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Abstract

Complement sensitization of red blood cells (RBCs) can cause life-threatening hemolytic anemias.
We have previously shown that complement receptor 1 (CR1) derivatives specifically the N-
terminal region with decay accelerating activity (DAA) for inactivation of a key enzyme in the
complement cascade can reduce complement-mediated RBC destruction in vitro and in an in vivo
mouse model of hemolytic transfusion reaction. In the present study, we have modeled the N-
terminal CR1 molecule based on the X-ray crystal structure of decay accelerating factor and the
NMR structure of a homologous CR1 domain. Based on the homology model, we identified a 34-
mer peptide encompassing the putative DAA which in vitro reduced hemolysis, C3a release and
surface C3 deposition. More importantly, this peptide at 0.6 mM was effective in prolonging
survival of transfused incompatible RBCs in vivo. Our results indicate that CR1-based structure—
function studies may provide insights for developing structure-derived transfusion therapeutics in
the future.
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The complement system is an important part of the innate immune system for fighting
infections and foreign molecules before an adaptive response is developed. To execute its
functions, the system has to be activated. A key step in the complement activation cascade is
the formation of the C3 convertase complex on the surface of target cells which cleaves C3
into C3b, the main effector of complement, and C3a, a potent anaphylatoxin that is released
into the medium. C3b and its degradation products on target cells act as opsonins marking
them for removal from the circulation by phagocytes. In addition, if sufficient quantities of
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C3b are formed on the cell surface, they can result in serial activation of complement
proteins (C5-C9) that form the C5b-9 complex, also known as the membrane attack
complex. Once adequate number of C5b-9 complexes form, the target cell is lysed. As
expected, inappropriate complement activation can have deleterious effects. In the
transfusion medicine setting, complement sensitization of red blood cells (RBCs) can result
in life-threatening hemolytic transfusion reactions as well as hemolytic anemias [1]. There is
thus a critical need for a therapeutically applicable complement inhibitor. To date several
inhibitors have been described [2], but none of these has yet been adopted as a therapeutic
agent. A strategy to develop complement inhibitors has been to manipulate naturally
occurring complement regulatory proteins that act at various steps in the activation cascade
and control inappropriate complement activation for therapeutic use. Complement receptor 1
(CR1) is the most versatile member of the complement regulatory proteins through its ability
to bind complement split products (C3b and C4b) and possessing decay accelerating and
cofactor activities that can inactivate the two critical enzymes (C3 and C5 convertases) of
both the classical and alternative complement activation pathways [3-6]. A recombinant
soluble form of CR1 (SCR-1) by inactivating the convertases in the complement cascade has
successfully inhibited the complement activation and prevented complement-mediated tissue
injury in several animal models [7,8]. More importantly, SCR-1 has been in human clinical
trials for the treatment of acute respiratory distress syndrome and to reduce tissue damage in
myocardial infarction and lung transplantation [9-11] with possible favorable outcomes
[10].

Our studies were the first to demonstrate a potential for SCR-1 for inhibiting complement-
mediated red cell destruction following transfusion immunization events [12,13]. We
reasoned that by identifying the functional regions of CR1 (decay accelerating and cofactor
activities), structure-based small synthetic molecules with more specific inhibitory activities,
but lacking immunogenecity can be developed, thereby permitting the administration of
lower drug doses and better efficacy. A combined in vitro and in vivo structure—function
analysis of CR1 domains responsible for complement inhibition has been our approach
towards the future design of such molecules. The extracellular 1930 residue long domain of
CR1 can be divided into 30 short consensus repeats (SCRs), each of 59-72 amino acids (aa)
with sequence homology between SCRs ranging from 60% to 90% [14]. Through structure—
function analysis we identified a 254 aa domain at the N-terminus of CR1, consisting of 4
SCRs (SCRs-1-4), that has anti-hemolytic activity both in vitro and in vivo in a mouse
model of complement-mediated hemolytic transfusion reaction [15]. This region mediates
inhibition of the classical pathway and possesses decay acceleration of the C3 convertases
[16]. Previous mutagenesis data of SCRs-1-4 have identified several critical residues for
decay accelerating activities in the N-terminal domain [16-20]. For example, three
positively charged amino acids Arg59, Arg60, and Lys61 at SCR-1/SCR-2 junction, Arg64,
Asn65, Thr103, and Thr110 in SCR-2 as well as Gly35 in SCR-1 were found to be
important for both decay accelerating activity while Phe82 was required primarily for decay
accelerating activity [20]. To date, no structural data for the N-terminal domain of CR1 is
available. However, the NMR structure of a homologous region (SCRs-15-17) in CR1 has
been reported [21]. In addition, there is crystallographic data on the structure of the 4 SCRs
of decay accelerating factor (DAF)/CD55 [22]. In the present study, we have modeled the
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amino terminal SCRs based on the crystal structure of DAF [22] and the NMR structure of
SCRs-15-17, designed peptides based on this homology model and tested their anti-
hemolytic activities. Using this rational approach, we have identified a 34-mer peptide in
SCR-2 which has anti-complement activity both in vitro and in vivo.

