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Abstract

Advances in animal transgenesis may allow using
xenogeneic chondrocytes in tissue-engineering applications
for clinical cartilage repair. Porcine cartilage is rejected by
humoral and cellular mechanisms that could be overcome
by identifying key molecules triggering rejection and
developing effective genetic-engineering strategies.
Accordingly, high expression of al,2-fucosyltransferase
(HT) in xenogeneic cartilage protects from galactose
al,3-galactose (Gal)-mediated antibody responses.
Now, we studied whether expression of a complement
inhibitor provides further protection. First, porcine
articular chondrocytes (PAC) were isolated from non-
transgenic, single and double transgenic pigs expressing
HT and moderate levels of human CD59 (hCD59) and
their response to human serum was assessed. High
recombinant expression of human complement regulatory
molecules hCD59 and hDAF was also attained by retroviral
transduction of PAC for further analyses. Complement
activation on PAC after exposure to 20 % human serum for
24 hours mainly triggered the release of pro-inflammatory
cytokines IL-6 and IL-8. Transgenic expression of HT
and hCD59 did not suffice to fully counteract this effect.
Nevertheless, the combination of blocking anti-Gal
antibodies (or C5a) and high hCD59 levels conferred very
high protection. On the contrary, high hDAF expression
attained the most dramatic reduction in IL-6/IL-8 secretion
by a single strategy, but the additional inhibition of anti-Gal
antibodies or C5a did not provide further improvement.
Notably, we demonstrate that both hCD59 and hDAF
inhibit anaphylatoxin release in this setting. In conclusion,
our study identifies genetic-engineering approaches to
prevent humoral rejection of xenogeneic chondrocytes for
use in cartilage repair.
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Introduction

Cartilage repair is currently the object of intense research,
due to the high medical needs associated with cartilage
injury and disease and the difficulties encountered in
developing effective therapies. Cartilage is an avascular
tissue with limited regenerative capacity. Cellular and
tissue- engineering therapies are considered the best options
for the repair of many cartilage defects. In accordance with
this, autologous and allogeneic chondrocytes are grafted
into articular cartilage lesions with fair clinical outcomes
(Brittberg et al., 1994; Jiang et al., 2011; Cucchiarini et
al., 2014). Research is also under way to find compatible
implants for facial, laryngeal and tracheal reconstruction,
with some advances already being made in the clinical
setting (Yanaga et al., 2009; Fabre et al., 2013). However,
the limited availability of tissue/cells, together with the
complexity and high costs of current procedures justifies
exploring the use of other cell sources that overcome
these problems. Many studies have proposed the use of
mesenchymal stem cells (MSC) for clinical applications,
but further studies are needed to ensure the patient safety
and functional recovery (Jiang et al., 2011; Roelofs et al.,
2013).

Xenotransplantation is another less-explored option
that also shows great potential for cartilage repair (Costa et
al.,2003; Revell and Athanasiou, 2009; Sommaggio et al.,
2009). Xenogeneic donor cells and tissues could be adapted,
by genetic engineering, to the intended clinical applications
and be produced, under controlled conditions, in sufficient
quantities to cover all medical needs (transplantation,
tissue-engineering, quality controls). This approach could
offer many advantages, as it can produce large amounts
of cells isolated from young animals with minimal tissue
culture expansion, be used as off-the-shelf products and
potentially allow better cartilage repair than with the
expanded human chondrocytes. Porcine chondrocytes, in
particular, fulfill the biological requirements for effective
tissue repair (Fuentes-Boquete et al., 2004; Schulze-
Tanzil et al., 2009). To develop such strategy for clinical
use, it is first necessary to elucidate the molecular and
cellular mechanisms that trigger and effect the rejection
of xenogeneic chondrocytes and cartilage. Initial studies
determined that pig cartilage xenografts are subjected
to a slow rejection process, comprising humoral and
cellular responses in which the galactose al,3-galactose
(Gal) antigen is a key trigger (Stone et al., 1997; Stone et
al., 1998; Costa et al., 2003). More recent studies from
our group have focused on characterizing the molecular
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bases of the human cellular response to pig chondrocytes,
which express Swine leukocyte antigen (SLA)-I, the potent
costimulatory molecule CD86 and the adhesion molecules
VCAM-1 and ICAM-1 (Sommaggio et al., 2009). All
of them are functionally relevant for a variety of human
immune responses, including T cells and macrophages.
Notably, human NK cells lyse pig chondrocytes by using
multiple NK activating receptors, including CD16 that
leads to antibody-dependent cell-mediated cytotoxicity
in the presence of human xenoreactive antibodies
(Sommaggio et al., 2012).

Natural xenoantibodies and complement comprise
the first barrier that prevents acceptance of xenografts
and foreign bodies (i.e. biomaterials). The humoral
response against pig chondrocytes is initiated by the
deposition of human xenoreactive natural antibodies,
mainly recognizing the carbohydrate antigen Gal (Stone
et al., 1998; Costa et al., 2003). Complement activation
follows antibody deposition on chondrocytes, with effects
that are highly particular of this cell type (Happonen et
al., 2012; Sommaggio et al., 2013). Notably, exposure
of pig chondrocytes to human serum does not result in
much cytolysis, but triggers a pro-inflammatory response
with cell-surface up-regulation of adhesion molecules and
cytokine/chemokine release (Sommaggio et al., 2013).
The terminal complex C5b-9 and the anaphylatoxin C5a
mainly mediate these effects. Accordingly, treatment
of the cartilage implant with a-galactosidase, prior to
transplantion into cynomolgus monkeys, greatly reduces the
anti-Gal antibody response and the inflammatory cellular
infiltrate within the graft (Stone et al., 1998). Likewise,
cartilage from transgenic pigs expressing human al,2-
fucosyltransferase (HT) displayed a dramatic reduction
in Gal expression and in cellular immune infiltrate after
subcutaneous implantation in Gal-deficient mice (Costa
et al., 2003). Despite these advances, the involvement of
anti-non-Gal antibodies was revealed in these studies. In
particular, we demonstrated that the blockade of anti-Gal
antibodies with saturating concentrations of GAS914
(Katapodis et al., 2002) diminished, but did not abrogate,
the deposition of immunoglobulin, C4, C3 and C5b-9 on
porcine articular chondrocytes (PAC) (Sommaggio ef al.,
2013). Furthermore, systemic complement inhibition with
an anti-C5 blocking antibody in the Gal-knockout mouse
model confirmed its protective effect in vivo, by further
reducing inflammation and tissue damage of the cartilage
implants (Sommaggio ef al., 2013).

