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Abstract  

The complement system is a key component of innate immunity but impaired regulation 

influences disease susceptibility, including age-related macular degeneration (AMD) and 

some kidney diseases. Whilst complete complement inhibition has been used successfully 

to treat acute kidney disease, key unresolved challenges include strategies to modulate 

rather than completely inhibit the system and to deliver therapy potentially over decades. 

Elevating concentrations of complement regulator factor I (CFI) restricts complement 

activation in vitro and this approach was extended in the current study to modulate 

complement activation in vivo. Sustained increases in CFI levels were achieved using an 

adeno-associated virus (AAV) vector to target the liver, inducing a 4- to 5-fold increase in 

circulating CFI levels. This led to decreased activity of the alternative pathway as 

demonstrated by a reduction in the rate of iC3b deposition and more rapid formation of 

C3 degradation products. In addition, vector application in a mouse model of systemic 

lupus erythematosus (NZBWF1), where tissue injury is in part complement dependent, 

resulted in reduced complement C3 and IgG renal deposition.  Collectively, these data 

demonstrate that sustained elevation of CFI reduces complement activation in vivo 

providing proof-of-principle support for the therapeutic application of AAV gene delivery 

to modulate complement activation. 

200 Words  
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Introduction 

Complement is essential for maintaining tissue homeostasis through removal of apoptotic 

debris, processing of immune complexes and to provide protection against pathogens 

through opsonisation,  direct cell lysis and promotion of adaptive immunity [1]. This 

critically important system provides a rapid response to pathogens, particularly early in life 

until adaptive immunity has been established, but tight regulation is necessary to prevent 

uncontrolled activation and inappropriate damage to host tissues. More than 30 cell-

membrane and soluble proteins constitute three pathways, the activation of which is 

triggered by different stimuli. The classical pathway is initiated by antibody binding to 

antigen whilst the lectin pathway is initiated through lectins or ficolins binding to sugar 

residues on apoptotic/necrotic cells and microorganisms. Both pathways converge at a 

point where C3 is modified to form C3b initiating downstream production of the 

membrane attack complex (MAC) leading to proinflammatory responses and lytic 

destruction of complement-bound cells. The alternative pathway acts as an amplifier for 

the other pathways and is additionally activated when C3b is bound on a “protected” 

surface of which bacterial endotoxin (LPS) is an important example [2]. 

The alternative pathway (AP) is evolutionarily the oldest complement pathway and is 

centrally positioned to positively and negatively regulate the complement cascade [3]. The 

outcome of its activation is dependent on the net balance of two competing cycles (Figure 

1). The AP is initiated when C3b binds a surface lacking complement regulatory proteins. 

This event recruits complement factor B (CFB) which, together with complement factor D, 

leads to the formation of a C3 convertase that converts more C3 to C3b. Left unchecked, 

this results in the rapid amplification of a pro-inflammatory response. In direct 

competition with this positive feedback cycle, the degradation cycle proteolytically 

removes C3b to prevent formation of C3 convertase. The degradation cycle is initiated 

when complement factor H (CFH) binds C3b and acts as a co-factor for complement factor 

I (CFI) to cleave C3b into “inactive C3b” (iC3b). This irreversibly removes C3b as a substrate 

for the feedback cycle and enables CFI, along with CR1 as a cofactor, to further cleave iC3b 

into C3c and C3dg. iC3b is itself an important generator of inflammation by its reaction 

with CR3 (CD11b,CD18) on neutrophils. Environments that favour activity of the 
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degradation cycle halt downstream MAC formation and subvert lytic destruction and pro-

inflammatory responses. 

Dysregulation of the complement system underlies a range of diseases acting as either the 

primary mediator of immunopathology or by amplifying stimuli triggered by genetic 

and/or environmental factors. This is evident from diseases that result from loss-of-

function mutations in complement regulatory genes, for example Paroxysmal Nocturnal 

Haemoglobulinuria (PNH) and atypical Haemolytic Uraemic Syndrome (aHUS) [4-6]. 

However, even subtle changes in the degree of complement activation driven by single 

nucleotide polymorphisms (SNPs) can influence disease susceptibility. It is now widely 

accepted that genetic variation in genes encoding complement activation and regulatory 

proteins, termed complotype [7], influences the threshold for complement activation [8-

13]. A hyperactive (or ‘at risk’) complotype increases susceptibility to diseases such as 

AMD but is likely to have also provided an evolutionary advantage by reducing 

susceptibility to infection. In contrast, a hypoactive complotype confers AMD protection. 

