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Abstract

Background—A variety of disorders are associated with the activation of complement. CD46,
CD55 and CD59 are the major membrane associated regulators of complement on human cells.
Previously, we have found that independent expression of CD55, CD46 or CD59 through gene
transfer protects murine tissues against human complement mediated attack. Herein we
investigated the potential of combining the complement regulatory properties of CD46, CD55 and
CD59 into single gene products expressed from an adeno-associated virus (AAV) vector in a
soluble non-membrane anchored form.

Methods—Miinigenes encoding the complement regulatory domains from CD46, CD55 and
CD59 (SACT) or CD55 and CD59 (DTAC) were cloned into an AAV vector. The specific
regulatory activity of each component of SACT and DTAC was measured in vitro. The
recombinant AAV vectors were injected into the peritoneum of mice and the efficacy of the
transgene products for being able to protect murine liver vasculature against human complement,
specifically the membrane attack complex (MAC) was measured.

Results—SACT and DTAC exhibited properties similar to CD46, CD55 and CD59 or CD55 and
CD59 respectively in vitro. AAV mediated delivery of SACT or DTAC protected murine liver
vasculature from human MAC deposition by 63.2% and 56.7% respectively.

Conclusions—When delivered to mice in vivo via an AAV vector, SACT and DTAC are
capable of limiting human complement mediated damage. SACT and DTAC merit further study as
potential therapies for complement mediated disorders when delivered via a gene therapy
approach.
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Introduction

The complement system is the humoral component of the innate immune system responsible
for inactivating invading pathogens and in maintaining tissue homeostasis [1]. Due to its
potency, the complement system is tightly regulated by a variety of soluble and membrane
bound inhibitors of complement [1, 2]. Inappropriate activation of complement has been
associated with a wide variety of inherited and acquired diseases, including autoimmune,
inflammatory, hematological, neurodegenerative, cancer, ischemia/ reperfusion injuries,
organ transplantation and sepsis (reviewed in [2-4]). Furthermore, foreign surfaces present
in biomaterials such as medical implants, hemodialysis filters and gene delivery systems
trigger activation of complement [3]. While acute activation of complement occurs in
diseases such as sepsis or transplant rejection, the majority of disorders associated with
activation of complement are chronic, e.g. age related macular degeneration (AMD),
paroxysmal nocturnal hemoglobinuria or rheumatoid arthritis [2]. Many of the chronic
diseases involving complement are caused by deficiencies in regulators of complement [2].
These deficiencies are primarily of the alternative pathway but can also involve the classical
pathway, such as in hereditary angioedema or systemic lupus erythematosus (SLE) [5].

Activation of complement terminates in the formation of the membrane attack complex
(MAC), a pore that disrupts the cell membrane and subsequently lyses the cell [6]. Elevated
levels of MAC coupled with polymorphisms or mutations in complement regulators are
found in patients with chronic diseases such as AMD, suggesting that failure at a variety of
check points in complement activation are associated with disease pathogenesis [7]. In the
case of AMD, individuals with a reduced ability to form MAC are partially protected from
disease pathogenesis without significant complications, supporting the hypothesis that long-
term attenuation of complement activation for chronic disorders may be a viable approach
for the treatment of AMD and other complement-associated disorders such as rheumatoid
arthritis [8, 9].

Currently, there are only 3 FDA-approved inhibitors of complement available to patients,
but there are over 25 different inhibitors of complement undergoing clinical trials [10]. In
the context of chronic disorders such as AMD, this would require repeated injections of the
complement inhibitor into the eye, a mode of delivery associated with significant side
effects [11, 12]. One alternative approach for the delivery of inhibitors of complement for
chronic diseases such as AMD or rheumatoid arthritis is the use of somatic gene therapy.
While significant proof of principle has already been obtained that gene therapy is
efficacious in humans for treatment of single gene disorders, patients with complex
disorders such as rheumatoid arthritis have also been successfully treated using a gene
therapy approach (reviewed in [13]). In some instances, use of gene therapy has been found
to be uniquely efficacious in mobilizing soluble versions of otherwise membrane-associated
inhibitors of complement. For example, CD59 (protectin) is a naturally occurring inhibitor
of MAC found tethered to the membranes of cells via a glycosylphosphatidylinositol (GPI)
anchor. While membrane-associated CD59 is a potent inhibitor of MAC, soluble membrane-
independent CD59 has only been reported to be efficacious in vivo when delivered via a
gene therapy vector such as adeno-associated virus (AAV) [14].
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CD55 (decay accelerating factor) is a GPI anchored protein that regulates complement
activity by accelerating the decay of the classical as well as the alternative C3 convertase
[6]. CD46 (membrane cofactor protein), is a ubiquitously expressed type 1 transmembrane
glycoprotein that acts as a cofactor for factor | mediated cleavage of C3b and C4b,
preventing formation of the classical and alternative C3 convertase [15]. CD46 regulates the
amplification loop of the alternative pathway of activation of complement. Although having
differing properties, CD55 and CD46 each contain a series of 60 amino acid repeat motifs
called short consensus repeats (SCR) that are thought to act as complement regulatory
modules [16]. Species specificity between human and mouse complement proteins limit the
testing of human complement inhibitors in murine tissues in vivo (reviewed in [17]).
Previously, we have found that CD59, CD46 or CD55 expressed separately on the surface of
murine cells can protect those cells from human complement mediated damage [18-20].
Each of the above molecules target a different component of activated complement. The
goals of the current study were to examine if a similar gene therapy approach may be
utilized to deliver a single molecule containing all of the disparate properties of CD55,
CD46 and CD59 or the combinatorial properties of CD55 and CD59.

Materials and Methods

Cell Lines

Hepalclc7 and HEK?293 cell lines were obtained from ATCC and maintained in cMEM and
DMEM, respectively, supplemented with 10% FBS. The human embryonic retinoblast, 911,
cell line was maintained in DMEM supplemented with 10% FBS [21]. Cell culture reagents
were purchased from Invitrogen Life Technologies and cells were maintained in a
humidified incubator at 37°C with 5% CO,.

