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Most drugs that target the complement system are designed to inhibit the
complement pathway at either the proximal or terminal levels. The use of a
natural complement regulator such as factor H (FH) could provide a superior
treatment option by restoring the balance of an overactive complement system
while preserving its normal physiological functions. Until now, the systemic
treatment of complement-associated disorders with FH has been deemed
unfeasible, primarily due to high production costs, risks related to FH purified
from donors’ blood, and the challenging expression of recombinant FH in
different host systems. We recently demonstrated that a moss-based
expression system can produce high yields of properly folded, fully functional,
recombinant FH. However, the half-life of the initial variant (CPV-101) was
relatively short. Here we show that the same polypeptide with modified
glycosylation (CPV-104) achieves a pharmacokinetic profile comparable to that
of native FH derived from human serum. The treatment of FH-deficient mice with
CPV-104 significantly improved important efficacy parameters such as the
normalization of serum C3 levels and the rapid degradation of C3 deposits in
the kidney compared to treatment with CPV-101. Furthermore, CPV-104 showed
comparable functionality to serum-derived FH in vitro, as well as similar
performance in ex vivo assays involving samples from patients with atypical
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hemolytic uremic syndrome, C3 glomerulopathy and paroxysomal nocturnal
hematuria. CPV-104 - the human FH analog expressed in moss — will therefore
allow the treatment of complement-associated human diseases by rebalancing
instead of inhibiting the complement cascade.
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recombinant factor H, C3 glomerulopathy, complement-associated disease, CPV-104,
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Introduction

The complement system is a major humoral component of the
innate immune response, featuring a complex network of plasma and
membrane-associated proteins. Its main functions are to recognize,
destroy and remove invading pathogens, apoptotic cells, immune
complexes, and damaged host cells (1, 2). Beyond these classical,
systemic roles, the complement system also has important non-
canonical functions such as synaptic pruning (3), T-cell
differentiation (4), B-cell antibody production (5), and the control
of basic cellular processes via intracellular complement, otherwise
known as the complosome (6). The depletion or dysfunction of
complement components can lead to uncontrolled complement
activation, manifesting in several human diseases such as atypical
hemolytic uremic syndrome (aHUS) (7), C3 glomerulopathy (C3G)
(8,9), IgA nephropathy (10), paroxysomal nocturnal hemoglobinuria
(PNH) (11), autoimmune conditions (12) and many more (13).

Given the broad range of complement-associated disorders, the
complement system is increasingly recognized as an important
therapeutic target. Until recently, the only approved treatments were
the humanized monoclonal antibodies eculizumab (Soliris) and
ravulizumab (Ultomiris) targeting C5. Eculizumab was approved for
the treatment of PNH in 2007 (14) and aHUS in 2011 (15), whereas
ravulizumab (a longer-lasting derivative of eculizumab) was approved
in 2018 (16). However, the number of complement-targeting drugs and
drug candidates in the development pipeline has increased significantly
over the last few years (17), with prominent examples including the C3
inhibitor pegcetacoplan (Aspaveli/Empaveli/Syfovre) for the treatment
of PNH (18) and geographic atrophy (19, 20), the Cls inhibitor
sutimlimab (Enjaymo) for cold agglutinin disease (21), the Cl-
esterase inhibitor (Cinryze) for hereditary angioedema (HAE) (22),
the C5aRl1 inhibitor avacopan (Tavneos) for anti-neutrophil
cytoplasmic antibody-associated vasculitis (23), and the most recently
approved factor B inhibitor iptacopan (Fabhalta) for PNH (24).

Importantly, most present-day complement therapies elicit a
complete blockade of the complement system or the activation
effector pathway, thereby preventing opsonization by C5 and
blocking the membrane attack complex (MAC). Accordingly,
patients treated with eculizumab have a significantly higher risk
of life-threatening infections caused by Neisseria meningitidis and
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other pathogenic bacteria, including Haemophilus influenzae and
Streptococcus pneumoniae (25, 26). Another concern is the risk of
poor patient compliance, which can reduce efficacy particularly
when using proximal complement inhibitors due to the more
profound manifestation of breakthrough hemolysis (BTH). This is
because the escape of a single C5 molecule from treatment with a
terminal C5 inhibitor can trigger the formation of only one MAC,
whereas the escape of a single C3 molecule can give rise to a C5
convertase, which in turn can generate multiple downstream
MAG:s, thus promoting breakthrough events (27).

Naturally occurring complement regulators such as factor H (FH)
can provide more elegant and even superior treatment options by
restoring the balance of a deregulated pathogenic complement system
while preserving its normal physiological functions. FH is an abundant
human plasma protein composed of 20 short consensus repeat (SCR)
domains also known as complement control protein modules (CCPs)
(28, 29) (Figure 1). FH acts as a cofactor for factor I, which cleaves
surface-bound C3b molecules into inactive iC3b (31). FH also increases
decay-accelerating activity by displacing factor Bb from C3b molecules,
destabilizing the pre-formed C3 convertase (28, 32). SCR19-20
domains bind to the host cell surface, with high specificity for sialic
acid residues and heparan sulfates, thus distinguishing between self and
non-self, balancing complement action, and preventing unwanted
complement activation on host cells (28, 33).

Given the key regulatory role of FH, mutations in the human
CFH gene and/or the presence of anti-FH autoantibodies have been
described in several pathological conditions. For example, aHUS
and C3G are associated with mutations mainly clustering in the
SCR19-20 and SCR1-4 domains of CFH, respectively (34, 35), as
well as the presence of anti-FH autoantibodies (36, 37). Many CFH
polymorphisms have also been described as causative or risk factors
for various diseases (38, 39). The best-known example is the
common polymorphism 402H, a major genetic risk factor for
age-related macular degeneration (AMD) (40-43).

The serum concentration of FH is ~500 mg/L in healthy
individuals, and the systemic treatment of complement-related
disorders with FH would therefore require large amounts of protein.
Due to the high costs and risks related to FH obtained from donors’
blood, systemic treatment with purified FH has been deemed
unfeasible. The production of functional recombinant FH is also
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Schematic representation of FH structure with 20 short consensus repeat (SCR) domains. Domains with known functions are marked: SCR1-4 as C3b-
binding site, SCR19-20 as glycosyaminoglycan (GAG)- and C3b-binding site and SCR7 as GAG-binding site. Additionally, the occupied and unoccupied
glycosylation sites of FH protein are indicated as well as locations of mentioned polymorphism variants (lle/Val62 and His/Tyr402). Figure adapted from (30).
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challenging (44, 45). The highest yields thus far have been achieved in
yeast (30), but the recombinant protein lacked N-linked glycans and
this substantial difference compared to native FH raised concerns about
immunogenicity and a limited serum half-life (46). Human FH has also
been expressed in human embryonic kidney (HEK) cells for the local
treatment of AMD (47, 48). This recombinant FH (GEM-103) was
evaluated in phase I (NCT04246866) and II (NCT04643886) clinical
trials in AMD patients (49) but failed to achieve its clinical end points
and the developmental program was terminated (50).

