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Role of complement in xenotransplantation

The xenotransplantation research is driven by the increasing gap between the
number of patients with end-stage organ failure on waiting lists for
transplantation and the supply of allografts. The lack of success in developing
suitable artificial organs for permanent treatment of organ failure has further

accepted to be the source animal of choice. Transplantation of pig organs to

strengthened the need for xenotransplantation research. Pigs are now generally
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humans faces several barriers which have to be overcome before it comes to
clinical application: (1) anatomical and physiological conditions; (2)
immunological rejection mechanisms; (3) molecular compatibility between signal
molecules of the two species; (4) risk of transmission of microorganisms,
particularly pig endogenous retroviruses; and (5) legal and ethical aspects both
with respect to the animal and the recipient. Here we will focus on the role of the
complement system in the rejection of immediately vascularized pig-to-primate
xenografts. The hyperacute rejection occurring within minutes after
transplantation is mediated by binding of natural antibodies to the Gala(l-3)Gal
epitope on the endothelial cells with subsequent complement activation. Whereas
inhibition of complement activation protects against hyperacute rejection, the
role of complement in the later rejection phases is less clarified.
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Rejection of immediately vascularized xenografts

The major barrier to the use of pigs as a source of organs
for clinical transplantation is that the organs are subject
to severe and irreversible rejection (1) and potentially to
other biological barriers (2). Until recently these
rejection reactions seemed to pose an insurmountable
hurdle to clinical application of xenotransplantation.
Studies during the past few years, however, have
revealed much about the molecular basis of xenograft
rejection, particularly humoral rejection, and have
encouraged the view that these reactions and other
biological problems might be addressed by novel and
specific therapies (3-9). The reaction phases are similar
to those we know from allotransplantation and are
divided into hyperacute rejection, acute vascular rejec-
tion (AVR), cellular rejection, and possibly also a
chronic rejection with gradual loss of organ function

(Fig. 1).

Hyperacute rejection

The expression of a functional o(1-3)-galactosyltransfer-
ase gene in lower mammals leading to the synthesis of
galactosea(l-3)galactose (Galo(l-3)Gal) as the terminus
of some oligosaccharide chains, as occurs in mammals
(10), establishes a critical immune barrier (11, 12). This
saccharide is recognized by naturally occurring anti-
bodies, mainly IgM, made by all immunocompetent
humans and higher primates which do not express that

sugar (10). This antigen-antibody system activates the
classical complement pathway and leads to destruction
of the graft within minutes to few hours (1). Activation
of complement occurs partially as a result of binding of
antibodies to the graft, and partially by the failure of
complement regulation in the foreign organ, since
several complement regulatory proteins are species
specific. Endothelial cells are the primary target of
host immunity during hyperacute rejection (13, 14).

Delayed vascular xenograft rejection

Different terminologies have been used to characterize
this form of rejection. AVR (15) or delayed xenograft
rejection (DXR) (16) have been used to describe the
same phenomenon, namely the rejection occurring after
a few hours to a few days after transplantation. The
mechanism of this rejection is not fully elucidated, but
antibodies are regarded to be essential, and platelets,
macrophages and NK-cells have been postulated to be
involved (15, 16). The role of complement in AVR has
been doubted, but recent studies indicate that comple-
ment activation may in fact contribute to development
of AVR (17-20).

Cellular and chronic xenograft rejection

The cellular rejection is mainly T-cell mediated as in the
allograft counterpart, but seems to be more pronounced
in xenografts than in allografts (6). The role of
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Figure 1. Rejection mechanisms in discordant xenograft trans-
plantation, e.g. the pig-to-human combination. ‘Accommodation’
indicates a condition where rejection does not occur despite the
presence of antibodies and complement.

complement in the late rejection phases may be limited,
although it should be emphasized that an initial low-
grade complement activation not leading to hyperacute
rejection, may induce a certain degree of endothelial cell
activation which may contribute to later rejection,
including both AVR, cellular and chronic rejection. In
this context it should be noted that complement has been
found to contribute to general vascular destruction in
the process of arteriosclerosis (21).