Structure and synthesis of SACT and DTAC

A cDNA was synthesized by GenScript (Piscataway,NJ) to encode the Soluble Active
Complement Terminator (SACT) which contains the sequence encoding the human CD59
(ATCC cat. 10658204) secretory peptide followed by the coding sequence for amino acids
34-296 of human CD46 (ATCC cat. 7491463) encoding the four SCR domains of CD46
(Figure 1A)[22]. The human CD46 sequence is attached via a sequence encoding a five
glycine linker to a sequence encoding amino acids 33-356 of human CD55 (ATCC cat.
5830488) which comprise the SCR domains and STP region of CD55 [16]. An additional
sequence encoding a five glycine linker attaches the STP region of CD55 to a sequence
encoding the 76 amino acid functional domain of human CD59. A cDNA encoding the Dual
Terminator of Active Complement (DTAC) was also synthesized by GenScript to contain
the sequence encoding the human CD59 secretory peptide followed by the coding sequence
for amino acids 33-356 of human CD55 (as described above) (Figure 1A). The sequence
encoding the STP region of CD55 sequence was attached via a sequence encoding a five
glycine linker to a sequence encoding the 76 amino acid functional domain of human CD59.
The cDNAs encoding SACT and DTAC were cloned into the Xhol and EcoRYV sites of
pAAVCAG, a modified version of pAAV-MCS (Stratagene) containing a chicken B-actin
promoter/CMVenhancer (CAG) and a rabbit globin polyadenylation signal (generously
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provided by C. Cepko and Matsuda), to generate pAAV2CAGSACT and
pAAV2CAGDTAC, respectively.

Construction of Adeno-associated Virus (AAV) Constructs

Recombinant AAV was generated via triple transfection of 293 cells with each of
pAAV2CAGSACT, pAAV2CAGDTAC and pAAV2CAGGFP, pHelper (Stratagene) and
pAAV2/8Rep/Cap [14]. The resulting AAV vectors, AAV2/8SACT, AAV2/8DTAC and
AAV?2/8GFP were purified by iodixanol gradient and dialyzed in Ringer’s lactate buffer
[23]. Viral genomes were titered by real-time quantitative PCR using primers targeting
AAV?2 inverted terminal repeats (ITRs) as described [24].

Western Blot Analyses

The human embryonic retinoblast, 911, cell line was transfected with pAAV2CAGDTAC,
pAAV2CAGSACT or pAAV2CAGGFP using Lipofectamine 2000 as per manufacture’s
protocol (Invitrogen). 72 hours post-transfection, media was collected, centrifuged and
electrophoresed on a 10% Tris-HCI gel and proteins subsequently transfered to a
nitrocellulose membrane, probed with a mouse anti-human CD46 antibody (MEM258,
Serotec) at a dilution of 1:10,000; a goat anti-human CD55 antibody (AF2009, R&D
systems, Minneapolis MN) at a dilution of 1:20,000 or a rabbit anti-human CD59 antibody
(ab124396, Abcam) at a dilution of 1:5,000. An IRDye linked secondary antibody was used
followed by detection with the Odyssey Li-Cor System (Li-Cor Biosciences, Lincoln NB).

Complement Assays with Hepalclc7 cells

For FACS analyses, hepalclc? cells were plated in aMEM/2% FBS without phenol red at
50% confluency. After 3 days, the hepalclc7 cells were collected by trypsinization (0.25%
EDTA) and resuspended in 1X phosphate-buffered saline (PBS) containing 0.5% FBS.
5x10° cells were centrifuged at 1200RPM/4°C and resuspended in 500pl of media from 911
cells transfected with pDTAC, pSACT or pGFP. Normal human serum (NHS; Complement
Technology, Tyler, TX) or heat-inactivated (hi; 56°C for 1 hour) NHS was added to each
sample to a final concentration of 1% and samples were incubated with constant rotary
motion at 37°C for 1 hour. Cell lysis was determined using the propidium iodide (PI)
exclusion method. 1ul of Pl (2mg/ml) was added to each sample and 25,000 cells were
counted by FACS (FACS Calibur) for PI uptake (CellQuest Pro software, Becton
Dickinson).

For in vitro MAC deposition, 35,000 hepalclc? cells were seeded per well of an 8 well
chamber slide (Becton Dickinson) in aMEM/2% FBS. 24 hours later, media was removed
and the cells were washed three times with 1XPBS and cells incubated with 10% NHS or
hiNHS resuspended in media from 911 cells transfected with either pDTAC, pSACT or
pGFP for 10 minutes at 37°C. Cells were then washed twice with cold 1XPBS and then
fixed for 15 minutes with 3.7% formaldehyde. Cells were stained for MAC deposition as
described below.
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Hemolytic Assays

Sensitized sheep erythrocytes (Complement Technology) were washed twice with Gelatin
Veronal Buffer (GVB2*) and suspended to a concentration of 5 x 108 cells/ml. 25pl of
erythrocyte suspension was used per reaction. 125ul of media from either pGFP-, pDTAC-
or pSACT-transfected 911 cells containing NHS to a final concentration of 0.3% was added
to the erythrocyte suspension. Following an hour incubation at 37°C, erythrocytes were
centrifuged (500xg for 4 minutes at 4°C) and absorbance of the supernatant was read at
405nm (Filter Max F5 multi-mode microplate reader, Molecular Devices; Sunnyvale, CA).

For CD55 blocking assays, media from either pGFP-, pDTAC- or pSACT-transfected 911
cells that had been incubated with or without anti-CD55 antibody (ab33111, Abcam;
Boston, MA) at room temperature for 30 min was added to the erythrocytes along with 0.3%
NHS. After a 1-hour incubation at 37°C, supernatant was collected and absorbance was read
as above.

For C9-incorporation assays, suspended erythrocytes were incubated with 0.1% C9-depleted
serum (Complement Technology) for 1-hour at 37°C to permit formation of the C5b-8
complex. After washing twice with GVB2*, media from either pGFP-, pDTAC- or pSACT-
transfected 911 cells that had been pre-incubated on ice for 30 minutes in the presence or
absence of 0.04ug/ml C9 (Complement Technology) was added. Following a 30-minute
incubation at 37°C, samples were centrifuged and absorbance was determined, as described
[25]. All hemolytic assays were normalized to the lysis of erythrocytes in media from pGFP-
transfected cells (set at 100% lysis).