Here we present an alternative, successful approach to generate
human FH for therapeutic purposes. We have previously shown
that the moss Physcomitrium patens is an efficient expression
system for the production of functional recombinant FH with
high yields (51). The first moss-produced FH variant (CPV-101)
behaved similarly to serum-derived FH (sd-FH) in vitro and
normalized low serum C3 levels and dissolved pathologic
C3 deposits in a mouse model of C3G. However, the serum half-
life of this variant was significantly shorter than that of its human
counterpart (51). Short circulation times limit the use of
recombinant biotherapeutics by reducing systemic bioavailability
(52). This can sometimes be overcome by shorter dosing intervals,
higher doses, alternative administration routes or controlled
release, but these approaches often result in higher costs and
patient compliance issues. The serum half-life of biotherapeutics
can be extended by chemical modification, such as conjugation to
polyethylene glycol (PEG) to increase the protein’s hydrodynamic
volume, or the addition of Fc-IgG domains or albumin. However,
the limited half-life of biotherapeutics is often caused by incorrect
glycosylation, particularly the lack of sialylation (53-55). Increasing
the sialic acid content of glycans can therefore enhance
the pharmacokinetic properties of recombinant therapeutic
proteins (54, 56, 57).

Human FH contains eight occupied N-glycosylation sites, most
of which are diantennary disialylated glycans (58) (Figure 1). In
contrast, 45-60% of the N-linked glycans in CPV-101 feature
terminal N-acetylglucosamine (GlcNAc/GIcNAc) residues.
Aiming to increase serum half-life of FH, we therefore capped
these terminal GIcNAc residues with sialic acid (Neu5Ac) and
generated the variant CPV-104. This glycosylation optimized
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protein displayed all relevant complement regulatory functions in
vitro, and at the same time demonstrated superior pharmacokinetic
and pharmacodynamic properties in vivo in mice and primates
compared to the original CPV-101. The successful production of
therapeutically useful quantities of a new, improved human FH
analog (CPV-104) in moss will allow the treatment of pathologic
complement conditions by rebalancing the defective complement
system rather than inducing a complete therapeutic blockade.

Materials and methods
Reference proteins and sera

Complement proteins (FH, C3b, FI, C3, FB and FD) as well as
FH-depleted serum were obtained from Complement Technologies
(USA). CVF was purchased from Quidel (USA). Eculizumab and
pegcetacoplan were obtained from remnants of infusions. Blood
from aHUS patients and healthy volunteers was collected through
venipuncture and allowed to clot for 30 min before centrifugation
for 10 min at 2.000 G. Serum was aliquoted into cryotubes and
frozen immediately at -80°C until experiments were performed. For
each repeated experiment involving normal human serum, sera
from different healthy volunteers were used. Blood from PNH
patients was collected into EDTA tubes and stored for 24 h
before the experiments were performed. In this study, we used
samples from two groups of aHUS patients: two patients (aHUSI
and aHUS?2) treated at the Medical Center, University of Freiburg
(study approved by the Ethics Committee of Freiburg, 368/10) and
six patients (aHUS3-aHUS8) from the Mario Negri Institute in
Bergamo (study approved by the Ethics Committee of Azienda
Socio-Sanitaria Territoriale Papa Giovanni XXIII). For in vitro
experiments with PNH erythrocytes, we used samples from four
PNH patients treated at the University Hospital RWTH Aachen
(PNH1-PNH4). Blood was taken via venipuncture into
EDTA containing tubes and stored at 4°C 24 h before the
experiments were performed. All patients included in this study
provided informed written consent. Patient details are provided in
the Supplementary Material.
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Production and purification of CPV-104
and CPV-101

The amino acid sequences of CPV-104 and CPV-101 match the
sequence of human FH (UniProt ID: P08603) except position 62,
where we selected the polymorphism 62I. Recombinant proteins were
produced in moss suspension cultures cultivated in illuminated 500-L
single-use stirred-tank reactors (Biostat STR500; Sartorius, Germany)
as previously described (51). The clarified culture supernatant was
concentrated by tangential flow filtration (30 kDa cut-off, regenerated
cellulose) and loaded onto a FH affinity column (custom made,
Repligen, USA) equilibrated with 20 mM Tris-HCl, 150 mM NaCl
(pH 7.4). CPV-101 was eluted in a single step using 100 mM citric acid,
5% propylene glycol and 100 mM r-arginine (pH 3.0). The resulting
pool was processed by two-step in vitro sialylation using (-1,4-
galactosyltransferase and o.-2,6-sialyltransferase (Roche Custom
Biotech, Germany) according to the manufacturer’s protocol
(Figure 2A). The resulting sialylated FH protein (CPV-104) was
loaded onto a CaptoDeVirs column (Cytiva, Sweden) equilibrated
with 20 mM Tris-HC, 50 mM NaCl (pH 8.5) and eluted by increasing
the NaCl concentration in a step gradient. The fraction containing
CPV-104 was loaded onto a CaptoAdhere ImpRes column (Cytiva)
equilibrated with 20 mM Tris-HCI, 500 mM NaCl (pH 8.5) and the pH
was lowered to 5.0 with a washing step. CPV-104 was eluted by
reducing the NaCl concentration in a step gradient. The fraction
containing CPV-104 was formulated in 20 mM Tris-HCI (pH 8.5)
containing 150 mM NaCl and 0.02% Tween-20 at a concentration of
10-20 mg/ml, and was stored at -80°C. Yields of an exemplary
purification process are presented in Supplementary Table SI.
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N-glycan analysis by HILIC-HPLC-MS, clEF
and CD spectroscopy, and determination
of the extinction coefficient by time-
resolved amino acid analysis

See Supplementary Material.

SPR analysis of FH-C3b binding

See Supplementary Material.

Cofactor activity, decay acceleration
activity, hemolysis assays and C3b
binding assays

See Supplementary Material according to (51). The serum from
patient aHUS1 was used in the hemolysis assay.

