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ABSTRACT

The use of biomaterials in modern medicine has enabled advanced drug delivery strategies and led to
reduced morbidity and mortality in a variety of interventions such as transplantation or hemodialysis.
However, immune-mediated reactions still present a serious complication of these applications. One of
the drivers of such reactions is the complement system, a central part of humoral innate immunity that
acts as a first-in-line defense system in its own right but also coordinates other host defense responses. A
major regulator of the complement system is the abundant plasma protein factor H (FH), which impairs
the amplification of complement responses. Previously, we could show that it is possible to recruit FH to
biomedical surfaces using the phage display-derived cyclic peptide 5C6 and, consequently, reduce depo-
sition of C3b, an activation product of the complement system. However, the optimal orientation of 5C6
on surfaces, structural determinants within the peptide for the binding, and the exact binding region on
FH remained unknown. Here, we show that the cyclic core and C-terminal region of 5C6 are essential for
its interaction with FH and that coating through its N-terminus strongly increases FH recruitment and re-
duces C3-mediated opsonization in a microparticle-based assay. Furthermore, we could demonstrate that
5C6 selectively binds to FH but not to related proteins. The observation that 5C6 also binds murine FH
raises the potential for translational evaluation in animal models. This work provides important insight
for the future development of 5C6 as a probe or therapeutic entity to reduce complement activation on
biomaterials.

Statement of significance
Biomaterials have evolved into core technologies critical to biomedical and drug delivery applications

alike, yet their safe and efficient use may be adversely impacted by immune responses to the foreign
materials. Taking inspiration from microbial immune evasion strategies, our group developed a peptide-
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based surface coating that recruits factor H (FH), a host regulator of the complement system, from plasma
to the material surface and prevents unwanted activation of this innate immunity pathway. In this study,
we identified the molecular determinants that define the interaction between FH and the coated peptide,
developed tethering strategies with largely enhanced binding capacity and provided important insight
into the target selectivity and species specificity of the FH-binding peptide, thereby paving the way for

preclinical development steps.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Biomedical materials in the broadest sense, including drug de-
livery vehicles (e.g., lipid nanoparticles), transplants, implants, or
dialysis membranes, substantially contributed to advanced treat-
ment options that improve prognoses for patients suffering from a
range of medical conditions [1]. Yet, despite important innovations,
immune reactions to non-self surfaces remain an impediment for
further progress [2]. For example, up to 30% of patients waiting
for a kidney allograft transplant have anti-HLA antibodies, po-
tentially leading to acute or long-term rejection of the transplant
[3] and up to 50% of patients obtaining a kidney allograft show
subclinical rejection [4]. Moreover, ischemia-reperfusion injury and
delayed graft function are frequent, immune-mediated compli-
cations that affect the transplantation outcome [5]. Adverse host
defense reactions to biomaterials are also observed in hemodial-
ysis patients, which may increase the risk of thrombosis and
cardiovascular events and, consequently, morbidity and mortality
[2,6]. Finally, accelerated clearance of nano- or microparticles
and pseudo-allergic reactions to liposomes have been reported as
immune-related complications [7,8].

One pivotal driver of these reactions is the complement system,
which acts as a rapid sensor of non-self surfaces and induces a se-
ries of effector functions to eliminate microbial intruders or apop-
totic cells [9]. However, complement may also be triggered by for-
eign biomedical surfaces and may, directly and through crosstalk
with other host defense pathways, lead to detrimental clinical con-
sequences such as thromboinflammation, anaphylactic reactions or
reduced efficacy and even rejection of the biomaterial [10]. For
example, activation of the complement system upon contact with
dialysis filters is considered a contributor to pro-inflammatory and
-coagulant reaction and, potentially, to the cardiovascular risk of
hemodialysis treatment [11]. Moreover, certain liposomal drug for-
mulations may trigger complement activation-related pseudoaller-
gic reaction, which in some cases are induced by natural antibodies
against polyethylene glycol [8,13]. Similarly, iron oxide nanoparti-
cles used for magnetic resonance imaging or iron supplementation,
among other applications, are known to experience complement
opsonization with potential impact on safety and functionality [14].
Finally, complement activation has a major impact on the clinical
success of cell and solid organ transplantation [15].

The initiation of the complement cascade can occur by dif-
ferent pathways, which are all relevant in biomaterial-mediated
complement activation (Fig. 1A-B). Whereas antibody complexes,
induced either by adhesion to materials or recognition of donor
antigens, trigger the classical pathway (CP), certain carbohydrate
or acetylation signatures may induce the lectin pathway (LP). In
addition to specific recognition processes, the direct adsorption
of immunoglobulins or pattern recognition receptors of the CP
and/or LP may trigger these pathways. Both routes lead to the
formation of a C3 convertase complex (i.e., C4b2b). In addition,
adhesion of the abundant plasma protein C3 to surfaces induces
a conformational activation that enables the formation of an
initiating C3 convertase of the alternative pathway (AP). All three
pathways converge to the same AP-mediated amplification loop

124

by activating C3 into C3b, which binds covalently to surfaces and
tags them for immune cell recognition and phagocytosis (i.e.,
opsonization). As C3b is itself able to form a C3 convertase (i.e.,
C3bBb) upon interaction with factor B (FB) and factor D (FD),
opsonization is rapidly amplified in absence of regulators [10]. In
many cases, this amplification process has been shown to be the
driver of the overall complement response, independently of the
initiation pathway [16]. Accumulating C3b deposition enables the
generation of convertases that activate complement component C5
to form membrane attack complexes (MAC), which may damage
or lyse cells. Moreover, the activation of C3 and C5 produces
the anaphylatoxins C3a and C5a, respectively, which exert direct
effector functions (e.g., recruitment and priming of immune cells)
and enable crosstalk within host defense reactions. For example,
C5a-mediated increase of tissue factor expression may have a
potential impact on thrombosis risk in hemodialysis patients
[6].

Due to the strong reactivity of the complement system, its
activation is tightly controlled on host cells and in circulation by a
panel of membrane-bound and soluble regulators of complement
activation [10]. Among those, the plasma protein factor H (FH)
is unique by controlling solution phase AP activation but also
protecting host cells by recognizing self-associated patterns. FH
regulates complement activation by competing with FB for C3b
binding, accelerating the decay of existing convertases, and en-
abling the factor I-mediated degradation of C3b to iC3b (Fig. 1B).
The abundant regulator, with a plasma concentration of ~2 nM,
thereby interferes in the central amplification loop, independently
of the initial activation pathway [17]. Another unique feature of FH
is its elongated structure consisting of 20 consecutive complement
control protein (CCP) domains, with FH however being folded back
over itself giving it a compact center (Fig. 1C) [18-20]. Whereas
the regulatory activity is largely confined to the four N-terminal
CCP domains, CCP6-8 and CCP19-20 are primarily involved in
surface binding through recognition of polyanionic residues (e.g.,
glycosaminoglycans, sialic acids). Both CCP1-4 and CCP19-20
contain C3b-binding sites [21].

The important role of FH in complement regulation is also
reflected by the observation that many pathogenic microorganisms
exploit the regulator as part of their complement evasion strate-
gies upon infecting a host. For example, bacteria (e.g., Streptococcus
pneumoniae, Neisseria meningitidis), fungi (e.g., Candida albicans)
and protozoa (e.g., Trypanosoma brucei) all recruit FH to their
surfaces and consequently protect themselves from complement
attack [22,23].