Factor | Cofactor Activity

In vitro cofactor activity was assayed as described previously [26]. Media from either
pGFP-, pDTAC- or pSACT-transfected 911 cells was incubated with 3ug of C3b, plus
100ng of factor I in a total volume of 20l at 37°C for 4 hours. Reactions were terminated by
adding 5ul of SDS-PAGE sample buffer containing B-mercaptoethanol and boiling. C3b
reaction products were analyzed by Western blot using a 10% SDS-PAGE gel. After
transfer, membrane was probed with polyclonal goat anti-human C3 (A213, Complement
Technology) at a dilution of 1:1,000. The intensity of the signal of the C3b (a chain,
104kDa) remaining following incubation with Factor I in the presence of conditioned media
was measured (see Western Blot Analyses below). To account for sample loading errors, the
signal intensity of the C3b (a chain) was normalized using the signal intensity of the
uncleaved  chain of C3b.

Degradation of Alternative Pathway C3 Convertase

Microtiter plates were coated with 0.1% agarose in water and allowed to dry for 36 hours at
37°C, after which the wells were blocked with 1% bovine serum albumin in PBS for 2 hours
at room temperature as described previously [25]. NHS diluted in MgZ*EGTA was added to
the agarose-coated plate and incubated at 37°C for 1 hour. Following washing, media from
either pGFP-, pDTAC- or pSACT-transfected 911 cells was added to the plate after which
the plates were incubated at 37 °C for 1 hour. Factor B remaining bound to the plate was
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then detected using a factor B (A235, Complement Technologies) specific antibody
followed by HRP-conjugated secondary antibody.

In Vivo Liver MAC Deposition Assay

This protocol has been described in detail previously [27]. Animal use in this study was in
accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research. This study was approved by Tufts University Institutional Animal Care and Use
Committee (IACUC) protocol B2011-150. Briefly, 6-10 week old C57BL/6J mice were
injected intraperitoneally with 3.3 x 1011 genome copies of AAV2/8DTAC, AAV2/8 SACT,
or AAV2/8polyA. After three weeks, mice were injected intracardially with 200 pg of anti-
mouse PECAM antibody (clone 2H8, 1.4 mg/mL, prepared as described previously). After
4-6 hour incubation, mice underwent a cardiac perfusion of 1 ml of gelatin veronal buffer
(GVB2*) followed by 1.5ml of 90% NHS (Complement Technology Inc., Tyler TX) in
GVB2*, Following a 15 minute incubation at 37°C, the median lobe of the liver was
harvested and fixed overnight in 4% paraformaldehyde at 4°C. 8um cryosections were
obtained and stained for MAC as described below. Imaging was performed using an
Olympus 1X51 microscope equipped with a Retiga 2000r camera. Intensity of MAC staining
over the entire section as well as around the vessels was quantified using ImageJ software
(National Institutes of Health; Bethesda, MD, USA). Large blood vessels were defined as
those with a diameter larger than two cell widths and include arteries, arterioles, veins and
venules but exclude capillaries and sinusoids. The outer and inner boundaries of the large
blood vessels were traced using the freehand selection tool and total intensity and total area
was calculated for each using the measure function. To calculate the average vessel
intensity, the following equation was utilized: X=[lguter — linnerd/[Aouter — Ainnerl-

Immunohistochemistry

To detect MAC deposition on hepalclc? cells, cells were incubated for 2.5 hours at room
temperature with mouse anti-human C5b-9 (1:100) (ab66768, Abcam, Cambridge MA) in
0.05% triton containing 6% normal goat serum (NGS). Cy3 conjugated goat anti mouse
(1:200) in 0.05% triton containing 3% NGS for 1 hour at room temperature was used for
secondary detection. For detection of MAC deposition on liver vasculature, liver sections
were incubated for 2.5 hours at room temperature with rabbit anti-human C5b-9
(Complement Technology, Tyler TX) (1:400) in 0.5% triton, following a 1 hour blocking
with 6% normal goat serum (NGS) and 0.5% triton. Cy3-conjugated goat anti-rabbit (1:200)
was used for 1 hour at room temperature for secondary detection.

Images were captured using an Olympus 1X51 microscope and Image J software was used to
quantify fluorescence. Raw fluorescence units were measured and background for each
image was subtracted.

Statistical significance was determined for all assays using two-tailed unpaired t-tests and all
statistical analyses were performed using Prism Software 5.0a (GraphPad Software Inc., La
Jolla, CA, USA).
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Results
Synthesis of SACT and DTAC

We generated a plasmid containing an expression cassette for what is heretofore referred to
as Soluble Active Complement Terminator (SACT). SACT is comprised of an engineered
DNA sequence designed to express a protein composed of the 4 short consensus repeat
(SCR) domains of human CD46 separated by a polyglycine linker from the 4 SCR domains
and serine/threonine (S/T)-rich region of human CD55. An additional polyglycine linker
separates the S/T-rich region of CD55 from the functional domain (amino acids 1-76) of
human CD59 (Figure 1A). The N terminus of SACT contains a secretory signal derived
from the native human CD59. The membrane-spanning domain of CD46 and the signals for
attachment of a GPI-anchor to each of CD55 and CD59 were not included in the
recombinant protein such that unlike its individual components, SACT would not anchor to
the plasma membrane (Figure 1A).

Due to the concern that SACT may not fold and hence function correctly, we also generated
a smaller recombinant protein that is heretofore referred to as Dual Terminator of Active
Complement (DTAC), a protein engineered to contain the 4 SCR domains and S/T-rich
region of human CD55 separated by a poly glycine linker from the functional domain (as
described above) of human CD59. As for SACT, DTAC contains the secretory peptide of
human CD59 (Figure 1A). DTAC was also rendered membrane-independent by omission of
CD55 and CD59 signal peptides for attachment of a GPI-anchor.

As we wished to express SACT in vivo using a gene therapy approach, a cDNA encoding
SACT was inserted into the plasmid, pAAVCAG, containing adeno-associated virus
serotype 2 (AAV2) inverted terminal repeats to generate pSACT [14]. As a negative control,
we utilized the same construct devoid of the SACT cDNA, referred to as pAAVCAG. A
cDNA encoding DTAC was inserted into pAAVCAG for expression from an AAV2 virus,
generating pDTAC.

