling in C5ar1−/− renal 

macrophages as a regulator of apoptosis that can be targeted with therapeutic benefit during 

systemic candidiasis.

Renal phagocyte-intrinsic, locally-produced C5 is essential for fungal clearance

Hepatocytes are major producers of circulating complement proteins, including C575. To 

examine the contribution of liver-derived C5 to the protective antifungal response during 

systemic candidiasis, we infected Albumin-Cretg/C5fl/fl mice, which specifically lack C5 in 

hepatocytes and are consequently plasma C5-deficient. Albumin-Cretg/C5fl/fl mice exhibited 

increased renal fungal proliferation, albeit to a lesser extent than C5ar1−/− mice (Figure 

2F), increased tissue fungal invasion and kidney injury upon histological examination, and 

impaired kidney function post-infection (Figures 6A–B). Thus, liver-derived C5 is critical 

for protection during systemic candidiasis.
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Besides hepatocytes, extrahepatic complement production can play significant roles in 

immune regulation76. Myeloid cells can produce C5 locally, providing a source of C5a 

in tissues, where plasma-derived C5 is absent8,14,75. Phagocyte-derived, locally-produced C5 

supports IL-1β secretion by monocytes/macrophages and can drive sterile inflammation15. 

However, it is unclear whether local leukocyte-intrinsic C5 generation contributes to 

antimicrobial defense. We examined this question, as we observed induced C5 mRNA in 

whole blood leukocytes of candidemic patients and in Candida-infected kidneys and we 

found that Candida up-regulated C5 protein expression in human monocytes (Figures 1H–

J, 2B–C, S1A). We studied renal cell subsets for C5 expression at steady-state and post-

infection using YFP-C5fl/fl reporter mice15. Renal phagocytes expressed C5 at steady-state 

and during systemic candidiasis. C5 was up-regulated at day 1 and/or 3 post-infection over 

the uninfected state in neutrophils, monocytes, and CD11b+ DCs. C5 expression was also 

noted in renal stromal cells (Figures 6C–D, S6I).

To determine whether phagocyte-specific C5 production contributes to antifungal immunity, 

we generated Lyz2-Cretg/C5fl/fl mice, which exhibited significantly increased mortality and 

renal fungal burden, and reduced kidney function post-infection (Figure 6E), albeit to 

a lesser degree than C5ar1−/− mice (Figures 2E–F). Moreover, histological examination 

revealed increased tissue fungal invasion and kidney injury in Lyz2-Cre/C5fl/fl mice (Figure 

6F). By contrast, phagocyte-specific C3 production was dispensable for fungal control 

during systemic candidiasis as Lyz2-Cre/C3fl/fl mice did not exhibit increased kidney fungal 

proliferation or tissue invasion or weight loss (Figure S5G–I), indicating that hepatocyte-

derived C3 may mediate the C3-dependent protection in this model. Collectively, our 

findings provide direct evidence that besides liver-derived C5, local C5 production by 

phagocytes in the fungal-infected kidney is essential to innate antifungal protection.

A C5 SNP is independently associated with persistent candidemia in patients

To examine whether variations in leukocyte-intrinsic C5 expression may affect candidemic 

patient outcomes, we sourced data of cis-expression quantitative trait loci (cis-eQTLs)77 

that influence C5 expression in human whole blood at steady-state. We found that C5 SNP 

rs2269067 (G>C) was within a highly-enriched locus in strong linkage disequilibrium with 

several of the top-enriched cis-eQTLs affecting C5 expression (Figure 6G). In agreement, 

PBMCs from individuals harboring the C allele exhibit decreased C5 mRNA levels78,79, 

which we independently confirmed (Figure 6H).

We asked whether the presence of the C allele is associated with poor outcomes in 

candidemic patients by analyzing a separate patient cohort (n=169) (Table S4). Although 

there was no association between carrying the C allele and disseminated infection or 

mortality (Tables S5, S6), we found a significantly greater proportion of persistent fungemia 

among candidemic patients carrying the C allele (22%) compared to those carrying the 

GG genotype (8%) (P=0.011; OR, 3.27; 95% CI, 1.32–8.47)(Figure 6I; Table S7). In a 

multivariate model that controlled for confounding clinical factors, the presence of the C 

allele remained independently associated with persistent fungemia (P=0.02; aOR, 3.12; 95% 

CI, 1.20–8.42) (Figure 6J; Table S7). Total parenteral nutrition was the only other risk factor 

associated with persistent fungemia in both univariate and multivariate analyses (Figure 6J; 
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Table S7). Therefore, these data show that a C5 SNP, which decreases C5 mRNA levels in 

PBMCs, is independently associated with persistent fungemia in candidemic patients.

Lower serum C5a is an independent risk factor for death in candidemic patients

To determine whether the observed transcription of proximal complement pathway 

component genes in candidemic patients (Figure 1C) was also reflected in complement 

activation at the protein level, we assessed serum C5a concentrations in 174 candidemic 

patients and compared them with 103 non-candidemic hospitalized patients and 33 healthy 

controls (Table S4). Candidemic patients exhibited significantly greater serum C5a (mean, 

29.3 ng/mL; range, 0–123.8 ng/mL) compared to both healthy donors (mean, 2.9 ng/mL; 

range, 0–11.8 ng/mL) and non-candidemic hospitalized patients (mean, 11 ng/mL; range, 

0–33.2 ng/mL) (Figure 7A). Because serum C5a concentrations varied substantially among 

candidemic patients, we wondered whether the magnitude of serum C5a present at the 

diagnosis of candidemia is related to poorer clinical outcomes46,47. We used maximally 

selected rank statistics80–82 and identified an optimal cut-off threshold for serum C5a of 

34.7 ng/mL to classify patients as C5alo (<34.7 ng/mL) or C5ahi (≥34.7 ng/mL). Although 

there was no association of C5alo status with persistent fungemia or disseminated infection 

(Tables S5, S7), C5alo candidemic patients exhibited significantly greater 90-day mortality 

(36%) compared to C5ahi candidemic patients (16%) (P=0.007; HR, 2.58; 95% CI, 1.26–

5.3)(Figures 7B–C; Table S6). We built a multivariate Cox proportional hazards regression 

model to evaluate the association between C5alo status and mortality after adjusting for 

confounding clinical factors including age, cancer, hemodialysis, liver disease, heart disease, 

cancer, neutropenia, WBC >15, solid organ transplantation, and immunocompromised status 

(Figure 7B; Table S6). In the multivariate model, C5alo status (P=0.033; aHR 2.36; 95% 

CI, 1.07–5.17) and cancer (P=0.0011; aHR 2.89; 95% CI, 1.49–5.61) were the only factors 

independently associated with increased mortality in candidemic patients (Figures 7B–C; 

Table S6). Collectively, these data corroborate activation of the complement cascade to 

generate biologically-active fragments in candidemic patients and indicate that suboptimal 

induction of C5a is an independent risk factor for mortality.

Discussion

Herein, we identify a critical role for C5a-C5aR1-dependent phagocyte activation in defense 

against systemic fungal infection. We show that complement transcriptional induction is 

predictive of human candidemia and that suboptimal complement activation correlates with 

unfavorable outcomes in candidemic patients. Mechanistically, C5aR1 mediates neutrophil 

fungal uptake and macrophage survival, accumulation, and killing, which promotes 

fungal clearance and host survival. Our conclusions are based on extensive analyses of 

clinical, microbiological, pathological, immunological, transcriptional, imaging, metabolic, 

biochemical, and molecular parameters between WT and C5ar1−/− mice and corroborating 

immunological, transcriptional, and genetic investigations in patients. Our study identifies 

locally-produced, phagocyte-derived C5 as a key mediator of antimicrobial function that 

protects during systemic infection and uncovers the mechanisms underlying susceptibility of 

eculizumab-treated patients to fungal disease.
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Early Candida growth restriction by renal phagocytes critically protects against systemic 

candidiasis6,46,54,83. We show that C5ar1 exerts pleiotropic, non-canonical, phagocyte 

functions that curtail fungal growth and filamentation, a known virulence trait2. First, C5aR1 

mediates macrophage accumulation by providing ERK1/2- and AKT-dependent survival 

signals and inhibiting apoptosis and pyroptosis. Second, C5aR1 promotes renal neutrophil 

fungal uptake, consistent with C5aR1-regulated neutrophil fungal uptake in the murine 

pulmonary vasculature and in a human blood infection model84,85. The decreased expression 

of Dectin-1 and FcγR1 in C5ar1−/− renal and BM neutrophils extends the reported C5aR1-

regulated expression of FcγRs in alveolar, peritoneal, and liver macrophages during sterile 

inflammation and hemolysis86–89. Third, C5aR1 promotes macrophage fungal killing. These 

qualitative and quantitative defects of C5ar1−/− renal phagocytes collectively instigate early, 

inexorable fungal growth and filamentation.

Moreover, we show that C5ar1−/− renal macrophages exhibit enhanced mTORC1 activity 

and metabolic rewiring. Prior work implicated C3-C3aR on T cells and synovial 

fibroblasts in promoting mTORC1 activation, indicative of cell type- and context-specific 

mTORC1 regulation by different complement effectors90,91. How C5a-C5aR1 negatively 

regulate macrophage mTORC1 activation during candidiasis remains unknown. Hyperactive 

mTORC1 can induce apoptosis and pyroptosis71,72,92. Hence, rapamycin-induced inhibition 

of hyperactive mTORC1 in C5ar1−/− mice reduced macrophage death and improved 

survival and kidney function post-candidiasis. In agreement, mice with constitutively-

activated mTORC1 exhibited increased macrophage death and susceptibility to systemic 

candidiasis93. Similarly, rapamycin-mediated mTORC1 inhibition during LPS-induced 

endotoxemia protected mice during secondary fungal challenge94. These data suggest 

that hyperactive mTORC1 can be deleterious during severe systemic candidiasis and 

its pharmacological inhibition could be beneficial. Notably, during non-lethal Candida 
challenge, mTORC1-dependent metabolic rewiring protected against subsequent candidiasis 

in a model of trained immunity95. These observations underscore the context-specific 

biological functions of mTORC1 during systemic fungal challenge.

Although the liver is a well-established source for complement proteins, extrahepatic, 

leukocyte- and stromal cell-intrinsic intracellular complement production (“the 

complosome”) is increasingly recognized to exert immunological, metabolic, and biological 

functions during inflammation14,16,96,8,15,97. For example, intracellular C3 in synovial 

fibroblasts perpetuated inflammatory arthritis and intracellular C3 in lung epithelial cells 

promoted or ameliorated lung immunopathology during SARS-CoV2 or Pseudomonas 
infection, respectively12,90,98. C3 also promotes SARS-CoV2-driven immunopathology and 

fatal patient outcomes via T cell activation99. Moreover, intracellular C5 in lymphocytes 

and monocytes/macrophages mediates Th1 and IL-1β responses, respectively, and the 

latter worsened sterile inflammation15,16. However, whether cell-intrinsic, extrahepatic 

complement production mediates antimicrobial defense was unknown. Here, we show that 

phagocyte-derived, locally-produced C5 in the kidney is essential for antifungal defense 

in vivo. Our findings establish a new paradigm in immunobiology, demonstrating for the 

first time the direct role of cell-intrinsic complement generation for anti-Candida defense. 

They set the stage for defining a) the antimicrobial role of “the complosome” against 
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other pathogens100 and b) the molecular determinants of fungal-induced phagocyte-intrinsic 

complement production.