Taking inspiration from this natural process to employing it to
protect biomaterials, we previously described a disulfide-bridged
cyclic peptide (termed 5C6; Fig. 1D-E) with nanomolar binding
affinity to FH [24]. We could demonstrate that 5C6 binds to
the non-regulatory core region of FH, containing CCP domains 5-
18 [25], without impairing regulatory functions. Importantly, 5C6
was able to recruit FH to biomedically relevant cell and material
surfaces, ranging from polystyrene and glass surfaces to porcine
aortic endothelial cells and human erythrocytes, when combined
with appropriate tethering motifs. Thereby, 5C6 coatings were
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Fig. 1. Complement activation on biomedical surfaces and therapeutic protection via 5C6-mediated recruitment of FH. A) Overview of the complement cascade, which can
be initiated through the classical, lectin or alternative pathway. They all lead to the formation of C3 convertases (C4b2b or C3(H,0)Bb), which cleave C3 into C3a and C3b.
C3b itself forms a C3 convertase (C3bBb) and fuels a self-amplification loop. Increasing C3b deposition enables the formation of C5 convertases, which cleave C5 into the
strong anaphylatoxin C5a and C5b that is part of the membrane attack complex (MAC). Factor H (FH) regulates this system at the crucial point of the self-amplification loop
by accelerating the degradation of C3bBb, competing with FB for C3b binding and acting as cofactor for factor I (FI) in the cleavage of C3b into iC3b. B) On biomaterials,
complement can be activated by different means and contribute to a variety of clinical complications (top). Coating by FH-recruiting peptides such as 5C6 may prevent
material-induced complement activation and effector generation (bottom). C) Domain architecture of FH and FH-related protein 5 (FHR-5), which does not contain regulatory
domains (blue) but has sequence homology to the core (red) and recognition regions (green) of FH. D-E) Structure of FH-binding peptide 5C6 in chemical (D) and schematic
(E) representation. The three main regions of 5C6, namely the N-terminal, cyclic core and C-terminal regions are colored in grey, purple and blue, respectively.

able to reduce complement activation in the presence of FH (pu-
rified, in serum, or in whole blood), as measured by reduced
C3b/iC3b deposition on inducing surfaces and/or anaphylatoxin
release [19,21].Thus far, however, neither determinants of target
binding and surface tethering nor the selectivity and species speci-
ficity profiles of 5C6 have been explored in detail.

Herein, we provide further insights into the nature of the 5C6-
FH interaction and explore the functional mechanisms of 5C6-
mediated surface protection. We investigated the importance of
the different regions and residues of 5C6 for the interaction, and
could further narrow down the FH domains necessary for 5C6
binding. We compared different tethering strategies and revealed
that coating via the N-terminus results in higher recruiting capac-
ities when compared to the previously used C-terminal tethering.
Furthermore, we could show that 5C6 exclusively binds FH, and
in particular does not bind to FH-related protein 5 (FHR-5) that
shares substantial sequence identity with the core region of FH but
lacks C3b regulating activity (Fig. 1C) [17,27]. Finally, we investi-
gated whether 5C6 was able to bind FH from different species and
detected recruitment of murine and non-human primate FH.

2. Materials and methods
2.1. General materials

Chemical reagents and solvents were obtained from Sigma-
Aldrich (St. Louis, USA), Bachem (Bubendorf, Switzerland),
ChemImpex (Wood Dale, USA), Carbolution (St. Ingbert, Ger-
many), CEM (Matthews, USA) or VWR (Radnor, USA) and used
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without further purification. Buffer and Tween-20 stock solutions
were obtained from Xantec (Diisseldorf, Germany). Bovine serum
albumin (BSA) and 3,3/,5,5'-tetramethylbenzidin (TMB) were from
Sigma-Aldrich. FHL-1 was generated according to a methodology
described previously [28] and FHR-5 was obtained from R&D Sys-
tems (Minneapolis, USA). Other complement proteins and mouse
and rat sera were obtained from Complement Technology (Tyler,
USA). Pig serum was from Innovative Research (Novi, USA), while
cynomolgus monkey serum was from Dunn Labortechnik (Asbach,
Germany). Normal human serum (NHS) was pooled from five
unrelated, anonymized healthy donors, obtained with informed
consent according to the local ethics committee and following
the guidelines of the Declaration of Helsinki (Blutspendezentrum
Basel, Switzerland).

2.2. Buffer solutions

The following buffer solutions have been used across different
experiments in this study: HBST (10 mM HEPES, 150 mM Nadl,
0.005% Tween-20, pH 7.4); HBST-Ca (HBST, 2 mM CaCl,); HBST-E
(HBST, 3 mM EDTA); HBST-Mg (HBST, 1 mM MgCl,); PBS (10 mM
sodium phosphate, 150 mM NaCl, pH 7.4); PBSB (PBS, 0.1-3% BSA);
PBST (PBS, 0.005-0.1% Tween-20); PBSTB (PBS, 0.1% Tween-20, 0.1%
BSA).

2.3. Peptide synthesis

Linear peptides were synthesized on a Liberty Blue automated
peptide synthesizer (CEM, Matthews, USA) using a microwave-
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assisted solid-phase peptide synthesis (SPPS) Fmoc/t-Bu strategy
on an MBHA-Rink Amide resin with diisopropyl carbodiimide (DIC)
(6 eq) and Oxyma (6 eq) as couplings agents and 6 eq of Fmoc-
protected amino acids in DMF. For C-terminal acids, CI-MPA Pro-
Tide resin was used and loading achieved with 1.0 M DIPEA and
0.125 M KI. For Arg residues, double coupling was used and for
Fmoc-PEG3-OH (purePEG, San Diego, USA) 5 eq were employed. Bi-
otin was introduced as Fmoc-Lys(biot)-OH (purePEG), which was
dissolved in DMF/NMP (1/1) and double coupled with 3 eq per
coupling. Fmoc deprotection was achieved with 10% piperazine in
NMP/EtOH (9/1), N-terminal acetylation with 10% Ac,O in DMFE.
5(6)-Carboxyfluorescein (CF) was coupled on resin with 3 eq. us-
ing HOBt (3 eq) and DIC (3 eq) as coupling reagents in DMF for
60 min at room temperature (rt). After SPPS, the peptides were
washed with DMF and DCM (three times each), cleaved off the
resin and side-chain protecting groups removed simultaneously
with 92.5% trifluoroacetic acid (TFA)/2.5% H,0/2.5% triisopropylsi-
lane/2.5% ethane dithiol for 3 h at rt, precipitated with to -20°C
chilled Et,0, span down (6500 rpm, 5 min, 4°C), the supernatant
discarded and the procedure repeated twice.

The crude linear peptides were dissolved in H,0 (1.6 mM), the
pH adjusted to 8-9 with 5% NH4OH and 3 eq. of H,0, (1 eq for
biotinylated peptides) were added and vigorously stirred for up to
1 h at rt. The reaction was quenched by adjusting the pH to 2 with
TFA and the solution was lyophilized.

Peptides were purified on an Agilent 1260 Infinity II LCMS (Ag-
ilent, Santa Clara, USA) with a reverse phase C18-column (5.0 pM,
19 mm x 250 mm; Waters, Milford, USA) and a linear gradient
from 95% A (H,O0 + 0.1% TFA)/5% B (MeCN + 0.1% TFA) to usually
50% A/50% B over 22.5 min.

Peptide identity was confirmed by ESI-MS on a MicromassZQ
(Waters, Milford, USA). Purity was determined by UV absorption
at 214 nm on an Agilent 1100 HPLC, using a reverse phase C18-
column (Waters Atlantis T3, 3 pM, 2.1x100 mm) or phenylhexyl
column (Waters XSelect CSH, 3.5 pM, 4.6 mm x 100 mm). Peptides
were eluted with a gradient from 95% A (H,O + 0.1% TFA)/5% B
(MeCN + 0.1% TFA) to 5% A/95% B, usually over 15 min. Peptides
were purified to at least 95% purity, based on UV absorption at
214 nm.

2.4. Protein expression and purification

Domain deletion constructs of FH were cloned into pSECTAG2
vector and transfected into HEK 293T cells by using Lipofectamine
2000 (Thermo Fisher Scientific, MA, USA) according to the man-
ufacturer’s instructions. Transiently transfected cells were allowed
to express protein for 3 days by incubating at 37°C and 5% CO,.
Thereafter, culture supernatants were harvested and cell debris
was removed by centrifugation at 2000 rpm for 10 min. Clarified
supernatants were stored at 4°C until further used. Multiple rounds
of expressed proteins were pooled and loaded on His-Trap NTA
columns (1 ml, Cytiva) for purification. After loading, the column
was washed with 10 column volumes (CV) of PBS and proteins
were eluted with 5 CV of elution buffer (PBS with 500 mM imi-
dazole). Eluted protein fractions were buffer exchanged to PBS and
the purity was analysed by SDS-PAGE. Recombinant FH8-15 was
expressed in Pichia pastoris as previously described [20,28].