Methods and materials

Modeling CR1 based on DAF crystal structure and SCRs-15-17 NMR structure

Homology models of the first 3 N-terminal SCRs of CR1 were built based on the X-ray
crystal structure of DAF/CD55 (pdb code: 1ojw) and on the average NMR structure of the
SCRs-15-16 of CR1 (CD35) (pdb code: 1gkn) using the automated software Modeller [23]
within Quanta 2000 (Accelrys, San Diego, CA) running on a Silicon Graphics Octane with a
dual R12000 processor (sgi, Mountain View, CA). ‘Refine 3’ option in Modeller, which
uses conjugated gradient together with molecular dynamics by simulated annealing
technique, was used to optimize the models. Five models for each run were developed and
the model with the lowest Objective Function was selected. The resulting models were
evaluated for its stereochemical properties by Procheck software [24] at 2.0A and by Quanta
Protein Health programs within Quanta 2000.

Synthetic peptides
The peptides in Fig. 2 were synthesized by Genemed Synthesis Inc. (South San Francisco,
CA) and by the Biomolecular Synthesis Laboratory of the New York Blood Center. A
standard solid-phase Fmoc method was used for peptide synthesis. Peptides were purified to
homogeneity (purity >90%) by HPLC and identified by laser desorption mass spectrometry.

In vitro CR1 functional assays

For the hemolytic assay, we used papain-treated group A RBCs. Papain digestion of RBCs
was performed on washed RBCs by incubating cells with 0.05% final concentration of
papain (Calbiochem, San Diego, California) in PBS at 37 °C for 20 min as previously
described [25]. Hemolytic assays were performed using human sera, as source of
complement, from two different group O volunteers that were preincubated for 15 min at
room temperature with mock or 10 mM EDTA to inhibit all complement activation
pathways or different concentrations of CR1 derivatives. The treated sera were then added to
a final serum concentration of 30% to papain-treated group A RBCs (108 per ml) and
incubated for 30 min at 37 °C. Hemolysis was assessed by spectrophotometric measurement
of hemoglobin in the supernatants and the mock-treated samples were used as control: the
amount of hemolysis in the experimental samples was expressed as a percentage of the
control (taken as 100%) as previously described [12]. We assayed for complement activation
by measuring the levels of C3 deposition on the RBCs using FITC-conjugated goat anti-
human C3 (ICN, Aurora, Ohio) by flow cytometry. As control, we also measured levels of
1gG which should not be affected by complement inhibitors using FITC-conjugated anti-
human IgG. By expressing the levels of anti-C3 reactivity on buffer-treated samples as
100%, complement deposition on the remaining samples were then calculated as a
percentage of the control. C3a levels were measured using an OptEIA™ Human C3a ELISA
kit (BD Pahrmingen) according to the protocol outlined by the manufacturers.
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Mouse transfusions

RBCs were labeled with the fluorescent dye, PKH-26 (Sigma, St. Louis, Missouri)
according to manufacturer's instructions and resuspended in known amounts of peptide or
buffer to give a final hematocrit of 20% in 500 pl. Eight- to ten-week old C57BI/6 female
mice were injected by the tail-vein equivalent to 10% of total mouse blood volume. Blood
samples (25 pl) by retro-orbital sinus bleeding were obtained at the time points indicated
after transfusion and the clearance of fluorescent RBCs was measured by flow cytometry as
previously described [12]. The fraction of fluorescent RBCs of the total number of recipient
RBCs studied (200,000 per sample) was determined for each animal.