While phagocyte-produced C5 is a key “complosome” component for antifungal immunity, 

future studies are needed to delineate whether it engages its receptor exclusively on the 

cell surface or interior (as in CD4+ T cells), or acts in a paracrine manner on neighboring 

cells. Moreover, the intact fungal control in Lyz2-Cre/C3fl/fl mice is somewhat surprising 

as we recently showed that cell-autonomous C3 drives an intracellular C5 convertase which 

supports macrophage-intrinsic C5a generation for inflammasome activation15. However, 

intracellular C3 and C5 storages in monocytes are largely non-overlapping and reside 

in separate subcellular compartments15, suggesting that convertase formation is tightly-

regulated post-cell activation. Furthermore, we recently noted that intracellular C3 activation 

controls macrophage efferocytosis without affecting intracellular C5a levels101 and C5 

convertase-independent, cathepsin D-dependent intracellular C5 cleavage was observed in 

colon cancer cells102. Thus, cell-autonomous C5 activation in phagocytes during candidiasis 

may not require upstream C3 activation.

A key aspect of our work is the extension to human disease via, a) identifying a 

complement transcriptional module as predictive for candidemia; b) showing that a C5 
SNP, which is associated with decreased C5 in PBMCs and protection from autoimmune 

conditions78,79,103, independently correlates with persistent fungemia; and c) demonstrating 

an independent association between lower serum C5a and increased mortality post-

candidemia. These findings show promise for developing individualized risk stratification 

and prognostication strategies and underscore the importance of vigilant surveillance for 

fungal infections in patients receiving C5-, C5AR1-, and C3-targeted biologics. Indeed, 

fungal infections have emerged with the newer FDA-approved C5-targeted antibody, 

ravulizumab (https://fis.fda.gov/sense/), and the FDA and EMA reported and warned against 

the risk of fungal disease in patients receiving the C3 inhibitor, pegcetacoplan104,105.

Overall, our study provides mechanistic and translational insights into how C5a-C5aR1 

orchestrate phagocyte-dependent immunity during fungal disease, thereby illuminating 

the relationship between intracellular phagocyte-intrinsic C5 production and antimicrobial 

defense.

Limitations of the study

We provide a detailed mechanistic analysis of C5a-C5aR1-dependent antifungal defense. 

The precise molecular mechanisms of C5aR1-dependent macrophage killing and C-type 

lectin receptor (CLR) expression regulation on neutrophils remain unknown. Because 

FcγRs can regulate C5 production via Fc receptor common γ chain (γFc chain)-coupled 

signaling87,106 and several fungal-sensing CLRs couple with γFc-chain107, it is important 

to unveil whether FcγRs and/or other molecules modulate phagocyte-intrinsic complement 

production post-fungal challenge. Future work is also needed to precisely delineate the 

mechanistic role of C3a-C3aR in defense against systemic candidiasis. As with any genetic 

association study, the association of C5 SNP with persistent fungemia could be due to 

linkage with another SNP or population stratification bias. This finding requires validation in 

other patient cohorts, including other racial backgrounds.
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STAR METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Dr. Michail S. Lionakis (liona-

kism@niaid.nih.gov).

Materials availability—The current study did not generate any new unique reagents.

Data and code availability

• Mouse RNA-Seq data of macrophages and neutrophils from infected kidneys 

have been deposited at the NCBI’s gene expression omnibus (GEO) and are 

publicly available as of the date of publication. Accession number is listed in the 

key resources table. This paper also analyzes existing, publicly available data; the 

accession numbers for these datasets are listed in the key resources table.

• 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.

EXPERIMETAL MODEL AND STUDY PARTICIPANT DETAILS

Animals—Wild-type (Balb/cJ), congenic CD45.1 (JAX strain 006584), C5ar1−/− (JAX 

strain 006845), C3−/− (JAX strain 029661) and Cx3cr1-Cretg (JAX strain 025524) were 

obtained from the Jackson laboratory (Bar Harbor, ME). C5ar2−/− 108, YFP-C5fl/fl 15, 

tdTomato-C3fl/fl 109, Albumin-Cretg/C5fl/fl, and Lyz2-Cretg/C5fl/fl, and Lyz2-Cretg/C3fl/fl 

mice were obtained from Dr. Claudia Kemper (NHLBI/NIH). GFP-C5ar1fl/fl and Lyz2-
Cretg/C5ar1fl/fl mice31 were obtained from Dr. Jorg Kohl (University of Lubeck, Germany). 

GFP-C5ar1fl/fl mice were crossed with heterozygous S100a8-Cretg (gift from Dr. Rachel 

Caspi, NEI/NIH) or Cx3cr1-Cretg mice to derive S100a8-Cretg/C5ar1fl/fl and Cx3cr1-Cretg/
C5ar1fl/fl animals, respectively. For each experiment, sex-matched female or male mice 

were used, aged between 8 to 12 weeks. Mice were maintained under specific pathogen 

free conditions in individual ventilated cages and were used in studies following the 

recommendations in the Guide for the Care and Use of Laboratory Animals of the National 

Institutes of Health, under the auspices of protocol LCIM14E approved by the Animal Care 

and Use Committee of the NIAID.

Candida albicans culture—C. albicans was grown on YPD (Yeast extract/Peptone/

Dextrose) agar plates for 48 hours to obtain single colonies. A single colony was then used 

to inoculate YPD broth containing penicillin/streptomycin (Corning, NY) and was grown for 

16–24 hours at 30°C. Following two serial passages, yeast cells were centrifuged, washed 

twice with sterile PBS, and reconstituted in PBS for downstream use.

Mouse models of candidiasis—The Candida albicans strains SC531446, CAF2–1-

dTomato46, and a isogenic rapamycin-resistant rbp1Δ/Δ strain74 were used in the present 

study. A previously described model of systemic candidiasis was used 21,22, in which 75,000 
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C. albicans blastospores were injected via the mouse lateral tail vein. To assess the impact 

of C5a or C3a treatment on the outcome of murine systemic candidiasis, WT mice received 

two doses of 500 ng of C5a or C3a (R&D Systems, Minneapolis, MN) dissolved in PBS 

retroorbitally; the first dose was 8 hours before infection and the second dose was 24 hours 

post-infection. For oropharyngeal and vulvovaginal candidiasis experiments, sublingual 

or vaginal inoculations and fungal burden determinations were performed as described 

previously 110,111. In brief, for oropharyngeal candidiasis, C. albicans was resuspended at 

107/mL in PBS. The infection was carried out by placing the cotton swabs, soaked in 

the fungal suspension, for 90 minutes while the mice were anesthetized with ketamine 

and xylazine. For vulvovaginal candidiasis, three days prior to the infection, the mice 

were treated with 0.5 mg β-estradiol (Millipore Sigma, Burlington, MA) subcutaneously. 

Subsequently, 5×106 Candida in 20 μL PBS were directly inoculated to the vaginal lumen.

Generation of bone marrow radiation chimeras—Femurs and tibias were harvested 

aseptically from CD45.2+ C5ar1−/− and congenic CD45.1+ C5ar1+/+ mice. The bones 

were flushed using PBS + 2mM EDTA. Following two washes with PBS, the cells were 

resuspended in PBS for injection. The 6–8 week old recipient mice were irradiated with 

two cycles of 4.5 Gy, spaced 4 hours apart. After 4 hours of the second irradiation, 

5 × 106 bone marrow cells were injected into each recipient mouse via the lateral tail 

vein. To generate mixed bone marrow radiation chimeras, CD45.1+ C5ar1+/+ and CD45.2+ 

C5ar1−/− bone marrow cells were mixed at a 1:1 ratio and 5 × 106 bone marrow cells 

were injected into recipient CD45.1+ C5ar1+/+ mice. The recipient mice were given 

trimethoprim-sulfamethoxazole in the drinking water for 4 weeks after transplantation and 

then subsequently switched to antibiotic-free water. Chimerism was analyzed in blood at 

9 weeks after transplantation. At 10 weeks after transplantation, the mice were infected 

with C. albicans for survival and fungal burden determination, as described above, or 

determination of myeloid phagocytes in blood and kidney, as described below.

Rapamycin treatment of mice—Mice were treated with vehicle or rapamycin, 

intraperitoneally, starting at 24 hours post-infection. 150 μg of rapamycin (MedChem 

Express, Monmouth Junction, NJ) per mouse was administred in 200 μl of sterile vehicle 

(5% polyethylene glycol 400 + 5% Tween-80, both in-vivo-use grade, in USP Water for 

Injection); dosing was continued once daily for up to 14 days post-infection.

Human participants, specimens, and data—Patients with candidemia and non-

candidemic controls were enrolled after informed consent (or waiver as approved by the 

Institutional Review Board (IRB)) at the Duke University Hospital (DUMC) between 2003 

and 2009. To allow for similar co-morbidities and clinical factors, non-infected patients 

were recruited from the same hospital wards as the infected patients. The study was 

approved by the IRB at DUMC and was performed in accordance with the Declaration 

of Helsinki. Participants were excluded where sufficient clinical data or blood volume 

were unavailable. Additionally, patients with allogeneic hematopoietic stem cell transplant 

were excluded. The candidemic patients were followed prospectively to assess their clinical 

outcomes such as disseminated infection, persistent fungemia and mortality. Disseminated 

candidiasis was defined as the presence of Candida species at normally sterile body sites 
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other than the bloodstream or urine. Persistent fungemia was defined as 5 or more days of 

persistently positive blood cultures. Immunocompromised status was defined as the presence 

of any of the following: neutropenia (<500/mm3), lymphopenia (absolute CD4+ T cell 

counts <250/mm3, associated with/without HIV), chronic corticosteroid use or receipt of 

immunosuppressive chemotherapy or other immunosuppressant medications within 30 days 

prior to diagnosis, diabetes mellitus, and/or end-stage renal disease requiring hemodialysis. 

De-identified serum specimens were obtained from 174 candidemic patients and 103 non-

candidemic controls as approved under the IRB protocol Pro00047972 to quantify the serum 

concentrations of C5a. Additionally, serum samples from 33 healthy donors, who were 

enrolled in the NIAID (clinicaltrials.gov, NCT01386437) IRB–approved protocol were also 

included in the analysis.

To assess the association between complement transcriptional module induction and clinical 

outcomes of patients with candidemia, previously published public transcriptional data were 

sourced, as deposited under the accession number GSE176262. These patients constitute 

an independent cohort, as the participants were recruited at DUMC from 2011 to 2014. 

We obtained corresponding de-identified clinical outcome data as approved under the IRB 

protocol Pro00047972.

Human macrophage culture—Human elutriated monocytes were obtained from healthy 

donors on an IRB-approved NIH protocol (99-CC-0168). Research blood donors provided 

written informed consent, and blood samples were de-identified prior to distribution 

(NCT00001846). The monocytes were allowed to adhere to wells of a 6-well cell culture 

plates for 2 hours at 37 °C with 5% CO2. Then, the non-adherent cells were washed off and 

macrophage differentiation medium was added to each well and the cells were incubated at 

37 °C with 5% CO2 for 5 days, at which point the old growth medium was replaced by fresh 

medium. The incubation was continued for an additional two days. Then, the non-adherent 

cells were washed off with two gentle washes with PBS and the adherent macrophages were 

harvested using a cell lifter and addition of EDTA-containing medium.