2.5. Surface plasmon resonance: direct interaction analysis

Two approaches were followed. First, biotinylated 5C6 (Ac-5C6-
(PEG3),-K(biot)-CONH,) was immobilized on a streptavidin sensor
chip (Cytiva) on a Biacore 3000 instrument. The binding experi-
ments were performed by injecting 100 nM of a FH fragment in
HBST-Mg or PBS as running buffer at a flow rate of 20 pL/min for
2 min and the fragments were allowed to dissociate for 3 min.
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Second, different FH fragments were immobilized on a CM5
sensor chip (Cytiva) at a flow rate of 5 pL/min. The surface
was activated by injecting 0.4 M N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride and 0.1 M N-hydroxy succinimide
(1/1) (1:1) for 7-10 min, then the proteins injected at 10-20 pg/mL
in 10 mM sodium acetate (pH 4.5) for 6 min or until sufficient im-
mobilization was achieved. Finally, the surfaces were deactivated
with ethanolamine (1.0 M, pH 8.5) for 7-10 min. The reference flow
cell was treated in analogy yet without injecting FH8-15. 5C6 was
injected at a flow rate of 30 pL/min.

For alanine scan experiments, FH8-15 was immobilized as de-
scribed above with HBST-E. 5C6 derivatives with individual amino
acids replaced by Ala, with the exception of Alal, Cys6 and Cys13,
and containing a C-terminal Lys(biotin) were ordered from GL
Biochem (Shanghai, China). The purity and identity of all peptides
were validated in-house using LC-MS as described above.

For the other experiments, FH8-15 was immobilized on a
CMD500M sensor chip (Xantec) on a Biacore T200 instrument (Cy-
tiva) at a flow rate of 10 puL/min using amine reactivity as described
above. 5C6 derivatives were injected as dilution series and associ-
ation and dissociation were measured each for up to 180 s, de-
pending on the kinetic profile. The running buffer was PBSTy ggs%
and the flow rate 30 pL/min. The surface was regenerated between
injections with 1 M NaCl (30 s contact time, 10 s stabilization pe-
riod).

For the experiments with immobilized FHR-5, FHR-5 was im-
mobilized in the same manner as FH8-15. The flow rate for the ex-
periments was 10 pL/min and running buffer used was PBSTg ggs%
containing 50 pM EDTA. At least 2 independent experiments were
performed for each SPR analysis.

2.6. Microscale thermophoresis: direct and competitive binding
studies

Interactions between 5C6 and FH, FH fragments and FHR-5
were examined by microscale thermophoresis (MST) on a Mono-
lith instrument (Nanotemper, Munich, Germany). 50 nM CF-5C6
(CF-ASSSR[CTYSHWC]SH-CONH,) were incubated with dilution se-
ries of FH, FH fragments or FHR-5 in PBST(gs4. The interaction was
measured at 25°C with the blue laser, MST power set to medium
and LED power to 20% and the hot phase was set to 0.5-1.5 s. At
least 2 independent experiments were performed.

For competition binding studies, 80 nM CF-5C6 and 40 nM FH
were incubated with dilution series of unlabeled 5C6 analogues
in PBSTggs%. The interaction was measured at 25°C with the blue
laser, MST power set to high and LED power to low, the hot phase
was set to 4-5 s. At least 3 independent experiments were per-
formed.

2.7. Isothermal titration calorimetry: solution interaction studies

Prior to analysis, FH8-15 was dialyzed overnight at 4°C against
PBS with a Pur-A-Lyzer Midi 3500 dialysis kit (Sigma-Aldrich). Ex-
periments were performed on a MicroCal iTCyqq (Malvern Panalyt-
ical, Malvern, United Kingdom) with a total number of 20 injec-
tions. The cell temperature was set to 25°C, the reference power
to 6 pcal/s and the initial delay to 180 s. The 5C6 concentration
in the syringe was 200 M and the FH8-15 concentration 20 pM.
After an initial injection of 0.5 pL over 0.8 s, the subsequent 19 in-
jections were conducted at 2.0 pL over 4.0 s. The spacing between
injections was 150 s and the filter set to 2. The data was analyzed
with AFFINImeter (Santiago de Compostela, Spain) using the ‘sim-
ple model’ setting. At least 2 independent experiments were per-
formed.
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2.8. Competitive ELISA

96-well plates were incubated overnight at 4°C with 10 pg/mL
streptavidin (New England Biolabs, Ipswich, USA) in PBS and
washed twice with PBS. Then, the plate was saturated for 1.5 h
with PBSB,y, washed twice with PBSTgs4 and the parent biotiny-
lated peptide was immobilized at 10 pg/mL in PBS for 1 h at rt.
After washing two times with PBSTjgsg, serial dilutions (1:1 start-
ing at 50 pM) of each peptide from the alanine-scan library (GL
Biochem), pre-incubated with 25 nM FH (Complement Tech) for 15
min at rt, were added to the plate to compete with the immobi-
lized parent peptide for binding to FH. The plates were incubated
for 1 h at rt, followed by two washes with PBST gs4. Subsequently,
100 wL of a polyclonal rabbit anti-human FH antibody (1:1000)
in PBSByy were added to the plate for 1 h at rt. The plate was
washed three times with PBSTj sy, incubated for 1 h at rt with
a horseradish peroxidase (HRP)-coupled polyclonal goat anti-rabbit
IgG antibody (1:1000) (#172-1019, Bio-Rad, Hercules, USA) in
PBSB;gand washed three times with PBSTj g54. The detection reac-
tion was initiated by adding 2,2’-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid; ABTS) substrate solution (Roche, Basel, Switzer-
land) and the absorption measured at 405 nm. At least 2 indepen-
dent experiments were performed.

2.9. Non-competitive ELISA

Maxisorp 96-well plates (Thermo Fisher) were incubated with
10 pg/mL streptavidin (Sigma-Aldrich) in 50 mM bicarbonate buffer
pH 9.9 overnight at 4°C. The plates were washed twice with PBS,
saturated with PBSB for 2 h, and washed twice with PBST g54 con-
taining 0.1% BSA. Biotinylated peptides or controls at 10 pg/mL
in PBSBg14 were added, allowed to bind for 1 h at rt and then
washed three times with PBSTggs4. FH, FHR-5 or serum dilu-
tions were added and incubated for 1 h at rt. The plates were
washed three times with PBST, the primary anti-FH antibodies
(0.1%, v/v) were added, incubated for 1 h and washed four times
with PBSTygs%. Secondary HRP-coupled antibodies (0.1%, v/v) were
added, incubated for 1 h and washed three times with PBST( sy,
then twice with PBS. The detection reaction was initiated by
adding 1 mg/mL TMB with 0.003% ppm H,0, (m/v) in 110 mM
NaOAc (pH 5.5)/DMSO (99/1) (final composition) and allowed to
proceed for 5 min. The reaction was stopped by adding 2 M H,SO4
and the absorption at 450 nm was measured on a Synergy HT
plate reader (Biotek, Winooski, USA). The primary antibody used
for binding human FH was a polyclonal goat IgG (Complement
Technology), for murine and rat FH monoclonal murine IgG; 1A2
(Hycult, Uden, Netherlands) was used, whereas for pig FH, the
same polyclonal goat anti-FH was used as for human FH as well
as another polyclonal goat-anti human FH IgG (Quidel) and the
monoclonal murine IgG L20/30 (Hycult). For detecting FH from
monkey serum, murine anti-human FH IgG; aFH.16 (Sanquin Re-
search, Amsterdam, Netherlands) was used. Either rabbit anti-goat
IgG (Thermo Fisher) or goat anti-mouse IgG (Biolegend, San Diego,
USA) were used as HRP-coupled secondary antibodies. At least 3
independent experiments were performed with the same or simi-
lar set up and each sample was measured in duplicate.