Complement regulation and therapeutic intervention

Under physiological conditions the activation of
complement on autologous cells is controlled by cell-
associated glycoproteins such as decay accelerating
factor (DAF, CD55) and membrane cofactor protein
(MCP, CD46), which inhibit complement activation at
the C3 convertase step, and CD59, which prevents
formation of the terminal C5b-9 complement complex
(TCC).

Since antibodies and complement are the main
contributors to hyperacute rejection, these have also
been the goal for manipulation to avoid this immediate
type of rejection. The major breakthrough has not been
obtained by manipulation of antigen or antibodies, but
rather of complement. There are several approaches to
modulation of complement: (1) depletion of comple-
ment using cobra venom factor; (2) inhibition of
complement using unspecific proteases; (3) binding of
complement using intravenous immunoglobulins; (4)
production of animals transgenic for human comple-
ment regulators; and (5) specific inhibition of comple-
ment using soluble complement inhibitors or antibodies
to complement components. The first three approaches
are hampered either by the generation of large amounts
of activation products or by various unspecific effects.
The last two approaches are briefly discussed below.

Pigs have been made transgenic for human comple-
ment regulators, particularly the naturally occurring
membrane proteins DAF, MCP and CD59. Successful
transplantation with organs from pigs transgenic for
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one or more of these regulators to baboons has been
obtained, in the sense that hyperacute rejection has been
avoided (19, 22-27). Recently, 12 week survival after
life-supporting hDAF transgenic pig heart transplanta-
tion to primates was demonstrated (28). The results
with transgenic pigs have been so promising that the
hyperacute rejection problems principally have been
regarded as resolved. It is of importance, however, to
add that recent data on pig complement regulators
(DAF and CD359) have shown that they may be as
efficient as human regulators in protecting pig endothe-
lial cells against human complement (29, 30). Thus,
increased expression of pig complement regulators on
pig endothelial cells may be as efficient as making
human transgenic pigs. In addition to avoiding
hyperacute rejection the transgenic pigs also have
shown attenuation of AVR, indicating that complement
may contribute to this phase of rejection (19). This
suggestion is supported by data indicating that
complement activation correlates with graft rejection
in AVR (17).

The use of transgenic pigs seems promising and has
brought xenotransplantation nearer clinical reality.
However, the membrane regulators are usually
expressed on the endothelial cells as clusters and the
activation of complement may take place at the
membrane in between these clusters (31). It should
thus be emphasized that although organs from these
pigs may be protected against hyperacute rejection, a
certain degree of complement activation may still
contribute to an inflammatory reaction with subsequent
impaired graft function. Efforts should therefore be
taken to control the fluid-phase activation of comple-
ment as well. A few methods are today considered
clinically applicable to inhibit complement activation.
Recombinant soluble complement regulators like the
soluble form of complement receptor 1 (sCR1)
antibodies to complement components, particularly
C5, have shown promising results and are candidates
for future clinical trials (32, 33). A number of small
peptides binding to receptors or blocking the activation
of complement components are under development and
should be useful for future therapeutic modulation of
complement.

We have established an ex vivo perfusion model for
the study of hyperacute rejection in a pig-to-human
combination (pig kidneys perfused with fresh human
whole blood) (34) and investigated the effect on
inflammatory reaction and graft survival by modulating
complement activation by the C3 inhibiting peptide
Compstatin  (35) and by Cl-inhibitor (36). Both
reagents completely inhibited hyperacute rejection
and markedly reduced the inflammatory reaction. In
amodel of AVR we are currently investigating the effect
of various complement inhibitors on endothelial cell
activation.