SACT and DTAC are Secreted Proteins

The predicted molecular weight of SACT and DTAC proteins are 76 kDa and 47 kDa
respectively (Serial Cloner 2.6.1; Serial Basic Software). SACT retains three of the N-linked
glycosylation sites of CD46 and both SACT and DTAC retain one N-linked and three O-
linked glycosylation sites of CD55 [16, 28]. These modifications are predicted to increase
the molecular weight of DTAC by ~29kDa [28] and SACT by ~37kDa (8kDa+29kDa)
[16], to yield recombinant proteins of 76kDa and 113kDa, respectively. Western blot
analyses of media from pSACT-transfected human embryonic 911 retinoblasts (HER)
probed with antibodies against either CD46, CD55 or CD59 indicated a protein band of
approximately 110 kDa, which is consistent with the predicted molecular weight of
glycosylated SACT. As expected, this band was absent in media from pGFP or pDTAC
transfected cells (Figure 1B)[21]. Similarly, western blot analyses of pDTAC-transfected
cells probed with the above antibodies indicated the presence of a ~76 kDa band, consistent
with the predicted molecular weight of glycosylated DTAC. As expected, this band was
absent in media from cells transfected with pGFP or pSACT (Figure 1B). As expected, the
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76kDa protein is only observed when probed with antibodies against CD55 and CD59 and
shows no reactivity to antibody against CD46 (Figure 1B). We conclude that SACT and
DTAC are secreted, contain the expected combination of complement regulatory domains
and glycosylation sites.

SACT acts as a co-factor for Factor | mediated cleavage of C3b

Spontaneous ‘tickover” of the alternative pathway of the complement system results in the
formation of C3b on cell surfaces [6]. The amount of C3b present is regulated by proteolytic
cleavage of C3b by the serine protease Factor I. Factor | cleaves the 104 kDa a’ chain of
C3b into inactivated 67 kDa iC3by and 42 kDa iC3b,_ chains respectively (Figure 2A) [15].
CD46 functions as a co-factor for Factor I, thus accelerating the formation of iC3by and
iC3b,, although it has been shown that Factor | alone can cleave C3b (Figure 2B). In order
to examine whether SACT exhibits cofactor properties similar to CD46, we incubated 3 ug
of C3b in media prepared from 911 cells transfected with either pSACT, pDTAC or pGFP.
Incubations were performed in the presence or absence of 100ng Factor | [14]. The relative
amount of 104 kDa a’ chain of C3b remaining after 4 hours of incubation was examined by
quantitative western blot using a polyclonal anti-C3 antibody (Figure 2C). The uncleaved j
chain of C3b was used to normalize the data. Media from pSACT-transfected cells
containing C3b and Factor I led to a 51.8+10.5% (p=0.007) reduction in the amount of the
104 kDa a’ chain of C3b relative to media from pGFP-transfected cells containing C3b and
Factor I, and a 46.2+4.8% (p=0.0007) reduction relative to media from pDTAC-transfected
cells containing C3b and Factor | (Figure 2D). There was no significant difference (p=0.34)
between the amount of 104 kDa o’ chain of C3b exposed to the media of pGFP and pDTAC
transfected cells containing C3b and Factor I, as expected (Figure 2D). We conclude that
similar to CD46, SACT can act as a cofactor for Factor | mediated cleavage of C3b.

SACT and DTAC Accelerate Degradation of the C3-convertase

Binding of Factor B to membrane associated C3b results in the formation of the C3
convertase [6]. CD55 can both prevent binding of Factor B to C3b, and cause dissociation of
Factor B from C3b, thereby reducing the amount of C3 convertase available for further
activation of complement (Figure 3A)[6]. In order to determine whether SACT or DTAC
could dissociate Factor B from C3b, thus reducing C3 convertase activity, we quantified the
amount of Factor B remaining in association with C3b immobilized on agarose when
incubated in the presence of SACT or DTAC. Agarose-coated microtiter plates were
incubated with normal human serum (NHS) in the presence of Mg2*EGTA to allow
formation of the alternative pathway C3 convertase. The wells were subsequently incubated
with media from either pPSACT-, pDTAC- or pGFP-transfected 911 cells. The amount of
Factor B associated with the agarose-bound C3b after 1 hour at 37°C was determined by
antibody staining for Factor B following several washes to remove unbound Factor B.
Quantification of Factor B staining indicated that relative to media from pGFP- transfected
911 cells, media from pDTAC- or pSACT-transfected cells resulted in a 16.1+6.4%
(p=0.0214) and 16.8+6.1% (p=0.0127) reduction in C3b-bound Factor B, respectively
(Figure 3B). We conclude that similar to CD55, DTAC and SACT accelerate the decay of
the C3 convertase.
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A CD55 Blocking Antibody Reduces the Ability of SACT and DTAC to Protect Against
Complement-mediated Cell Lysis

Although the effects of SACT and DTAC on degradation of C3-convertase are comparable
to those observed for native complement inhibitors using this assay [25], the low level of
reduction in C3-convertase by STAC and DTAC relative to the control led us to further
validate function of the CD55-derived SCRs using a CD55-blocking hemolytic assay. We
quantified human complement-mediated lysis of sensitized sheep erythrocytes in the
presence of media from either pSACT- or pDTAC-transfected 911 cells in the presence of
CD55 blocking antibody. At an antibody concentration of 1 pg/ml, the ability of media from
pDTAC- and pSACT-transfected cells to protect sheep erythrocytes from human
complement was reduced by 40.42%+1.84% (p<0.0001) and 14.18%+2.88% (p=0.0006)
respectively relative to media from transfected 911 cells without blocking antibody (Figure
3C). At lower concentrations (250ng/ml) of blocking antibody, the ability of media from
pDTAC- and pSACT-transfected cells to protect sheep erythrocytes from lysis was reduced
by 7.33%+2.66%(p=0.02) and 11.2%=+3.09% (p=0.0046) respectively relative to media from
transfected cells without blocking antibody (Figure 3C). There was no reduction in
hemolysis when media from pDTAC was incubated with 1pg/ml anti-CD55 antibody,
suggesting that there was no effect from the CD59 component of DTAC. This was likely
due to the concentration of serum used (0.3%). In titration experiments, we have observed a
loss of CD59 inhibition at concentrations of human serum where CD55 inhibition can be
measured (unpublished data). That a similar ablation of hemolysis inhibition was not
observed for SACT was likely due to the presence of the CD46 moiety. We hence conclude
that the CD55-derived SCRs in SACT and DTAC are functionally active.