2.10. Biolayer interferometry: surface interaction studies

Measurements were performed on an Octet K2 (Sartorius, Got-
tingen, Germany), with shaking set to 1000 rpm for all steps and
the assay was performed in a polypropylene, flat-bottom, black
96-well plate (Greiner, Kremsmiinster, Austria). Biotinylated pep-
tides were diluted in sample buffer (PBSTy g5y containing 50 pM
EDTA) and immobilized on streptavidin sensors tips (Sartorius) at
10 pg/mL for 180 s. Association with FH dilutions in sample buffer
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was observed for 180 s and signal amplification with a polyclonal
goat-anti human FH IgG (0.1%) (Quidel, San Diego, USA) observed
for 600 s. Regeneration of the surface was achieved with 0.3 M HCl
for 30 s. At least 2 independent experiments were performed.

2.11. Bead-based pulldown experiments

Magnetic streptavidin beads (Dynabeads M-270, Thermo Fisher)
were washed twice with PBS. To 8 pL of the beads solution, 500
pL peptide solution in PBSBg;4 were added (final peptide con-
centration: 5 pM) and incubated at rt for 30 min under shaking.
The samples were washed once with PBSTy14 and twice with PBS.
Then, 20% NHS or 39 nM FH in PBSBy;4 were added and incu-
bated overnight at 4°C under shaking. After washing once with 1
M NaCl in 20 mM phosphate buffer pH 7.3, three times with PB-
STB and two times with PBS, the samples were eluted with 100
pL loading buffer (22 mM Tris, 6.7% glycerol, 1.3% SDS, bromophe-
nol blue, pH 6.8) and heated to 70°C for 10 min. Mini-protean
TGX SDS PAGE gels (4-20%; Bio-Rad) were loaded with samples,
600 ng FH or FHR-5, or ladder and run for 30 min at 200 V. The
gel was washed twice with H,O and silver-stained according to
the manufacturer’s instructions (Cytiva). For Western blot analysis,
the gel was transferred onto a nitrocellulose membrane (1 h, 18
V) and blocked overnight at 4°C with 1% (v/v) Western Blocking
Reagent (Roche) in PBS, then washed three times for 10 min with
PBST(1%. The membrane was incubated for 60 min with a poly-
clonal goat anti-human FH antibody (0.04%) (Complement Technol-
ogy), washed three times for 10 min with PBST 4 followed by in-
cubation for 20 min with an HRP-conjugated rabbit anti-goat IgG
antibody (0.04%) (Thermo Fisher). Afterwards, the membrane was
washed three times with PBSTy 4 and twice with PBS for 10 min
each. 25 mL of Pierce 1-Step Ultra TMB Blotting Solution (Thermo
Fisher) were added and incubated for 5 min. The reaction was
stopped by adding an equal amount of H,0, and the membrane
was washed twice with H,0. Images of gels and blots were ob-
tained using GelDoc XR+ (Bio-Rad). At least 3 independent exper-
iments were performed.

2.12. Bead-based microparticle assay

Magnetic streptavidin beads (Dynabeads M-270, Thermo Fisher)
were washed twice with PBSTBgggs5y2%- In a twin.tect PCR plate
(Eppendorf, Hamburg, Germany), 0.2 pL of bead solution were in-
cubated with 800 nM peptide (100 eq.) solution in PBSTB g5y
or buffer alone for 30 min at rt. The beads were washed four
times with PBSTBggsy2% and incubated with 200 nM FH, 10%
(v/v) NHS, 10% NHS with 20 mM EDTA, or K,-EDTA-stabilized hu-
man whole blood, all diluted in PBS, for 60 min at 37°C while
shaking (1050 rpm). The beads were washed four times with
PBSTBy ggs%/2% and incubated with 1 pg/mL of either murine anti-
human FH IgG; (clone aFH.16; Sanquin Research), labelled with
CF647 (Sigma-Aldrich) according to the manufacturer’s instruc-
tions, or APC-labelled murine anti-human C3b/iC3b IgG; (clone
3E7; Biolegend) for 30 min at rt while shaking (1050 rpm). The
beads were washed four times with PBSTBg gg5%/2%, resuspended in
100 pL PBSTBg g5%/2%, transferred into a 96-well plate (Agilent) and
measured on a CytoFLEX B4-R3-V0 (Beckman Coulter, Indianapolis,
USA). Signals were gated on the beads based on forward scatter-
height (FCS-H) and sideward scatter-heigh (SSC-H). At least 3 in-
dependent experiments performed with the same or similar set up
and each sample was measured in duplicate.

2.13. Numerical and statistical analyses

Concentration-response fits, including Kp and ICsq values, were
obtained with non-linear regression analysis using the agonist vs
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response, variable slope, four parameters-model in Prism version
9.2.0 (GraphPad Software, San Diego, USA). Kinetic SPR fits were
performed with Scrubber, version 2.0c (BioLogic Software, Camp-
bell, Australia).

3. Results

3.1. 5C6 binds to an extended target site formed by CCP domains
10-14 of FH

Previously, we could demonstrate that 5C6 (Ac-
ASSSR[CTYSHWC]SH-CONH,; Fig. 1D-E) is interacting with CCP
domains 5-18 of FH, and that FH’s functional activity is main-
tained when bound to 5C6 [24,26]. To further elucidate the exact
FH domain range involved in the 5C6 interaction, we performed
direct binding assays using a panel of recombinant FH fragments,
in which terminal domains were gradually deleted from FH8-15
(Fig. 2A). All fragments were expressed in mammalian cells (HEK
293T) with suitable yield and purity, with the exception of FH12-
15 (Fig. 2B). Surface plasmon resonance (SPR) was employed for
the initial fragment screening, by immobilizing biotinylated 5C6
on a streptavidin sensor chip and injecting different FH fragments
(Figs. 2C and S1). Alongside the parental FH8-15, only fragments
FH9-15, FH10-15, FH8-14 and FH10-14 showed substantial bind-
ing to the 5C6 surface. Further clipping of domains from the
N-terminus (FH11-15, FH12-15) or C-terminus (FH10-13) led to a
loss of recognition (Fig. 2C). The fragment screening study thereby
suggest that CCP domains 10-14 of FH comprise the minimum
binding region for 5C6 on FH.

To validate FH10-14 as the relevant FH fragment for 5C6 binding
and further characterize the 5C6-FH interaction, microscale ther-
mophoresis (MST) with CF-labeled 5C6 was employed. By measur-
ing temperature-induced changes in analyte fluorescence and di-
rected particle movement, both of which are influenced by ligand-
target binding, MST allows for a quantitation of interaction events

in solution [29]. Since there is no need for target immobilization,
in contrast to SPR, such experiments are well suited to explore the
binding of 5C6 to different forms of FH. As expected, no binding
to FH18-20 was observed, whereas 5C6 bound to full-length FH,
FH8-15 and FH10-14 in a concentration-dependent manner with
Kp values in the nanomolar range (Fig. 2D). Differences in affin-
ity existing between the different fragments might relate to differ-
ences in binding site accessibility or fixation of conformations in
the presence (or absence) of other domains.

3.2. The central cycle and C-terminus of 5C6 primarily define the
target interaction

In order to investigate the structure-activity relationship (SAR)
of 5C6, we developed surface plasmon resonance (SPR) binding as-
says to assess the affinity and kinetic parameters of the parent
peptide and its derivatives. For this purpose, recombinant FH8-
15 was immobilized on a sensor chip and a concentration series
of 5C6 was injected. As expected, 5C6 showed a dose-dependent
and saturable binding to FH8-15 with a Kp of approximately 100
nM (Fig. 3A). MST was used for validating the SPR results; while
MST does not require the immobilization of the target, one bind-
ing partner has to be fluorescently labelled. When 5C6 was used
as the labelled binding partner, a dose-dependent change in signal
(i.e., normalized fluorescence) was observed; in contrast, this was
not the case when FH was labelled (Fig. S2). This format selectivity
may be caused by a masking of the binding site by the amine-
reactive label or because the preferred labelling region is too dis-
tant from the binding area. For screening purposes, we therefore
used the MST assay in a competitive format, in which CF-labeled
5C6 is displaced from FH8-15 by increasing concentrations of 5C6
derivatives. Indeed, the labelled analogue could be displaced in a
dose-dependent manner by unlabeled 5C6 with an ICsq of 143415
nM (Fig. 3B), which is well in line with the SPR results.
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Table 1

Affinities of 5C6 derivatives in direct (SPR) and competitive (MST)
binding assays. Values are represented as average + standard deviation
from 2-4 independent experiments.