Murine bone marrow macrophage culture—Bone marrow cells, harvested as above, 

were resuspended in RPMI containing 20% FBS, penicillin/streptomycin and 40 ng/mL 

mouse M-CSF (Peprotech, Cranbury, NJ). Cells were plated on 75 cc tissue culture flasks 

and incubated for 3 days at 37°C with 5% CO2 at which point the growth medium was 

replaced with fresh medium. The incubation was continued for an additional two days. 

Subsequently, the growth medium was removed, non-adherent cells were washed with two 

gentle washes with PBS, and the adhered macrophages were harvested using a cell lifter.

METHOD DETAILS

Fungal burden determination in murine tissues—To determine tissue fungal 

burden, the kidney, spleen, liver, heart, lungs, brain or tongue were harvested at specified 

time-points, aseptically weighed and homogenized using Omni Tip homogenizers (Omni 

International, Kennesaw, GA). Vaginal lavage fluid was quantified in mice with vulvovaginal 

candidiasis. The tissue homogenates or vaginal lavage fluid were then plated on YPD agar 

plates and incubated at 37°C for 48 hours for CFU enumeration.
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Serum blood urea nitrogen & creatinine assay—Blood was harvested from 

anesthetized mice via cardiac puncture. Serum was separated using serum gel tubes (SAI 

Infusion Technologies, Lake Villa, IL) and stored at −80°C until use. Serum blood urea 

nitrogen and creatinine were analyzed using commercially available Quantichrom urea and 

creatinine assay kits from BioAssay Systems (Hayward, CA).

Histological analysis of kidneys—At specified timepoints after infection, the right 

kidneys from mice were harvested and placed in 10% buffered formalin overnight for 

fixation. Subsequently, formalin was decanted and was replaced with 70% ethanol. Paraffin-

embedding, sectioning and staining with Periodic acid-Schiff stain were performed at 

Histoserve Inc (Gaithersburg, MD).

Neutrophil isolation and ROS assay—Femurs and tibias were harvested aseptically, 

and the bones were flushed using RPMI with 10% FBS and penicillin/streptomycin. 

Following red blood cell lysis using ACK lysing buffer, the bone marrow cells were 

washed with PBS and resuspended in MACS buffer (PBS containing 5% bovine serum 

albumin). To isolate neutrophils, kidneys at day 2 post-infection were harvested, and a 

single cell suspension was prepared as described below. Neutrophils were isolated from the 

bone marrow or the kidney single suspensions using the Anti-Ly6G MicroBeads Ultrapure 

(Miltenyi Biotec, Gaithersburg, MD), as per the manufacturer’s protocol. The MACS-sorted 

neutrophils were >95% pure as assessed by flow cytometry. To assess ROS production, a 

dihydrorhodamine-based assay was used47, where the renal neutrophils were stimulated with 

1 mg/mL serum-opsonized zymosan or left untreated, and the rhodamine fluorescence was 

assessed by flow cytometry.

Neutrophil fungal uptake assay—5×106 blastospores of dTomato+ C. albicans 112 

were opsonized with 10% v/v mouse serum and were added to capped round-bottomed 

polystyrene tubes (Corning, Glendale, AZ) containing 5×106 MACS-sorted bone-marrow 

neutrophils. In experiments assessing the effects of C5a or C3a on neutrophil fungal uptake, 

neutrophils were treated with 100 ng/mL C5a or C3a (R&D Systems, Minneapolis, MN) 

for 15 minutes at 37°C, before infecting with Candida. After 30 minutes incubation in 

a shaking waterbath set at 37°C, the tubes were transferred on ice and stained using an 

antibody against mouse CD11b (clone M1/70, Biolegend, San Diego, CA). The cells were 

then analyzed using a 5-laser LSRFortessa flow cytometer (BD Biosciences, Franklin Lakes, 

NJ). The neutrophil associated Candida was visualized as CD11b+/dTomato+. The data were 

exported to FlowJo (BD Biosciences, Franklin Lakes, NJ) for further analysis.

Macrophage fungal killing assay—Candida killing was assessed, as described 

previously 46, in the presence of normal serum (5% v/v). Briefly, 105 macrophages were 

seeded in 96-well plates and incubated overnight at 37 °C in a humidified incubator 

containing 5% CO2. The next day opsonized Candida yeast cells (5×105 yeast cells; 

opsonized with 10% v/v mouse serum) were added to the macrophages. In experiments 

assessing effects of C5a or C3a on macrophages’ Candida killing capacity, macrophages 

were treated with 100 ng/mL C5a or C3a (R&D Systems, Minneapolis, MN) for 1 hour 

before infecting with Candida. After 3 hours of incubation with Candida, the macrophages 
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were lysed with 0.02% Triton-X-100, washed twice with PBS and incubated with Alamar 

Blue reagent (Thermo Fisher, Waltham, MA) for 18 hours at 37 °C in a humdified incubator 

containing 5% CO2. Alamar Blue fluorescence, indicative of viable Candida was recorded 

and the macrophage killing capacity was calculated by comparing the fluorescence of 

wells containing Candida with macrophages to the corresponding wells containing Candida 
without macrophages.

Avacopan in ex vivo assays—Avacopan (MedChem Express, Monmouth Junction, NJ) 

was used at a concentration of 500 nM. Human peripheral blood neutrophils and monocyte-

derived macrophages were pre-treated with avacopan for 30 minutes and then incubated with 

serum-opsonized C. albicans. Normal serum was maintained at a final concentration of 5% 

v/v. Treated cells were then used for fungal uptake or killing assays as described below.

Human neutrophil isolation—Human neutrophils were obtained from heparinized blood 

of healthy donors at the NIH Blood Bank or from healthy donors who were enrolled in 

protocols approved by the NIAID IRB committees, and provided written informed consent 

for participation in the study. PBMCs were first separated using Lymphocyte Separation 

Medium (Lonza, Rockville, MD), as per the manufacturer’s instructions. Neutrophils were 

then sedimented using 3% dextran in 0.85% NaCl, followed by red blood cell lysis 

using NaCl, and isolated neutrophils were then used to assess C. albicans phagocytosis as 

described above 47. Briefly, 5×106 blastospores of dTomato+ C. albicans 114 were opsonized 

with 10% v/v human serum and were added to capped round-bottomed polystyrene tubes 

(Corning, Glendale, AZ) containing 5×106 neutrophils. After 30 minutes incubation in a 

shaking waterbath set at 37°C, the tubes were transferred on ice and stained using an 

antibody against human CD15 (clone HI98, Biolegend, San Diego, CA). The cells were 

then analyzed using a 5-laser LSRFortessa flow cytometer (BD Biosciences, Franklin Lakes, 

NJ). The neutrophil associated Candida was visualized as CD15+/dTomato+. The data were 

exported to FlowJo (BD Biosciences, Franklin Lakes, NJ) for further analysis.

Kidney single cell suspension preparation—Single cell suspension from mouse 

kidneys were prepared as described previously 46. In brief, the kidneys were aseptically 

isolated, digested in digestion medium (RPMI with 25mM HEPES) containing DNase 

(10104159001; Milipore Sigma, Burlington, MA) and liberase TL (05401020001; Milipore 

Sigma, Burlington, MA) and minced into <1mm pieces. The kidney pieces were then 

transferred into a 50 mL conical tube containing 10 mL digestion medium and incubated at 

37 °C for 20 minutes with shaking. The digestion was then halted by adding ice-cold RPMI 

containing 10% FBS and 25 mM HEPES and the digested tissue suspension was passed 

through 70 μm cell strainer, washed, and treated with ACK lysing buffer for red blood cell 

lysis. The suspension was then passed through a 40 μm cell strainer, washed once, and 

resuspended in 40% Percoll (GE17–0891-01; Milipore Sigma, Burlington, MA), overlaid 

onto 70% Percoll, and centrifuged at 939 ×g for 30 minutes at room temperature. The kidney 

single cell suspension was harvested from the interface of 40% and 70% Percoll, washed 

twice, and used in downstream applications.
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Murine kidney immunophenotyping—Kidney single cell suspensions was prepared 

above, and a small fraction was fixed with 2% paraformaldehyde for determination of 

absolute leukocyte numbers using PE-conjugated counting beads, as previously described 

(Spherotech, Lake Forest, IL) 22. The remainder of the single cell suspension was first 

stained with LIVE/DEAD Fixable Blue Dead Cell Stain (Thermo Fisher, Waltham, MA) 

at 1:200 dilution) for 10 minutes on ice. Then, rat anti-mouse CD16/CD32 (clone 2.4G2; 

BD Biosciences, Franklin Lakes, NJ), was added at 1:100 dilution together with 0.5% 

bovine serum albumin and the cells were incubated on ice for 10 minutes. The following 

fluorochrome-coupled antibodies against specific cell surface antigens were then added 

at 1:100 dilution: CD45 (clone 30-F11, Biolegend, San Diego, CA), Ly6G (clone 1A8, 

Biolegend), CD11b (clone M1/70, Biolegend, San Diego, CA), CD11c (clone N418, Thermo 

Fisher, Waltham, MA), Ly6C (clone AL-21, BD Biosciences, Franklin Lakes, NJ), CD103 

(clone 2E7, Biolegend, San Diego, CA), MHCII (clone M5/114.15.2, Thermo Fisher, 

Waltham, MA), F4/80 (clone BM8, Biolegend, San Diego, CA), CD3 (clone 145–2C11, 

Biolegend, San Diego, CA), CD19 (clone 1D3, Biolegend, San Diego, CA), CD31 (clone 

MEC13.3, Biolegend, San Diego, CA), and NKp46 (clone 29A1.4, Biolegend, San Diego, 

CA). The cells were incubated with antibodies on ice for 30 minutes, washed thrice with 

FACS buffer (PBS containing 5% bovine serum albumin and 0.1% NaN3), and passed 

through 35 μm cell strainer. The cells were then analyzed using a 5-laser BD LSR Fortessa 

II (BD Biosciences, Franklin Lakes, NJ) and data were collected using FACS Diva (BD 

Biosciences, Franklin Lakes, NJ) and analyzed using FlowJo (BD Biosciences, Franklin 

Lakes, NJ).

Determination of renal macrophage apoptosis—Kidney single cell suspensions 

were prepared from the infected kidneys of C5ar1+/+ and C5ar1−/− mice at day 1 post-

infection and stained as above. In experiments assessing the role of rapamycin treatment 

on apoptosis, C5ar1−/− kidneys were harvested at day 3 after infection with SC5314 or 

the isogenic rapamycin-resistant rbp1Δ/Δ Candida strains. After washing off the excessive 

unbound fluorochrome-coupled antibodies, the cells were resuspended in Annexin Binding 

buffer (Thermo Fisher, Waltham, MA), to which FITC-conjugated Annexin V (Thermo 

Fisher, Waltham, MA) and Propidium iodide (BD Biosciences, Franklin Lakes, NJ) were 

added. After 15 minutes of incubation at room temperature, additional Annexin Binding 

buffer was added to the cells and the cells were quickly analyzed via flow cytometry, as 

described above.

Determination of bone marrow-derived macrophage apoptosis—In in vitro 
experiments assessing bone marrow-derived macrophage apoptosis, 105 macrophages were 

seeded in 96-well plates in RPMI + 1% FBS and incubated overnight at 37 °C in a 

humidified incubator containing 5% CO2. The next day the cells were treated with C5a 

or C3a (100 ng/mL; R&D Systems, Minneapolis, MN) with or without AS-252424 (0.1 

μM), U0126 (10 μM) or rapamycin (0.1 μM). After 1h, the macrophages were infected with 

105 rbp1Δ/Δ Candida; in experiments involving C5a or C3a, an additional 100/ ng/mL C5a 

or C3a was added at 2.5h after infecting with Candida. After 5h incubation, apoptosis and 

cell survival of the macrophages were assessed as described in the section above.
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Renal phagocyte isolation for RNA-Seq—Single cell suspensions were prepared from 

C5ar1+/+and C5ar1−/− kidneys of mice infected with C. albicans at day 2 post-infection. 