Terminal complement complex ELISA

NUNC MaxiSorp 96-well plates were coated with 2.5 pg/well
lipopolysaccharide (LPS; Salmonella serotype enteritidis; Sigma-
Aldrich, USA) diluted in Dulbecco’s phosphate-buffered saline
(DPBS; Gibco/Thermo Fisher Scientific, USA) overnight at 4°C.
The plate was washed with wash buffer (DPBS + 0.05% Tween-20)
and blocked with DPBS + 1% bovine serum albumin (BSA) at 37°C

C
samiile plvalue
P Peak 1 Peak 2 Peak 3
cPv-104 5.80 - -
cPv-101 6.38 6.51 6.43
sd-FH 5.64 - -
D
FarUV |
Sample
2MPI | o Helix %] | B-Sheet [%) | _Tum (%] |Random [%]
CPV-104 39 388 21 %2
cPV-101 31 2 211 B8
[sa-Fr 29 39.9 216 %55

Structure and glycosylation pattern of three FH variants. (A) Enzymatic modification of CPV-101 to CPV-104 by the addition of galactose and sialic
acid residues. (B) HILIC-FLD-HPLC analysis of moss-derived precursor CPV-101, glycan-optimized CPV-104 and sd-FH. (C) Overlay of
electropherograms of the three FH variants (blue = CPV-104; orange = CPV-101; black = sd-FH) showing pl markers. (D) Overlay of CD spectra
(near-UV range) of the three FH variants converted to molar ellipticity (blue = CPV-104; orange = CPV-101; black = sd-FH) and summary of the

secondary structure fit (far-UV range)
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for 1 h. We diluted sd-FH, CPV101 and CPV104 in 100 pl GVB
buffer containing 5 mM Mg-EGTA and 20% normal human serum
(NHS). The samples were transferred to the plate and incubated at
37°C for 1 h. After washing, we added the C5b-9 antibody (clone
aEl1, sc-58935, 100 pg/ml, Santa Cruz Biotechnology, USA) diluted
1:2000 in wash buffer, and incubated for 1 h at room temperature.
After washing, we added a horseradish peroxidase (HRP)-labeled
anti-mouse antibody (NXA931, 2 mg/ml, Cytiva, USA) diluted
1:5000 in wash buffer, and incubated for 1 h at room temperature.
The color reaction was started by adding TMB substrate to the wells
for 10 min and stopped with H,SO,. We measured the absorbance at
450 nm using an EPOCH microplate reader (BioTek, USA). Data
were normalized against untreated NHS.

Bacteriolysis assay with N. meningitidis
in NHS

N. meningitidis serotypes B and W were cultivated overnight
and adjusted to ODgg - 0.1 with 2xTHY broth. The bacteria were
then challenged with either pooled complement-active NHS (50%)
or with heat-inactivated NHS (hiNHS) treated for 1 h at 56°C. NHS
was supplemented with CPV-104 at concentrations of 4, 8, 15, 30,
60, 125 and 250 pg/ml, or with CPV-101, eculizumab or sd-FH as
comparators. BSA was added at the same concentrations as a
control. Bacteria were then incubated for 60 min at 37°C in a 5%
CO, atmosphere. After serum challenge, the samples were placed
on ice to block complement activity. The bacteria were then serially
diluted in THY broth and the diluted samples were transferred to
blood agar plates. Following incubation at 37°C in a 5% CO,
atmosphere for 24 h, colonies were counted and presented as
colony forming units (CFU). Each assay was carried out at least
three times per serotype, starting from independent cultures.

Inhibition of C5b-9 and C3 deposition on
HMEC-1 cells

The ability of CPV-104 and sd-FH to inhibit C5b-9 formation on
endothelial cells was assessed as previously described (59). Briefly,
HMEC-1 cells were activated with 10 uM ADP, then incubated with
either pooled NHS or primary aHUS serum (patients aHUS3-5,
diluted 1:2 in HBSS + 0.5% BSA) in the presence or absence of
CPV-104 (500 pg/ml), sd-FH (500 pg/ml) or pegcetacoplan (1 mg/ml)
for 4 h at 37°C. The cells were then stained with an anti-human C5b-9
antibody (Calbiochem, 204903, Img/ml, 1h at room temperature, 1/
200 final dilution) followed by a fluorochrome-conjugated secondary
antibody (Jackson Immuno Research Laboratories, 1.5 mg/ml, 111-
095-144, 1h at room temperature, 1/50 final dilution). Fifteen fields per
sample were acquired and the areas with fluorescent staining were
evaluated using the built-in automatic edge detection function of Image
J. The highest and lowest values were discarded, and the mean was
calculated on the remaining 13 fields.

For the examination of C3 deposits, HMEC-1 cells prepared as
described above were incubated with either NHS or aHUS serum
containing FH autoantibodies (patient aHUS2) for 4 h at 37°C.
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The cells were fixed in 4% paraformaldehyde (PFA) and stained
with a rabbit anti-human C3c¢ FITC-labeled antibody (F0201, 2.9
mg/ml, Dako, 1:300) to detect C3 and iC3b and DAPI to
counterstain the nuclei.

Platelet aggregates on HMEC-1 cells under
flow conditions

To analyze the formation of platelet aggregates, HMEC-1 cells
were prepared as described above and incubated for 3 h with pooled
NHS or primary aHUS serum (patients aHUS6-8, diluted 1:2 in
HBSS + 0.5% BSA) in the presence or absence of CPV-104 (500 g/
ml), sd-FH (500 pg/ml) or pegcetacoplan (1 mg/ml). The cells were
then perfused in a flow chamber with heparinized whole blood from
healthy subjects plus the fluorescent dye mepacrine to label platelets
(60). After 3 min of perfusion, the endothelial cell monolayer was
fixed in acetone. Fifteen images per sample were acquired, and areas
containing thrombi were evaluated using Image J software. The
highest and lowest values were discarded, and the mean was
calculated on the remaining 13 fields.

Inhibition of C3 deposition on the surface
of PNH erythrocytes

The ability of CPV-104 and sd-FH to prevent C3 deposition on the
surface of PNH erythrocytes was tested as previously described (61).
Briefly, EDTA-treated whole blood was centrifuged for 5 min at 400 g
and the erythrocytes were reconstituted in an equivalent amount of
saline for three wash cycles. We then mixed 2 pl of erythrocytes with
PBS alone or with 0.5 pM eculizumab combined with increasing
concentrations of CPV-104 (0, 0.2, 0.5, 1, 2 and 5 uM) or 12 uyM
pegcetacoplan in a total volume of 10 pl. We then added 30 pl of ABO-
matched, acid-activated (0.1 M HCI, diluted 1:10) NHS supplemented
with 2 mM MgCl, and incubated the cells for 24 h at 37°C. The cells
were washed with PBS containing 2 mM EDTA and stained with
antibodies against CD59 (376004, anti-human CD59 PE; 50 ug/ml,
Biolegend, USA, 1:200) and C3c to detect C3 and iC3b (F0201, 2.9 mg/
ml, Dako, USA, 1:25) before analysis by flow cytometry.

In vivo experiments
125] radiolabeling to study exposure, tissue
distribution and elimination of FH in

wild-type mice

See Supplementary Material.