The complement system is involved in the physiological
and pathological processes of cartilage (John et al.,
2007; Ballanti ef al., 2011). Chondrocytes and synovial
membranes produce most complement components
and the release of matrix fragments activates both the
alternative and the classical complement pathways (John
et al., 2007; Happonen et al., 2010). Further activation
can be produced when trauma or surgical intervention
involves bleeding, providing more complement and other
potentiating proteins (Amara et al., 2010). Importantly, a
role of complement is well established in cartilage disease.
Complement participates in the active inflammatory phase
of osteoarthritis (OA) and is further amplified by pro-
inflammatory cytokines, which stimulate local synthesis
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of complement proteins (John et al., 2007; Wang et
al., 2011). Complement activation also participates in
rheumatoid arthritis, which has led to the development
of complement inhibitors for this indication (Wang et
al., 1995; John et al., 2007; Macor et al., 2012). Thus,
controlling the complement system during chondrocyte
xenotransplantation could have beneficial effects beyond
prevention of xenograft rejection.

The first genetic engineering approaches developed
for xenogeneic applications were based on transgenic
expression of human complement regulatory proteins
(Lambrigts et al., 1998; Costa and Maiez, 2012). Both
human CD59 (hCD59) and human DAF (hDAF, hCD55)
have shown efficacy in preventing complement activation
and hyperacute rejection of vascularized organs in pig-
to-primate preclinical models. Notably, they continue to
be considered key components of the current strategies
in development for solid organ xenotransplantation
(Miyagawa et al., 2010; McGregor et al., 2012). Despite
the subsequent advances in pig genetic engineering with
the generation of Gal knockout pigs (Lai et al., 2002),
a combination of strategies based on carbohydrate
remodeling and complement inhibition seems preferable
to overcome humoral rejection.

After identifying multiple molecules involved
in triggering humoral and cellular rejection of pig
chondrocytes, this team focuses on assessing the potential
efficacy of different genetic engineering approaches for
preventing the effects of antibody and complement in
chondrocyte xenotransplantation. It is the first step in the
development of a xenogeneic cellular product for cartilage
repair.

Materials and Methods

PAC isolation, culture and engineering

PAC were isolated from control, hCD59 (thereafter called
CD59) and HT"™ (thereafter called HT) single and double
transgenic pigs (Costa et al., 1999; Costa et al., 2002b) as
described (Costa et al., 2003). Briefly, articular cartilage
was dissected from the joints under sterile conditions
and washed twice in sterile PBS with antibiotics at 4 °C.
Cartilage pieces were treated with pronase (Sigma) at
0.8 % w/v for 1 h at 37 °C with stirring and subsequently
with 0.4 % collagenase overnight. Cells were collected
by centrifugation, sieved, washed and resuspended in
Ham’s F12 (Life Technologies)/20 % FBS (Hyclone,
Logan, UT, USA) with 0.2 mg/mL penicillin/streptomycin
and 50 pg/mL gentamicin to be finally seeded into tissue
culture flasks. PAC were maintained in Ham’s F12/DMEM
(1:1)/10 % FBS and antibiotics, and in later studies, in
DMEM/10 % FBS with 25 ng/mL Endothelial Cell Growth
Supplement (Millipore) for expansion.

PAC expressing hCD59 or hDAF were generated
by retroviral transduction. First, we obtained pCR2.1/
hCD152-hCD59 (Alexion Pharmaceuticals, Cheshire, CT,
USA), cloned hDAF c¢cDNA by RT-PCR, and subcloned
them into the EcoR I and Xho 1 sites of the retroviral
vector pLXSN using Takara reagents. A correct clone of
each was further amplified and used to transfect PG13
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packing cells (ECACC) using Lipofectamine™-2000 (Life
Technologies), as described by the manufacturer. Viral
supernatants were collected after 48 h, 0.45 pm-filtered
and stored at -80 °C until use. PAC were infected for 6-8 h
using the viral supernatants in the presence of 0.8 pug/mL
hexadimethrine bromide (Sigma). At 48 h post-infection,
the cells were cultured in selection media with 500 pg/mL
G418 (Invivogen) and maintained in selection for 2 weeks.

Expression analyses and cell sorting

Characterization of control, CD59, HT- and HTxCD59-
transgenic PAC was conducted by FACS. Direct
fluorescence of cell-surface carbohydrates was performed
with fluorescein isothiocyanate (FITC)-conjugated UEAI
and GS-IB4 lectins (EY Laboratories, Inc. San Mateo, CA)
to detect H epitope and Gal antigen, respectively. Indirect
immunofluorescence of hCD59 and SLA-I was performed
with the respective specific mouse monoclonal antibodies
(mAb) BRA10G (Biodesign international, Kennebunk,
ME) and PT85A (VMRD, Inc., Pullman, WA). Goat
anti-mouse IgG FITC-conjugated antiserum was used as
secondary antibody (Life technologies). All incubations
were conducted for 30 min at 4 °C in V-bottom plates
(Nalge Nunc International). Mean fluorescence intensity
(MFI) was determined by FACS in a BD Biosciences
FACSort.