SACT and DTAC Attenuate Recruitment of C9 into the Membrane Attack Complex

Formation of the membrane attack complex (MAC) begins with the assembly of the C5b-8
complex on the cell membrane, followed by the recruitment and polymerization of multiple
units of C9 to form the lytic pore known as MAC [6]. CD59 acts as an inhibitor of MAC
formation by preventing the recruitment and polymerization of C9 (Figure 4A)[2]. In order
to determine whether the CD59 module of SACT or DTAC can attenuate recruitment of C9
into MAC, we incubated antibody-sensitized sheep erythrocytes with C9-depleted NHS to
permit assembly of the C5b-8 complex on the cell surface. We subsequently added purified
C9 protein with media from either pDTAC- or pSACT-transfected 911 cells and indirectly
measured formation of the MAC through quantification of hemoglobin released due to lysis
of the sheep erythrocytes. We found that media from pDTAC- and pSACT-transfected 911
cells reduced the release of hemoglobin from sheep erythrocytes by 34.81+3.6% (p<0.0001)
and 29.9+4.6% (p<0.0001) respectively relative to erythrocytes incubated with NHS in the
presence of media from pGFP-transfected cells (Figure 4B). We conclude that DTAC and
SACT can attenuate the recruitment of C9 into the MAC, a property consistent with the
presence of functional CD59.

SACT and DTAC Attenuate Human Complement-mediated Lysis of Hepatocytes in vitro

In order to determine whether DTAC or SACT may protect sheep erythrocytes from NHS
mediated cell lysis, we incubated 1gG-sensitized sheep erythrocytes in NHS preconditioned
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with media from pDTAC, pSACT or pGFP transfected 911 cells. pDTAC and pSACT
transfected media reduced NHS mediated lysis of sheep erythrocytes by 47+2.9%
(p<0.0001) and 21.5+2.8% (p<0.0001) respectively (Figure 5A), relative to pGFP
transfected media, suggesting that DTAC and SACT can attenuate NHS mediated cell lysis.
Complement mediated attack of transplanted organs, such as liver and kidney, is considered
a primary cause of transplant rejection [29]. In order to determine whether SACT and DTAC
can protect hepatocytes from human complement attack, murine hepa-1c1c7 cells were
incubated in media from either pPDTAC-, pSACT- or pGFP-transfected 911 cells containing
NHS or heat inactivated NHS (hiNHS) to a final concentration of 1%. Cell lysis was
quantified by FACS analysis of propidium iodide uptake. A total of 73.52+3.79% of cells
were lysed when hepa-1c1c7 cells were incubated in NHS preconditioned with media from
pGFP-transfected cells (Figure 5B). In contrast, 49.34+5.7% and 55.48+4.77% of cells were
lysed when the NHS was pre-conditioned with media from DTAC or SACT respectively,
resulting in a 28.73%=x10.21% (p=0.014) or 20.8+9.0% (p=0.037) reduction in NHS
mediated cell lysis attributable to DTAC and SACT, respectively (Figure 5B). This result
indicates that DTAC and SACT can protect murine hepatocytes from human complement
mediated attack.

DTAC and SACT Reduce Formation of the Membrane Attack Complex In Vitro

In order to determine whether DTAC or SACT-mediated reduction in lysis of hepatocytes
was consistent with a reduction in formation of the MAC on the cell membrane, we
incubated murine hepalclc? cells in media from pGFP-, pDTAC- or pSACT-transfected
911 cells containing 10% NHS. Cells were subsequently fixed and stained with antibody
against human C5b-9 and staining intensity quantified using Image J (Figure 6A). We found
that relative to media from pGFP-transfected cells, media from pDTAC- and pSACT-
transfected cells resulted in a 53.8+10.37% (p=0.0004) and 67.8+9.15% (p<0.0001)
reduction in MAC deposition on murine hepatocytes, respectively (Figure 6B). We conclude
that DTAC and SACT-mediated reduction of cell lysis is consistent with a reduced
formation of the MAC on the surface of cells.

SACT and DTAC protect Murine Liver from Human MAC Deposition In Vivo

A number of complement-mediated pathologies, including organ transplant rejection, have
been shown to involve endothelial cells [2, 29, 30]. To overcome the limitation of testing the
ability of human complement regulators to protect murine endothelium from complement
attack in vivo, we have recently developed an in vivo model of human MAC deposition on
murine liver vascular endothelium [27]. In this model, murine vascular endothelium is
primed for complement attack by intracardial injection of an antibody against murine
platelet/cell adhesion molecule (MPECAM-1). This is followed by perfusion with PBS to
replace the blood and a subsequent perfusion with 90% NHS. Using this model, we have
previously shown that adenovirus mediated expression of human soluble CD59 can inhibit
deposition of human MAC on murine liver [27].

To examine whether SACT or DTAC can protect murine liver vasculature from human
MAC deposition, we used each of the pSACT, pDTAC, and pGFP plasmids to generate a
recombinant adeno-associated virus (AAV) serotype 2 pseudotyped with AAV serotype 8
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capsid for each recombinant protein. An AAV2/8 construct devoid of a transgene has
previously been described [14]. These vectors are referred to as AAV2/8SACT,
AAV2/8DTAC, AAV2/8GFP and AAV2/8polyA, respectively.

In order to examine the tropism of AAV2/8 in murine liver, we injected 3.3 x 1011 genome
copies of AAV2/8GFP into the peritoneum of 6 to 8 week old C57BL/6J mice. After 3
weeks, mice were sacrificed, livers harvested and cryosections examined for GFP
expression. We found that GFP expression from AAV2/8GFP was observed throughout the
liver, including cells proximal to blood vessels and sinusoids (Fig 7A). These results
contrast our previous studies utilizing an adenovirus vector expressing GFP from the same
CAG promoter, in which we observed GFP expression almost exclusively in the capsule of
the liver following intraperitoneal delivery of the vector [27].