Single-dose PK/PD study of CPV-104 and
CPV-101 in FH-deficient (FH") mice

FH-depleted mice were kindly provided by Matthew Pickering
(Centre for Complement and Inflammation Research, Imperial
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College London, London, UK) and were bred externally by Charles
River Laboratories. Male and female mice 8-16 weeks of age were
used for the experiments. All procedures involving animals were
conducted in accordance with the guide for the care and use of
laboratory animals (published by the US National Institutes of
Health and the German Animal Protection Code) and were
approved by local authorities (Regierungsprisidium Freiburg G-
21/111). We injected three mice each intravenously with CPV-104,
CPV-101 or sd-FH at 40 mg/kg. At the indicated time points, blood
samples were collected from the tail vein to determine serum FH
and C3 concentrations. Four days after injection, the mice were
humanely killed, and the kidneys were snap-frozen in liquid
nitrogen for the analysis of glomerular C3 deposits. Serum
samples from the mice were diluted 1:10.000 and the FH and C3
concentrations were determined using ELISA kits according to the
manufacturers’ instructions (HK342 for FH, Hycult Biotech,
Netherlands; ab157711 for C3, Abcam, UK). Glomerular C3
deposits were detected by immunofluorescence staining as
previously described (51).

Single-dose PK/PD study of CPV-104 and
CPV-101 in cynomolgus monkeys

Studies with cynomolgus monkeys were carried out by Labcorp
(Germany) and were approved by Landesamt fiir Natur, Umwelt
und Verbraucherschutz Nordrhein-Westfalen, LANUV NRW,
reference nos. 81-02.04.2016.A115 and 81-02.04.2021.A445). We
injected 4-5-year-old male cynomolgus monkeys intravenously
with a single dose (75 or 150 mg/kg, n = 2 per group) of CPV-
104 or CPV-101. Serum samples were collected before treatment
and at the indicated time points afterwards to measure the FH
concentration and for complement analysis. The concentration of
CPV-104 and CPV-101 in serum samples was measured using an
FH ELISA kit (HK342, Hycult Biotech) according to the
manufacturer’s instructions. No cross-activity with endogenous
monkey FH was observed.

Bacteriolysis assay with E. coli

Chemically competent Escherichia coli cells (18265017,
Invitrogen, USA) were transformed by heat shock with plasmid
pTRACER CMV2 (V88520, Invitrogen) conferring ampicillin
resistance and plated overnight on lysogeny broth (LB) agar plates
containing 100 pg/ml ampicillin. A single colony was picked and
cultured overnight at 37°C in LB containing 100 pg/ml ampicillin.
The bacterial suspension was diluted to ODggo - 0.6 and 50 pl was
then mixed with 150 pl cynomolgus monkey serum (treated with
CPV-104 or CPV-101, or untreated) and incubated for 1 h at 37°C.
The bacteria were plated on LB agar containing ampicillin as above
and incubated overnight at 37°C. The colonies were counted and
extrapolated to CFU/ml serum. Heat inactivated (56°C for 30 min)
cynomolgus monkey serum was used as a control.
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Statistics

GraphPad Prism v8 (GraphPad Software, USA) was used for all
statistical analysis and data visualization. IC50 values were calculated
by x = log(x) data transformation, and curves were fitted using the
nonlinear regression log (inhibitor) versus response (four parameters)
setting. One-way analysis of variance (ANOVA) with Tukey’s or
Dunnett’s multiple comparison test was used to determine statistical
significance as indicated (**P < 0.001, **P < 0.01, *P < 0.05).

Results

Structure and glycosylation pattern of
CPV-104

The polypeptide sequences of CPV-104 and CPV-101 are
identical to native human FH (UniProt ID: P08603). Both
recombinant proteins contain isoleucine at position 62, and
tyrosine at position 402 (Figure 1; Supplementary Figures SIA, B).
In contrast, sd-FH (used as a comparator in functional and structural
assays) is a mixture of polymorphic variants purified from human
serum pools. For example, the batch of sd-FH we analyzed contained
~38% isoleucine and ~62% valine at position 62 (Supplementary
Figure S1A) as well as ~31% tyrosine and ~69% histidine at position
402 (Supplementary Figures S1A, B).

To generate CPV-104, the N-linked glycans of CPV-101
(mainly GIcNAc/GIcNAc) were enzymatically modified in two
steps after purification to introduce sequential galactose and sialic
acid (Neu5Ac) residues, such that CPV-104 has ~50% diantennary
sialylated glycans like sd-FH, as confirmed by HILIC-FLD-MS. But
CPV-104 in contrast to sd-FH, lacks triantennary sialylated glycans
(Figures 2A, B, Supplementary Table S2). These differences in
glycosylation between CPV-104 and the two other FH variants
were additionally confirmed by capillary electrophoresis because the
charged sialic acid residues influence the isoelectric point: plcpy.
104 = 5.8, plcpy 101 = 6.4, and plyg py = 5.6 (Figure 2C). Notably, the
molecular masses of CPV-104, sd-FH and CPV-101 were 151, 153
and 147 kDa, respectively (Supplementary Figure S1C). Removing
the glycans with PNGase F equalized the molecular masses of all
three FH variants, indicating that the different native masses were
caused by distinct glycan profiles (Supplementary Figure S1D). No
differences were observed in structure between the variants by
circular dichroism (CD) spectroscopy (Figure 2D).

The extinction coefficients of CPV-101 and sd-FH were
determined by time-resolved amino acid analysis, resulting in
comparable values of 217,049 and 217,854 L/(mol*cm),
respectively. For subsequent concentration measurements in further
experiments, we used the value 1.58 [L/(g*cm)], re-calculated from
217,049 L/(mol*cm) with a molecular weight of 136,984.7 Da based
on the amino acid composition of the FH sequence. Since protein
extinction coefficient is determined by the amino acid composition
and both CPV-variants have the same amino acid sequence the
extinction coefficient for CPV-104 is equal to the one of CPV-101.
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Functional characterization of
CPV-104 in vitro

CPV-104 was characterized in vitro to confirm its functional
activity. CPV-104, CPV-101 and sd-FH showed comparable activity
in C3b cleavage (Figure 3A; Supplementary Figure S2) and decay
acceleration (Figure 3B) assays. However, moss-produced CPV-104
and CPV-101 bound with higher affinity to C3b than sd-FH, as
determined by enzyme-linked immunoassays (ELISAs) and surface
plasmon resonance (SPR) spectroscopy (3.77x10™ vs 11.27x10°%)
(Figure 3C). In addition, CPV-104 and CPV-101 inhibited the
alternative pathway (AP) in NHS 10-fold more efficiently than
sd-FH, with ICs, values of 19 nM for CPV-104, 11 nM for CPV-
101, and 109 nM for sd-FH (Figure 3D).

FH distinguishes between self and non-self surfaces to control
complement activation on intact host cells. We therefore conducted a
hemolysis assay using sheep erythrocytes in sera from aHUS patients.
CPV-104 and the other FH variants protected the erythrocytes from
complement-mediated lysis, although the potency of CPV-104 104
(IC59 = 29 nM) and CPV-101 (ICs, = 27 nM) was almost two fold
higher than that of sd-FH (ICs, = 56 nM) (Figure 4A). Having shown
that the post-production sialylation does not compromise protein
functionality and that CPV-104 retains the same functionality as
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CPV-101, further in vitro complement assays focused exclusively on
assessing CPV-104 efficacy.