To assess transgene expression upon cell activation,
PAC were left untreated or incubated with 10 ng/mL human
TNFa (hTNFa, R&D Systems or Miltenyi Biotec) for 24 h.
Expression of hCDS59, H epitope, Gal antigen and SLA-I
was then measured as described above.

For transduced PAC, the G418-selected cells were first
cultured as pools and analyzed in a FACScalibur to assess
cell-surface expression of the recombinant molecules.
Immunofluorescence of hCD59 and hDAF was performed
with mouse mAb BRA10G and BRIC216 (Abcam,
Cambridge, MA, USA), respectively. Goat anti-mouse
IgG FITC-conjugated antiserum was used as secondary
antibody. As expression of pooled cells was heterogeneous,
we subsequently obtained a large cell population with high
expression levels by cell sorting in a MoFlo-XDP high-
speed sorter (Beckman Coulter). The resulting cells were
cultured and analyzed by FACS in identical manner.

To assess cell activation in various experiments,
confluent PAC were either incubated at 37 °C with 20 %
NHS in HBSS for 24 h, with recombinant human C3a
(rhC3a) or C5a (rhC5a) (100 and 1000 ng/mL, R&D
Systems) for 14 h, or remained untreated. After harvest, we
monitored by FACS cell surface pig ICAM-1 (pICAM-1),
VCAM-1 (pVCAM-1) and SLA-I expression with the
specific mouse monoclonal antibodies 3A3.81, 5SD11 (both
from Alexion Pharmaceuticals) and PT85A, respectively.
Goat anti-mouse IgG Alexa Fluor 488-conjugated antisera
were used as secondary antibody (Life technologies). MFI
was determined in a Gallios flow cytometer with Kaluza
software (Beckman Coulter).

Antibody and complement deposition

In the first set of experiments, PAC were cultured to reach
confluence, collected by trypsinization, washed and then
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incubated with 20 % and 40 % C8-depleted human serum
(Quidel, San Diego, CA) or the corresponding heat-
inactivated serum (hiHS) in HBSS for 30 min at 37 °C. For
complement deposition determination, cells were stained
with anti-human C3 and anti-human C4 FITC-conjugated
antibodies (MP Biomedicals). These initial flow cytometric
studies were conducted on a BD Biosciences FACSort.

In a second experimental set, PAC were exposed to
20 % normal human serum (NHS) for 30 min at 37 °C
and then harvested for staining with an anti-human C5b-
9 mAb (Quidel Corp., San Diego, CA, USA) followed
by FITC-conjugated goat anti-mouse IgG. Samples were
analyzed and MFI was determined in a BD Biosciences
FACScalibur.

Cytokine determinations after exposure to human
serum

Control and genetically-modified PAC were seeded to
confluence in 12-well plates and subsequently incubated
at 37 °C with 20 % and/or 40 % NHS in HBSS, depending
on the assays. Serum was isolated from blood samples
obtained from the blood bank with authorization of
the Clinical Research Ethics Committee of Bellvitge.
Untreated PAC, PAC treated with 10 ng/mL hTNFa and
PAC exposed to hiHS were included as controls. After
24 h incubations, cell culture supernatants were collected,
centrifuged at 1500 xg for 5 min and used for pig IL-6
(pIL-6) and IL-8 (pIL-8) determinations by ELISA. To this
end, we used Quantikine immunoassays (R&D Systems)
following the manufacturer instructions. These ELISA
do not produce significant cross-reactivity with human
counterparts. Similar procedures were conducted to study
the effect of anti-human C5 mAb 557 and 561 (Hycult
Biotech, Uden, Netherlands) at 10 pg/mL and GAS914
(Novartis, Basel, Switzerland) at 100 pg/mL.

Quantification of C3a, C5a and Bb complement
fragments

The indicated genetically-modified PAC were cultured to
reach confluence, collected by short trypsinization, and
washed. For C3a and C5a quantifications, 50,000 cells
were transferred into 1.5 mL polypropylene microtubes in
duplicates for each condition and incubated in suspension
with 20 % NHS, 40 % NHS or the corresponding hiHS
controls in HBSS for 30 min at 37 °C. Serum controls
without cells were included. C3a and C5a were quantified
in supernatants with MicroVue™ EIA kits (Quidel),
following the manufacturer’s instructions. For measuring
Bb generation, 100,000 cells were transferred into wells
of 96-well glass-bottom plates (P96-1.5-N, In vitro
scientific, Sunnyvale, CA, USA), in duplicates for each
condition, and incubated in suspension with 40 % NHS,
or the corresponding hiHS controls in HBSS, for 30 min at
37 °C. Serum without cells was also incubated as control.
Bb was determined in supernatants using MicroVue™ Bb
Plus EIA (Quidel).

Statistical analyses

The indicated values are expressed as mean + standard
error of the mean (SEM). Statistical analysis was conducted
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Fig. 1. Characterization of transgenic chondrocytes. Flow cytometric analysis of PAC isolated from control, CD59-,
HT- and HTxCD59-transgenic pigs. Staining with UEA-I and GS-1B4 lectins was carried out to detect cell-surface
expression of H epitope (a) and Gal antigen (b), respectively. The expression of hCD59 (¢) and SLA-I (d) was also
measured with specific mAb. The bars represent the mean + SEM of MFI of three independent experiments. Significant
differences were observed between transgenic and controls as indicated (*p < 0.05, ®» < 0.01). Transgene expression

levels were maintained in the double transgenic PAC.

using 2-tailed Student #-test when comparing two groups
and ANOVA (applying Tukey) for multiple comparisons.
Differences were considered statistically significant at
p <0.05.