Statistical analysis

The significance of differences between groups of mice was calculated using analysis of
variance, Anova test and only p values less than 0.05 were considered as significant.

Results and discussion

Modeling CR1 based on DAF crystal structure and SCRs-15-17 NMR structure

The superimposed models of the first 3 N-terminal SCRs of CR1 based on the X-ray crystal
structure of DAF and NMR structure of the SCRs-15-17 of CR1 showed similar folding
patterns (Fig. 1). The crystallographic data together with mutagenesis studies from DAF
suggest that a strong candidate for A protein-binding site contacting the catalytic subunit of
the C3 convertases is a hydrophobic patch Pro-97, Phe-148, Phe-169, Leu-171, and lle-172
(Fig. 2) [22,26]. Equivalent residues in CR1 (Pro-34, Phe-82, Thr-103, 1le-105, and lle-106)
are conserved for the most part and by our modeling studies also appear to form a
hydrophobic patch near the SCR-1-2 junction with almost all the residues present on SCR-2
(Figs. 1 and 2). In addition, based on the model it appears that the convertase contact sites
are far away from the third SCR (SCR-3) (Fig. 1), indicating that SCR-3 has little or no role
in direct binding although it may still have a role as a structural element.

In vitro anti-complement activities of N-terminal CR1 derived peptides

Based on the homology model, we prepared 4 peptides: the 37mer peptide 1 (P1: GIn 1-Ser
37) and 30mer peptide 2 (P2: GIn 31-Arg 60) have overlapping sequences while the 35mer
peptide 3 (P3: Ser 61-Arg 95) and 34-mer peptide 4 (P4: Ser 89—Arg 120) have overlapping
sequences in SCR-2. Based on the homology model, P4 is predicted to encompass the
putative hydrophobic patch which based on mutagenesis is responsible for mediating decay
accelerating activity (Fig. 2). We found that at 10 or 20 UM concentrations only P4 had anti-
hemolytic activity in vitro (Fig. 3A). If C3 convertases were really the target of inhibition by
peptide 4, the release of highly inflammatory C3a fragments and deposition of C3b opsonins
should also be impaired. We found that in our classical complement activation assay,
peptide 4 at either dose of 10 or 20 uM reduced release of C3a and decreased the levels of
C3b deposition, but not 1gG, on the cells, consistent with the complement inhibitory activity
(Fig. 3B).
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Analyses of CR1-derivatives in a mouse model of complement-mediated RBC destruction

We next tested the ability of selected CR1 peptides in preventing RBCs from complement-
dependent immune destruction in vivo, and in prolonging the survival of transfused human
RBCs in our mouse model of transfusion reactions. In this study, we co-injected human
RBCs with P1 or P4 at 0.6 mM concentration and found that only P4 prolonged transfused
RBC survival in the mouse circulation compared to control buffer-treated mice for the initial
times post-transfusion (p < 0.05, Fig. 4). Indeed, our data show that without treatment over
50% of transfused human red cells was destroyed in vivo by 1 min post-transfusion.
However, in P4-treated group it was only after 45 min that the transfused RBC levels had
reached 50% of their original numbers (Fig. 4).

Conclusions

Altogether, our data indicate that a 34-mer peptide encompassing potential binding sites for
mediating decay acceleration of the classical pathway C3 convertase complement activation
can reduce complement-mediated RBC destruction both in vitro and in vivo.