SPR Kp [nM] MST ICs [nM]
5C6 81+3 228+17
5C6 scrambled no binding no binding
5C6 linear no binding no binding
5C6 N-truncated 140+5 445+60
5C6 AH14 no binding no binding
5C6 AS13 AH14 no binding no binding

During phage-display library screening, 5C6 was identified as a
cyclic peptide. For therapeutic peptides, cyclization typically con-
fers an advantage regarding both biological activity, by reducing
conformational flexibility, and metabolic stability [30]. We there-
fore assessed the impact of the cyclic structure of 5C6 by replacing
both Cys with Ser residues to ensure that no spontaneous forma-
tion of a covalent cycle occurs (i.e., linear 5C6; 1in5C6). In addi-
tion, we also tested a 5C6 derivative, in which the order of the
amino acid residues had been changed (scrambled 5C6, scr5C6;
Ac-SSHAS[CRWSSYC]HT-CONH,) to exclude that binding events are
mediated by non-specific physicochemical properties rather than
the specific sequence. As expected, sequence scrambling com-
pletely abrogated the binding to FH both in the SPR (Fig. 3C) and
MST (Fig. 3D) assays. Importantly, the affinity of 5C6 dropped to
the level of the scrambled peptide upon linearization (Fig. 3C-D,
Table 1), thereby confirming the importance of the cyclic nature
of 5C6. Subsequent SAR studies were therefore performed using
disulfide-bridged, cyclic 5C6 and its derivatives.

The contribution of individual residues in a peptide ligand to
target binding can be assessed by an alanine scan. With the excep-
tion of the native Alal and the essential Cys6 and Cys12, residues
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were changed individually to Ala and FH-binding affinities were
determined by SPR (Fig. 4A-B). To be able to confirm these results
with an ELISA, all tested analogues had an additional C-terminal
Lys, carrying a biotin moiety on the e-amino group. Broadly, the
residues could be grouped into three categories according to their
impact on affinity. Firstly, substituting either of the five N-terminal
residues or Ser13 did only lead to small or even beneficial affin-
ity changes, thereby indicating a minor contribution to FH recog-
nition. Secondly, markedly weaker affinities (up to seven-fold in-
crease in Kp) were observed when replacing Thr7 and His10, sug-
gesting active participation in target binding. Finally, a critical role
in the interaction was shown for residues Tyr8, Ser9, Trp1l and
His14, the substitution of which resulted in a substantial or even
complete loss of affinity (Fig. 4A-B). The SPR-derived ranking of the
5C6 analogs was largely confirmed by ELISA (Fig. S3). The alanine
scan thereby identifies residues in the cyclic center and the exo-
cyclic C-terminus as most essential contributors to FH recognition,
whereas the linear N-terminus appears to play a minor role.

The observation that individual substitutions of all five N-
terminal residues bears no negative consequences for FH binding
raised the question whether the entire N-terminal exocyclic part
of 5C6 may be removed, resulting in a peptide of largely reduced
size (i.e., from fourteen to nine residues). Indeed, the affinity of this
truncated 5C6 (tr5C6) is only slightly affected and only reduced by
a factor of 1.5 (Fig. 4C, Table 1). As a small yet notable difference
could be observed, we compared the thermodynamic interaction
profiles of full-length and truncated 5C6 using isothermal titration
calorimetry (ITC) to explore the nature of this difference. As ex-
pected, removing the rather flexible N-terminus of 5C6 largely re-
duced the entropic penalty of binding to FH by 20 kj/mol. How-
ever, the enthalpic contribution to the binding decreased by a sim-
ilar amount, suggesting that the N-terminus may at least partially
contribute to the interaction (Fig. S4).
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To evaluate the importance of the C-terminal exocyclic part, we
synthesized two derivatives by removing either the full C-terminus
(AS13 AH14) or exclusively His14 (AH14). In line with the ala-
nine scan, both the complete deletion of the C-terminus and the
selective removal of His14 completely abolished affinity, indicating
a critical role of the C-terminal residues for the FH-5C6 interac-
tion (Fig. 4D, Table 1). Of note, the differential importance of the
exocyclic portions is also reflected by the impact of chemical mod-
ifications on the termini. Using truncated 5C6 as a template, we
synthesized analogues with either a free amine or N-acetyl group
on the N-terminus (while maintaining the C-terminal amide) and
a derivative with a C-terminal carboxylic acid instead of an amide
(while maintaining the N-terminal acetamide group). Testing the
derivatives by SPR and MST showed that the absence or presence
of an acetyl group on the N-terminus did not have a substantial
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impact on the binding affinity, although the free amine seemed to
be slightly preferred. In contrast, changing the C-terminal amide
to the free acid led to a significant reduction in affinity, which
indicates an influence of the charge at the C-terminus (Fig. S5).
These combined studies confirm that the intact cyclic core and ex-
ocyclic C-terminus of 5C6 are required for FH binding, whereas the
N-terminus has a minor impact on target recognition and may be
removed or substituted by tethers or other labels.

3.3. Tethering via the N-terminus improves the FH-recruiting capacity
of 5C6

In our previous proof-of-concept studies, we showed that 5C6
immobilized through its C-terminus can efficiently recruit FH and
protect model surfaces from complement attack [26]. C-terminal
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Fig. 5. Effect of tethering strategies on the FH-recruiting capacity of 5C6. A) Structures of the PEGg spacer with six PEG units and K(biot) as a model surface tether and
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tethering was an obvious choice as it reflects the way the peptide
is attached to the phage during phage display screening. However,
our SAR results suggest that the accessibility of the C-terminus of
5C6 for target binding is critical whereas the N-terminus may be
more amenable to modifications. In order to understand whether
further improvements in FH recruitment can be achieved via al-
ternative attachment points, we synthesized 5C6 analogs with an
g-amino biotinylated Lys (K(biot)) on either their N- or C-termini
(Fig. 5A). Initial studies showed that immobilization through the C-
terminus requires spacing between the surface tether and the pep-
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tide, with a PEGg spacer conferring good capturing activity (Fig.
S6). A PEGg spacer was therefore included in all C-terminally teth-
ered analogs. In the case of N-terminal immobilization, the natural
exocyclic part (i.e., ASSSR) may serve as suitable spacer, yet we also
investigated whether the addition of, or replacement by, a PEGg
spacer may provide activity benefits.

The analogues were first evaluated for direct interaction with
FH using bio-layer interferometry (BLI), which detects changes in
layer thickness of a thin film created by the interaction partners on
a biosensor tip [31]. The capturing of biotinylated 5C6 derivatives
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on streptavidin sensor tips with subsequent incubation in solutions
containing purified FH resembles the proposed applications of the
peptide as surface coating and enables a quantitative assessment of
the FH-recruiting capacity. BLI demonstrated a clear preference for
FH recruitment of the N-terminally tethered peptides compared to
the C-terminally tethered counterparts, with the latter only show-
ing marginally stronger binding than the scrambled control pep-
tides. In contrast, all N-terminally coated peptides featured strong
binding to FH, with both full-length analogs showing similar re-
sponses. Interestingly, the addition of a PEGg spacer did not im-
prove FH recruitment, whereas the replacement of the exocyclic
peptide portion by the similarly sized PEGg even led to a notable
decrease in binding activity (Fig. 5B). This suggests that, at least
on a simple material surface, the N-terminus itself already pro-
vides sufficient spacing between the surface tether and the rest of
the peptide. The signal could be amplified using a polyclonal anti-
FH antibody, allowing a further improved differentiation of binding
affinity between the different peptides (Fig. S7).