Complement therapeutics to date have focused on complete inhibition of the system, 

notably C5 inhibition as an effective treatment for red cell lysis in PNH and for episodes of 

aHUS [14].  For diseases like AMD that develop over decades the intuitive approach is to 

reduce the complement activation threshold, essentially mimicking hypoactive 

complotypes that are associated with reduced AMD risk. 

CFI is a serine protease and complement regulatory protein synthesised as a pro-enzyme 

predominantly in the liver where it is cleaved and secreted into plasma as an active 

enzyme [15].  In vitro serological studies have demonstrated that elevation of the levels of 

CFI is a powerful strategy to reduce AP activation in normal sera [16] as well as sera 

collected from individuals with hyperactive complotypes, known to place them at risk of 

AMD, aHUS and/or C3 glomerulopathy [17, 18].  A key finding was that AP activity of 

hyperactive complotypes could be reduced to within normal range using a modest 50% 

[18]. Based on these 

observations, sustained and persistent elevation of CFI levels in vivo offers a potential 

opportunity to reduce the negative effects of a hyperactive AP.  
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To deliver a therapeutic agent for long-term complement modulation in vivo, we sought to 

exploit adeno-associated virus (AAV) vector gene delivery. The system is proving clinically 

efficacious particularly for gene therapies in the eye, central nervous system and liver [19-

22].  Importantly, AAV gene delivery to post-mitotic cells induces sustained transgene 

expression and therapeutic benefit, which has been observed In one haemophilia trial [19, 

23] for more than ten years. A similar outcome in transgene expression with an FI-

encoding vector might enable sustained suppression of AP activation and conversion of a 

genetically driven hyperactive complotype into a therapeutically-driven hypoactive 

complotype with consequent reduced incidence of disease.  

The current report demonstrates that liver-directed AAV delivery of a CFI-encoding 

transgene cassette (AAV.CFI) elevated circulating CFI levels, which in turn decreased 

circulating AP activity. Using a well characterised murine model of systemic lupus 

erythematosus (SLE), where complement activation occurs within the kidney, AAV.CFI 

induced a significant reduction in renal co-deposition of complement and IgG. These proof-

of-principle data support clinical translation of sustained elevation of CFI expression 

through AAV-mediated vector delivery to achieve therapeutic modulation of complement. 

Results 

AAV transgene delivery raises serum CFI levels In vivo and suppresses complement AP 

activity. 

An AAV vector encoding murine CFI (AAV.CFI) under the transcriptional control of a liver-

specific promoter (Figure 2A) was packaged and injected i.p. into C57BL/6 mice 

(5x1011vg/mouse). Analysis of sera in time-course studies revealed a 4- to 5-fold increase 

in serum CFI levels within one week of AAV.CFI vector delivery, which were maintained for 

the duration of the 8-week experiments (Figure 2B). Western blot analysis confirmed 

elevated levels of a 50kDa protein in the AAV-CFI group, consistent with the molecular 

weight of the heavy chain of fully processed mouse CFI (Figure 2C). To assess AP inhibition, 

an iC3b deposition assay was performed using sera from mice treated at a range of vector 

doses (5x109, 5x1010 or 5x1011vg per mouse).  AP inhibition in sera from AAV.CFI injected 

animals was evident by the dose-dependent reduction in iC3b deposition (Figure 3A). To 
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assess iC3b production by CFI, a C3b cleavage assay was performed which demonstrated 

increased production of C3dg in animals treated with the AAV.CFI vector (Figure 3B, 

Supplementary Figure 1). These data demonstrate that elevated levels of CFI in vivo 

favours activity of the AP degradation cycle and is consistent with published in vitro data 

[17, 18]. 

Elevated CFI levels are associated with reduced CFB levels but do not change C3, C5 and 

C7 levels.  

Viral infections have been associated with acute phase responses that could alter 

complement protein concentrations [24, 25]. We therefore measured C3, C5 and C7 levels 

(Figure 4A-C and supplementary Figures 2 and 3) however there was no difference in 

circulating levels of these proteins between the AAV.CFI and AAV.GFP groups. In contrast, 

serum levels of CFB were elevated in AAV.CFI treated animals (Figure 4D, Supplementary 

Figure 4). The higher levels of CFB were not attributed to enhanced transcriptional activity 

from the CFB gene in the liver, which is the predominant source of the protein [26], as 

mRNA levels remained unchanged in control and test animals (Figure 4E). 

AAV.CFI reduces renal deposition of C3 and IgG in AAV.CFI-treated lupus-prone mice. 