Results

Characterization of transgenic chondrocytes
We characterized PAC obtained from single and double
transgenic pigs expressing human HT and CD59 (Costa et
al.,1999; Costa et al., 2002b). First, the expression levels of
H epitope and hCD59 were determined by flow cytometry
(Fig. 1). PAC from HT and HTxCD59-transgenic pigs
expressed high levels of H epitope (assessed with UEA-I
lectin), whereas control and CD59-transgenic pig cells
showed low background staining (Fig. 1a). The high
H-substance expression was accompanied by a dramatic
reduction in Gal antigen on the cell surface relative to
controls (about 90 % decrease in MFI revealed with GS-
B4 lectin) (Fig. 1b). As expected, only CD59- and double
transgenic PAC showed hCD59 expression, although at
moderate levels (Fig. 1c). All cells showed comparable
SLA-I expression as determined for control (Fig. 1d).
Mimicking a pro-inflammatory setting, the next
experiments assessed the effect of 24 h exposure to hTNFa
on PAC transgene and Gal antigen expression. The data
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are summarized in Table 1 and were calculated as ratios
of the hTNFa-treated PAC relative to resting conditions
for each independent experiment and then averaged. First,
the regulated expression of the HT and CD59 transgenes
was confirmed by observing respectively 1.5-and 4-fold
increases in H epitope and hCD59 on the cell surface,
whereas SLA-I was similarly elevated in all PAC (Table
1). Interestingly, treatment with hTNFa also increased Gal-
antigen staining in control and CD59 PAC, whereas HT
and HTxCD59 transgenic PAC showed values closer to 1,
indicating that the reduction in Gal antigen was preserved
under these conditions (Table 1).

The anti-Gal and total human xenoantibody reactivity
is considerably lower on PAC from both HT- (Costa et
al., 2003) and double-transgenic pigs, compared to non-
transgenic PAC (data not shown). In order to assess the
potential for complement activation, we next determined
— by flow cytometry — the deposition of human complement
components C4 and C3 on control, single and double
transgenic PAC, incubated with 20 % and 40 % C8-
depleted human serum at 37 °C (Fig. 2). Our data show
a 2- and 6-fold reduction in anti-C4 reactivity in HT- and
HTxCD59-transgenic PAC, relative to controls (taking into
account MFI values) at both serum concentrations (Fig.
2a). Due to the amplification of the complement cascade,
C3 deposition was markedly increased relative to C4 in
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Table 1. Effect of TNFa on transgene and Gal antigen expression in PAC from
control, CD59-, HT- and HTxCD59-transgenic pigs.

Control PAC | CD59 PAC HT PAC HTxCD59 PAC
H epitope 1+£0 1+0 1.55+0.28 1.44+0.1
hCD59 1+0 38+1.1 1+0 4.16+1.7
SLAIT 4.86 £ 0.67 59+14 6.6+1.6 5+1.2
Gal antigen | 1.46+0.16 1.45+0.14 1.25+0.11 1.27+£0.13

PAC isolated from control and CD59-, HT- and HTxCD59-transgenic pigs
were cultured with media alone or with hTNFa for 24 h and analyzed by flow
cytometry for expression of H epitope, hCD59, SLA I and Gal antigen. All
data are presented as the mean = SEM of ratio between MFI of TNF-treated
and untreated (n = 4). ANOVA was applied for comparison of the ratios of
SLA T and Gal antigen and none reached statistical significance.
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Fig. 2. Determination of complement deposition on transgenic PAC. Flow cytometric analyses of C4 (a) and C3
(b) deposition on PAC isolated from control, CD59-, HT- and HTxCD59-transgenic pigs. Complement reactivity
was determined at 40 (thick line) and 20 (dotted line) % C8-depleted human serum. The thin line corresponds to
background reactivity without serum. A marker is placed above the 99 % negative-control population to indicate
positivity. Results are representative of three independent experiments.

control and CD59-transgenic cells (Fig. 2b). Notably,
HT-transgenic PAC displayed considerably lower C3
reactivity relative to control cells (65 % less MFI at 20 %
serum). Moreover, the lowest C3 deposition was observed
on HTxCDS59-transgenic PAC (90 % reduction relative
to controls at 20 % serum) (Fig. 2b). In a second set of 4
experiments, we assessed C5b-9 deposition at 20 % human
serum and confirmed a diminution in double transgenic
PAC, relative to controls (5.6 = 1.7 vs. 16.5 + 2.8 MFI,
p=0.015).

Transgenic expression of HT and hCD59 in PAC

fails to fully protect from the effects of human
complement

We next measured the release of pIL-6 and pIL-8 from
control and transgenic PAC (resting conditions), exposed to
20 % NHS or hiHS control for 24 h to assess the protective
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effect of the transgenes (Fig. 3). High cytokine release
was observed after NHS exposure. Although no statistical
differences were attained between the different PAC, for
either pIL-6 or pIL-8 after calculating the mean of three
experiments (there was variability between assays), we
did observe a trend of less secretion in HT and double
transgenic PAC for both interleukins (Fig. 3). As a control
of the cell isolates, we included a hTNFo treatment for 24 h
that led to a comparable response in all of them (2507.7
+ 332 and 6368.4 £+ 280.4 pg/mL as the mean + SEM of
the respective means of pIL-6 and pIL-8 released by the 4
different PAC together).

High expression of hCD59 and hDAF on PAC
reduces the response to human complement

To assess whether high expression of specific human
complement regulatory proteins on PAC could modify
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Fig. 3. Determination of pIL-6 and pIL-8 released by
transgenic PAC. The release of pIL-6 (a) and pIL-8 (b) by
PAC, control or expressing the indicated transgenes, was
determined by ELISA after incubation with 20 % normal
human serum (NHS) or the heat-inactivated control (hiHS)
for 24 h. The mean + SEM of 3 independent experiments
is shown. Significant differences were attained between
untreated and NHS-treated PAC (not displayed), but not
between controls and the various transgenic PAC incubated

with NHS.