Having confirmed efficient transduction of murine liver with AAV2/8GFP, mice were
injected intraperitoneally with a similar titer of AAV2/8DTAC, AAV2/8SACT or
AAV2/8polyA. Three weeks post-injection with AAV, the mice were administered an
intracardial injection of MPECAM-1, followed 4-6 hours later by perfusion with 90% NHS.
After 15 minutes, the livers were harvested for cryosectioning and stained for human MAC
using antibody against C5b-9 (Fig 7B; 8A). As expected, MAC staining was observed in the
blood vessels and sinusoids of the livers of mice injected with AAV2/8polyA (Figures 7B;
8A). However, mice injected with either AAV2/8DTAC or AAV2/8SACT had significantly
less MAC deposition on both liver blood vessels and sinusoids relative to control
(AAV2/8polyA)-injected mice (Figures 7C; 8B). Quantification of MAC staining intensity
using ImageJ indicated a 56.7+16.4% (p=0.0061) reduction in human MAC deposition on
the liver vasculature of AAV2/8DTAC-injected relative to AAV2/8polyA-injected mice
(Figure 7C). Similarly, AAV2/8SACT-injected animals showed a 63.2%+20.5% (p=0.0075)
reduction in human MAC deposition in their liver vasculature relative to AAV2/8polyA-
injected mice (Figure 8B). While endothelial cells of both the sinusoids and blood vessels
indicated deposition of MAC, we were also specifically interested in the prevention of
complement deposition on endothelial cells of the blood vessels. Quantification of larger
(non-capillary) blood vessels of the liver indicated a significant reduction of 55.97+11.34%
(p=0.0006) and 61.1+18.9% (p=0.0056) in human MAC deposition for AAV2/8DTAC- and
AAV2/8SACT-injected animals, respectively, relative to AAV2/8polyA-injected animals
(Figures 7D; 8C). We hence conclude that DTAC and SACT can provide significant
protection to murine liver vasculature from activated human complement in vivo.

Discussion

In this study we describe a non-membrane associated recombinant molecule, SACT, that
exhibits the combinatorial properties of CD46, CD55 and CD59. We determined that SACT
is a secreted protein that can act as a co-factor for Factor | mediated cleavage of C3b,
accelerate the degradation of C3 convertase, attenuate recruitment of C9 into the MAC,
protect cells from human complement mediated lysis and inhibit deposition of human MAC
on mouse cells in vitro and in vivo. Similarly, for DTAC we observed the combined
properties of CD55 and CD59 and DTAC did not, as anticipated, act as a co-factor for
Factor | mediated cleavage of C3b. The complement inhibitory effects for SACT and DTAC
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were all observed for a single dose of delivery vector, in vitro. The assessment of a dose
response in this study was complicated by the need to use media from transfected cells.
Higher concentrations of SACT and DTAC in the media would have to be achieved by
increasing the plasmid concentration in the transfection, an event that negatively impacts the
integrity of the cells.

Complement is a critical first line of immune defense in vertebrates, affording protection
against both foreign organisms and the threat of damaged self-cells [6]. Over-expression of
complement regulators for the treatment of complement-mediated pathologies may pose
risks as well as benefits. We chose therefore to inhibit the complement pathway at the
combined points of C3 convertase formation and decay, as well as the formation of MAC,
which has the advantage of allowing C1q to interact with modified self as well as non-self
surfaces, permitting C3b-mediated phagocytosis of offending cells and organisms [31]. To
this end, we combined the functions of CD55, CD46 and CD59 into a single engineered
protein, SACT. In addition, since CD46 functions at the level of C3b degradation while
CD55 prevents formation or accelerates the decay of convertases without altering C3b, we
speculated that CD46 may interfere with C3b—mediated elimination of target cells. This may
be especially important for the treatment of lupus-like diseases where reduced clearance of
apoptotic cells can result in an autoimmune response to the dying cells [31]. Studies of the
diversity of genetic factors involved in SLE, provide a comprehensive illustration of the
importance of maintaining the potential for activation of upstream components of the
cascade, while blocking downstream events [32]. We therefore generated and tested a
second recombinant molecule that includes only CD55 and CD59 functions — DTAC.

In our studies we utilized a gene therapy approach to deliver SACT or DTAC to cells in
culture or to murine livers in vivo. Significant progress in the field of gene therapy indicates
that this is a viable approach for the treatment of inherited or acquired diseases. Activation
of complement plays a significant role in many disorders including rheumatoid arthritis, a
chronic disease of the complement system. Elevated levels of C3 and MAC and reduced
levels of CD59 have been documented in the synovial tissue of rheumatoid arthritis patients
[33, 34]. These studies are further supported by the observation that injection of rat knee
joints with monoclonal antibody against CD59 results in spontaneous and acute arthritis and
an increase in joint pathology in CD59 —/- mice, a phenotype that can be corrected by use of
a membrane-targeted recombinant CD59 [35]. Attenuation of complement activation by
targeting C5 was also found to be effective in a murine model of rheumatoid arthritis,
suggesting that there are multiple points of the complement cascade that may serve as
targets for complement based therapeutics [36]. In that context, SACT and DTAC may be
particularly effective inhibitors of complement activation by virtue that they concomitantly
target and attenuate various points of the complement cascade. While repeat injection of
inhibitors of complement activation into patients with rheumatoid arthritis would be
feasible, a long-lasting single injection via gene therapy would be potentially preferred.
AAV has been shown to persist in humans for years and for over a decade in large animals
[37, 38]. Furthermore, AAV is not associated with any known human disease.

A strong case for delivery of inhibitors of complement via a gene therapy approach may also
be made for diseases such as AMD. Approximately 50% of patients that suffer from AMD
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have polymorphisms in the complement regulator Factor H [39]. Individuals with an
advanced form of AMD known as geographic atrophy have reduced levels of complement
inhibitors on their RPE [40]. A commonly occurring polymorphism in C9 in the Japanese
population that prevents those individuals from efficiently assembling MAC is protective
against the progression of AMD, suggesting that inactivation of complement via a gene
therapy approach may be a viable avenue for treatment of this disease [8]. However all of
the inhibitors of complement activation currently in clinical trials are small molecules,
aptamers or antibodies that would need to be re-injected on a frequent basis into the eye of
AMD patients [41]. This can lead to significant side effects such as increased intraocular
pressure, endophthalmitis and retinal detachment [11, 12]. A single injection that may
produce a therapeutic protein locally for an extended time such as AAV mediated expression
of SACT or DTAC may be particularly attractive for treatment of diseases such as AMD.