We next sought to test the ability of AAV.CFI to modulate tissue complement deposition in 

a disease model. The lupus-prone NZBWF1 mouse model was utilised as renal complement 

deposition is a feature of the phenotype [27]. As expected, mean serum CFI levels at two 

months post-injection were increased in the AAV.CFI treated group, although with a broad 

spread of levels (Figure 5A). However, by end-of-life CFI levels were indistinguishable 

between the groups. Many AAV.CFI treated mice showed reductions in CFI levels whilst 

some of the AAV.GFP treated mice exhibited CFI levels higher than AAV.CFI treated mice 

(Figure 5A, Supplementary figure 5). Vector copy number analysis at end-of-life showed a 

broad spread of values within each group but no statistical difference between each group 

(Figure 5B). This finding might be due to loss of provirus in some animals over time. There 

was a strong correlation between AAV.CFI vector copy number and CFI mRNA levels 

(Figure 5C, Pearson r=0.96) at end-of-life but a poor correlation between AAV.CFI vector 

copy number and serum CFI levels (Figure 5D). Antibodies to CFI that might account for 

variable CFI protein levels were not detected (data not shown).  In contrast, antibodies to 
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the AAV8 capsid were detected (as expected) two months after vector injection, which 

then decreased over time (Supplementary Figure 5). This data collectively indicate 

dysregulation of CFI expression from the endogenous locus and/or vector transgene with 

age in NZBWF1 mice, consistent with changes in gene [24] and transgene expression with 

increasing inflammation [28]. 

It was hypothesised that elevated levels of CFI in AAV.CFI treated mice, through control of 

the C3b amplification loop, would reduce glomerular C3 and associated IgG in the lupus-

prone mice. Immunofluorescence analysis of kidney sections showed a significant 

reduction in glomerular IgG (Figure 6A-B) and C3 deposition (Figure 6C-D) in the glomeruli 

of AAV.CFI treated animals. However, there were no differences in either renal function or 

glomerular histology (Figure 7). and AAV.CFI treatment did not alter survival, serum 

immune complexes, anti-ssDNA antibodies, spleen pathology or glomerular neutrophil 

infiltration (Supplementary Figure 6). Collectively, these data indicate that while treatment 

with AAV.CFI exerted biological effects that led to reduced renal IgG and C3 deposition, 

which are classic hallmarks of SLE, these were insufficient to confer renal protection or 

improve disease outcome in the NZBWF1 mouse model. 

Discussion 

The current study demonstrates that the AP can be modulated in vivo by raising serum 

levels of CFI to inhibit complement activation. This was evident by the change in levels of 

C3 breakdown products in wild type mice as well as inhibition of renal C3/IgG deposition in 

lupus-prone mice.  The raised levels of serum CFB in AAV.CFI treated C57BL/6 mice is also 

interpreted as evidence for decreased consumption of CFB in the feedback cycle through 

increased activity of the degradation cycle. These in vivo findings validate earlier in vitro 

studies [17, 18] demonstrating the potential for AP modulation by increased CFI levels to 

reduce disease susceptibility in individuals with hyperactive complotypes. 

Importantly, the current study also shows that AAV-mediated gene delivery is a feasible 

approach to achieve AP modulation in the SLE NZBWF1 mouse model. This model was 

selected because it was hypothesised that AAV.CFI may reduce renal deposition of C3, 

which in this model is due to classical pathway activation by immune complexes. 
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Moreover, other studies have shown that reduction of complement activation, through 

either down-regulation of factor B (Grossman et al. 2016) or administration of 

complement inhibitors [29, 30], reduced phenotypic endpoints in this model. We 

demonstrated that AAV.CFI reduced IgG/C3 deposition in the kidney, however the vector 

was unable to arrest natural disease progression or extend animal lifespan. This is not 

surprising since complement is only one of the many effector mechanisms of tissue injury 

in this model [31]. In the MRL/lpr lupus model, complement C3 was not required for the 

development of immune-complex nephritis [32].  The precise mechanism by which higher 

CFI serum concentrations decreased renal IgG/C3 levels remains to be determined but 

could be due to interference in complement deposition through a more active degradation 

cycle and/or improved removal of tissue immune complexes. Irrespectively, these 

collective findings support the hypothesis that elevated CFI levels exert biological effects 

that may be exploited for therapeutic gain.  