Characterization of transgenic chondrocytes
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interleukin release and potentially confer protection, we
compared the effects of hCD59 and hDAF. To this end,
we obtained genetically-engineered PAC expressing either
hCD152-hCD59 or hDAF by retroviral transduction and
cell sorting, as well as mock-transduced PAC containing
the empty pLXSN vector (Fig. 4a). Transduced PAC
were incubated next with 40 % NHS or hiHS for 24 h and
pIL-6 and pIL-8 secretion was determined (Fig. 4b,c).
Cells expressing hDAF exhibited the highest reduction in
pIL-6/pIL-8 release after NHS exposure relative to mock
controls (about one third), whereas interleukin secretion
in cells expressing hCD59 was still substantially lower
than controls.

To further assess the mechanisms of protection for
each strategy singly and in combination, we conducted the
cytokine-release assay on the genetically modified PAC
exposed to NHS alone or in the presence of GAS914 or
anti-human C5a mAb 561 (Table 2). The use of saturating
concentrations of GAS914 in these experiments markedly
reduced cytokine release from control and hCD59-
expressing PAC, moderately reduced release from HT-
transgenic PAC, and did not decrease secretion by PAC
expressing hDAF. Likewise, the anti-human C5 mAb 557,
which displays a partial inhibitory activity of membrane
attack complex (MAC) formation (Sommaggio et al.,
2013), also reduced a substantial proportion (~ 40 %) of
cytokine release by HT PAC, although not as much as for
control PAC (data not shown). Interestingly, the use of a
blocking mAb specific for human C5a did not have as much
impact on control PAC and the protective effect was minor
or null for the HT transgenic PAC (Table 2). Nevertheless,
it led to a consistent reduction in pIL-6/pIL-8 release
when combined with high hCD59 expression. Finally,
C5a blockade did not diminish interleukin secretion by
PAC expressing high levels of hDAF. Thus, expression of
hDAF alone was sufficient to attain high protection and
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the addition of GAS914 or anti-human C5a mAb to these
cells did not provide a better outcome.

Effect of high hCD59 and hDAF expression on
complement alternative pathway

An assay was next developed to determine activation of
the alternative pathway on PAC exposed to human serum
at 40 % by quantifying the release of Bb fragments to
supernatants (Fig. 5). This release parallels the formation of
the alternative pathway C3 convertase on the cell surface.
Controls were included to show low background produced
by heat-inactivated serum and some activation generated
by serum when exposed to the plate surface in the absence
of cells. In this setting, we confirmed activation of the
alternative pathway by PAC incubated with NHS. Control
PAC showed the highest release of Bb (Fig. 5), which was
partially reduced by adding saturating concentrations of
GAS914 (4.5 +£0.3 vs. 5.6 + 0.3, n = 3). PAC expressing
high levels of hDAF produced significantly lower levels
of Bb, whereas high hCD59 expression on PAC led to an
intermediate release of Bb that did not reach significance
(Fig. 5). Finally, double transgenic HTxCD59 PAC
(included for comparison) released a similar amount of
Bb as hDAF-expressing PAC.

High expression of hCD59 and hDAF on PAC
reduces anaphylatoxin generation

We further studied the mechanism of protection of hDAF-
expressing PAC, by exposing them directly to a high
dose of rhC5a in parallel with controls and determining
expression of cell surface activation markers. The data
showed a response comparable to that of control PAC (data
not shown). At this point, we also considered determining
whether thC3a could induce a similar response in PAC,
in order to establish the points of intervention needed to
control the full effects of complement activation. However,
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line as control. Determination of pIL-6
(b) and pIL-8 (c¢) secretion by PAC mock- 0-
transduced and expressing high levels of g
hCD59 or hDAF after incubation with 40 %
NHS or hiHS for 24 h. The mean + SEM of 7005
4 independent experiments is shown. All 600-
three cell-lines secreted similar amounts of 500-
cytokines in response to hTNFa. Significant €
differences between PAC expressinghCD59 8
or hDAF versus mock controls were observed ®
after NHS treatment as indicated (%p <0.05). J 200-

Significant differences were also attained
for pIL-8 between hCD59- and hDAF-

PAC-pLXSN PAC-hCD59 PAC-hDAF

3 untreated
@ 40 % NHS
== 40 % hiHS

expressing PAC exposed to NHS (p = 0.007
by paired #-test).

Table 2. Interleukin concentrations in s

PAC-pLXSN

PAC-hCD59 PAC-hDAF

upernatants of PAC cultured with NHS.

pIL-6 (pg/mL) pIL-8 (pg/mL)

mock | HT |hCD359 | hDAF | mock | HT |hCD59 | hDAF
medium 3.9 0 0.8 3.9 4.7 8.2 12.9 9.4
NHS 122.7 | 45.8 29.8 149 | 827.8 | 609.1 | 168.2 | 85.8
NHS+GAS 18.8 33.7 10.2 18.4 | 278.7 | 406.8 80 109.3
NHS+mAb | 1944 | 404 46.2 20.8 | 1351 | 592.6 | 315.1 | 108.2
NHS+561 50.9 29.8 16.1 22.7 | 760.8 | 646.7 134 149.3
hiHS 7.8 12.1 4.3 9 14.1 20.8 5.9 7.1
GAS 0.7 nd nd nd 6.2 nd nd nd
CN mAb 0.3 nd nd nd 3.7 nd nd nd