In aHUS patients, aberrant activation of the AP causes
endothelial cell injury, exposing the subendothelium and leading
to the common features of thrombotic microangiopathy.
To determine whether CPV-104 prevents pathologic complement
deposition on activated human microvascular endothelial cells
(HMEC-1), ADP-stimulated HMEC-1 cells were challenged with
serum from three primary aHUS patients (aHUS3-5) and C5b-9
deposits were detected by fluorescence staining. A significant
increase in the quantity of cell-surface C5b-9 was observed
following incubation with aHUS patient sera compared to NHS
(Figure 4C). This effect was ameliorated when CPV-104 was added
to the aHUS sera. Related effects were observed for aHUS sera
supplemented with sd-FH or pegcetacoplan. Similarly, the quantity
of C3 deposits was significantly higher with serum from an aHUS
patient containing FH autoantibodies (aHUS2) compared to NHS
(Figure 4B). Again CPV-104 and sd-FH ameliorated this effect. In
contrast, incubation with eculizumab did not prevent the formation
of C3 deposits on HMEC-1 cells.

In aHUS, complement activation causes the loss of endothelial
thromboresistance resulting in microvascular thrombosis. We
investigated the ability of CPV-104 to prevent the formation of
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Functional activity of the FH variants in vitro. (A) The cofactor activity of moss-produced FH variants is similar to that of sd-FH. Increasing concentrations
of CPV-104, CPV-101 or sd-FH were incubated with C3b and Fl. C3b cleavage products (o'68, a'46 and o'43) were separated by SDS-PAGE and
visualized by staining with Coomassie Brilliant Blue. Shown is a representative blot out of 3 independent experiments. (B) The decay acceleration activity
of CPV-104 and CPV-101 is identical to that of sd-FH. C3 convertase was prepared by incubating C3b with FD and FB. The convertase was then
incubated with increasing concentrations (1 nM, 5 nM, 10 nM) of CPV-104, CPV-101, sd-FH or BSA and leftover Bb fragments were measured by ELISA.
Results are shown as mean + SD of at least n = 3 independent experiments. (C) CPV-104 and CPV-101 bind with greater affinity than sd-FH to C3b.
Wells were coated with C3b and then incubated with different concentrations (1 nM, 5 nM, 10 nM) of sd-FH, CPV-101, CPV-104 or BSA. Results are
shown as mean + SD of at least n = 3 independent experiments. The affinity of C3b binding was validated by SPR spectroscopy (data summarized in
table show means + SD from 3 independent measurements). (D) CPV-104 and CPV-101 inhibit TCC formation at significantly lower concentrations than
sd-FH. Mg-EGTA-treated NHS was incubated with increasing concentrations of CPV-104, CPV-101 or sd-FH on LPS-coated microtiter plates to activate
the alternative pathway. The quantity of C5b9 complexes was determined by ELISA. Data were normalized against untreated NHS samples. |Csq values
are shown in nM. Results are shown as mean + SD of at least n = 3 independent experiments.
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Hemolysis Assay with aHUS serum
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FIGURE 4

CPV-104 restores proper complement activity in the serum of aHUS patients. (A) CPV-104 and CPV-101 block hemolysis in aHUS serum and act at
lower concentrations than sd FH. Data were normalized against untreated aHUS serum. IC50 values are shown in nM. Results are shown as mean +
SD of at least n = 3 independent experiments. (B) CPV-104 inhibits pathogenic C3 deposition on endothelial cells when added to the serum of aHUS
patients. Untreated aHUS serum causes the abundant deposition of C3 molecules on HMEC-1 cells, which was prevented by adding either 1 pM
(~155 pg/ml) CPV-104 or sd-FH to the serum (h.i.NHS — heat-inactivated NHS). Shown is a representative experiment out of 3 independent
experiments using aHUS2 serum. Mean fluorescence intensity of 6 fields was analyzed for each sample. Results are shown as mean + SD. Scale Bar
= 50 ym. One-way ANOVA using Turkeys's multiple comparison test (**P<0.01; ***P<0.001). (C) CPV-104 inhibits C5b-9 deposition on endothelial
cells when added to the serum of aHUS patients (n=3). HMEC-1 cells were activated with ADP and incubated with normal human serum or serum
from three aHUS patients treated with or without CPV-104, pegcetacoplan or sd-FH. Untreated aHUS serum causes the abundant deposition of
C5b-9 on HMEC-1 cells, which was prevented by the addition of CPV-104, pegcetacoplan or sd-FH to the serum. Results shown are the means +
SD of 3 independent experiments using 3 different aHUS sera (@HUS3, 4, 5). One-way ANOVA using Turkeys's multiple comparison test (*P<0.05)

(D) Pre-exposure to untreated aHUS serum results in the formation of large platelet aggregates on HMEC-1 cells upon perfusion with normal whole
blood. Results shown are the means + SD of 3 independent experiments using 3 different aHUS sera (aHUS®6, 7, 8). Results are shown as mean + SD.
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One-way ANOVA using Turkeys's multiple comparison test (***P<0.001)

platelet aggregates on microvascular endothelial cells. In
agreement with earlier results (60), we observed an average six-
fold increase in the cell surface area covered by platelet aggregates
in ADP-activated HMEC-1 cells pre-exposed to serum collected
from primary aHUS patients during the acute phase, and then
perfused with heparinized whole blood, compared to cells
exposed to pooled control serum (Figure 4D). The addition of
CPV-104, pegcetacoplan or sd-FH to the serum led to a
significant reduction in the cell surface area covered by platelet
aggregates compared to untreated serum (Figure 4D). Notably,
CPV-104 inhibited thrombus formation induced by aHUS serum
with an efficiency comparable to that of sd-FH at the same
concentration (Figure 4D).

PNH patients lack surface complement regulators CD55 and CD59
on the progeny of GPI-deficient stem cells, which leads to intravascular
hemolysis. Furthermore, terminal complement inhibition inevitably
leads to the formation of C3 deposits on erythrocytes, resulting in
opsonization and extravascular destruction by macrophages in the liver
and spleen. Many PNH patients treated with eculizumab therefore still

Frontiers in Immunology

suffer from anemia. Proximal complement inhibitors and FH have the
advantage of acting at the C3 level and can prevent the C3-mediated
opsonization of erythrocytes and subsequent extravascular hemolysis.
To test this hypothesis, erythrocytes from PNH patients (PNHI1-
PNH4) were treated with ABO-matched sera containing CPV-104,
sd-FH, pegcetacoplan, or eculizumab. Complement was activated with
HCI (61, 62). After 24 h, the reaction was stopped and complement
deposits (C3) on the surface of erythrocytes were analyzed by flow
cytometry. All the tested inhibitors led to a significant increase in the
abundance of CD59" erythrocytes, but eculizumab treatment led to a
significant increase in the number of C3 deposits on erythrocytes
whereas CPV-104 and pegcetacoplan almost completely prevented the
formation of C3 deposits (Figure 5A). In a similar experiment, we
assessed the dose-response relationship of CPV-104 regarding C3
deposition on PNH erythrocytes. Erythrocytes were treated with
eculizumab in combination with increasing concentrations of CPV-
104. CPV-104 exhibited a dose-dependent reduction in C3 deposits on
PNH erythrocytes, yielding a calculated IC50 of approximately 473.7
nM (Figure 5B).
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FIGURE 5