Normalisation of AP regulation via a single vector infusion as opposed to recurrent 

systemic infusions of recombinant CFI is an appealing clinical proposition. The recent 

successes using liver-targeted AAV vectors to treat haemophilia A and B patients 

demonstrates AAV vector technologies are well-positioned for the task [19, 22]. This goal 

has become even more feasible with the recent identification of hepatotropic capsids 

inducing higher vector transfer efficiencies compared to those used in early clinical trials 

[33-35]. Additionally, AP regulation through elevated CFI levels avoids issues with 

immunogenicity as CFI is normally expressed in the liver and the immunobiology of this 

organ enforces tolerance to the transgene product [36]. Furthermore, CFI is expressed at 

relatively low levels (40g) making the predicted need for a 50% increase in systemic levels 

for AP regulation [18] a more feasible target when compared to over-expression of CFH, a 

regulatory protein that also dampens activity of the feedback cycle when levels are 

elevated but which is expressed at 200g/mL in serum [37]. 

The results of the current study demonstrate the potential for liver-targeted AAV to 

prevent a number of diseases in individuals with an ‘at-risk’ hyperactive complotype [1, 7].  

Dry AMD is a prime target for AP modulation given its association with the hyperactive 

complotype [6, 8, 11-13]. However, it has been reported that the intact Bruch’s membrane 
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in the eye is impervious to CFI diffusion from the circulation and that ocular AP regulation 

requires local secretion of regulatory proteins [13].  If this is the case, intervention using 

AAV.CFI would require sub-retinal rather than liver delivery of the vector and such a trial is 

already underway (NCT03846193,[38]). In theory, the earlier the intervention the higher 

the likelihood of preventing AMD but further investigation is required to delineate 

whether the cellular source of CFI in the eye is important for AP regulation. At least from 

the perspective of vector production, AAV ocular gene delivery is a more appealing route 

given the need for lower amounts of vector compared to liver-targeted systemic delivery. 

The possibility for deleterious effects in raising systemic CFI levels has also been 

considered. In the rare setting of uncontrolled C3 activation due to complete CFH 

deficiency, abnormal accumulation of C3 occurs within glomeruli resulting in C3 

glomerulopathy. In mouse models, the intra-glomerular localisation of the abnormal C3 in 

complete CFH deficiency is influenced by CFI [39].  In the absence of CFI, the abnormal 

glomerular C3 is not cleaved beyond C3b and localises within the mesangium. In contrast, 

in the presence of CFI, C3 is accumulated along the capillary walls and results in renal 

disease.  It is therefore possible that in situations in which factor H function is severely 

impaired, increasing CFI levels may be deleterious.Further advancement of the AAV 

technology would benefit from the validation of this approach in pre-clinical models of 

complement-mediated disease. The major strength of this approach would be to treat 

diseases, such as AMD, which are chronic and would be predicted to require complement 

modulation over the long term to achieve benefit. However, an AAV-mediated approach 

might be applicable in other settings and could be applied to express the many 

complement inhibitors and modulators in development [1]. In conclusion, this preclinical 

study supports translation of AAV gene delivery as a viable approach to complement 

modulation in vivo. 
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Material and Methods 

Mouse studies 

All animal care and experimental procedures were evaluated and approved by the 

CMRI/CHW Animal Care and Ethics Committee. All C57BL/6 and NZBWF1 mice used in this 

study were bred in-house from breeding pairs obtained from The Jackson Laboratories 

(Bar Harbor, ME). Mice were housed in standard boxes and received normal food and 

water ad libitum for the duration of the experiments. Animals were injected via the 

intraperitoneal route at 6-12 weeks of age with 100μL of the indicated vector quantities 

after dilution in saline. Animals were culled when displaying signs of illness and pain, such 

as shallow breathing, swollen cheeks, hunched posture or weight loss. 

Serum collection  

Blood was collected using either the tail vein nicking or cardiac puncture (terminal) 

method into uncoated collection tubes (Becton Dickinson). For cardiac puncture, mice 

were anaesthetised by isoflurane inhalation and cardiac puncture performed with a 25-

gauge needle. Blood was left to clot for 30-40 minutes at room temperature, then 

centrifuged at 3,000 × g for 5 minutes. The serum was then taken and centrifuged again at 

20,000 × g for 5 minutes to eliminate any residual red blood cells. Serum was aliquoted 

and stored at -80°C.  

Urine collection  

Urine was collected for analysis of protein and creatinine levels. Mice were placed in 

metabolic cages lined with Whatman paper for 24 hours. The filter papers with urine were 
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then collected, dried overnight and stored at 4°C. When required for analysis, 10 circular 

holes (approximately 3 mm in diameter) were punched into urine-stained areas on the 

filter paper and dissolved in 300 μL of water for approximately 2 hours at room 

temperature. The tubes were centrifuged for 1-2 minutes at 4,000 × g and the supernatant 

collected for biochemical analyses.  