Conclusion

Complement activation plays an essential role in
hyperacute xenograft rejection and may be involved
in later rejection mechanisms as well. Genetic manip-
ulation of complement regulatory molecules in the
source animal and inhibition of the recipient’s comple-
ment system may both be required in order to obtain

long-time survival of xenografts.

References

1.

10.

11.

12.

Pratt JL, BAcH FH. The barrier to
xenotransplantation. Transplantation
1991;52:937-947.

. Lawson JH, PratT JL. Molecular

barriers to xenotransplantation.
Transplantation 1996;62:303-310.

. Hoopes CW, Pratt JF. Molecular

strategies for clinical
xenotransplantation in cardiothoracic
surgery. Semin Thorac Cardiovasc Surg
1996;8:156-174.

. PARkER W, Saapr S, Lin SS, et al.

Transplantation of discordant
xenografts: a challenge revisited.
Immunol Today 1996;17:373-378.

. Prarr JL. The prospects for

xenotransplantation of the kidney. Curr
Opin Nephrol Hypertens
1997;6:284-291.

. AucHincross H, SacHs DH. Xenogeneic

transplantation. Annu Rev Immunol
1998;16:433-470.

. Bacu FH. Xenotransplantation:

problems prospects. Annu Rev Med
1998;49:301-310.

. Lamerigts D, Sacus DH, Cooper DKC.

Discordant organ xenotransplantation
in primates — World experience and
current status. Transplantation
1998:66:547-561.

. StarzL TE, Rao AS, Murase N, Fung J,

DemeTrRIS AJ. Will xenotransplantation
ever be feasible? J Am Coll Surg
1998;186:383-387.

Gaviul U, CLaARk MR, SHoHET SB,
BueHLER J, MAcHER BA. Evolutionary
relationship between the natural anti-
Gal antibody and the Gal alpha 1-3Gal
epitope in primates. Proc Natl Acad Sci
U S A 1987;84:1369-1373.

OrioL R, YE Y, Koren E, Coorer DKC.
Carbohydrate antigens of pig tissues
reacting with human natural antibodies
as potential targets for hyperacute
vascular rejection in pig-to-man organ
xenotransplantation. Transplantation
1993;56:1433-1442.

LiNn SS, Kooyman DL, DaNIgLs L], et al.
The role of natural anti-Gal alpha
1-3Gal antibodies in hyperacute
rejection of pig-to-baboon cardiac
xenotransplants. Transpl Immunol
1997;5:212-218.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

Role of complement in xenotransplantation

Note added in proof

Pratt JL, VERCELLOTTI GM, LINDMAN
BJ, et al. Release of heparan sulfate
from endothelial cells. Implications for
pathogenesis of hyperacute rejection. J
Exp Med 1990;171:1363-1368.

RossoN SC, Canpinas D, HANcock WW,
et al. Role of endothelial cells in
transplantation. Int Arch Allergy
Immunol 1995;106:305-322.

Pratt JL, LIN SS, McGRreGor CGA.
Acute vascular rejection.
Xenotransplantation 1998;5:169-175.
Bacn FH, WiNkLER H, FErRrAN C,
Hancock WW, Rosson SC. Delayed
xenograft rejection. Immunol Today
1996;17:379-384.

. Loss M, VaNGEROW B, ScumipTKO J, et al.

Acute vascular rejection is associated
with systemic complement activation in
a pig-to-primate kidney xenograft
model. Xenotransplantation
2000;7:186-196.

Davis EA, Pruitt SK, GRrREENE PS, et al.
Inhibition of complement, evoked
antibody, and cellular response prevents
rejection of pig-to-primate cardiac
xenografts. Transplantation
1996;62:1018-1023.

ZADI A, SCHMOECKEL M, BHATTI F, et al.
Life-supporting pig-to-primate renal
xenotransplantation using genetically
modified donors. Transplantation
1998;65:1584-1590.

Fryer JP, LEvenTHAL JR, PA0o W, et al.
Synthetic peptides which inhibit the
interaction between Clq and
immunoglobulin and prolong xenograft
survival. Transplantation
2000;70:828-836.