CPV-104 protects PNH erythrocytes from complement-mediated opsonization. (A) Left — PNH erythrocytes are characterized by the absence of the cell
surface complement regulator CD59, rendering them susceptible to complement-mediated lysis when exposed to ABO-matched acidified serum.
Eculizumab prevents the lysis of PNH erythrocytes but leaves C3 deposits on the surface of CD59™ erythrocytes, making them targets for extravascular
hemolysis. Right — Summary and analysis of flow cytometry data from three PNH patients. Complement activation using acidified normal human serum
(aNHS) leads to the significant lysis of CD59~ erythrocytes. Treatment with eculizumab prevents the lysis of CD59™ erythrocytes, but a significant
number of C3 deposits can be detected (CD59™C3c™). In contrast, treatment of PNH erythrocytes with CPV-104 or pegcetacoplan prevents the lysis of
erythrocytes and pathologic complement deposition. Results are shown as mean + SD from 3 independent experiments. One-way ANOVA using
Dunnett's multiple comparison test against aNHS for CD59~ and CD59"C3c™ cells, respectively (*P<0.05; **P<0.01; **#P<0.001). (B) Erythrocytes from
PNH patients were incubated with aNHS alone, with eculizumab, or with a combination of eculizumab and the C3 inhibitor pegcetacoplan or CPV-104
for 24 h. Erythrocytes were subsequently stained for CD59 and C3c, and the percentages of positively and negatively stained cells were analyzed by flow
cytometry. Left: Treatment of erythrocytes with eculizumab plus pegcetacoplan or CPV-104 effectively prevents pathological C3 deposition on PNH
erythrocytes. Right: Using the same experimental setup, erythrocytes from PNH patients were treated with eculizumab in combination with increasing
concentrations of CPV-104 and the number of C3c* PNH erythrocytes analyzed by flow cytometry. At concentrations above 1000 nM, pathologic C3
deposition on PNH erythrocytes could be completely prevented by CPV-104.

CPV-104 maintains the bactericidal activity
of human serum towards pathogenic
N. meningitidis

To determine whether CPV-104 interferes with the bactericidal
activity of complement, we tested its effect on the TCC-mediated killing
of pathogenic N. meninigitidis serotypes B and W. The two strains were
challenged with complement-active NHS (50%) and bacterial survival
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was scored by colony counting. Bacteria were damaged by
complement-active NHS, but not by hiNHS (Figure 6). CPV-104 at
concentrations < 250 pg/ml did not strongly affect complement-
mediated bacteriolysis (Figures 6A, B). CPV-101 and sd-FH showed
similar effects. In contrast, the TCC inhibitor eculizumab blocked
complement mediated bacteriolysis, resulting in the growth of both N.
meningitides serotypes (Figures 6A, B). The highest concentration used
in this assay (250 pug/ml) would represent a total of maximum 1000 pg/
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In presence of CPV-104 the bactericidal activity of human serum
toward pathogenic Neisseria meningitidis. N. meningitidis remains
intact. (A) serotype B and (B) serotype W when challenged with
complement-active NHS (50%) are damaged and do not grow (black
diamond). When complement is inactivated by heat treatment,
bacteria survive resulting in bacterial growth (white diamond). In the
presence of CPV-104 (blue squares) complement-mediated damage
is observed. Similar effects are observed for CPV-101 (orange circles)
and sd-FH (black triangles). In contrast, eculizumab (gray hexagon)
blocks complement activity thus resulting in bacterial growth.
Results are shown as mean + SD of at least n = 3

independent experiments.

ml FH in 100% normal human serum (300-500 pg/ml average FH
concentration in NHS + 500 pug/ml CPV-104, CPV-101 or sd-FH).

Characterization of CPV-104 in vivo:
pharmacokinetics and organ
biodistribution in wild-type mice

We assessed the pharmacokinetic profile and biodistribution of
CPV-104, sd-FH and CPV-101 in wild-type mice to determine
whether glycan sialylation extended the half-life in circulation as
anticipated. All three FH variants were radiolabeled with '*°I and
injected intravenously into wild-type CD-1 mice. Radioactivity in
the blood was measured over a period of 48 h. As expected, CPV-
104 showed a significantly longer serum half-life (~2.7 h) than
CPV-101. The latter was rapidly cleared from the blood, with ~50%
of the radioactivity eliminated within 30 min, corresponding to a
serum half-life of ~35 min. However, CPV-104 still cleared more
rapidly than sd-FH with a serum half-life of ~5.35 h (Figure 7A).
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CPV-104 shows a favorable pharmacokinetic profile in vivo.
Pharmacokinetic profiles following the intravenous injection of

(A) 2%|-labeled FH variants into wild-type (CD-1) mice and (B) FH
variants into FH™'~ mice. Results are shown as mean + SD fromn =3
separate animals.

The organ distribution of the FH variants was determined
30 min after injection (Supplementary Figure S3). The
concentration of CPV-101 in the liver was much higher
compared to the other variants. Both CPV-104 and CPV-101
were also present at double the concentration of sd-FH in the
kidneys. Elimination of all FH variants from systemic circulation
was predominantly achieved by renal clearance (= 80% of the
injected dose was found in the urine), whereas the liver and
spleen appeared to be involved in protein metabolism.

Characterization of CPV-104 in vivo:
pharmacokinetics and efficacy in
FH™'~ mice

Next, we investigated whether the prolonged serum half-life of

CPV-104 could improve clinical parameters in a mouse model of
C3G. FH knockout mice (FH/") are characterized by a
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constitutively activated AP, which leads to low serum C3 levels and
pronounced C3 deposits in the kidneys. In agreement with the
results observed in wild-type CD-1 mice, the half-life of CPV-104
was greatly extended compared to CPV-101 in the FH™~ mice. The
peak concentration (Cy,,,) and serum half-life of CPV-104 did not
differ significantly from those of sd-FH (Figure 7B).

Serum C3 levels in the FH™~ mice were normalized 24 h after
the injection of CPV-104 or sd-FH, with both variants achieving
comparable effects, whereas the injection of CPV-101 had a much
weaker effect (Figure 8A). The mice were humanely killed after 96 h
and glomerular C3 deposits were analyzed by fluorescence
microscopy (Figure 8B). In addition, FH binding to glomeruli was
visualized using FH-specific antibodies. CPV-101, CPV-104 and sd-
FH were all detected in glomeruli 96 h after injection, but only the
treatments with CPV-104 and sd-FH led to a significant reduction
in the intensity of glomerular C3 deposits (Figure 8C).