Macrophages and neutrophils were stained using sterile anti-mouse antibodies against 

CD45 (clone 30-F11, Biolegend), Ly6G (clone 1A8, Biolegend), CD11b (clone M1/70, 

Biolegend), MHCII (clone M5/114.15.2, Thermo Fisher), F4/80 (clone BM8, Biolegend), 

CD3 (clone 145–2C11, Biolegend), CD19 (clone 1D3, Biolegend), and NKp46 (clone 

29A1.4, Biolegend). Macrophages were defined as CD45+ CD3/CD19/NKp46/Ly6G− 

MHCIIhi F4/80+ CD11b+ , while and neutrophils were defined as CD45+ Ly6G+ CD11b+ 

and were FACS-sorted with purity of >90% into RPMI supplemented with 10% FBS and 

penicillin/streptomycin. The sorted cells were centrifuged at 300 ×g for 5 minutes at 4 °C, 

resuspended in TRIzol (Thermo Fisher Scientific, Waltham, MA) and and stored at −80 °C 

until further use.

RNA-seq of renal phagocytes—RNA was isolated from FACS-sorted cells using 

TRIzol reagent (Thermo Fisher, Waltham, MA), and further processed using a RNA Clean-

Up and Concentration Micro-Elute kit (cat# 61000, Norgen Biotec, ON, Canada), according 

to the manufacturer’s guidelines. cDNA was amplified using the SMART-Seq v4 UltraLow 

Input RNA kit (Takara Bio, San Jose, CA) and sequencing libraries were prepared using 

the Nextera XT (Illumina, San Diego, CA). Multiplexed libraries were sequenced in a 

HiSeq3000 instrument (Illumina, San Diego, CA) in 50-bp single-end mode and mapped 

using STAR (v2.5.2) 113. Gene-level counts were filtered to remove low-expression genes 

(keeping genes with >15 counts in at least one sample). Differential gene expression was 

evaluated using limma 114. Differentially expressed genes were defined as genes with a 

fold change of at least 2 in either direction at false discovery rate (FDR) less than 0.01. 

Differentially expressed genes for macrophages and neutrophils are shown in Tables S3A–B. 

Pathway enrichment analysis for differentially expressed genes of C5ar1−/− versus C5ar1+/+ 

phagocytes was performed using GSEA 18. The genesets were sourced from Hallmark 
pathway genes curated by MSigDB 19 for macrophages, and significantly enriched pathways 

in C5ar1−/− macrophages are shown in Table S3C. For neutrophils, “positive regulation of 

phagocytosis” genes, curated by gene ontology (GO: 0050766), were used to assess for 

enrichment of this pathway by GSEA. The mouse RNA-seq datasets are available from the 

NCBI’s gene expression omnibus (GEO), under accession number GSE206205.

Assay of H2O2 production by renal macrophages—Macrophages from the infected 

kidneys were flow-sorted on day 2 post-infection, as described above. Amplex™ Red 

Hydrogen Peroxide/Peroxidase Assay Kit (Thermo Fisher Scientific, Waltham, MA) was 

used to assess H2O2 production. Briefly, 2×104 cells were seeded in 96-well plates along 

with 0.1 U/mL horseradish peroxidase. The cells were either left untreated or treated with 

serum-opsonized zymosan (1.2 mg/mL) and the appearance of the fluorescent resofurin was 

monitored every 2.5 minutes for the duration of 2h. The fluorophore was excited at 530 

nm and emission was recorded at 590 nm. Using H2O2 serial dilutions, a standard curve of 

resofurin fluorescence vs. H2O2 concentrations was constructed and was used to interpolate 

the H2O2 generated by the seeded renal macrophages.
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Quantification of citrullinated H3 in kidneys—Immunofluorescence confocal 

microscopy was performed using 5 μm sections of decalcified and paraffin embedded 

kidneys. Antigen retrieval in 10 mM citric acid buffer was used, and sections were blocked 

with 2% bovine serum albumin in phosphate buffered saline (PBS) for 1 h. Sections were 

incubated with primary antibodies at 1:500 dilution [anti-Ly6G: BD Pharmingen™ 551459; 

anti-Cit-H3: ab5103] O/N at 4 °C and washed in PBS (3 times). Secondary antibody 

(Rhodamine Red-X anti-rat, JacksonImmuno 712–296-150; Alexa Fluor® 647-conjugated 

AffiniPure F(ab’)2 anti-rabbit, JacksonImmuno 711–606-152; 1:500) and DAPI (1:500) 

were added for 1 h at room temperature. Sections were then washed in PBS (3 times), 

and #1.5 cover slips were mounted with ProLong™ Gold Antifade Reagent (Thermo Fisher 

Scientific). Images were captured on an inverted Nikon A1R+ confocal microscope (10x-air) 

using NIS-Elements software (Nikon), stitched and maximum intensity projected.

To quantify the Cit-H3-stained area in the kidney, a statistical threshold (set at 2 standard 

deviations above the mean of the image histogram) was set. The whole kidney was 

considered as the region of interest, and the percent citH3-stained area was reported. The 

analysis was performed with FIJI 115, and results were displayed as mean ± SEM.

Intracellular staining and flow cytometry—At day 2 post-infection, kidney single 

cell suspensions were prepared as above, and the cells were fixed by incubating for 15 

minutes at room-temperature with 2% paraformaldehyde (Fisher Scientific, Pittsburgh, 

PA). The fixed cells were then centrifuged at 350 ×g for 6 min, paraformaldehyde 

was removed, and the cells were washed with ice-cold PBS. The fixed cells were then 

permeabilized using 100% ice-cold methanol (Fisher Scientific, Pittsurgh, PA). After 30 

minutes of incubation in methanol at −80°C, the cells were washed once with ice-cold 

PBS. After two additional washes with FACS buffer (PBS containing 0.5% bovine serum 

albumin and 0.01% NaN3), cells were incubated with rat anti-mouse CD16/CD32 (clone 

2.4G2; BD Biosciences), at 1:100 dilution along with 0.5% BSA for 5 minutes at room 

temperature. Then, cells were incubated with anti-mouse antibodies against various cell 

surface markers as well as intracellular proteins such as Bax (cat 14796, clone D3R2M; 

Cell Signaling, Danvers, MA), cleaved caspase-3 (cat 9661, polyclonal, Cell signaling), 

p-Mlkl (cat 196436, clone EPR9515(2), Abcam, Cambridge, UK), Gpx4 (cat 125066, clone 

EPNCIR144, Abcam), p-S6 (cat 5364, clone D68F8, Cell Signaling, Danvers, MA), Glut1 

(cat 115730, clone EPR3915, Abcam, Cambridge, UK), Rabbit IgG isotype (cat 02–6102, 

Thermo Fisher, Waltham, MA), CD45 (clone 30-F11, Biolegend, San Diego, CA), Ly6G 

(clone 1A8, Biolegend, San Diego, CA), CD11b (clone M1/70, Biolegend, San Diego, 

CA), MHCII (clone M5/114.15.2, Thermo Fisher, Waltham, MA), F4/80 (clone BM8, 

Biolegend, San Diego, CA), CD3 (clone 145–2C11, Biolegend, San Diego, CA), CD19 

(clone 1D3, Biolegend, San Diego, CA), and NKp46 (clone 29A1.4, Biolegend, San Diego, 

CA). Appropriate rabbit IgG isotype controls at the same concentration of the primary 

intracellular antigen binding antibody were also used in parallel. The cells were then washed 

twice with FACS buffer (PBS containing 0.5% BSA and 0.01% NaN3) and stained using a 

secondary anti-rabbit AF448-coupled antibody (cat 150077; Abcam, Cambridge, UK) along 

with anti-mouse CD16/CD32 and BSA, as above. After 30 minutes of incubation at room 
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temperature, the cells were washed twice with FACS buffer, resuspended in FACS buffer and 

analyzed flow cytometrically as described above.

Assay of Dectin-1/FcγR1 on renal neutrophils—Kidney single cell suspensions were 

prepared from C5ar1+/+ and C5ar1−/− mice at day 2 post-infection and cell staining was 

carried out as described above. Specifically, to assess Dectin-1 and FcγR1, the cells were 

incubated with the following antibodies for 30 minutes on ice: Dectin-1 (clone 2A11, 

Bio-Rad, Hercules, CA), FcγR1 (clone X54–5/7.1, Biolegend, San Diego, CA), CD45 

(clone 30-F11, Biolegend, San Diego, CA), Ly6G (clone 1A8, Biolegend, San Diego, CA), 

CD11b (clone M1/70, Biolegend, San Diego, CA), MHCII (clone M5/114.15.2, Thermo 

Fisher, Waltham, MA), F4/80 (clone BM8, Biolegend, San Diego, CA), CD3 (clone 145–

2C11, Biolegend, San Diego, CA), CD19 (clone 1D3, Biolegend, San Diego, CA), and 

NKp46 (clone 29A1.4, Biolegend, San Diego, CA). Following two washes with FACS 

buffer, resuspended cells were analyzed flow cytometrically as described above.

Assay of Dectin-1/FcγR1 on bone marrow neutrophils—5×106 MACS-sorted 

bone-marrow neutrophils were transferred to capped round-bottomed polystyrene tubes 

(Corning, Glendale, AZ) and were left untreated or treated-with 100 ng/mL C5a (R&D 

Systems, Minneapolis, MN) for 15 minutes at 37°C. To assess whether Candida can 

impact Dectin-1/FcγR1 expression and whether C5a can further affect Candida-dependent 

Dectin-1/FcγR1 expression, 5×106 opsonized Candida yeast cells were added to the tubes 

containing neutrophils, with or without C5a. After 30 minutes of incubation in a shaking 

waterbath set at 37°C, the tubes were transferred on ice and stained using antibodies against 

mouse CD11b (clone M1/70, Biolegend, San Diego, CA), Dectin-1 (clone 2A11, Bio-Rad, 

Hercules, CA), and FcγR1 (clone X54–5/7.1, Biolegend, San Diego, CA). Following two 

washes with FACS buffer, resuspended cells were analyzed using a 5-laser LSRFortessa 

flow cytometer (BD Biosciences, Franklin Lakes, NJ). The neutrophils were identified as a 

CD11b+ population and the geometric mean fluorescence intensity of Dectin-1 and FcγR1 

was assessed.

Assay of fungal association and killing in vivo—5×108 blastospores of dTomato+ C. 
albicans 112 were incubated with 0.5 mg/mL Biotin-XX-SSE (Fisher Scientific, Pittsburgh, 

PA) in 50 mM sodium carbonate buffer for 2 h in a microtube shaker. Excess Biotin-

XX-SSE is then removed by washing twice with 0.1 M Tris-HCl, following which the 

Candida was incubated with 0.02 mg/mL streptavidin conjugated to Alexa Fluor 633 (Cat 

S21375; Thermo Fisher, Waltham, MA) in PBS, in dark for 30 minutes. After washing 

off excess flurophore, the labled Candida was used to infect mice, where 5 × 106 CFU 

of the labeled Candida was injected via lateral tail vein. At 2 hours post-infection, the 

kidneys were harvested for single cell suspension preparation and staining as described 

above. The stained kidney cells were analyzed using a 5-laser LSRFortessa flow cytometer 

(BD Biosciences, Franklin Lakes, NJ). After gating on live phagocyte subset, the phagocyte 

associated Candida was visualized as AF633+/dTomato+ (live) or AF633+/dTomato− (dead). 