Interleukin release of HT-transgenic and transduced PAC cultured for 24 h with

40% NHS alone (NHS), or with 100

ng/mL GAS914 (NHS+GAS), 10 pg/

mL control mAb (NHS+mAD), anti-C5 mAb 561 (NHS+561). Controls with
hiHS, GAS914 or control mAb in regular medium are included. Representative
experiment of 3 (same for both IL), nd/not determined.

no up-regulation of SLA-I, pICAM-1 or pVCAM-1 was
observed, even after incubation with 1000 ng/mL rhC3a
(data not shown). Then, we measured the release of C3a
and C5a after incubating the genetically modified PAC
with 20 % and 40 % NHS (Fig. 6). This quantification
revealed that the heating procedure used to inactivate the

m& MATEALY 2

complement activity for hiHS controls generated some C5a
(Fig. 6¢,d). For this reason, additional negative controls
of NHS and hiHS, incubated at 37 °C without cells, were
included in the assays. In these experiments, the hDAF-
expressing PAC generated significantly less C3a and
C5a than mock control cells (Fig. 6a-d). Interestingly,
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Fig. 5. Bb generation by genetically-modified PAC
exposed to NHS. Quantification of Bb released to culture
supernatants of PAC expressing human complement
regulatory proteins (including HTxCD59-transgenic PAC)
incubated with 40 % NHS or hiHS for 30 min. Background
levels were determined in serum incubated in the absence
of cells. The mean = SEM of 4 independent experiments
is shown. Significant differences were observed between
PAC with hDAF or double transgenic HTxCD59 PAC and
mock-transduced PAC after NHS exposure as indicated
(’p <£0.05).

a
1250
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=3 20 % hiHS
1000- o fl
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o
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Fig. 6. Anaphylatoxin generation by genetically-modified PAC exposed to NHS. Quantification of C3a (a,b) and C5a
(c,d) released to culture supernatants of PAC expressing human complement regulatory proteins incubated with 20 %
(a,c) and 40 % (b,d) NHS or hiHS for 30 min. Background levels were determined in serum incubated in the absence
of cells (shown as Control). The mean = SEM of 4 independent experiments is shown. Significant differences were
observed between PAC with hCD59 or hDAF and mock-transduced PAC after NHS exposure as indicated (‘p <0.05,
°» <0.01,p<0.001). Significance was also attained between mock and hCD59-expressing PAC incubated with NHS

relative to NHS without cells, but not for PAC with hDAF versus NHS alone.

PAC expressing high levels of hCD59 also showed lower
anaphylatoxin generation than controls when exposed to
NHS, especially for C5a, but also for C3a at 20 % NHS.

Very high protection attained by highly expressed
hCD59 on HT transgenic PAC

HT transgenic PAC were transduced and selected to
express high levels of either hCD59 or hDAF for further
comparison of these two molecules. To this end, the various
transductants were left untreated or exposed to 20 % NHS

CcaLLy
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for 24 h and the up-regulation of SLA-I, pICAM-1 and
pVCAM-1 was determined on the cell surface by flow
cytometry (Fig. 7a,b). Differences in MFI fold increases,
relative to resting conditions, were observed for SLA-T and
pICAM-1 between mock-control PAC and HT PAC, either
mock-transduced or transduced to express the complement
inhibitors (Fig. 7a). These two markers were found elevated
on control PAC but not on the various HT transductants
assessed. The expression of pVCAM-1 was also highly
up-regulated on control PAC after NHS exposure (Fig. 7b).
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HT-pLXSN

HT-hCD59 HT-hDAF

Fig. 7. Analyses of PAC expressing HT and human complement regulatory proteins. HT-transgenic PAC were
transduced with retroviruses generated with empty pLXSN, pLXSN-hCD152-hCD59 or pLXSN-hDAF, selected and
sorted for high-expressing cells. Mock-transduced control PAC were simultaneously generated. The various PAC
(as indicated) were left untreated or exposed to 20 % NHS for 24 h, harvested and analyzed by flow cytometry to
assess cell-surface expression of SLA-I, pICAM-1 (a) and pVCAM-1 (b). The bars represent the mean + SEM of fold
increases in MFI calculated relative to untreated cells and corresponding to 4 independent experiments. Significant
differences between transductants of HT PAC and control PAC were observed after NHS treatment as indicated
(*» <£0.05), but not for other combinations. (¢) Secretion of pIL-6 by the same PAC in supernatants harvested after
24 h incubation. Cytokine release was normalized to one million cells, considering the number of cells recovered
for each condition. A representative experiment of 3 independent experiments is shown.

However, the high variability between assays disallowed
the detection of any significant reduction in pVCAM-1
expression in the presence of HT. Nevertheless, the data
suggested that the complement inhibitors further prevented
pVCAM-1 up-regulation relative to HT transgenic PAC
(Fig. 7b).

In these experiments, supernatants were also collected
to measure pIL-6 release (Fig. 7¢). After normalization for
cell number due to some cell death observed for control
PAC, the HT PAC expressing high levels of hCD59 showed
the lowest levels of pIL-6 secretion. On the contrary, the
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HT PAC expressing hDAF did not show reduced secretion
of pIL-6 relative to mock-transduced HT PAC.