Biochemical Analysis  

Creatinine and protein analysis was performed by The Department of Pathology, 

Westmead Children’s Hospital. Creatinine analysis in the serum was determined by an 

enzymatic assay kit (Mouse Creatinine Assay Kit no. 80350, Crystal Chem). 

Plasmid and vector production 

The AAV.GFP has been previously reported [40]. It contains AAV2 ITR sequences flanking 

an expression cassette consisting of heterologous (one copy of the SERPINA1 (hAAT) 

promoter, two copies of the APOE enhancer element upstream), a GFP-encoding cDNA, 

variant (mut6) of the woodchuck hepatitis virus post-transcriptional regulatory element 

(WPRE) and bovine polyadenylation signal. The AAV-FI construct was produced using 

standard molecular biological techniques by replacing the GFP cDNA with one encoding 

murine FI. 

AAV vectors packaged into capsid 8 were made using triple-transfection of HEK-293 cells 

(obtained from the American Type Culture Collection) as previously described [41].  Briefly, 

HEK-293 cells were cultured in plastic culture dishes with complete medium (DMEM 

containing 10% FBS) were passaged using trypsin.  Cells transfected with packaging 

constructs were subjected to four freeze/thaw cycles in a dry ice/100% ethanol bath, 

centrifuged at 3000 x g for 15 minutes and the supernatant was treated with benzonase 

(Sigma Aldrich) at 50 units/mL at 37°C for 30 minutes. Vector was purified using CsCl 

purification. Final viral titre was assigned by qPCR [42]. Purified vector was aliquoted and 

stored at -80°C.  

Quantitation of liver vector copy number and mRNA encoding FI and CFB. 

Liver was snap frozen in liquid nitrogen and stored at -80oC for later assay. DNA was 

extracted  using proteinase K digestion and phenol:chloroform extraction as previously 
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described [42]. RNA was extracted using the Trizol® plus RNA purification kit (Ambion) 

following the manufacturer’s instructions. DNA and RNA concentrations were determined 

by spectrophotometry using a Nanodrop 1000 (Thermo Fisher Scientific, Wilmington, USA). 

Total RNA was reversed transcribed into cDNA using the SuperScript® III Reverse 

Transcriptase kit (Invitrogen) according to the manufacturer’s instructions. Quantitative 

PCR (qPCR) reactions were performed using a RotorGene 6000 (Corbett Life Science, 

Mortlake, Australia).  Vector provirus copy number was calculated from genomic DNA 

using primers specific to the WPRE region on the vector and were normalised to GAPDH 

levels quantified using SYBR Green (Takara). FI and CFB mRNA levels were quantified by 

qPCR on cDNA samples using target specific primers and signals were normalised against 

-actin levels also determined by qPCR. Primer sequences are detailed in Supplementary 

Table 2.  

Western blot for complement proteins. 

Western blot was performed on serum samples after probing blots using the following 

primary antibodies: anti-FI polyclonal antibody (, Absea Biotechnology Ltd.),  goat anti-

mouse C3 polyclonal (Cappel #0855444), goat anti-C5 polyclonal (Dako P0449), rabbit anti-

human CFB polyclonal (Abcam ab192577) or Rabbit anti-C7 polyclonal (Abcam ab192346). 

After washing to remove the primary antibodies, blots were further probed using either of 

the following HRP-conjugated secondary antibodies: goat anti-rabbit IgG (Santa Cruz sc-

2004), rabbit anti-goat IgG (Dako P0449), anti-mouse IgG (Dako P0447) or goat anti-rabbit 

IgG (Santa Cruz sc-2004). Signals were detected using SupersignalTM West femto 

chemiluminescent substrate (Thermofisher) and visualised on the Fujifilm LAS4000 

(Berthold). Blots were stripped using a solution containing glycine (25mM), SDS (1.5% SDS 

w/v) dissolved in distilled water washed and probed using antibodies to vinculin (Sigma 

V9131) and re-imaged. Western Blot imaging analysis was performed using Image J (Fiji) 

and signals were normalised to vinculin. 

CFI quantitation dot blot 

Serum CFI levels were quantitated using ELISA (CSB-EL005279MO) or dot blot as indicated. 