We found that the 34-mer P4 was only effective in prolonging the survival of incompatible
transfused RBCs for the first 30 min post-transfusion. This is probably due to fast renal
clearance and/or enzymatic degradation of our peptide. Various approaches are used to
prolong the circulating plasma half-lives of short synthetic peptides which we are testing
with our candidate molecule including replacing .-analogue amino acids with o-amino acids,
modification of N- and C-terminal residues or PEGylation [27]. In addition, although P4
clearly possesses anti-complement activity, we believe that other modifications such as
cyclizing the peptide are most likely to increase its activity. Based on the homology model,
Cys-90 in peptide 4 is disulphide-bonded with Cys-120. Future experiments are planned to
test the inhibitory activity of cyclized peptide 4 having Cys-90 and -120 disulphide bonded.
Although DAF has been shown to be approximately fourfold better inhibitor of the
alternative pathway convertase than CR1, it is a fourfold less efficient inhibitor of the
classical pathway convertase than CR1 [28]. Nevertheless, it would be informative to
compare the activity of peptides encompassing the hydrophobic patch from DAF and CR1
(see Fig. 2) for prevention of the complement-mediated RBC destruction. A CR1 inhibitor
(APTQ70) based on the N-terminal 3 SCRs that are targeted to the cell surface is in clinical
trials in rheumatoid arthritis patients to explore its therapeutic potential for complement
inhibition [29]. Our identification of a short peptide within this N-terminal domain may be
helpful for future design of smaller peptidomimetic molecules that can replace the larger 3
SCRs in APTOQ70. Interestingly, mutations that considerably increase decay acceleration for
the classical pathway C3 convertase have been identified that map to residues within our
peptide 4 [20]. By making synthetic peptides harboring such mutations we plan on testing
their effectiveness in preventing complement-mediated RBC destruction using our assays.

It is important to note that a major focus of our studies has been on development of
complement therapeutics for prevention of complement-mediated red cell destruction. The
application for these inhibitors that we are proposing is for short-term prophylactic use as a
therapeutic option in select patients with complement-mediated immune hemolysis (due to
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mplement-fixing antibodies such as Kidd or cold agglutinins or in patients with

paroxysmal nocturnal hemoglobinuria) to ameliorate the life-threatening complications.
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Convertase
Interaction
Site

Fig. 1.
Homology model of N-terminal domain of CR1. (A) C-a tracing of SCR-1-SCR-3 domains

of CR1 (black) superimposed on the X-ray crystal structure (grey) of human complement
regulator CD55. The residues, forming the hydrophobic patch and responsible for interaction
with convertase, are shown as ball-and-stick model. (B) C-a tracing of SCR-1 and SCR-2
domains of CR1 (black) superimposed on the NMR structure (grey) of SCRs-15-16 of CR1.
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P4 Ser-89-Arg-120
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KSCRNPPDPVNGMVHVIKGIQFGSQIKYSCTKGYR
SCTEGYRLIGSSSATSIISGDTVIWDNETPICDR

Fig. 2.

Clgl peptides. (A) Schematic representation of CR1 peptides in relation to full-length CR1
is depicted. (B) CLUSTAL W (1.82) alignment of SCR-1 and -2 of CR1 with SCR-2 and -3
of DAF. The degree of conservation is shown above the sequences (*, same residue; “:”,
conserved substitution; “.”, semi-conservative substitution). The residues in DAF that have
been shown to be critical for decay acceleration of the C3 convertases are underlined. The
position of the predicted hydrophobic patch in SCR-2 based on the homology model is
shown in boxed grey. The sequence of the peptides 1-4 (P1-4) and their position in relation

to full-length SCR-1 and SCR-2 of CR1 are depicted.
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Anti-complement activity of CR1-derived peptides. (A) Human sera from a group O donors
(=2) were pre-incubated for 15 min at room temperature with control 10 mM EDTA (for
inhibition of the complement activation pathways), 10 or 20 uM peptides 1-4, before
addition of human group A RBCs. Levels of hemolysis in the supernatants were measured.
Data are presented as the percentage of hemolysis the buffer control from four separate
experiments. (B) Surface C3 and 1gG were measured on the remaining unlysed cells from
P4-treated samples in A by flow cytometry. Levels of C3a released in the supernatants were
measured using an ELISA kit. Data are presented as the percentage of C3 and 1gG
deposition and C3a release of the buffer control from four separate experiments.
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Fig. 4.
A CR1-derived 34-mer peptide prolongs the survival of transfused RBC in vivo.

Fluorescently-labeled human group O RBCs equivalent to 10% of total mouse blood volume
were injected intravenously into C57BI/6 mice without (buffer, black squares, n = 9) or with
peptide 1 (P1, grey diamond, n = 5) or peptide 4 (P4, black circles, n = 8) both given at 0.6
mM. At times indicated, venous blood was sampled and analyzed by flow cytometry for
fraction of fluorescent RBCs. To show the clearance kinetics, injected RBCs at time 0 were
taken as 10% and the remaining RBCs were calculated at different time points as the
average for each group of mice with error bars depicting SEM. *p < 0.05 as compared to
buffer treatment.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2016 March 23.