Discussion

In this study, we have identified genetic-engineering
approaches to prevent humoral rejection of xenogeneic
chondrocytes for use in cartilage repair. We have found
that transgenic expression of HT in combination with high
levels of a complement inhibitor may suffice to prevent
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the effects of human antibody and complement on porcine
chondrocytes. Since the pioneering work, conducted with
HT-transgenic PAC (Costa et al., 2003), our team has
worked on identifying molecules that play a critical role in
rejection of pig chondrocytes when used as xenografts. This
is the first work that focuses on developing a xenogeneic
product for use in cartilage repair based on combining
genetic engineering approaches. Despite the complexity
of the development process implied by this concept, the
simplicity of the resulting genetically-engineered product
is very attractive. In its final form, it is conceived to require
minimal processing, be used off-the-shelf and transplanted
in the absence of immunosuppression. In the xenogeneic
setting, hurdles are higher than in allotransplantation.
However, tools are available to genetically modify the
donor pig and have been extensively utilized for the
particular purpose of controlling the humoral response
against vascularized xenografts (Lambrigts et al., 1998;
Costa and Mafiez, 2012). Although strategies that combine
a complement inhibitor with carbohydrate remodeling
are being tested in preclinical models of solid organ
xenotransplantation with limited success (Miyagawa et al.,
2010; McGregor et al., 2012), cartilage is avascular and
the approach proposed here may well suffice to control the
undesired effects caused by the amount of antibody and
complement involved in this setting. The cellular assays
utilized in this work using 20 % and 40 % NHS mimic
conditions of high stringency and should be considered
models of preclinical value (Sommaggio et al., 2013).
As opposed to measuring cell death, reduction of PAC
cytokine release became a suitable parameter for assessing
protection from the effects of antibody and complement
in this setting. Death of PAC exposed to human serum is
very low even after 24 h incubation (Sommaggio et al.,
2013). For this reason, no differences could be detected in
survival between PAC from controls, HT and HTxCD59
transgenic pigs when incubated with 20 % NHS in a
pilot study (data not shown). Notably, future studies are
warranted to assess additional strategies that target the
cellular response prior to assessing its efficacy in relevant
animal models. Then, studies in non-human primates will
be necessary for determining the feasibility of this approach
before proceeding to clinical trials.

High expression of a complement inhibitor is needed
to prevent the effects of antibody and complement
on pig chondrocytes, as demonstrated in the cytokine
release assays. This finding is in agreement with our
observations that anti-non-Gal antibodies contribute to
these undesired events (shown by the partial protection
attained with saturating concentrations of GAS914). Thus,
the CD59 transgenic pig line available from Alexion and
characterized in this work, failed to express sufficient
levels of the transgene on chondrocytes to be considered
for further development in the current form. Despite the
significant reduction in complement activation observed
when combined with HT in the double transgenic PAC,
the remaining complement activation sufficed to trigger
PAC activation as measured by pIL-6 and pIL-8 release.
Nevertheless, the efficacy of hCD59 and hDAF was
demonstrated when high expression of these molecules was
attained in the transduced and sorted PAC. Interestingly,
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our data show that hCD59 is highly up-regulated at the
cell surface of the Alexion transgenic PAC after hTNFa
treatment. It parallels increases of SLA-I, in keeping with
the CD59 transgene being under control of the mouse
MHC-class-I promoter H2kb (Fodor et al., 1994; Costa
et al., 2002b). As the Gal antigen expression seemed to
be augmented on Tumor necrosis factor (TNF)-activated
PAC, the regulated expression of the transgene is a trait that
may be of use for future developments. In this particular
case, it could be achieved by using fetal fibroblasts from
the CD59 or double transgenic pigs for further genetic
manipulation introducing additional transgenes (under the
control of promoters that favor expression in cartilage),
and their subsequent use for somatic cell nuclear transfer.
Furthermore, other transgenic pig lines that have been
generated with hCD59 or in combination with hDAF
(Costa and Madez, 2012) could be studied for this purpose.
The possibility of using chimeric hCD152-hCD59 is also
very attractive (Costa et al., 2002a) and this is the main
reason for using hCD59 here.

The expression of hCD59 led to additional protective
effects, not previously described for this molecule. It was
first revealed by the reduction in C3 deposition observed
in the CD59-transgenic PAC exposed to NHS relative
to corresponding controls and was better appreciated in
the double transgenic cells. Although our reagent did
not distinguish between C3b and C3d deposition, which
may be of interest for future studies because of their
distinct activities, the overall C3 decrease was clear. This
occurred despite that hCD59 did not affect human antibody
deposition, which was comparable to that of controls
(24.6 £ 5.7 and 22.5 £ 1.2 MFI for IgM, respectively).
Importantly, further evidence was provided by the
significant reduction in C3a and C5a generation found
after NHS exposure of hCD59-transduced PAC relative
to controls. Thus, this effect cannot be explained by the
described mode of action of hCDS59 that prevents binding
of C8 and C9 to C5b-7 and formation of the membrane
attack complex (Rollins et al., 1991; Ricklin et al., 2010).
Consistent with our findings, Holguin ef al. reported that
C3 accumulates on red blood cells lacking hDAF when
hCD59 is blocked by antibodies (Holguin ef al., 1992).
Elucidating the molecular bases of this mechanism is
beyond the scope of this work, but we can speculate that
hCD59 itself displays a not-yet-described function, such
as decay accelerating activity (probably to a lesser extent
than hDAF). In fact, the observed reductions in C3a and
C5arelease indicated a more pronounced inhibitory effect
on C5-convertase than C3-convertase activity for both
hCDS59 and hDAF. Alternatively, hCD59 could facilitate
the activity of other complement regulatory proteins in a
way such as hMCP displays cofactor activity for factor I.

The activation of the complement alternative pathway
after exposure of pig chondrocytes to xenogeneic
serum was demonstrated for the first time in this work.
Furthermore, it was lower in the GAS914-treated samples
and HTxCD59-double transgenic PAC, consistent with
the alternative pathway acting as an amplification loop
for the classical pathway. Considering that extracellular
matrix components generated during cartilage remodeling
also trigger the alternative pathway, the addition of a
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complement inhibitor to the whole strategy is further
justified. The type of determination chosen to measure the
alternative-pathway activation, proportional release of Bb
to the supernatant, did not allow proper quantification of the
inhibitory capacity of hDAF in this system. Nevertheless,
hDAF expression led to a significant reduction in Bb
generation in spite of the decay accelerating activity
probably enhancing the Bb release. In contrast, high
expression of hCD59 produced no significant effect on Bb
(although the same limitation described for hDAF could
apply if it actually had some decay accelerating activity).