A dot blot was performed on serum samples to detect murine Factor I protein levels. 
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Double dilutions of serum samples were made from 1 in 80 to 1 in 640 in sample buffer 

(62.5mM Tris-Cl pH 6.8, 0.05% SDS, 0.36M β-mercaptoethanol). Purified Factor I double 

dilutions in sample buffer from 2.5ng/μL to 0.3ng/μL were also included. Samples were 

heated at 700C for 10 minutes and 100μL was loaded directly into each well of the dot blot 

apparatus. Suction was used to allow the liquid to pass through the wells and onto the 

nitrocellulose membrane (Bio-rad). Wells were rinsed with 200μL of PBST [PBS/0.05% 

Tween-20 (Sigma-Aldrich)], allowing suction to pass through the membrane until wells 

were dry. The apparatus was then disassembled, and membranes were washed with PBST 

and blocked with 20 mL of 5% milk/PBST for 1 hour while gently rocking on the shaker at 

room temperature. After blocking, the solution was removed, and membranes were 

incubated with rabbit anti-murine CFI antibody (Absea Biotechnology Ltd.) followed by 

secondary antibody incubation with goat anti-rabbit (Santa Cruz sc-2004) for 1 hour at 4°C, 

washing and imaging as previously mentioned for western blot.  

iC3b Deposition assay 

Maxisorb Nunc Plates were coated overnight with 1μg/well of lipopolysaccharide (Sigma) 

from Escherichia coli O26:B6 in coating buffer (15mM Na2CO3, 35mM NaHCO3 pH 9.6) at 

4°C. Plates were then washed 3 times with 200μL of TBST (10mM Tris-HCl, 140mM NaCl, 

0.05% Tween-20 pH 7.4) and blocked with 100μL of 1%BSA in TBS-T at room temperature 

for 2 hours. After washing, plates were incubated with serial dilutions of serum in 

alternative pathway buffer (1xVBS, 10mM EGTA, 2mM MgCl2) for 1 hour at 37°C. Plates 

were washed 4 times with TBS-T and incubated for 1 hour with polyclonal rabbit α-human 

C3c complement (Dako A0062), used 1:5000 in TBS-T. After washing 4 times with TBS-T, 

wells were incubated for 1 hour with alkaline phosphatase conjugated goat anti-rabbit IgG 

(Sigma Aldrich A3812) at a 1:5000 dilution in TBS-T. The plates were then washed 4 times 

with TBS-T and 100μL of prepared Fast p-Nitrophenyl Phosphate Tablets (Sigma N1891) 

was added to develop the assay which was stopped by addition of 3M NaOH and read at 

405nm. 

AAV8 IgG ELISA 

Maxisorb Nunc 96-well plates were coated overnight with 2.5 x 1010 vg/mL of AAV8 in 

0.1M NaHCO3 at 4°C. Plates were then washed 3 times with 200μL of washing buffer (PBS 
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with 0.05% Tween-20, PBST) and blocked with 100μL of PBST supplemented with 5% Skim 

(PBST+5% skim milk powder, PBST-skim) at room temperature for 2 hours. After washing, 

plates were incubated for two hours at room temperature with 50μL of sera diluted in 

PBST-skim in 2-fold serial dilutions starting at a 1:50 dilution. Plates were washed 3 times 

and incubated for 1 hour with goat anti-mouse IgG (Biorad Cat# 172-1011, diluted at 

1:2000 in PBST-skim). After washing 4 times, 100μL of TMB (Sigma) was added to the wells 

and incubated for 30 minutes in the dark to develop the assay which was stopped by 

addition of 100μL of 1M H2SO4 and read at 450nm. The ratio of the mean of the OD values 

obtained with and without vector were calculated and endpoint titres were identified as 

the reciprocal of the last serum dilution that produced a ratio >2.0. 

C3 ELISA 

Maxisorb Nunc Plates were coated overnight with 1μg/well of polyclonal rabbit anti-

human C3c complement (Dako A0062) in 0.1M NaHCO3 at 4°C. Plates were then washed 3 

times with 200μL of washing buffer (PBS with 0.2% Tween-20) and blocked with 100μL of 

2% BSA in wash buffer at room temperature for 2 hours. After washing, plates were 

incubated with serial dilutions of C3 standard (Comptech #A113) and samples at 1 in 

24000 dilution in blocking buffer for 1 hour. Plates were washed 5 times and incubated for 

1 hour with goat anti-mouse C3 HRP (MP Biomedical Cat# 55557), used 1:25000 in wash 

buffer. After washing 5 times, 100μL of TMB (Sigma) was added to the wells and incubated 

for 15 minutes in the dark to develop the assay which was stopped by addition of 100μL of 

1M H2SO4 and read at 450nm. 