The FH-recruitment capacity of the peptide series was fur-
ther evaluated by ELISA, in which peptides were tethered to
streptavidin-coated plates and the binding of FH was detected by
a polyclonal anti-FH antibody. The ELISA with purified FH showed
that C-terminally biotinylated peptides are indeed able to recruit
FH, as reported in our previous studies [24], although at a substan-
tially lower capacity when compared to the N-terminally tethered
counterparts (Fig. 5C). As observed with BLI, when immobilization
is done via the N-terminus, no additional spacing is required as
directly coated full-length 5C6 recruits FH with the highest activ-
ity. Interestingly, among all C-terminally tethered peptides, tr5C6
recruits FH more efficiently than full-length 5C6 (Fig. 5C), likely
due to a better accessibility of the truncated peptide when immo-
bilized through its C-terminus. When serum dilutions with up to
2.5% (v[v) NHS were used as FH source, the same results could be
observed, showing that the more complex matrix of NHS is not
impeding the preferential binding of FH to 5C6 (Fig. 5D).

3.4. Improved 5C6 coating efficiently recruits FH to biomaterial
surfaces and impairs opsonization

Potential clinical application of 5C6 include the protective coat-
ing of liposomes, nanoparticles or other globular biomaterial par-
ticles. To assess the recruiting and complement-regulatory proper-
ties of 5C6-derived coating under ex vivo conditions, we employed
a recently established magnetic streptavidin bead assay [32,33].
These beads with a diameter of 2.8 pm and a binding capacity of
~0.2 nmol biotinylated peptide per mg beads represent a relevant
biomaterial surrogate even if not fully reflecting the size, surface
and complement activation properties of smaller, medically used
magnetic nanoparticles [34]. The flow cytometry-based setup mim-
ics the envisioned use of 5C6, with surface-coating of the peptide
and recruitment of FH from the fluid, and can be used to simul-
taneously assess FH capturing and the effect on complement acti-
vation, latter by measuring the deposition of C3-derived opsonins
(i.e., C3b, iC3b). Whereas polyclonal anti-FH antibodies generated
notable background binding (Fig. S8), the use of a monoclonal an-
tibody recognizing the CCP16/17 of FH [35,36] enabled a clean de-
tection of FH-recruiting by 5C6 (Fig. 6A-B).

In line with previous experiments, purified FH could be re-
cruited to the beads by N-terminally tethered 5C6 derivatives,
with full-length 5C6 showing stronger FH recruitment when com-
pared to tr5C6 (Fig. 6A). Importantly, the signal was FH-dependent
and no FH binding was observed for scr5C6 or non-coated beads,
demonstrating specific and 5C6-mediated binding. Encouraged by
the selectivity profile, we subsequently assessed the activities of
the peptide panel using 10% NHS as source of FH. In agreement
with the BLI and ELISA results, we observed strong recruitment
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of FH with the N-terminally tethered peptides, most prominently
for full-length 5C6 without additional PEG spacer (Fig. 6B, left).
The PEGg-spaced, truncated 5C6 still showed notable FH binding
in NHS when compared to control conditions, yet at substantially
lower capacity than when using purified FH. For the C-terminally-
labelled peptides, no relevant FH recruitment could be detected,
which is in line with the BLI results. To exclude any interference
of FH recruitment by C3b/iC3b deposition on the beads, we re-
peated the assay in serum containing EDTA, which broadly pre-
vents complement activation. Importantly, the recruitment profile
remained largely unchanged under these conditions, thereby con-
firming 5C6 as the relevant FH-recruiting entity (Fig. 6B, right). Un-
expectedly, coatings with the PEG-spaced scrambled control pep-
tide (ns-scr5C6) showed a small but notable effect on FH bind-
ing, which was higher than the other controls and in the range
of tr5C6-cs (Fig. 6B). However, since the effect became more pro-
nounced in EDTA serum, in contrast to the other coatings, this
did not translate into a clear inhibitory effect on C3b deposition
(Fig. 6C), and was not observed in other assay formats, it may more
likely be attributed to a technical rather than a biological cause.
While the experimental series was performed in NHS for technical
reasons, we could demonstrate that the FH-recruiting capacity of
the 5C6 coating is maintained in human whole blood (Fig. S9A).

Having confirmed active FH recruitment to the beads, we ex-
plored whether this mechanism would impair complement acti-
vation and whether differences in FH binding among the peptide
panel would translate to C3b/iC3b deposition levels. Of note, the
antibodies used in this experiment do not distinguish between C3b
and its degradation product iC3b and the readout therefore reflects
the overall opsonization activity. In comparison to the FH signals,
the detection of C3b/iC3b deposition revealed an opposite trend
as the peptide coatings showing the strongest capacity for FH re-
sulted in the lowest C3b/iC3b densities (Fig. 6B-C). This effect was
even more pronounced in experiments using 50% NHS, which more
closely represents the physiological conditions in blood (Fig. S9B).
Again, N-terminally tethered peptides were most effective, in par-
ticular full-length 5C6 without additional PEG spacer (Fig. 6C, left).
Interestingly, and despite no notable FH binding being observed, C-
terminally tethered peptides still showed a reduction in C3b/iC3b
deposition when compared to scrambled controls, indicating that
even small amounts of captured FH may lead to a substan-
tial reduction in opsonization. As expected, the addition of EDTA
to NHS completely abrogated complement activation and, conse-
quently, C3b/iC3b deposition (Fig. 6C, right). These assays demon-
strate that the active recruitment of FH to biomaterial surfaces by
5C6 may impair opsonization and that the coating efficacy is di-
rectly affected by a proper orientation and spacing of 5C6 on the
surface.

3.5. 5C6 shows strong target selectivity for FH

A narrow target selectivity profile is considered critical for both
the activity and safety of 5C6 coatings, as a recruitment of plasma
proteins that reduce or even counteract the regulatory effect of FH
needs to be avoided. This is particularly important for FH-related
proteins, which are homologues of FH that share surface recogni-
tion but not regulatory properties with FH and have been shown
to act as competitors of FH on certain surfaces [37]. Within the
FHR family, FHR-5 may impose the highest risk of crossreactivity
for 5C6 as its CCP domains 3-7 show considerable sequence iden-
tity (i.e, 60% identity, 72% similarity) [38,39] to CCP10-14 of FH,
which comprise the 5C6 binding region (Fig. 1C) [27]. However, a
few regions in CCP3 and CCP6 of FHR-5 differ significantly, notably
regarding the presence of charged residues, from the correspond-
ing CCP10 and CCP13 domains in FH (Fig. S10) [39].
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Fig. 6. Protective effect of 5C6 coatings on microparticle-mediated complement activation. A) Median-fluorescence intensity (MFI) of beads loaded with N-terminally bi-
otinylated 5C6 derivatives, scrambled 5C6 or unloaded beads (left) and the representative histograms of the samples in the presence of FH (right). B) MFI of FH binding from
10% (v/v) NHS (left) or 10% (v/v) NHS inhibited with 10 mM EDTA (left) of magnetic streptavidin beads loaded with biotinylated 5C6 derivatives, scrambled 5C6 derivatives
or unloaded beads. C) Median-fluorescence intensity of C3b/iC3b deposition from 10% (v/v) NHS (left) or 10% (v/v) NHS inhibited with 10 mM EDTA (right) of magnetic
streptavidin beads loaded with biotinylated 5C6 derivatives, scrambled 5C6 derivatives or unloaded beads. Bars indicate mean of independent duplicates; error bars indicate

standard deviation. At least 3 independent experiments were performed.