The data were exported to FlowJo (BD Biosciences, Franklin Lakes, NJ) for further analysis.
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Intravital microscopy of kidney—The left kidney of an anesthetized C5ar1+/+ 

or C5ar1−/− mouse (isoflurane/oxygen delivered using a custom-made nosecone) was 

exteriorized through a ~0.5 cm retroperitoneal incision on the left flank. The exteriorized 

kidney was placed on a cover-glass of the pre-warmed microscope stage-insert; immediately 

pre-warmed PBS-soaked Kimwipe (Kimberley-Clark, Irving, TX) was placed over the 

exposed tissue to prevent dehydration (300 μL saline was applied every 15 minutes 

during imaging session). Subsequently, 5×106 dTomato expressing C. albicans 112, 5 μg 

of anti-mouse BV421-conjugated CD31 (clone 390, Biolegend, San Diego, CA), 2.5 μg of 

anti-mouse AF488-conjugated F4/80 (clone BM8, Biolegend, San Diego, CA) and 2 μg of 

anti-mouse APC-conjugated Ly6G (clone 1A8, Biolegend, San Diego, CA) were injected 

retro-orbitally. Immediately upon injection, the mouse was transferred onto the microscope. 

Microscopy was performed immediately using a Leica SP8 Dual MP microscope. The 

fluorophores were excited using 405nm/488nm/594nm/633nm laser lines. Image stacks of 

upto 90 μm thickness were acquired every 2 to 2.5 minutes, with Δz of 2 μm using a 25X 

0.95 NA water immersion objective (xyz voxel size of 0.303 μm, 0.303 μm, and 1.999 

μm, respectively). The images were exported to FIJI 115, where the stacks were processed 

to remove 3D drift. The processed image stacks were then exported to Bitplane Imaris 

9.0, where the surface creation module was used to segment BV421+ vasculature, AF488+ 

macrophages, dTomato+ Candida and Ly6G+ neutrophils. For Ly6G+ neutrophil surfaces, 

the analyses of sphericity, number of segmented neutrophils per timeframe and velocity were 

exported to Microsoft Excel.

To assess germination frequency, the processed images were analyzed at 1 hour post-

infection and the germinated Candida were enumerated to determine germination frequency. 

To assess fungal association with neutrophils or macrophages, a uniform temporal window 

of 30 minutes within the first 75 minutes post-infection was chosen and the dTomato+ 

Candida showing stable association with either of the phagocytes for >3 temporal time-

frames were enumerated. For such stably associated fungi, the phagocytes-fungal association 

lasted for an entire imaging session. The stably associated dTomato+ Candida surfaces were 

then used to assess fungal growth. The number of individual Candida cells were marked 

as showing growth if they exhibited germination and/or filamentous extension of hyphae. 

For calculating hyphal extension rate, the hyphal length was determined at the start and at 

the end of imaging timeframes, and the extension rate was calculated as μm/h (lengthend 

- lengthstart/Δtime(h)). For display purposes, the image stacks were exported to FIJI, and 

“Maximum Intensity Projections” were computed for display. The movie file shown in 

Movie S1 was assembled in Adobe Photoshop.

Extracellular flux analysis—Renal macrophages were FACS-sorted from of C5ar1+/+ 

and C5ar1−/− kidneys at day 1 post-infection, as described above. The sorted cells 

were resuspended in the Seahorse XF assay medium (Agilent, Santa Clara, CA) and 

75,000 cells were dispensed in each well of the Seahorse XFe96 assay plate (Agilent, 

Santa Clara, CA), where the wells were pre-coated with 0.01% poly-L-lysine. The plate 

was briefly centrifuged at 45 × g for 5 minutes without acceleration and brake and 

subsequently incubated at 37°C non-CO2 incubator for 45 minutes. During that time, the 

Seahorse XFe96 analyzer (Agilent, Santa Clara, CA) was calibrated and subsequently the 
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extracellular flux analysis was carried out to assess basal extracellular acidification and 

oxygen consumption rates (ECAR/OCR). Additionally, injection ports (ports A) were also 

loaded with opsonized heat-killed Candida albicans (MOI 50) and the instrument was 

programed to inject the stimulus at indicated time to assess stimulus-depedent changes in 

ECAR/OCR. The temporal ECAR/OCR data were exported to Graphpad PRISM and area 

under the curve (AUC) were calculated for quantitative comparison between C5ar1+/+ and 

C5ar1−/− macrophages.

Cytokine and chemokine level determination—Kidneys were harvested from 

uninfected and day 1 infected C5ar1+/+ and C5ar1−/− mice and homogenized in PBS 

containing 0.5% Tween 20 and protease inhibitor cocktail (Roche). The homogenates were 

clarified by centrifugation and subsequently passing through a 0.22 μm filter. The clarified 

homogenates were stored at −80 °C until further use. The cytokines and chemokines were 

analyzed using a multiplexed bead-based assay system (Luminex Corporation, Austin, TX), 

and the concentrations were reported per gram of the tissue 116.

Determination of C5a and C3a in sera—Serum C5a levels in humans and mice were 

analyzed using the Human Complement Component C5a DuoSet ELISA kit (cat DY2037, 

R&D Systems, Minneapolis, MN) or Mouse Complement Component C5a DuoSet ELISA 

kit (cat DY2150, R&D Systems, Minneapolis, MN), respectively. Serum C3a levels in mice 

were determined using the capture/detection antibodies and C3a standards from BD (BD 

Biosciences; 558250, 558251, and 558618).

qPCR-based determination of transcripts—To determine transcript levels of C5, 

C5ar1, C5ar2, the tissue were harvested at specified time-points after infection, placed 

in ice-cold TRIzol and homogenized using Omni tip homogenizers (Omni international, 

Kennesaw, GA). RNA was isolated using the RNeasy mini kit (QIAGEN, Germantown, 

MD), as per the manufacturer’s instructions. cDNA was synthesized using qScript cDNA 

synthesis kit (Quanta bio, Bevereley, MA) and qPCR was performed using PerfeCTa SYBR 

Green Fast Mix (Quanta bio, Beverly, MA), 10ng cDNA and 100nM transcript primers, on 

a QuantStudio 3 Real-Time PCR System (Thermo Fisher, Waltham, MA). Transcript levels 

were determined relative to expression GAPDH using ΔCT method.

Immunoblots to analyze pyroptotis markers—Macrophages from infected kidneys 

(at day 2 post-infection) were FACS-sorted as described above. After centrifugation at 

350 ×g for 5 minutes, the cell pellet was resuspended in 1× RIPA buffer (Thermo 

Fisher Scientific, Waltham, MA) containing protease and phosphatase inhibitors (Thermo 

Fisher Scientific, Waltham, MA) for preparing lysates. For assessing pyroptosis using 

bone marrow-derived macrophages, 106 macrophages were seeded in 24-well plates and 

incubated overnight at 37 °C in a humidified incubator with 5% CO2. The next day, 

the macrophages were infected with Candida SC5314 (MOI 1), with or without priming 

with LPS (Thermo Fisher Scientific; 50 ng/mL) for 2 hours. After 5h, the supernatant 

was removed, and lysates were prepared by adding 1× RIPA buffer containing protease 

and phosphatase inhibitors directly to the wells. Protein concentrations were quantified 

using the Bradford Protein Assay (Bio-Rad, Hercules, CA) and 20 μg of proteins were 
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resolved on 10% SDS-PAGE. The proteins were transferred onto 0.2-μm PVDF membrane, 

which were blocked in 5% nonfat dry milk and incubated with primary antibodies against 

cleaved Gsdmd (clone EPR19828, Abcam, Cambridge, UK), caspase-1 (clone D7F10, 

Cell Signaling), and β-actin (clone D6A8, Cell Signaling, Danvers, MA), followed by 

secondary anti-rabbit IgG, HRP-linked antibodies (Cell Signaling). Chemiluminescence 

detection was performed with Clarity Western ECL Blotting Substrate (Bio-Rad, Hercules, 

CA) or Radiance ECL Substrate (Azure Biosystems, Dublin, CA), using the ChemiDoc 

MP Imaging System (Bio-Rad, Hercules, CA). Quantitative densitometry was performed via 

image analysis using Image Lab 5.2 Software (Bio-Rad, Hercules, CA).

Immunoblots to analyze signaling kinases—106 bone marrow-derived macrophages 

were seeded in 24-well plates and incubated overnight at 37 °C in a humidified incubator 

with 5% CO2. The next day, the macrophages were left unstimulated or stimulated with 

heat-killed Candida (MOI 5), with or without pretreatment with 100 ng/mL C5a (R&D 

Systems, Minneapolis, MN) for 1 hour. After stimulation with heat-killed Candida for 5, 10 

or 20 minutes, the supernatant was removed, and lysates were prepared by adding 1× RIPA 

buffer containing protease and phosphatase inhibitors directly to the wells. The proteins 

were resolved on 10% SDS-PAGE, transferred onto 0.2-μm PVDF membranes, which were 

blocked in 5% nonfat dry milk and incubated with primary antibodies against p-AKT (clone 

D9E), total AKT (polyclonal), p-ERK1/2 (clone D13.14.4E), total ERK1/2 (polyclonal), 

and β-actin (clone D6A8); all from Cell Signaling (Danvers, MA). Subsequently, the 

membranes were probed with secondary anti-rabbit IgG, HRP-linked antibodies (Cell 

Signaling). Chemiluminescence detection was performed using SuperSignal™ West Atto 

Ultimate Sensitivity Substrate (Thermo Fisher, Waltham, MA), and the ChemiDoc MP 

Imaging System (Bio-Rad, Hercules, CA). Quantitative densitometry was performed via 

image analysis using Image Lab 5.2 Software (Bio-Rad, Hercules, CA).

Association of serum C5a and mortality post-infection—To test the hypothesis that 

a low serum C5a concentration has detrimental effects on patient survival, we used Cox 

proportional hazards (CPH) regression to model time to death. Mortality was defined as 

death within 90 days of the onset of candidemia. Patients were classified as having low 

versus high serum C5a levels using maximally selected ranked statistics to identify the 

optimal cutpoint of serum C5a concentration that best distinguishes survival outcomes 80–82. 