Pharmacokinetics and efficacy in
non-human primates

Finally, we assessed the therapeutic potential of CPV-104 using
cynomolgus monkeys, a preclinical model that is closer to human
physiology than mice. Male monkeys (n = 2 per group) were injected
intravenously with 75 mg/kg or 150 mg/kg of CPV-104 or CPV-101,
and serum concentrations of the compounds were monitored for 7
days. The peak concentrations (C,,,) of CPV-104 and CPV-101 were
recorded 30 min post-injection (Figure 9A) and were dose-dependent
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(~2 mg/ml for the 75 mg/kg dose and ~5 mg/ml for the 150 mg/kg
dose). Serum concentrations of CPV-104 remained high until 24 h
post-injection and CPV-104 was still detectable in the serum on
day 7. In contrast, CPV-101 serum concentrations decreased rapidly
and were undetectable 24 h post-injection in both dose groups.
The serum half-life of CPV-104 (~50 h) was ~11-fold longer than
that of CPV-101 (~4.6 h).

To evaluate the efficacy of CPV-104, monkey serum was
collected over several time points (0, 3 and 168 h post injection)
and its ability to form TCCs after activation with LPS was
determined. In serum of all monkeys, TCC formation was
inhibited 3 h post-injection, indicating the supraphysiological FH-
mediated suppression of complement activation (Figure 9B).
Treatment with CPV-104 led to a pronounced suppression of
TCC activity lasting up to 7 days regardless of the dose. In
comparison, TCC formation in the CPV-101 75 mg/kg group
normalized already after 24 h, whereas complement suppression
in the CPV-101 150 mg/kg group could still be observed 24 h post-
injection (Figure 9B).

Despite the suppression of complement activation in vitro, FH
can differentiate between self-surfaces and foreign surfaces, and
controls complement action on intact host cells but still allows
complement activation on the surface of infectious microbes. We
therefore assessed how CPV-104 affects the ability of serum from
monkeys to destroy E. coli cells. Monkey serum sampled before and
3 h after CPV-104 treatment was incubated with ampicillin-
resistant E. coli and the number of colonies was counted after
overnight incubation on agar plates. No colonies were formed when
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mice, the analysis of complement

C3 deposits 4 days after the injection of FH variants revealed a significant reduction in glomerular C3 deposits in response to CPV-104, comparable

to sd-FH. All three FH variants were still detected 4 days post-injection in the glomeruli of FH™

mice (FH-specific staining). Results are shown as

mean + SD from at least 30 glomeruli each from n = 3 separate animals. One-way ANOVA using Turkeys's multiple comparison test

(*P<0.05; **P<0.01)
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FIGURE 9

CPV-104 pharmacokinetic profiles and efficacy in cynomolgus
monkey are superior to CPV-101. (A) Pharmacokinetic profiles of
CPV-104 and CPV-101 following intravenous injection in
cynomolgus monkeys. Results are shown as mean + SD fromn = 2
separate animals. (B) At supraphysiological levels, CPV-104 inhibits
LPS-triggered TCC formation in monkey serum. The effect achieved
with CPV-104 lasted significantly longer than that of CPV-101. Data
are means + standard deviations from n = 2 separate animals for the
dose group 75 mg/kg and values from single animals are presented
for the dose group 150 mg/kg. Two animals were excluded from the
analysis due to significantly lower TCC activity of predose serum
samples compared to the rest of the cohort.

the bacteria were incubated with monkey serum before and after
treatment with CPV-104, indicating that complement activity
against E. coli was retained and was not affected by CPV-104
(Supplementary Figure S4). In contrast, E. coli cells remained
intact when treated with heat-inactivated monkey serum.

Discussion

We here present a follow-up to our previous study
demonstrating that recombinant FH produced in moss (CV-101)
is suitable as a replacement therapy for the treatment of
complement-associated disorders (51). The new FH version
discussed herein (CPV-104) has a modified glycosylation pattern
featuring terminal sialic acid residues that improve the half-life and
biological activity of this prospective therapeutic drug.

The detailed biochemical characterization of CPV-104 revealed no
significant structural changes compared to sd-FH (Figure 2D). Minor
differences in molecular mass and pI between the two FH variants
reflect remaining distinctions in the glycosylation pattern (i.e., sd-FH
carries a small number of triantennary sialylated glycans that are not
present on CPV-104) (Figure 2; Supplementary Table S2). The slightly
lower degree of sialyation in CPV-104 compared to sd-FH also
probably explains its shorter half-life in vivo (Figures 7A, B).
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However, glycosylation is not thought to influence the functional
activity of FH (30), and our in vitro complement functionality assays
confirmed that CPV-104 retains all the complement regulatory
functions of CPV-101 and sd-FH, and has the same level of cofactor
and decay acceleration activity (Figures 3A, B).

CPV-104 and CPV-101 bound with significantly higher affinity
than sd-FH to C3b (Figures 3C, D). Furthermore, hemolytic and
TCC assays revealed that CPV-104 and CPV-101 inhibited
complement activation at lower concentrations than sd-FH
(Figure 4). The three factor H variants differ structurally in their
glycosylation. However, as previously described, the glycosylation
pattern does not affect C3b binding (30). This observation was
confirmed by SPR Biacore measurements of CPV-101 and CPV-104
variants with the same polymorphism (Ile62/Tyr402). Despite
differences in glycosylation (Figure 2), almost identical binding
affinities were measured (Figure 3C).

Therefore, the observed differences in binding affinities between
CPV-101, CPV-104 and sd-FH can be attributed to the differences
in amino acid sequence at polymorphic positions. CPV-101 and
CPV-104 are produced recombinantly, resulting in a strictly defined
amino acid sequence and a homogenous preparation of FH
molecules with identical amino acids at polymorphic positions.

In contrast, sd-FH (used as a comparator in functional assays) is
a mixture of different variants purified from human serum pools
(Supplementary Figures S1A, B). The amino acid at position 62 has
a strong influence on the affinity of FH for C3b (63). The Ile62
variant has greater affinity for C3b and is ~20% more active in
hemolytic assays than the Val62 variant. The differences between
the moss-produced FH variants and sd-FH were more pronounced,
with the former showing a two-fold increase in inhibition of
hemolytic activity, which may reflect the unknown cumulative
impact of additional polymorphisms in the sd-FH preparation.
For example, we also expressed and purified a Val62/His402 variant
during the development of CPV-101, and its C3b binding affinity
was found to be comparable to that of sd-FH, but 1.5-fold lower
than that of the CPV-101 Ile62/Tyr402 variant (Supplementary
Table S3). Stronger binding properties of defined polymorphic
variants could also influence interactions with cellular matrices
(64). Accordingly, our radiolabeling experiments demonstrated that
both CPV-104 and CPV-101 accumulated preferentially in the
kidneys of wild-type mice compared to sd-FH (Supplementary
Figure S3). The anticipated predominant targeting of CPV-101 to
the liver probably reflects clearance by mannose-receptor C-type 1,
which is strongly expressed on liver sinoidal endothelial cells and is
known to accept GlcNAc-tipped glycans as ligands (65). The
excretion data for all three variants were in overall good
agreement with the previously published results for sd-FH (66).