Serum immune complex ELISA  

Serum immune complexes were assayed as described previously [43]. Briefly, Maxisorb 

Nunc Plates (Thermofisher) were coated overnight with 2 μg/mL of bovine conglutinin in 

coating buffer [0.0125 M sodium borate, 0.0125 M boric acid, 0.01 M CaCl2 (pH 8.2)] at 

4°C. Plates were then washed 3 times with 200 μL of wash buffer *0.0125 M sodium 

borate, 0.0125 M boric acid, 0.01 M CaCl2, 0.05% (v/v) Tween-20 (pH 8.2)] and blocked 

with 200 μL of 2% (w/v) BSA in coating buffer at room temperature for 2 hours. After 

washing, plates were incubated with serum diluted 1 in 130 in wash buffer for 1 hour at 

room temperature. Plates were washed 4 times and incubated for 1 hour at room 
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temperature with goat anti-mouse IgG-AP (Sigma A3562) diluted 1:1,000 in wash buffer. 

The plates were then washed 4 times and 100 μL of prepared Fast p-Nitrophenyl 

Phosphate Tablets (Sigma) was added to develop the assay which was stopped by addition 

of 3M NaOH and the absorbance of each well was measured at a wavelength of 405nm on 

the VersaMax microplate reader. 

Anti-ssDNA ELISA 

Anti-ssDNA antibodies were assayed as described previously [44]. Briefly, Maxisorb Nunc 

Plates (Thermofisher) were coated overnight with 10 μg/mL of ssDNA (Sigma D8899) in 

coating buffer (1x PBS) at 4°C. Plates were then washed 3 times with 200 μL of wash buffer 

[1x PBS, 0.05% (v/v) Tween-20+ and blocked with 200 μL of 3% (w/v) BSA in wash buffer at 

room temperature for 2 hours. After washing, plates were incubated with serum diluted 1 

in 100 and serial dilutions of anti-ssDNA antibody (Abcam ab27156) from 0.2 ng/mL in 

wash buffer for 1 hour at room temperature. Plates were washed 4 times and incubated 

for 1 hour at room temperature with goat anti-mouse IgG-AP (Sigma A3562) diluted 

1:1,000 in wash buffer. The plates were then washed 4 times and 100 μL of prepared Fast 

p-Nitrophenyl Phosphate Tablets (Sigma N1891) was added to develop the assay which 

was stopped by addition of 3M NaOH and the absorbance of each well was measured at a 

wavelength of 405nm on the VersaMax microplate reader. 

C3 and IgG deposition staining  

Fixed mouse kidney tissue in frozen OCT blocks were cut into 5 µM sections using the Leica 

CM1900 cryostat. Sections were re-hydrated with PBS for 10 minutes then placed in a 

coplin jar with cold methanol (-20°C) on ice for 15 minutes to permeabilize the sections. 

Slides were washed PBS, then dried and sealed with PAPEN (Sigma-Aldrich). Slides were 

blocked with 250 µL of 20% (v/v) goat serum (Sigma) per slide for 3 hours. Blocking buffer 

was removed and the slides were incubated with anti-mouse IgG (Sigma-Aldrich F0257) or 

anti-mouse C3 (MP Biomedical 0855500) conjugated to FITC in blocking buffer at 4°C in a 

moist chamber for 1 hour in the dark. Slides were washed 3 × 5 minutes with PBS and to 

the second wash, 10 µL DAPI (Thermofisher) was added. Slides were dried and covered 

with 2 drops of Immunomount and a coverslip then imaged using Zeiss microscope under 
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DAPI and Texas Red fluorescence. Images and mean fluorescence intensities were taken 

using the ZEN software.  

Neutrophil staining  

Fixed mouse tissue in frozen OCT blocks were cut into 6µm sections using the Leica 

CM1900 cryostat. Sections were allowed to adhere to the slides and then fixed in acetone 

for 10 minutes. Slides were air dried for 5 minutes, sealed with PAPEN (Sigma-Aldrich) and 

then blocked with 10% Rat serum (Sigma) in 5%BSA/1xPBS for 60 minutes. Blocking buffer 

was removed and the slides were incubated with Alexa Fluor® 594 anti-mouse Ly-6G 

Antibody (BioLegend Cat#127636, 1/200 diluted in 1% BSA/1xPBS) overnight at 4oC 

covered in foil in a humid chamber. Slides were washed 2 × 5 minutes with PBS in the dark 

and 10 µL DAPI (Thermofisher) was added to the third wash. Slides were washed, dried 

and covered with 2 drops of Immunomount, coverslipped and imaged using Zeiss 

microscope. Images and quantification were performed using the ZEN software.  