We set a priori the minimal proportion of patients in each group at 25% and determined the 

optimal cutpoint to be 34.7 ng/mL. Using this value, we classified patients as having low 

(<34.7 ng/mL) versus high (>34.7 ng/mL) serum C5a concentrations and built a multivariate 

CPH regression model to estimate the association between low serum C5a concentrations 

and host survival after adjustment for potential confounding factors including patient 

age, cancer, hemodialysis, chronic liver disease, heart disease, neutropenia, solid organ 

transplantation, WBC > 15, and an immunocompromised status. Statistical significance was 

defined as P < 0.05.

rs2269067 genotyping—Candidemia patients of mixed European descent were 

genotyped using the Immunochip as described before 117. These candidemic patients 

were enrolled after informed consent (or waiver as approved by the IRB) at the DUMC 
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between 2003 and 2009, and included 90 patients for whom sera were analyzed for 

C5a concentrations, and an additional 79 patients for whom only DNA was available 

for genotyping (Table S3). Genotyping data from these patients were used to assess the 

correlation of rs2269067 with clinical outcomes of candidemia. To examine the impact of 

the C5 SNP on C5 mRNA levels, we screened healthy donors enrolled in the NIAID IRB–

approved protocol (clinicaltrials.gov, NCT01386437) and healthy donors at the NIH Blood 

Bank to identify individuals carrying the rs2269067. In this case, genotyping for rs2269067 

was performed using a TaqMan SNP genotyping assay (assay ID C___2783678_1_, Thermo 

Fisher, Waltham, MA) in a 20 μL quantitative PCR reaction. Briefly, DNA was isolated from 

whole blood using the Gentra Puregene Blood DNA isolation kit (QIAGEN, Germantown, 

MD). Quantitative PCR was performed using 20 ng of DNA and PerfeCTa FastMix Low 

Rox (Quanta Bio, Beverley, MA) on a Quant Studio 3 Real-Time PCR system (Thermo 

Fisher, Waltham, MA). Results were interpreted as follows: single “VIC” signal (CC 

homozygous), single “FAM” signal (GG homozygous), and a mixed VIC/FAM signal (CG 

heterozygous).

rs2269067 & association with clinical outcomes—To investigate the association 

between the C5 rs2269067 SNP and clinical outcomes such as disseminated infection, 

persistent fungemia, and mortality at 90 days, a dominant model of penetrance was used 

whereby homozygosity at the G allele (GG) was considered wild type and the presence of 

1 or more C alleles (CC or CG) indicated an affected individual. The association between 

rs2269067 genotype and clinical outcomes was assessed using Chi-squared test. To estimate 

the effect size for this association, we calculated odds ratios and 95% confidence intervals 

using a multivariate logistic regression model that adjusted for patient age, hemodialysis, 

cancer, chronic liver disease, total parenteral nutrition, neutropenia, WBC > 15, solid organ 

transplantation, and an immunocompromised status. Statistical significance was defined as P 
< 0.05.

rs2269067 & impact on C5 transcription—Basal C5 transcripts were anlyzed in 

PBMC isolated from heparinized whole blood from healthy donors enrolled in an NIAID 

IRB–approved protocol (clinicaltrials.gov, NCT01386437) and healthy donors at the NIH 

Blood Bank. Specifically, PBMC were harvested using SepMate PBMC isolation tubes 

(STEMCELL Technologies, BC, Canada), as per manufacturer’s directions. Isolated PBMC 

were directly used for RNA purification, where TRIzol (Thermo Fisher, Waltham, MA) was 

added to the PBMC and RNA was purified as described above using the RNA Clean-Up and 

Concentration Micro-Elute Kit (Norgen Biotek, ON, Canada). cDNA was synthesized using 

qScript cDNA synthesis kit (Quanta bio, Beverley, MA) and qPCR was performed using 

PerfeCTa Fast Mix Low Rox (Quanta bio, Beverley, MA), 10 ng cDNA and C5 specific 

primers/probe (Hs01004342_m1, Thermo Fisher, Waltham, MA) on a QuantStudio 3 Real-

Time PCR System (Thermo Fisher, Wlatham, MA). Transcript levels were determined 

relative to the expression GAPDH (Hs02786624_g1, Thermo Fisher, Waltham MA) using 

ΔCT method.

C5 intracellular staining in human PBMC—PBMC were harvested as above, and 

5×105 cells were incubated in round-bottom 96-well plates in RPMI + 10% FBS + 
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penicillin/streptomycin. PBMC were stimulated with heat-killed Candida (SC5314) or 

paraformaldehyde-fixed Aspergillus fumigatus (B-5233), at MOI of 10 for 16 hours, in a 

humidified incubator containing 5 % CO2, at 37 °C. After stimulations, the cells were fixed 

with 1.6% pre-warmed paraformaldehyde and permeabilized using methanol, as described 

previously 118. After permeabilization, the PBMC were washed once with ice-cold PBS. 

After two additional washes with PBS containing 0.5% BSA (Thermo Fisher, Waltham, 

MA) and 0.01% NaN3, PBMC were stained overnight at 4 °C for C5 using a rabbit 

antihuman C5 antibody (Abcam, Cambridge, UK), along with mouse IgG (Thermo Fisher). 

The next morning the PBMC were washed twice with FACS buffer (PBS + 0.5% BSA + 

0.01% NaN3) and stained using a PE-conjugated anti-rabbit antibody (BD Biosciences, 

Franklin Lakes, NJ) along with an antibody against human CD14 (clone MϕP9, BD 

Biosciences, Franklin Lakes, NJ). After 30 minutes incubation on ice, the cells were washed 

twice, resuspended in FACS buffer, and analyzed flow cytometrically as described above.

eQTL analysis—Genome-wide cis- and trans-eQTL data were downloaded from the 

eQTLGen Consortium 119 data portal (https://www.eqtlgen.org) on April 15 2022. No trans-

eQTL passed the arbitrary significance threshold (Bonferroni P value <0.05) for association 

with C5. 1921 single nucleotide variants (SNVs) were identified as C5 cis-eQTL using 

the same threshold. These were visualized using the Integrative Genomics Viewer v 2.12.2 

(Broad Institute) 120. Highly significant C5 cis-eQTL (Bonferroni P value <10−100) were 

subjected to Linkage disequilibrium (LD) analysis and visualization using Haploview 4.2 

(Broad Institute) 121 by the default algorithm of Gabriel et al. 122, which identified ten strong 

LD blocks. GBR (1000 genomes) was used as the reference population for LD analysis as it 

was the closest population to the patients in our study.

Analysis of the sourced transcriptome data—For analysis of the transcriptional 

signature during candidemia in humans, transcriptional data from whole blood of healthy 

human volunteers and patients with candidemia were sourced from the GEO database 

(GSE176262); these data were acquired using RNA from whole blood, collected in 

PAXgene tubes at the time of first culture positivity for Candida species 17. To determine the 

transcriptional response of human PBMC after ex vivo stimulation with different fungi, we 

sourced a previously published transcriptional dataset 20 deposited under the accession code 

GSE162746. For defining the host RNA-seq signature in kidneys before and after infection, 

we sourced data from temporal transcriptional data available at the GEO database, under the 

accession code GSE56092 29. The sourced data were mapped with Bowtie 2 123 and aligned 

using Rsubread 124. Subsequently, RPKM and differential expression were determined using 

edgeR 125. To define differentially enriched pathways in candidemic patients or human 

PBMC post-fungal stimulation or mouse kidneys post-infection, we used pre-ranked GSEA 
18 and the pathways curated in MSigDB 19. Significantly enriched pathways are shown in 

Table S1A (candidemic patients’ data) and Table S2 (mouse kidney data).

QUANTIFICATION AND STATISTICAL ANALYSIS

For assessing statistical significance between groups, unpaired t tests (with or without 

Welch’s correction), paired t test, Mann-Whitney U tests, Ordinary one-way ANOVA 

or Kruskal-Wallis tests with Tukey’s or Dunn’s multiple comparison tests, log-rank test, 
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2-way ANOVA with Holm-Sidak’s or Dunnette’s multiple comparisons tests, and Fisher’s 

exact test were used, where appropriate. GraphPad Prism 8 and R were used for these 

analyses. For transcriptional profiling FDR < 0.01 was considered statistically significant. 

A P value less than 0.05 was considered statistically significant for differences in grouped 

comparisons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Complement 5a drives phagocyte survival and effector functions for 

antifungal defense.

• Extrahepatic C5 production by phagocytes contributes to antifungal 

protection.

• Impaired complement activation correlates with poor outcomes in humans 

with candidemia

• Transcriptional induction of a complement module is predictive of human 

candidemia.
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Figure 1. Induced transcription of complement genes in human whole blood is predictive of 
candidemia. See also Table S1.
(A) Enriched Hallmark and Canonical MSigDB pathways in blood transcriptomes of 

candidemic patients compared to healthy controls, ranked by normalized enrichment 

score (NES). Red denotes complement pathways. Data sourced from GSE17626217. (B) 
Dot plot comparing enrichment of complement pathways in patients with candidemia, 

bacterial or viral infection or systemic inflammatory response syndrome (SIRS) compared 

to healthy controls. Shown are NES and FDR p-values. (C) Heatmap showing the 79-
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gene complement module enriched in candidemic patients compared to healthy donors, 

defined as the leading edge genes of the pathways indicated in red in A. Select genes are 

labeled. (D) Mean expression of the complement module in candidemic patients compared 

to healthy donors. (E) Receiver operating characteristic curve showing the performance 

of the complement module to distinguish candidemic patients, or patients with viral or 

bacterial infection or SIRS, from healthy donors. Area-under-the-curve (AUC) statistics 

and P values are shown. (F) Plot depicting all 2545 pathways annotated in MSigDB to 

distinguish candidemic patients from healthy donors, ranked by AUC. Indicated is the 

position of the complement module identified. (G) Mean expression of the complement 

module in RNA-seq of healthy donor PBMCs challenged ex vivo with the indicated 

fungi. Data sourced from GSE16274620. (H) Mean expression of C5 mRNA in whole 

blood leukocytes in candidemic patients compared to healthy donors. (I) Representative 

FACS histogram showing intracellular C5 protein levels in healthy donor monocytes post-

stimulation with heat-killed Candida. (J) Quantification of intracellular C5 protein in 

healthy donor monocytes post-stimulation with the indicated fungi (n=6), shown as mean 

fluorescence intensity difference between stimulated and unstimulated samples. *P<0.05, 

**P<0.01, ****p<0.0001; unpaired t-test (D), one-way ANOVA Brown-Forsythe corrected 

for multiple comparisons (G), Mann-Whitney U-test (H), Wilcoxon signed-rank test (J).
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Figure 2. C5a-C5aR1 signaling on phagocytes mediates fungal clearance and host survival 
during systemic candidiasis. See also Figures S1–S2 and Table S2.
(A) Normalized enrichment scores (NES) for MSigDB pathways enriched in Candida-

infected kidneys. Red denotes complement pathways. Top panel shows ranks of highest-

enriched complement pathways among all pathways. Data sourced from GSE5609229. 

(B) Enrichment plot for the “KEGG Complement and coagulation cascades” pathway. 

(C) Heatmap showing expression of transcripts, in RPKM, at the leading edge in “B”. 

(D) Survival of vehicle or C5a-treated WT mice post-infection (n=10–11). (E) Survival 
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of WT and C5ar1−/− mice post-infection (n=15). (F) Renal fungal burden (n=8). (G) 
Serum blood urea nitrogen (BUN) and creatinine (day 3; n=4). (H) Histopathology. 