To address the question of target selectivity, we performed a set
of pulldown experiments, in which 5C6-coated streptavidin beads
were incubated with NHS and bound components were eluted
with a 10% SDS solution. Eluates were analyzed using SDS-PAGE
under non-reducing conditions and visualized by silver staining,
or transferred onto nitrocellulose membranes for Western blot-
ting. The gel showed that FH can be successfully pulled down
by full-length 5C6 when surface-tethered through its N-terminus
(Fig. 7A, left, lanes 10-12) and seems to be particularly efficient
in absence of an additional PEG spacer (Fig. 7A, left, lanes 10-11).
While higher molecular structures also appear in the gel, these
are present in all serum- and bead-containing samples, which ren-
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ders a 5C6-mediated effect unlikely. Interestingly, neither the N-
terminally tethered tr5C6 (Fig. 7A, left, lane 9) nor the C-terminally
tethered peptides appeared to have adsorbed FH efficiently under
these conditions (Fig. 7A, left, lanes 7-8). Of note, no protein cor-
responding to the size of FHR-5 (i.e., 65 kDa) was detected in any
sample.

To confirm the selectivity for FH over FHR-5 in a more sensitive
assay, the eluates were evaluated by Western blot using a poly-
clonal antibody capable of recognizing both FH and FHR-5. Inter-
estingly, weak but notable FH signals could be detected for those
peptides that were negative in silver staining, confirming the BLI
results (Fig. 7A, right, lanes 7-9). As expected, the successful pull-
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Fig. 7. Target selectivity profile of 5C6. A) SDS-PAGE with silver staining (left) and Western blot (right) of pulldown experiment with 5C6 and serum. Lanes from left to right:
1: beads + purified FH, 2: beads + 20% serum, 3: beads + unbiotinylated 5C6 + 20% serum, 4: beads + scrlin5C6-cs + 20% serum, 5: beads + scr5C6-cs + 20% serum, 6:
beads + ns-scr5C6 + 20% serum, 7: beads + tr5C6-cs + 20% serum, 8: beads + 5C6-cs + 20% serum, 9: beads + ns-tr5C6 + 20% serum, 10: beads + ns-5C6 + 20% serum,
11: beads n-5C6 + 20% serum, 12: beads + n-5C6 + FH, 13: FHR-5 reference, 14: FH reference, 15: ladder. B) MST concentration-response plot of FH1-20 (brown) and FHR-5
(green). Samples were prepared and measured in three technical replicates, error bars indicate standard deviation. C) Representative SPR concentration-response plot of 5C6

wt, 5C6 scr and C3b to FHR-5 immobilized on a biosensor surface.

down was dependent on the presence of the correct sequence and
biotin but independent of the biotin position (Fig. 7A, lanes 3-6).
Importantly, FHR-5 signals could be detected in the control lane
(purified FHR-5) but in none of the samples, thereby supporting
the target selectivity of 5C6.

Since the pull-down assay may be affected by lower plasma
concentration or weaker binding profiles of FHR-5, we also em-
ployed the MST-based direct binding and SPR assays to verify the
absence of interaction between 5C6 and FHR-5. In contrast to FH,
which showed a dose-dependent signal in MST, FHR-5 did not
show any binding activity for concentrations up to 1 uM (Fig. 7B)
nor did immobilized FHR-5 bind 5C6, despite binding its natural
ligand C3b [17] (Fig. 7C). Hence, our experimental findings and the
sequence alignment support the hypothesis that 5C6 is able to dis-
criminate between FH and FHR-5.

3.6. 5C6 recruits FH from human, monkey and mouse serum

For proof-of-concept studies and preclinical development, the
applicability of a lead compound in animal models of disease is
critical. To assess the species specificity of 5C6, the established
capturing ELISA was performed with plasma or serum from mice,
rats, pigs and monkeys as relevant species. Based on their crossre-
activities, different detection antibodies had to be used, which lim-
its the qualitative and quantitative evaluation across species. Im-
portantly, concentration-dependent FH binding could also be ob-
served for murine serum; although the overall detection signal
appears to be affected by some non-specific binding, there was
a marked difference between recruitment by active 5C6 and the
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scrambled control (Fig. 8A). Despite confirmed crossreactivity of
the detection antibody for mouse and rat FH, no notable recruit-
ment of FH from rat serum could be detected under these con-
ditions (Fig. S11A). Similarly, no dose-dependent signal could be
observed for purified rat FH in our direct MST binding assay (Fig.
S11B). Considering the high sequence identity between murine and
rat FH (Fig. S11C), this species specificity for FH recruitment by 5C6
was unexpected, yet might be caused by changes in key interacting
residues or in conformational differences within the domains. Sim-
ilar to rat serum, no recruitment of FH from porcine serum could
be detected (Fig. S11D). Due to the limited availability of antibod-
ies with confirmed reactivity to pig FH, a detection issue cannot be
fully excluded even if the used antibody was able to detect a band
corresponding to the size of FH when porcine serum was evaluated
by Western blot (Fig. S10D). Finally, FH could be recruited from the
serum of cynomolgus monkeys, although to a lower extent as for
human or murine serum (Figs. 8B and S10E). Our study suggests
that 5C6 exerts activity across species and might therefore be used
in mouse models of disease and in preclinical non-human primate
studies.

4. Discussion

Immune system-mediated adverse events, including inflam-
mation, thrombosis and/or pseudoallergic reactions, continue to
present major obstacles both in the clinical applications of bio-
materials and in transplantation medicine. In addition, the attack
by host defense systems may lead to functional impairment or
even rejection of the foreign bodies. Several strategies are being



C. Bechtler, S. Koutsogiannaki, E. Umnyakova et al.

2.0

A

A n-5C6
ns-scr5C6
1.5 a
£ a
2 1.0
[=]
o
0.5 A
0. 0+———mr———rm——— T,
102 101 10° 10° 102 10
Peptide concentration [ug/mi]
B 0.8
¥ n-5C6
ns-scr5C6
0.6 v
£
j=
g 0.4-
o) v
0.2 -
0.0 T T T T 1
102 101 10° 107 102 103

Peptide concentration [ug/ml]

Fig. 8. Species specificity profile of 5C6. A) Concentration-response plots of 5%
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by ELISA. B) Concentration-response plots of 5% cynomolgus serum to immobilized
5C6 derivatives at different concentrations, measured by ELISA. Graphs are repre-
sentatives of three independent experiments, each measured in duplicate.

used or developed to reduce such complications, including broadly
immunosuppressive and/or anti-inflammatory therapies with pro-
found systemic impact. Preventing initiating host defense reactions
directly on the biomedical surface may provide an elegant and less
intrusive alternative, which mimics an evolutionary validated strat-
egy employed by host and microbial cells alike. The recruitment
of complement regulators is intriguing due to the early and up-
stream involvement of complement in the sensing of foreign sur-
faces. Among those, FH provides a particularly attractive target as
it inhibits the amplification loop, which acts independently of the
initiating pathway and often drives the overall complement re-
sponse, including the generation of inflammatory or cell-damaging
effectors. Promising clinical evaluation results of drug candidates
inhibiting FB or FD, or C3 in the case of the compstatin family,
serve as important validation of therapeutic complement inhibi-
tion at the AP/C3 level [41,42]. Compstatin analogs such as Cp40
(AMY-101, Amyndas) [43] have been successfully evaluated in pre-
clinical models of hemodialysis or transplantation [44,45], among
other indications, and one family member (pegcetacoplan; Em-
paveli, Apellis) has recently been approved for paroxysmal noc-
turnal hemoglobinuria (PNH) [46]. Whereas soluble complement
inhibitors provide a broadly applicable strategy for various indi-
cations, a more targeted, surface-directed approach could be ap-
plied to exogenous complement activators such as extracorporeal
circuits and dialysis filters, nanoparticles and liposomal drug for-
mulations, or transplants and implants by applying a regulator-
recruiting coating before exposing them to blood or interstitial flu-
ids.