Assessment of H&E stained kidney and spleen  

Paraffin embedded tissue was prepared as 5 µM sections using the Leica RM2235 

microtome and sections were stained using standard staining protocols. Brightfield/light 

microscope imaging of sections was performed on an Axio Imager A1 using a Spot Insight 

Colour camera for taking images using Spot Version 4.0 software. All sections were 

assessed in a blinded fashion and graded. Kidney sections were scored based on the 

Jablonski scale of injury [45]. Spleen pathology was graded based on the percentage of red 

pulp replaced by extramedullary haematopoiesis and the presence or absence of germinal 

centres within the white pulp of the spleen.  

Statistical Analysis  

Data were analysed using GraphPad Prism Ver 8.4.0. Statistical analysis was performed 

using non-parametric two-tailed Mann Whitney Test or the Chi Square Test for certain 

pathology analysis  to assess for significance. Survival curve was analysed using the Kaplan 

Meier method.  values of <0.05 were considered significant. 
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Figure 1: The Alternative Pathway of the complement system. 
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Figure 2: AAV liver transduction induces elevated levels of serum CFI. 

  

D
ow

nl
oa

de
d 

by
 I

m
pe

ri
al

 C
ol

le
ge

 S
ch

oo
l O

f 
M

ed
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

8/
23

/2
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Page 25 of 29 
 
 
 

25 

H
u

m
an

 G
en

e 
Th

er
ap

y 

A
d

en
o

-a
ss

o
ci

at
ed

 v
ir

u
s 

ve
ct

o
r 

ge
n

e 
d

el
iv

er
y 

el
ev

at
es

 F
ac

to
r 

I l
ev

el
s 

an
d

 d
o

w
n

-r
eg

u
la

te
s 

th
e 

co
m

p
le

m
en

t 
al

te
rn

at
iv

e 
p

at
h

w
ay

 in
 v

iv
o

. (
D

O
I:

 1
0

.1
0

8
9

/h
u

m
.2

0
21

.0
2

2
) 

Th
is

 p
ap

er
 h

as
 b

ee
n

 p
ee

r-
re

vi
ew

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
e

rg
o

 c
o

p
ye

d
it

in
g 

an
d

 p
ro

o
f 

co
rr

ec
ti

o
n

. T
h

e 
fi

n
al

 p
u

b
lis

h
ed

 v
er

si
o

n
 m

ay
 d

if
fe

r 
fr

o
m

 t
h

is
 p

ro
o

f.
 

 

Figure 3: Elevated levels of serum CFI favours the AP degradation cycle. 
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Figure 4: Serum protein and liver transcription analysis of complement proteins after 

vector treatment. 

  

D
ow

nl
oa

de
d 

by
 I

m
pe

ri
al

 C
ol

le
ge

 S
ch

oo
l O

f 
M

ed
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

8/
23

/2
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Page 27 of 29 
 
 
 

27 

H
u

m
an

 G
en

e 
Th

er
ap

y 

A
d

en
o

-a
ss

o
ci

at
ed

 v
ir

u
s 

ve
ct

o
r 

ge
n

e 
d

el
iv

er
y 

el
ev

at
es

 F
ac

to
r 

I l
ev

el
s 

an
d

 d
o

w
n

-r
eg

u
la

te
s 

th
e 

co
m

p
le

m
en

t 
al

te
rn

at
iv

e 
p

at
h

w
ay

 in
 v

iv
o

. (
D

O
I:

 1
0

.1
0

8
9

/h
u

m
.2

0
21

.0
2

2
) 

Th
is

 p
ap

er
 h

as
 b

ee
n

 p
ee

r-
re

vi
ew

ed
 a

n
d

 a
cc

ep
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
e

rg
o

 c
o

p
ye

d
it

in
g 

an
d

 p
ro

o
f 

co
rr

ec
ti

o
n

. T
h

e 
fi

n
al

 p
u

b
lis

h
ed

 v
er

si
o

n
 m

ay
 d

if
fe

r 
fr

o
m

 t
h

is
 p

ro
o

f.
 

 

Figure 5: Expression of CFI after AAV.CFI vector transduction in lupus-prone NZBWF1 

mice.  
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Figure 6: AAV.CFI reduces kidney IgG and C3 deposition in the NZBWF1 mice.  
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Figure 7: AAV.CFI does not alter renal function or kidney pathology in NZBWF1 mice. 
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