Representative PAS-stained kidney sections (day 3). (I-J) Survival (I, left; n=16–32), renal 

fungal burden (I, middle; day 3 for Lyz2-CretgC5ar1fl/fl, Cx3cr1-CretgC5ar1fl/fl; day 6 for 

S100a8-CretgC5ar1fl/fl; n=8–14), serum creatinine (I, right; n=4–7) and renal histopathology 

(J); representative PAS-stained kidney sections. Scale-bars (for H,J): 1 mm (upper), 50 

μm (lower). *P<0.05, **P<0.01, ***P<0.005, ****P<0.0001; log-rank test (D-E; I), 2-way 

ANOVA with Sidak’s multiple comparisons (F), unpaired t-test (G; I, creatinine), Mann-

Whitney U-test (I, fungal burden).
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Figure 3. C5aR1 is dispensable for phagocyte trafficking into the kidney but mediates 
macrophage accumulation and survival. See also Figures S3–S4.
(A) Numbers of renal phagocytes post-infection (n=6–11). (B) Relative accumulation of 

CD45.1+WT and CD45.2+C5ar1−/− neutrophils and monocytes in blood and kidneys of 

mixed BM radiation chimeras (day 3; n=5). (C-D) Representative FACS plots (left) and 

summary data (right) of (C) Indo-1+ dead renal macrophages (day 1; n=12), and (D) 
annexin V+PI− apoptotic, PI+ dead, and annexin V−PI− viable renal macrophages (day 

1; n=7). (E-F) Representative histograms (E) and mean fluorescence intensity (MFI) 
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summary data (F) for cleaved caspase-3 and Bax in renal macrophages (day 1; n=8). (G-H) 
Summary data of apoptotic, dead, and viable renal macrophages (G) and MFI summary 

data for cleaved caspase-3 and Bax in mixed BM radiation chimeras (H) (day 3). (I) 

Representative FACS plots (left) and summary data (right) of apoptotic, dead, and viable 

BM-derived macrophages after Candida co-culture (n=6). (J-K) Immunoblot analysis of 

indicated proteins in WT BM-derived macrophages post-stimulation with indicated stimuli. 

Representative immunoblot images (J) and quantified pixel density values (K) are shown. 

(L-M) Representative FACS plots (top) and summary data (bottom) of apoptotic, dead, 

and viable WT BM-derived macrophages (n=6), following indicated treatments (U0126, 

ERK1/2 inhibitor; AS252424, PI3K/AKT inhibitor). *P<0.05, **P<0.01, ***P<0.005, 

****P<0.0001; Mann-Whitney U-test (A, neutrophils and Ly6Clo monocytes at days 1 and 

3; Ly6Chi monocytes at day 1; macrophages; F, Bax), Welch’s t-test (A, Ly6Chi monocytes 

at day 3), unpaired t-test (F, cleaved caspase-3; I), paired t-test (G, H), 2-way ANOVA 

with Dunnette’s multiple comparisons (K), one-way ANOVA with Dunnette’s multiple 

comparisons (L-M).
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Figure 4. C5aR1 mediates fungal uptake by neutrophils and killing by macrophages. See also 
Figures S4–S5.
(A-C) Left, representative FACS plots for neutrophils (A), Ly6Chi monocytes (B), and 

macrophages (C) in association with AF633+dTomato− dead or AF633+dTomato+ viable 

Candida in WT and C5ar1−/− kidneys. Right, summary data of % of cells associating 

with Candida (live+dead Candida) and % of dead Candida within phagocytes (n=8–10). 

(D) Candida killing by FACS-sorted renal macrophages (n=6–8). (E and H) Snapshots 

of kidney intravital imaging at the indicated timepoints post-infection. Yellow arrowheads 
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mark Candida associated with neutrophils/macrophages; White arrowheads mark Candida 
in the C5ar1−/− kidney unassociated with neutrophils/macrophages (see also Movie S1). 

Scale-bars: 50 μm (E), 15 μm (H). (F) Pooled data from WT and C5ar1−/− mice depicting 

% of Candida stably associated with renal neutrophils/macrophages between 30 and 60 

min post-infection (n=6–8). (G) Individual fungal cells associated with macrophages (as 

quantified under “F”), were enumerated to indicate whether they exhibited growth or not. 

(I) Growth rate for filamentous hyphae/hour for individual fungal cells associated with 

neutrophils/macrophages. (J) Pooled data from WT and C5ar1−/− mice depicting % of 

Candida germinating into hyphae between 30 and 60 min post-infection (n=6–8). (K-L) 
Candida uptake by BM neutrophils and killing by BM-derived macrophages (n=6–8). (M) 
Candida uptake by human neutrophils and killing by human macrophages (n=5–6). *P<0.05, 

**P<0.01, ***P<0.005, ****P<0.0001; unpaired t-test (A, %Ca killing; B; K, BM-derived 

macrophages), Welch’s t-test (A, %Ca association; K, BM neutrophils), paired t-test (L, 
M), Mann-Whitney U-test (D, J), Fisher’s exact test (G) one-way ANOVA with Tukey’s 

multiple comparisons (F, I).
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Figure 5. Enhanced mTORC1-associated metabolic rewiring in C5ar1−/− macrophages correlates 
with susceptibility to systemic candidiasis. See also Figure S6 and Table S3.
(A) Enriched MSigDB Hallmark pathways, based on GSEA of RNA-seq data from renal 

macrophages (day 2; n=4/group). (B) Representative histograms and mean fluorescence 

intensity (MFI) summary data for phospho-S6 and Glut1 in renal macrophages (day 2; 

n=7–8). (C) Extracellular flux analysis of renal macrophages (day 1). Left, extracellular 

acidification rate (ECAR) and oxygen consumption rate (OCR) at baseline and after 

injection of opsonized heat-killed Candida (HK-Ca), depicted by the solid line. Right, 
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area under the curve for ECAR and OCR. Data are pooled from two experiments. (D-J) 
Rapamycin or vehicle were administered in C5ar1−/− mice starting at day 1 post-infection. 

For (H-J), mice were infected with the rapamycin-resistant Candida rbp1Δ/Δ. (D, I) MFI 

summary data of the indicated proteins in C5ar1−/− renal macrophages (day 2). (E, H) 
Representative FACS plots and summary data of annexin V+PI− apoptotic, PI+ dead, and 

annexin V−PI− viable renal macrophages from vehicle or rapamycin-treated C5ar1−/− mice 

(day 2; n=3–5). (F, J) Survival of C5ar1−/− mice post-infection (n=10). (G, J) Serum BUN 

and creatinine (day 2; n=3–4). (K) Representative FACS plots (left) and summary data 

(right) of apoptotic, dead, and viable BM-derived macrophages after ex vivo co-culturing 

with Candida rbp1Δ/Δ (n=6). Quantitative data are means ±SEM. *P<0.05, **P<0.01, 

***P<0.005, ****P<0.0001; unpaired t-test (B; E; D; G; I; J, BUN/creatinine), 2-way 

ANOVA with Bonferroni’s’ multiple comparisons (C), log-rank test (F; J).
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Figure 6: Local C5 production by phagocytes is critical for renal antifungal defense. See also 
Figure S6.
(A-B) Albumin-Cretg/C5fl/fl and C5fl/fl mice were evaluated at day 2 post-infection. (A) 
Renal fungal burden, serum BUN and creatinine concentrations (n=3–4). Data are from 

one of two experiments with similar patterns of results. (B) Histopathology. Representative 

PAS-stained kidney sections. (C-D) C5 expression in renal leukocytes. (C) Representative 

FACS. “Red” and “Blue” histograms indicate C5 expression in infected (day 1) and 

uninfected YFP-C5fl/fl reporter mice, respectively; shaded histograms represent infected 
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non-YFP control mice (n=6–7). (D) Summary data of C5-YFP mean fluorescence intensity, 

normalized to non-YFP controls of each leukocyte subset. (E-F) Lyz2-Cretg/C5fl/fl and 

C5fl/fl mice were evaluated at day 2 post-infection. (E) Survival, renal fungal burden, and 

serum BUN and creatinine concentrations (n=7–18). (F) Histopathology. Representative 

PAS-stained kidney sections. (G) Manhattan plot depicting significant cis expression 

quantitative loci (eQTL). x-axis marks chromosome 9 location, where select genes including 

C5 are labeled. y-axis displays −log10 bonferroni P values. The dots represent eQTL, blue 

denotes eQTL with P<10−100, and red denotes C5 SNP rs2269067. The bottom linkage 

diseqillibrium (LD) plot shows LD analysis of highly-significant eQTL (P<10−100) and 

depicts C5 SNP rs2269067 to be in strong LD with other top-enriched eQTL affecting C5 
expression. Data sourced from eQTLgen77. (H) C5 transcripts in PBMCs of healthy donors 

with or without C5 SNP rs2269067. (I) Pie chart depicting % of candidemic patients with 

or without C5 SNP rs2269067 that exhibited persistent fungemia. (J) Forest plots showing 

odds ratios in univariate and multivariate analyses; horizontal bars, 95% CI. Scale-bars 

(for B,F): 1 mm (upper), 50 μm (lower). Quantitative data are means ±SEM. *P<0.05, 

**P<0.01, ***P<0.005, ****P<0.0001; unpaired t-test (A, BUN/creatinine; E, creatinine), 

Mann-Whitney U-test (A,E, fungal burden; E, BUN; H), 2-way ANOVA with Holm-Sidak’s 

multiple comparisons (D), Fisher’s exact test (I).
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Figure 7. Lower serum C5a concentrations independently correlate with mortality in candidemic 
patients. See also Tables S4–S7.
(A) Serum C5a concentrations from healthy donors (n=33), candidemic patients (n=174), 

and non-candidemic hospitalized patients (n=103). (B) Forest plots showing hazard ratios in 

univariate and multivariate analyses; horizontal bars, 95% CI. (C) Survival of candidemic 

patients with C5alo (<34.7 ng/mL) or C5ahi (≥34.7 ng/mL) status. ****P<0.0001; Kruskal-

Wallis test with Dunn’s test for multiple comparisons (A), Log-rank test (C).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rat anti-mouse CD16/CD32 BD Biosciences Cat#553142, RRID:AB_394657

Brilliant Violet 605™ anti-mouse CD45 Antibody Biolegend Cat# 103155, RRID:AB_2650656

PerCP/Cyanine5.5 anti-mouse Ly-6G Antibody Biolegend Cat# 127616, RRID:AB_1877271

APC/Cyanine7 anti-mouse/human CD11b Antibody Biolegend Cat# 101226, RRID:AB_830642

CD11c Monoclonal Antibody (N418), APC, eBioscience™ Thermo Fisher Scientific Cat# 17-0114-82, RRID:AB_469346

Alexa Fluor® 700 Rat Anti-Mouse Ly-6C BD Biosciences Cat# 561237, RRID:AB_10612017

Biotin anti-mouse CD103 Antibody Biolegend Cat# 121404, RRID:AB_535947

MHC Class II (I-A/I-E) Monoclonal Antibody (M5/114.15.2), 
eFluor™ 450, eBioscience™

Thermo Fisher Scientific Cat# 48-5321-82, RRID:AB_1272204

PE/Cyanine7 anti-mouse F4/80 Antibody Biolegend Cat# 123114, RRID:AB_893478

PerCP/Cyanine5.5 anti-mouse CD3ε Antibody Biolegend Cat# 100328, RRID:AB_893318

PerCP/Cyanine5.5 anti-mouse CD19 Antibody Biolegend Cat# 152406, RRID:AB_2629815

PerCP/Cyanine5.5 anti-mouse CD335 (NKp46) Antibody Biolegend Cat# 137610, RRID:AB_10641137

Bax (D3R2M) Rabbit mAb Cell Signaling Technology Cat# 14796, RRID:AB_2716251

Cleaved Caspase-3 (Asp175) Antibody Cell Signaling Technology Cat# 9661, RRID:AB_2341188

Recombinant Anti-MLKL (phospho S345) antibody 
[EPR9515(2)]

Abcam Cat# ab196436, RRID:AB_2687465

Recombinant Anti-Glutathione Peroxidase 4 antibody 
[EPNCIR144]

Abcam Cat# ab125066, RRID:AB_10973901

Phospho-S6 Ribosomal Protein (Ser240/244) (D68F8) Cell Signaling Technology Cat# 5364, RRID:AB_10694233