While in this study we described the first recombinant molecule that combines the properties
of CD46, CD55 and CD59, our studies were inspired in part by earlier work. Previously,
Fodor et al. have described a membrane-associated recombinant molecule containing the
combinatorial properties of CD55 and CD59 [42]. Similarly, Kroshus et al. have described a
soluble molecule combining the properties of CD46 and CD55 and demonstrated that this
molecule could reduce acute cardiac tissue injury in a pig-to-human transplant model [43].
Recently, a novel recombinant protein comprised of select domains from CR2 and factor H
demonstrated increased survival, reduced autoantibody production and improved kidney
function in a murine model of lupus [44]. However, in none of these studies was the
recombinant protein delivered via a gene therapy approach.

While AAV vectors are known to elicit a weak immune response in vivo, AAV serotypes 2
and 8 have been shown to induce complement-dependent activation of macrophages [45].
Interestingly, AAV?2 interaction with complement did not result in activation of the
complement cascade and the AAV8-immune interaction did not promote the production of
neutralizing antibodies in wild-type mice in vivo [45][46]. One benefit of the use of AAV8
as a gene delivery vector is that it has a substantially lower frequency of neutralizing
antibodies in the human population when compared to AAV2 (3.8 versus 20%, respectively)
[47]. Whether this is due to reduced exposure of the population to AAVS relative to AAV2,
or a reduced ability of AAVS relative to AAV2 to evoke a complement-dependent
production of neutralizing antibodies is not known. It is possible, however, that expression
of SACT or DTAC from a recombinant AAV vector could negatively impact the production
of neutralizing antibodies in the remaining population. This would be more likely to occur in
the context of a rAAV8 vector, which in contrast to rAAV2, has been shown to induce
tolerance when injected intramuscularly in mice [46].

For our in vivo studies we utilized AAV2 pseudotyped with AAV8 capsid (AAV2/8). This
vector has been shown to have a very high efficiency of transduction of the liver of mice
[48]. We chose to focus our in vivo studies in the liver in part because we have previously
found that large amounts of human MAC can readily form on murine liver [27]. The liver
was also selected in part because hepatocytes are responsible for the biosynthesis of 80-90%
of the plasma components of complement [49]. Finally, the liver receives 25% of total blood
flow, allowing for a potentially wide distribution of DTAC and SACT throughout the
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circulatory system, which would be relevant for the treatment of systemic disorders
involving activation of complement [50]. Expression of DTAC and SACT in vivo revealed
that both are potent inhibitors of human complement in an in vivo setting and our data lends
support to their potential therapeutic value when secreted from the liver.

In summary, in this study we described for the first time a novel non-membrane associated
recombinant molecule, SACT, that exhibits the combinatorial properties of CD46, CD55
and CD59. We also described DTAC that combines the combinatorial properties of CD55
and CD59. Each of these molecules were found to exhibit properties consistent with their
modular structures and each of these molecules were potent inhibitors of activation of
complement in vitro and in vivo. These molecules are worthy of further study in animal
models of complement-associated disorders.
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Figurel. Structure and expression of SACT and DTAC
(A) Schematic of the structure of the human membrane-associated complement regulators,

CD46, CD55 and CD59 and the soluble recombinant proteins, SACT and DTAC. Both
CD55 and CD46 each contain four short consensus repeat (SCR) domains and a serine/
threonine (S/T) rich region. The SCR and S/T domains are sites of N- and O-linked
glycosylation, respectively. CD46 inserts in the membrane via a hydrophobic domain, while
CD55 and CD59 each attach to the membrane via a glycophosphatidylinositol (GPI) anchor.
CD59 contains a short functional unit of 76 amino acids. Both SACT and DTAC contain the
4 SCR domains and the S/T-rich region of human CD55 separated by a poly glycine linker
from the functional domain of human CD59. SACT additionally contains the 4 SCR
domains of human CD46 at the N-terminus separated by a polyglycine linker from the SCRs
of CD55. Both SACT and DTAC contain a secretory signal derived from human CD59. The
membrane-spanning domain of CD46 and the signals for attachment of a GPI-anchor to each
of CD55 and CD59 were not included in the recombinant proteins. (B) Western blot
showing media from cells transfected with pDTAC, pGFP or pSACT probed with antibodies
against CD46, CD55 and CD59.
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Figure 2. SACT actsasa co-factor for Factor | mediated cleavage of C3b
(A) Schematic of Factor I cleavage of C3b. C3b consists of two polypeptide chains (o’ and

B), joined by a disulfide linkage. Factor | mediates cleavage of the 104kDa a’ chain into the

inactive fragments, iC3bH and iC3bL. (B) Schematic showing CD46 binding of C3b
deposited on the cell membrane to act as a co-factor for Factor I-mediated cleavage to
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inactive iC3b. (C) Western blot of purified C3b incubated in media from cells transfected
with either pSACT, pDTAC or pGFP in the presence or absence of Factor | and probed with
an antibody against C3 confirms increased cleavage of the a’ chain in the presence of media
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from cells transfected with pSACT relative to that occurring in the presence of either pGFP
or pDTAC. (D) Quantification of western blot data showing a 51.8+10.5% (p=0.007) and
46.2+4.8% (p=0.0007) reduction in the amount of the o’ chain of C3b in media from
pSACT-transfected cells containing C3b and Factor I relative to media from pGFP-
transfected cells and pDTAC-transfected cells containing C3b and Factor I, respectively.
Note: signal intensities for the a’ chain were normalized to the signal intensity of the
chain. Experiment was performed independently three times. Western blot images taken
from same gel and rearranged for presentation.
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Figure 3. SACT and DTAC accelerate degradation of C3 convertase
(A) Schematic of CD55 dissociation of factor B binding to C3b to accelerate degradation of