Nicutescu F, Rus H. Complement
activation and atherosclerosis. Mol
Immunol 1999;36:949-955.

Cozz1 E, WHiTE DJG. The generation of
transgenic pigs as potential organ
donors for humans. Nature Med
1995;1:964-966.

ScamoEeckeEL M, BHatTi FNK, ZaD1 A,
et al. Orthotopic heart transplantation
in a transgenic pig-to-primate model.
Transplantation 1998;65:1570-1577.
NoriN AJ, BREWER RJ, LawsoN N, et al.
Enhanced survival of porcine
endothelial cells and lung xenografts
expressing human CD359. Transplant
Proc 1996;28:797-798.

25.

26.

27.

28.

29.

30.

31.

32.

33.

A technical breakthrough was recently reported, where
cloned pigs knocked out for the galactosyl transferase
gene were successfully born (Lai L., et al. Science
Express, 3 January 2002). Other groups report similar
data still not published in peer-reviewed journals at the
time of this article going to press.

McCurry KR, Kooyman DL,
Avrvarapo CG, et al. Human
complement regulatory proteins protect
swine-to-primate cardiac xenografts
from humoral injury. Nature Med
1995;1:423-427.

BYrNE G, McCurrYy KR, MARTIN MJ,
et al. Transgenic pigs expressing human
CD59 and decay-accelerating factor
produce an intrinsic barrier to
complement-mediated damage.
Transplantation 1997;63:149-155.
YEATMAN M, DAGGETT CW, PARKER W,
et al. Complement-mediated pulmonary
xenograft injury — Studies in swine-to-
primate orthotopic single lung
transplant models. Transplantation
1998;65:1084-1093.

Cozzi E, Masroor S, SoiN B, ViaL C,
White DJG. Progress in
xenotransplantation. Clin Nephrol
2000;53:B13-B18.

HincHLIFFE SJ, RusHMERE NK, HANNA
SM, MorGaN BP. Molecular cloning
and functional characterization of the
pig analogue of CD59: Relevance to
xenotransplantation. J Immunol
1998;160:3924-3932.

Harris CL, SpiLLErR OB, MorGaN BP.
Human and rodent decay-accelerating
factors (CD55) are not species restricted
in their complement-inhibiting
activities. Immunology
2000;100:462-470.

Paccaup JP, CARPENTIER JL, SCHIFFERLI
JA. Direct evidence for the clustered
nature of complement receptors type 1
on the erythrocyte membrane. J
Immunol 1988;141:3889-3894.

Prurtt SK, BoLLINGER RR, CoLLins BH,
et al. Effect of continuous complement
inhibition using soluble complement
receptor type 1 on survival of pig-to-
primate cardiac xenografts.
Transplantation 1997;63:900-902.
Krosuus TJ, RoLLINS SA, DALMASso AP,
et al. Complement inhibition with an
anti-C5 monoclonal antibody prevents
acute cardiac tissue injury in an ex vivo
model of pig-to-human
xenotransplantation. Transplantation
1995;60:1194-1202.

71



Mollnes and Fiane

34.

718

Fiane AE, Vipem V, FoOERSTER A, et al.
An ex vivo perfusion model to evaluate
hyperacute rejection in a discordant pig-
to-human combination. Eur Surg Res
1998;30:341-351.

35.

Fiane AE, MoLines TE, VIDEm V, et al.
Compstatin, a peptide inhibitor of C3,
prolongs survival of ex vivo perfused pig
xenografts. Xenotransplantation
1999;6:52-65.

36. Fiane AE, Vipem V, Jonansen HT,

MELLBYE OJ, NIELSEN EW, MoLLNES TE.
Cl-inhibitor attenuates hyperacute
rejection and inhibits complement,
leukocyte and platelet activation in an
ex vivo pig-to-human perfusion model.
Immunopharmacology
1999;42:231-243.