As anticipated, CPV-104 has a much longer half-life in vivo than
CPV-101, ~5-fold longer in mice and ~11-fold longer in cynomolgus
monkeys (Figures 7, 9A). This increased bioavailability leads to
higher biological activity. For example, the ability of CPV-104 to
increase serum C3 levels and reduce the number of C3 deposits in the
kidneys of FH™" mice was comparable to sd-FH (Figures 8A, C).
Similarly, complement inhibition (assessed by TCC formation) lasted
up to 7 days after the injection of CPV-104 in cynomolgus monkeys
whereas inhibition caused by the same dose of CPV-101 started to
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wear off after 24 h (Figure 9B). However, interpretation of the effects
in cynomolgus monkeys is complicated by the lack of endogenous
pharmacodynamic markers (such as low serum C3 levels and
glomerular C3 deposits) and the fact that human FH shows greater
efficacy than endogenous cynomolgus monkey FH (67).
Furthermore, it is of note that the bactericidal activity against E.
coli remained intact in CPV-104 treated cynomolgus monkeys
despite the complete suppression of TCC formation on LPS-coated
plates. One plausible explanation for this observation might lie in the
nature of the employed assays. The TCC ELISA assesses alternative
pathway activation exclusively within a controlled environment using
only LPS as the triggering agent. In contrast, in our bactericidal assay
using E. coli the sera from CPV-104 treated monkeys are exposed to a
living pathogen, whose complex cell surface can cause complement
activation in various ways, ie. additional activation through the
classical and lectin pathway cannot be fully excluded.

Considering the efficacy of CPV-104 in FH™'~ mice, an
established C3G disease model, the almost complete elimination
of C3 deposits (the main drivers of kidney pathology in C3G) after
96 h is an important achievement. This effect has been described
following the treatment of FH™~ mice with sd-FH (68) and the
treatment of FH-deficient pigs with isolated porcine FH (69).
Interestingly, the positive effect on C3 deposits can be perceived
as soon as 24 h after injection, indicating that the FH effect sets in
quickly (51, 68). The treatment of C3G patients with CPV-104 may
therefore result in a rapid therapeutic effect. At present, due to the
limited species specificity of available complement inhibitors such
as pegcetacoplan, which primarily targets complement of humans
and non-human primates (70, 71), there are no comparable data
that allow us to assess the rate at which C3 deposits are removed
from the kidneys in the FH™~ mouse model. However, given the
mode of action of C3 inhibitors, we assume that they do not
promote the degradation of glomerular C3 deposits. In broader
terms, it should be noted that the FH'~ mouse model has
limitations, as it differs in several key aspects from human C3G.
FH ™'~ mice exhibit a total absence of FH, a condition rarely found in
human patients. Furthermore, the FH™~ mice do not possess C3Nef
antibodies, which are frequently present in human C3G cases.
Additionally, rare gain-of-function mutations in C3 and FB also
exist as causative factors in human C3G. All these factors could
affect the ability of CPV-104 to effectively regulate complement.
Nonetheless, it has been previously demonstrated that sd-FH is
capable of overcoming the effects of C3Nef antibodies (72).
Therefore, it can be assumed that increased (supraphysiological)
FH levels achieved with CPV-104 administration would be able to
attenuate an overactive complement system even under these
conditions. As additional clinical data will become available in the
future, further research will elucidate these aspects.

Currently, the focus of complement therapeutics is the systemic
blockade of complement activity at different steps of the cascade. This
strategy is successful when the main pathological drivers are the
production of excess anaphylatoxins or TCCs (73). However, AP
dysregulation is often more subtle and is probably caused by several
factors that shift the balance of the complement system into a
proactive state that ultimately reaches a kinetic tipping point (74).
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For example, no mutations in complement genes have been detected
in 40-60% of aHUS patients, and even in families with genetic defects
the penetrance of the disease is often incomplete (75, 76). This
indicates that other factors drive complement dysregulation, some
of which may be transient, such as injuries or infections (74). In these
cases, CPV-104 would be advantageous as a natural regulator of the
AP that would rebalance the complement system, as supported by its
efficacy in limiting C5b-9 formation and platelet aggregates on
HMEC-1 cells induced by aHUS serum in vitro (Figure 4).

Complement regulation as a main or adjunct therapy is
increasingly recognized beyond the primarily complement-driven
diseases such as aHUS, C3G and PNH (77, 78). AMD is the most
common cause of vision loss in the elderly, and certain FH
polymorphisms are strongly associated with this disease (79, 80).
In rheumatoid arthritis, complement activation is involved in all
stages of pathogenesis (81). Furthermore, the physiological role of
the complement system far exceeds the opsonization and lysis of
pathogens. Especially in neurobiology, it is now understood that the
complement system is deeply involved with the development of the
brain and central nervous system (82). An overactive complement
system can cause severe brain injury, but anaphylatoxins are
involved in neuroprotection and regeneration (83-85). Systemic
complement inhibition is therefore likely to cause detrimental side
effects, whereas regulators such as FH can prevent pathological
complement activation while allowing physiological complement
reactions. This is evident from our bacteriolysis assays, where
even high concentrations of FH did not interfere with
bacterial growth inhibition and lysis (Figure 6). Treatment with
CPV-104 could therefore reduce or even prevent the risk of
potentially life-threatening infections that are associated with
other complement inhibitors.

The availability of substantial amounts of functional, full-length
recombinant FH will facilitate its use in many clinical areas. There is
mounting evidence that FH regulates diverse processes by
interacting with proteins unrelated to the complement pathway
(77). For example, FH may regulate or inhibit the mTOR pathway
(86), and binds to apolipoprotein E (apoE), a major protein related
to Alzheimer’s disease (87-89). It also interacts with C-reactive
protein and malondialdehyde-modified proteins (87, 90). The
precise role of FH in these interactions and in cell based chronic
inflammation is not yet fully understood, but they all appear to
support a role for FH as an anti-inflammatory mediator (91). A
reliable source of recombinant FH could be further used to coat
biomaterials and nanoparticles to protect their surfaces from
opsonization and complement attack (92-95). FH could also be
used to prevent ischemic reperfusion injuries during organ
transplants (96).

In conclusion, our moss-based expression platform was used
to produce CPV-104, a full-length recombinant FH with
optimized glycans, in amounts sufficient for systemic therapy.
Preclinical experiments showed that the pharmacokinetic and
pharmacodynamic profile was comparable to that of sd-FH. The
mode of action, based on the regulation and fine-tuning of an
unbalanced complement system, offers an alternative therapeutic
approach to available complement inhibitors. Based on these
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promising results we are now planning phase 1 clinical trials with
CPV-104 in C3G patients.
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