Various features of hDAF support its use for this
particular application. The protection conferred by hDAF
from the cytokine release was to some extent superior
to that of hCD59 when assessed as single strategies. A
contributor factor to this advantage could be the above-
mentioned capacity of hDAF to inhibit the alternative
pathway. Nevertheless, its protection is likely mediated
by hDAF’s strong capacity to prevent C5b-9 formation
and C5a generation through its C3/C5-convertase-decay
activity. This would explain the lack of blockade attained
by the anti-C5a mAb 561 when used with hDAF-expressing
PAC. In addition, a defect in the response of these cells
to C5a was ruled out. Our team has previously reported
that C5a directly triggers pIL-6 and pIL-8 secretion by
PAC, although C5b-9 also contributes (Sommaggio et al.,
2013). In this work, we additionally discarded a major
participation of C3a to PAC activation (as determined by
up-regulation of cell-surface markers). Note, however,
that a reduction in overall anaphilatoxin generation will
always be beneficial in this setting as anaphilatoxins not
only act on the transplanted chondrocytes, but also produce
pro-inflammatory effects on the surrounding tissue and
directly promote the cellular immune response (Sacks
and Zhou, 2012). Interestingly, a serendipitous result from
these experiments was finding C5a elevated in our freshly-
prepared heat-inactivated human serum. This should be
taken into account for future studies and could explain
some previous results such as pVCAM-1 up-regulation
by this type of serum control (Sommaggio et al., 2013).
Finally, the combination of hDAF with a carbohydrate
modification strategy may still be of interest to prevent the
effects of xenoreactive antibodies. However, expression of
hDAF on HT PAC did not provide better protection than
the combination of HT and high hCD59 expression. This
concept is reinforced by the fact that highly-expressed
hCD59 in combination with GAS914 was extremely
effective in preventing PAC cytokine release.

Our work also demonstrates the feasibility of using the
HT transgenic approach in combination with a complement
regulatory protein to control the humoral immune response
against pig chondrocytes. The HT transgenic pig lines
generated by Alexion express high levels of H epitope in
cartilage resulting in dramatic reductions in Gal antigen,
as well as no anti-Gal-elicited antibody response and
lower titers of total anti-pig antibodies when transplanted
subcutaneously in Gal-deficient mice (Costa et al., 2003).
Taking into account that various reports including the
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present work describe the involvement of anti-non Gal
antibodies in rejection of xenogeneic chondrocytes (Stone
et al., 1998; Costa et al., 2003), the effect of residual Gal
antigen may be negligible. That is, the HT transgenic
approach may be equivalent to the Gal KO when combined
with a complement inhibitor for this particular application.
Comparative studies of these two approaches are still
pending and may be of interest for future work. Note that
high HT expression provides beneficial effects beyond the
antibody response by directly lowering human monocyte
adhesion and susceptibility to human NK-cell mediated
lysis (Kwiatkowski et al., 1999; Costa et al., 2002a; Costa
et al., 2008). However, there is controversy as to whether
this protection is produced by the reduction in Gal antigen,
as porcine endothelial cells isolated from Gal KO pigs show
cellular innate immunity similar to controls (Baumann et
al., 2005; Schneider et al., 2009). All these properties of
the HT transgenic approach remain to be confirmed, in a
relevant preclinical animal model. Nevertheless, all the
data gathered so far suggest HT could help the complement
inhibitors to control not only rejection of PAC xenografts,
but also other inflammatory processes such as OA. In
theory, good cellular therapies of cartilage repair may
prevent the subsequent development of OA and could be
used for the repair of OA cartilage.

Conclusions

This work demonstrates the efficacy of a combinatorial
approach, based on transgenic expression of HT and
a complement regulatory molecule such as hCD59,
to prevent the effects of antibody and complement on
xenogeneic chondrocytes. Additional modifications
aimed at controlling the cellular response may lead to the
generation of a cellular product that could be used off-the-
shelf for the repair of cartilage defects.
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Discussion with Reviewers

Reviewer I: Given the fantastic capacity of the immune
system to recognize foreign antigens expressed in low
abundance, will the transfer of xenograft tissue ever
be a viable option for lesion repair without the use of
immunosuppression at some level?

Authors: The corresponding author has led this research
line for many years because she is convinced that it will
be technically feasible that chondrocytes are obtained
from pigs for use in clinical therapies for cartilage repair.
Despite the challenges implied in cartilage repair, the
chondrocytes display some advantages related to immune
privilege that could facilitate the path to reach this goal
of a xenogeneic therapy that does not require additional
immunosuppression. Taking into account the major
advances that have been made in genomics and animal
engineering, it appears that each immunological hurdle that
is identified can be overcome through genetic engineering.
As represented by this work, the same mechanisms that
nature uses to induce and maintain immune homeostasis
and tolerance could be adapted for this purpose.

Reviewer II: What other complement regulatory proteins
can be regulated by CD59, which itself is a terminal
complement regulatory protein?

Authors: We favor the concept of hCD59 displaying some
decay accelerating activity as it is a small molecule with an
already reported function of disrupting the binding of C5b-
7 with C8 and C9. However, we cannot rule out without
experimental evidence that other proteins contribute to this
function. As similar observations have been made with
red blood cells expressing only hCD59, hCD59 may be
facilitating the complement inhibitory activity of certain
serum proteins in a way such as MCP displays cofactor
activity for factor I.

Editor’s Note: Scientific Editor in charge of the paper:
Chris Evans.
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