Recombinant Anti-Glucose Transporter GLUT1 antibody 
[EPR3915]

Abcam Cat# ab115730, RRID:AB_10903230

Rabbit IgG Isotype Control Thermo Fisher Scientific Cat# 02-6102, RRID:AB_2532938

FITC anti-mouse Dectin-1 antibody (2A11) Bio-Rad Cat# MCA2289F, RRID:AB_324908

APC anti-mouse CD64 (FcγRI) Antibody Biolegend Cat# 139306, RRID:AB_11219391

CD15 Monoclonal Antibody (MMA), eFluor™ 450, 
eBioscience™

Thermo Fisher Scientific Cat# 48-0158-42, AB_1907348

Chemicals, Peptides, and Recombinant Proteins

Corning® 100 mL Penicillin-Streptomycin Solution, 100x Corning Cat# 30-002CI

Recombinant Mouse Complement Component C5a Protein R&D Systems Cat# 2150-C5-025/CF

Recombinant Mouse Complement Component C3a Protein, CF R&D Systems Cat# 8085-C3-025

Animal-Free Recombinant Murine M-CSF Peprotech Cat# AF-315-02

Animal-Free Recombinant Human M-CSF Peprotech Cat# AF-315-02

Liberase™ TL Research Grade Millipore Sigma Cat# 5401020001

DNase I Millipore Sigma Cat# 10104159001

EDTA (0.5 M), pH 8.0 Quality Biologicals Cat# 351-027-101

HEPES Buffer (1 M), pH 7.3 Quality Biologicals Cat# 118-089-721

ACK Lysing Buffer Quality Biologicals Cat# 118-156-721
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REAGENT or RESOURCE SOURCE IDENTIFIER

Fetal Bovine Serum - Premium, Heat Inactivated R&D Systems Cat# S11150H

Corning® RPMI 1640 Corning Cat# 10-041-CV

Dihydrorhodamine 123 Thermo Fisher Scientific Cat# D23806

Zymosan InvivoGen Cat# tlrl-zyn

PMA InvivoGen Cat# tlrl-pma

alamarBlue™ Cell Viability Reagent Thermo Fisher Scientific Cat# DAL1100

Triton-X-100 Thermo Fisher Scientific Cat# A16046.AE

Avacopan MedChem Express Cat# HY-17627

Rapamycin MedChem Express Cat# HY-10219

AS-252424 Fisher Scientific Cat# 36-711-0R

U-0126 Fisher Scientific Cat# 50-197-6090

β-Estradiol Millipore Sigma Cat# E8875

Lymphocyte Separation Medium, 1.077g/mL Lonza Cat# 17-829E

Ficoll-Paque PLUS Cytiva Cat# 17144003

Percoll Cytiva Cat# 17089101

SepMate™-50 (IVD) STEMCELL Technologies Cat# 85460

Dextran 500 Crescent Chemical Company Cat# SE18696.01

Polyethylene glycol 400 Sigma Aldrich Cat# PX1286B-2

TWEEN® 20 Sigma Aldrich Cat# P7949

TRIzol™ Reagent Thermo Fisher Scientific Cat# 15596026

Paraformaldehyde, 4% in PBS Thermo Fisher Scientific Cat# J61899.AK

Biotin-XX-SSE Thermo Fisher Scientific Cat# B-6352

streptavidin conjugated to Alexa Fluor 633 Thermo Fisher Scientific Cat# S21375

FCCP Fisher Scientific Cat# 04-531-0

Oligomycin Fisher Scientific Cat# AAJ61898MA

TWEEN® 20 Sigma Aldrich Cat# P1379

cOmplete™, EDTA-free Protease Inhibitor Cocktail Millipore Sigma Cat# COEDTAF-RO

Halt™ Protease and Phosphatase Inhibitor Cocktail (100X) Thermo Fisher Scientific Cat# 78442

eBioscience™ Lipopolysaccharide (LPS) Solution (500X) Thermo Fisher Scientific Cat# 00-4976-03

Critical Commercial Assays

QuantiChrom™ Urea Assay Kit BioAssay Systems Cat# DIUR-100

QuantiChrom™ Creatinine Assay Kit BioAssay Systems Cat# DICT-500

Anti-Ly6G MicroBeads Ultrapure Miltenyi Biotec Cat# 130-120-337

LIVE/DEAD™ Fixable Blue Dead Cell Stain Kit, for UV 
excitation

Thermo Fisher Scientific Cat# L34962

eBioscience™ Annexin V Apoptosis Detection Kit Thermo Fisher Scientific Cat# BMS500FI-300

RNA Clean-Up and Concentration Kit Norgen Biotek Corp Cat# 61000

SMART-Seq v4 full-length transcriptome analysis with 
ultimate sensitivity for ultra-low RNA input

TaKaRa Cat# 634894
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REAGENT or RESOURCE SOURCE IDENTIFIER

Nextera XT DNA Library Preparation Kit Illumina Cat# FC-131-1024

Amplex™ Red Hydrogen Peroxide/Peroxidase Assay Kit Thermo Fisher Scientific Cat# A22188

Seahorse XF assay medium pack, pH7.4 and calibrant solution Agilent Cat# 103680-100, 100840-000

Seahorse XFe96 FluxPak Agilent Cat# 102416-100

Human Complement Component C5a DuoSet ELISA kit R&D Systems Cat# DY2037

Mouse Complement Component C5a DuoSet ELISA kit R&D Systems Cat# DY2150

RNeasy mini kit QIAGEN Cat# NA

qScript cDNA Synthesis Kit Quanta bio Cat# 95047-100

PerfeCTa® SYBR® Green FastMix® Quanta bio Cat# 95074-05K

Perfecta qPCR FastMix UNG Low-ROX Quanta bio Cat# 95078-05K

Quick Start™ Bradford Protein Assay Kit 2 Bio-Rad Cat# 500-0202

Trans-Blot Turbo RTA Mini 0.2 µm PVDF Transfer Kit Bio-Rad Cat# 1704272

Radiance Plus ECL substrate Azure Biosystems Cat# AC2103

SuperSignal™ West Atto Ultimate Sensitivity Substrate Thermo Fisher Scientific Cat# A38555

TaqMan SNP genotyping assay Thermo Fisher Scientific Cat# C 2783678_1_

Human C5 specific primers/probe Thermo Fisher Scientific Cat# Hs01004342_m1

Human GAPDH specific primers/probe Thermo Fisher Scientific Cat# Hs02786624_g1

Deposited Data

RNA-Seq of kidney macrophages and neutrophils after 
infection

Current work Data are deposited at the NCBI’s 
gene expression omnibus (GEO), under 
accession number GSE206205

Whole blood transcriptome data of healthy volunteers and 
patients with candidemia, SIRS, or systemic bacterial, and viral 
infections

Steinbrink et. al.17 Deposited data were sourced from the GEO 
database; accession number GSE176262

Transcriptomes of human PBMC after ex vivo stimulation with 
different fungi

Bruno et. al.20 Deposited data were sourced from the GEO 
database; accession number GSE162746

Murine kidney RNA-Seq data, before and after infection Liu et. al.29 Deposited data were sourced from the GEO 
database; accession number GSE56092

Experimental Models: Organisms/Strains

Mouse: CByJ.SJL(B6)-Ptprca/J Jackson Laboratory Stock# 006584

Mouse: Balb/cJ Jackson Laboratory Stock# 000651

Mouse: C.129S4(B6)- C5ar1tm1Cge/J Jackson Laboratory Stock# 006845

Mouse: B6.129S4-C3tm1Crr/J Jackson Laboratory Stock# 029661

Mouse: C57BL/6J Jackson Laboratory Stock# 000664

Mouse: B6J.B6N(Cg)- Cx3cr1tm1.1(cre)Jung/J Jackson Laboratory Stock# 025524

Mouse: C5ar2−/− Laboratory of C. Kemper; 
Gerard et. al.108

N/A

Mouse: YFP-C5fl/fl Laboratory of C. Kemper; 
Niyonzima et. al.15

N/A

Mouse: tdTomato-C3fl/fl Laboratory of C. Kemper; 
Kolev et. al.109

N/A

Mouse: Albumin-Cretg/C5fl/fl Laboratory of C. Kemper N/A

Mouse: Lyz2-Cretg/C5fl/fl Laboratory of C. Kemper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: Lyz2-Cretg/C3fl/fl Laboratory of C. Kemper N/A

Mouse: GFP-C5ar1fl/fl Laboratory of J. Köhl; 
Karsten et. al.31

N/A

Mouse: Lyz2-Cretg/C5ar1fl/fl Laboratory of J. Köhl; 
Karsten et. al. 31

N/A

Mouse: S100a8-Cretg Laboratory of R. Caspi N/A

Candida albicans: SC5314 Laboratory of M. Lionakis; 
Lionakis et. al.46

N/A

Candida albicans: CAF2-1-dTomato Laboratory of M. Lionakis; 
Lionakis et. al.46

N/A

Candida albicans: rapamycin-resistant rbp1Δ/Δ strain Laboratory of J. Heitman; 
Cruz et. al.74

N/A

Oligonucleotides

Primer: C5ar1 qPCR; C5ar1-F 5’ - 
CAAGACGCTCAAAGTGGTGA - 3’

IDT N/A

Primer: C5ar1 qPCR; C5ar1-R 5’ - 
TATGATGCTGGGGAGAGACC - 3’

IDT N/A

Primer: C5ar2 qPCR; C5ar2-F 5’ - 
CTACCGTAGGCTGCTTCAGG - 3’

IDT N/A

Primer: C5ar2 qPCR; C5ar2-R 5’ - 
CAAATGAAAAACCCCACCAC - 3’

IDT N/A

Primer: Hc qPCR; Hc-F 5’ - 
GTCAAGTACACTGCGACTCTTC - 3’

IDT N/A

Primer: Hc qPCR; Hc-R 5’ - GGCATTGGTACAGCTCATCT - 
3’

IDT N/A

Primer: Gapdh qPCR; Gapdh-F 5’ - 
AACTTTGGCATTGTGGAAGG - 3’

IDT N/A

Primer: Gapdh qPCR; Gapdh-R 5’ - 
ACACATTGGGGGTAGGAACA - 3’

IDT N/A

Software and Algorithms

PRISM v8 or 9 Graphpad Software https://www.graphpad.com/scientific-
software/prism/

FlowJo v9 or 10 BD https://www.flowjo.com/

Imaris v9.2 Oxford Instruments https://imaris.oxinst.com/

Fiji NIH115 https://imagej.net/software/fiji/

Bowtie 2 Langmead et. al.123 https://github.com/BenLangmead/bowtie2

Rsubread Liao et. al.124 https://bioconductor.org/packages/release/
bioc/html/Rsubread.html

edgeR Robinson et. al.125 https://academic.oup.com/bioinformatics/
article/26/1/139/182458

Haploview 4.2 Barrett et. al.121 https://www.broadinstitute.org/haploview/
haploview

Integrative Genomics Viewer v2.12.2 Robinson et. al.120 https://software.broadinstitute.org/
software/igv/

STAR v2.5.2 Dobin et. al.113 https://github.com/alexdobin/STAR

Limma Ritchie et. al.114 https://bioconductor.org/packages/release/
bioc/html/limma.html
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REAGENT or RESOURCE SOURCE IDENTIFIER

GSEA v4.2.3 Subramanian et. al.18 https://www.gsea-msigdb.org/gsea/
index.jsp
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