the C3 convertase. (B) Quantification of immunostaining of Factor B binding to agarose-
bound C3b using an antibody against Factor B shows that media from pDTAC-or pSACT-
transfected cells resulted in a 16.1+6.4% (p=0.0214, n=11) and 16.8+6.1% (p=0.0127, n=11)
reduction in C3b-bound Factor B, respectively, relative to media from pGFP-transfected
cells (n=10). Note: Factor B binding is presented as % staining relative to the average
staining intensity of Factor B bound to C3b in the presence of media from pGFP-transfected
cells. Experiment was repeated twice independently. (C) Quantification of human
complement-mediated lysis of sheep erythrocytes incubated with media from cells
transfected with either pDTAC or pSACT in the presence or absence of CD55 blocking
antibody. A significant reduction in protection against cell lysis is observed for both DTAC
and SACT in the presence of antibody. Experiment was conducted twice in triplicate.
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Figure4. SACT and DTAC inhibit incorporation of C9 into the membrane attack complex
(A) Schematic of CD59 function. CD59 binds to the membrane-associated C5b-8 protein

complex, preventing incorporation of C9 and formation of the membrane attack complex
(MAC). MAC forms a pore on the cell surface, reducing integrity of the membrane. (B)
Quantification of lysis of sheep erythrocytes by C9-depleted human serum incubated with
C9 in the presence of media transfected with either pGFP, pDTAC or pSACT. Media from
pDTAC- and pSACT-transfected cells reduced human complement-mediated lysis of
erythrocytes by 34.81+3.6% (p<0.0001) and 29.9+4.6% (p<0.0001), respectively, relative to
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erythrocytes incubated in the presence of media from pGFP-transfected cells. Experiment
was repeated three times in triplicate.
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Figure5. SACT and DTAC protect both sheep erythrocytes and murine hepatocytes from
human complement-mediated lysisin vitro

(A) Quantification of lysis of sheep erythrocytes (hemolysis) by human serum in the
presence of media from cells transfected with either pGFP, pDTAC or pSACT shows a
47+2.9% (p<0.0001) and 21.5+2.8% (p<0.0001) reduction in lysis by DTAC and SACT,
respectively, relative to media from GFP-transfected cells. Experiment was repeated twice
with n=5 for condition. (B) Quantification of propidium iodide (PI) uptake by murine
hepatocytes incubated with normal human serum (NHS) in the presence of media from cells
transfected with either pGFP, pDTAC or pSACT. A control experiment of hepatocytes
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incubated with heat-inactivated NHS (hiNHS) in the presence of media from pGFP-
transfected cells is also shown. Relative to hepatocytes incubated with media from pGFP-
transfected cells (n=7), hepatocytes incubated with media from either pDTAC- or pSACT-
transfected cells had 28.73%+10.21% (p=0.014, n=8) or 20.8+9.0% (p=0.037, n=8)
reduction in Pl uptake, respectively. Experiment was performed independently three times.
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Figure 6. DTAC and SACT reduce deposition of the Membrane Attack Complex in vitro
(A) Fluorescent micrographs of murine hepatocytes incubated with NHS in the presence of

media from either pGFP-, pDTAC- or pSACT-transfected cells. Cells were stained with an
antibody against MAC. DAPI stain is also shown. (B) Quantification of MAC staining
intensity/area shows a 53.8+10.37% (p=0.0004, n=6) and 67.8+9.15% (p<0.0001, n=6)
reduction in MAC deposition on murine hepatocytes incubated with media from cells
transfected with either pPDTAC and pSACT, respectively, relative to hepatocytes incubated
with media from pGFP-transfected cells (n=6). A control experiment of hepatocytes
incubated with hiNHS in the presence of media from pGFP-transfected cells is also shown.
Experiment was performed three times. DAPI, 4’,6-diamidino-2-phenylindole; MAC,
membrane attack complex; hiNHS, heat-inactivated normal human serum.
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Figure 7. DTAC protects murine liver vasculature from human MAC deposition in vivo
(A) Fluorescent micrographs of cryosections showing AAV2/8GFP transduction of murine

liver. Efficient transduction is observed throughout the tissue. Higher magnification of
boxed region is shown. (B) Fluorescent micrographs of liver cryosections stained with anti-
MAC antibody harvested from mice injected in the intraperitoneal space with either
AAV2/8pA or AAV2/8DTAC and perfused with mPECAM1 antibody and NHS. Higher
magnification of boxed regions is shown. (C) Quantification of MAC staining intensity (1U)
of liver sections shows a 56.7+16.4% (p=0.0061) reduction in human MAC deposition on
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the liver vasculature of AAV2/8DTAC-injected relative to AAV2/8polyA-injected mice. (D)
Quantification of MAC staining intensity per area of blood vessels shows a 55.97+11.34%
(p=0.0006) reduction in human MAC deposition in livers of AAV2/8DTAC-injected mice
relative to AAV2/8polyA-injected. The assay was performed by injection of a total of 6
mice with AAV2/8pA and 6 mice with AAV2/8DTAC. The total number of mice was the
result of two separate experiments. A total of 8 independent sections per liver were stained
and measured for MAC staining intensity for each mouse. GFP, green fluorescent protein;
DIC, differential interference contrast; MAC, membrane attack complex; 1U, intensity unit.
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Figure 8. SACT protects murineliver vasculature from human MAC deposition in vivo
(A) Fluorescent micrographs of liver cryosections stained with anti-MAC antibody

harvested from mice injected in the intraperitoneal space with either AAV2/8pA or
AAV2/8SACT and perfused with mMPECAML antibody and NHS. Higher magnification of
boxed regions is shown. (B) Quantification of MAC staining intensity (IU) of liver sections
shows a 63.2%+20.5% (p=0.0075) reduction in human MAC deposition on the liver
vasculature of AAV2/8SACT-injected relative to AAV2/8polyA-injected mice. (C)
Quantification of MAC staining intensity per area of blood vessels shows a 61.1+18.9%
(p=0.0056) reduction in human MAC deposition on the blood vessels of AAV2/8SACT-
injected relative to AAV2/8polyA-injected mice. The assay was performed by injection of a
total of 8 mice with AAV2/8pA and 9 mice with AAV2/8SACT. The total number of mice
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was the result of three separate experiments. A total of 8 independent sections per liver were
stained and measured for MAC staining intensity for each mouse. DIC, differential
interference contrast; MAC, membrane attack complex; 1U, intensity unit.

J Gene Med. Author manuscript; available in PMC 2016 June 01.