The therapeutic value of engaging the potent complement-
regulatory capacity of FH in biomaterial settings has long been
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recognized. Direct immobilization of FH on polystyrene surfaces
has been successfully established [47,48], but a clinical application
of this strategy may prove challenging due to the required large
quantities (up to 4 pmol/cm?2, approx. 0.6 pg/cm?) [16] and the
demanding recombinant production of FH [49]. Although smaller
FH fragments (e.g, miniFH) have been used successfully in vitro
and in vivo in circulation [49,50], no coating studies have been re-
ported. Despite potential drawbacks of protein-based drugs (e.g.,
high cost of goods, potential immunogenicity), these approaches
validate the importance of FH in curbing complement activation
by foreign surfaces. Employing 5C6 as a synthetic-chemically ac-
cessible peptide renders access to the required amounts of coating
entities more suitable and facilitates the conjugation with suitable
tethering moieties. Indeed, earlier proof-of-concept studies could
already demonstrate that 5C6 provides protection from comple-
ment attack when coated to cell or material surfaces [24,26].

In this study, we were able to provide structural and func-
tional insight into the mechanism of FH-recruiting by 5C6 based
on newly established binding and functional assays, all of which
is expected to guide the rational optimization of 5C6 and fa-
cilitate the development of much-needed therapeutic options to
impair biosurface-induced clinical complications. While the non-
regulatory core of FH was previously identified as binding area for
5C6, we could now define the minimum binding region to CCP do-
mains 10-14. When considering the consecutive domain arrange-
ment of FH and the size of 5C6, this observation suggests that the
peptide binds to a discontinuous, conformationally formed region
on FH rather than to a single-domain site. Furthermore, we de-
termined that only the cyclic but not the linear peptide can con-
fer recruiting activity and that both the cyclic core and the exo-
cyclic C-terminus essentially contribute to the interaction with FH.
Alongside their positive impact on metabolic stability, cyclic pep-
tides often present essential target-binding entities as they stabi-
lize bioactive conformations of the peptide sequence [51,52]. While
not essential, the exocyclic N-terminus of 5C6 may serve as spacer
for coating strategies, especially since our studies revealed a strong
benefit of N- over C-terminal tethering.

Synthetic polymers, and in particular PEG, are often used to re-
duce immune reactions towards protein drugs, drug carriers and
biomaterials [2,53]. However, PEG coatings have also been iden-
tified as the source of complications since the binding of natu-
ral anti-PEG antibodies may trigger complement activation and in-
duce pseudoallergic reactions [8,48,54]. It has been described that
such antibodies typically recognize epitopes of 6-7 ethylene gly-
col units; therefore, immunogenicity problems might even arise
from small PEG linkers [55]. By transitioning to N-terminal teth-
ering and using the natural exocyclic N-terminus as spacer, we
eliminate the reliance on PEG spacing between 5C6 and the bio-
surface to circumvent potential immunogenicity issues related to
PEG. The C-terminal immobilization used in previous studies re-
flected the peptide presentation during phage display screening
and required additional spacing to enable FH binding. The critical
role of the exocyclic C-terminal residues revealed by our alanine
scan demonstrated that a freely accessible C-terminus is beneficial
for the recruitment of FH, which was confirmed in binding and
functional studies. The preference for N-terminal tethering may
also facilitate the production of derivatives with distinct tethers ei-
ther during SPPS or by amine-reactive conjugation. This could in-
clude (phospho-)lipid anchors or specificity-mediating tethers such
as antibody fragments, as has been used in the retinal delivery
of a FH-construct in a murine age-related macular degeneration
model [56], or saccharides targeting the endothelium as employed
in derivatives of soluble complement receptor 1 (sCR1) [49]. In
order to provide sufficient access to the surface-exposed peptide,
longer spacer groups than the natural N-terminus may likely need
to be considered for certain applications (e.g., protection of PEGy-
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lated liposomes). While larger PEG-phospholipid moieties (~5 kDa)
were successfully employed for the 5C6-mediated protection of cell
surfaces in a previous study [26], tethering and spacing prerequi-
sites will need to be tailored to specific applications.

Rational optimization of 5C6 for enhanced target binding would
benefit from structural information. Unfortunately, structural mod-
els for the previously identified binding area of FH CCP8-15 are
scarce due to the expected flexibility of the segment and its mi-
nor functional importance. Small-angle X-ray studies of full-length
FH indeed suggest structural variability in this core region of FH
[57]. We therefore aimed at identifying a single- or dual-domain
segment amenable for structural analysis, yet our studies revealed
that the minimum interacting region of FH comprise a five-domain
stretch encompassing CCPs 10-14. This finding suggests that the
FH core needs to assume an ordered, folded-back conformation to
form the 5C6 binding site, which is in agreement with current hy-
potheses about the structure of FH and visible in some of the so-
lution models [19,21,57].

Our observation that 5C6 shows strong selectivity for FH over
FHR-5, which features a region homologous to FH10-14, is of great
functional importance as it minimizes the possibility that concur-
ring recruitment of a ‘deregulator’ may impair the coating activity.
This selectivity difference also provides evidence that CCP10 of FH
plays an important role in 5C6 binding due to the presence of a
strongly dissimilar patch in residues 567-582 of CCP10 when com-
pared to the corresponding region in FHR-5. Intriguingly, this area
is also among the few regions that show comparatively large dif-
ferences between murine and rat FH, for which we detected un-
expected differences in species specificity. Further structural and
interaction studies will be needed to deepen our understating of
the molecular determinants of this interaction.

Important for future translational efforts, we could show that
5C6 is able to bind FH from different species, in particular from
mouse and non-human primate origin, which will facilitate the
evaluation of 5C6 in animal model systems, including established
models of biomaterial-induced complement activation and AMR
[58-61]. Again, further studies are warranted to delineate the ex-
act species specificity profile of 5C6, since the detection of FH re-
cruitment in ELISA-type assays not only relies on the affinity of
5C6 for FH but also on the quality, affinity and selectivity of the
detection antibodies. For pigs, a particularly relevant model ani-
mal for transplantation and biomaterial studies, the availability of
well-characterized and validated detection systems remains scarce.
Notwithstanding such limitations, our findings that N-terminal
tethering of 5C6 to model surfaces provides a strong and highly se-
lective recruiting activity towards FH from both human and mouse
serum paves the avenue towards in vivo models suitable for further
preclinical evaluation of 5C6 in relevant indication areas.

5. Conclusions

The great promise of using 5C6 as a FH-recruiting coating to
curb complement attack was previously shown in proof-of-concept
studies, following the sequence and orientation as provided by the
initial phage library screening [24,26]. Herein, we provided im-
portant new insights into the target interaction of 5C6, including
the binding area on FH and the peptide’s structural prerequisites
for FH recruitment, massively improved tethering options, target
selectivity and species specificity. We could show that both the
cyclic core and the exocyclic C-terminus of the peptide are criti-
cal for target interaction, whereas the N-terminus does not seem
to engage substantially with FH but instead can be utilized as
spacer for surface tethering. In fact, N-terminal immobilization ap-
pears to be beneficial for affinity and recruiting activity even in
absence of additional PEG spacers. Finally, we could show that
5C6 is able to bind FH from different species, notably murine FH,
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thereby facilitating the investigation of 5C6 in translational ani-
mal model systems, and that 5C6 selectively binds FH even over
related proteins. This renders 5C6 a promising preclinical candi-
date for the development of protective coatings to reduce or even
prevent complement-mediated adverse reactions to biomedical cell
and material surfaces. This work primarily focused on elucidat-
ing the target interaction and specificity profile of 5C6. Subsequent
studies will need to investigate the impact of tethering strategies
and active peptide densities on regulatory capacities and immune
recognition in the context of application-relevant materials and
whole blood settings.

Whereas therapeutic complement inhibition has become well
established in many clinical areas, biomaterial- and transplant-
induced complement activation has remained an unmet clinical
need. This is particularly unfortunate since such indications pro-
vide opportunities for ex vivo coating strategies. The technology
described here would enable targeted complement inhibition di-
rectly on the activating surface, with minimal effect on systemic
complement activity, by exploiting the strong modulatory capac-
ity of the host regulator FH. Alongside the direct impact on bio-
material applications involving complement activation, the strategy
may also inspire other modulator-recruiting coating approaches to
curb additional immune and thromboinflammatory complications
and further increase the safety and applicability of biomaterials.
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