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Distribution of membrane cofactor protein (MCP/CD46) on pig tissues.
Relevance to xenotransplantation

J. M. PÉREZ DE LA LASTRA, S. M. HANNA & B. P. MORGAN Complement Biology Group, Department of Medical
Biochemistry, University of Wales College of Medicine, Cardiff, UK

SUMMARY

Membrane cofactor protein (MCP; CD46) is a 50–60 000 MW glycoprotein, expressed on a wide
variety of cells and tissues in man, which plays an important role in regulating complement
activation. Human MCP has also been shown to be the receptor for measles virus. We have
recently identified the pig analogue of MCP and demonstrated that pig MCP has cofactor activity
for factor I-mediated cleavage of C3b when these components are derived either from pig or
human. As a consequence, pig MCP is an efficient regulator of the classic and alternative pathways
of human and pig complement. In order to define the potential importance of MCP in protecting
against complement activation in the pig, we have conducted a comprehensive survey of its
distribution in pig cells and organs. As in humans, MCP in the pig is broadly and abundantly
distributed. Pig MCP is highly expressed on all circulating cells, including erythrocytes, in contrast
to its absence on human erythrocytes. Multiple isoforms of MCP are found on cells and in tissues,
probably representing products of alternative splicing analogous to those found in man. MCP is
abundantly expressed throughout all tissues examined with particularly strong staining on the
vascular endothelium. Connective tissue elements within liver and testis are also strongly stained
by anti-pig MCP antibodies. Pig MCP is expressed only weakly on skeletal muscle cells and
expression is absent from smooth muscle cells in the lung and vessel walls, sites at which human
MCP is expressed. Of particular note, MCP is not expressed in B-cell areas of the germinal centres
of lymph nodes.

INTRODUCTION this characteristic is stable and inherited in an autosomal
codominant fashion.5 In addition to its role in C regulation,Human membrane cofactor protein (MCP or CD46) is an
human MCP is of interest in reproductive immunology becauseimportant membrane bound regulator of complement (C)
of its expression on sperm and at the maternal–fetal interface,6activation. MCP serves as cofactor for the plasma serine
to tumour immunology because of its high expression onprotease factor I in the degradation of C3b and C4b deposited
malignant cells,7 and to microbiology because of its role as aon self tissues.1 It is expressed on a wide variety of cells but
receptor for measles virus8 and for M protein of group Ait is absent from erythrocytes. Structural analysis reveals that
streptococci.9MCP is a glycoprotein consisting of four homologous short

Regulation of C in the pig has become a subject of interestconsensus repeats (SCR), a serine/threonine/proline (STP)
because of the planned use of pig organs for transplantationrich region, and transmembrane and cytoplasmic domains.
to humans. In order to circumvent C-mediated hyperacuteThe SCRs are characteristic of the RCA family of C-regulators
rejection, an inevitable consequence of pig–human transplants,to which MCP belongs.2 In human MCP, SCR 3 and 4 are
pigs are now bred that express human C regulators onnecessary for cofactor activity for the cleavage of C4b and
endothelium.10 However, the contribution of the endogenousC3b.3 Alternative splicing of the STP and cytoplasmic domains
pig inhibitors to C regulation remains unassessed. We haveresults in expression of multiple isoforms of MCP.4 On peri-
undertaken to characterize membrane regulators of C in thepheral blood cells, individuals may express predominantly
pig. We have recently described the purification and charac-a 65 000-MW isoform, express predominantly a 45 000-MW
terization of the pig analogues of human CD59 and MCP.11isoform or express equal amounts of the two isoforms and
Pig MCP purified from erythrocytes is a 50–60 000 MW glyco-
protein with cofactor activities similar to those of the humanReceived 17 December 1998; revised 23 March 1999; accepted 23

March 1999. protein.12 Molecular cloning of pig MCP revealed a 43%
amino acid identity with human MCP and a very similarCorrespondence: Prof. B. P. Morgan, Complement Biology Group,
predicted protein structure.13 Pig MCP was an efficient regu-Department of Medical Biochemistry, University of Wales College of

Medicine, Heath Park, Cardiff CF4 4XN, UK. lator of the classic and alternative pathways of pig and human
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C, leading us to propose that the presence of a resident MCP by perfusion and gentle disaggregation to obtain a cell suspen-
sion. Residual erythrocytes from organ cell suspensions wereon pig cells capable of acting as a cofactor in the control of

human C activation has consequences for the use of pig organs lysed by hypotonic treatment. Where possible, all blood and
tissue samples were collected from the same pig. Cells andin xenotransplantation.12

In order to analyse the contributions of endogenous pig tissue extracts were solubilized in lysis buffer, consisting of
10 m Tris–HCl, 150 m NaCl, 1 m ethylenediamine tetra-MCP and to define which pig cells and organs are best

protected from the activation of C, we set out to study the actetic acid (EDTA), 1% NP-40, 1 m phenylmethylsulphonyl
fluoride (PMSF), for 1 hr at room temperature. After centrifu-cellular expression and organ distribution of the pig analogue

of MCP. gation at 12 000 g for 15 min, supernatants were mixed with
sample buffer and run on a 10% sodium dodecyl sulphate–
polyacrylamide gel electrophoresis (SDS–PAGE) gel under

MATERIALS AND METHODS
non-reducing conditions. The separated proteins were trans-
ferred to nitrocellulose membrane (Sartorius AG, Göttingen,Cell preparation

Fresh pig blood was obtained from the UWCM animal facility Germany). Nitrocellulose was blocked with PBS–5% non-fat
powdered milk and incubated with the mAb JM4C8, or anor from the local abbatoir, collected into 0·38% sodium citrate

as anticoagulant, and served as a source of pig leucocytes irrelevant isotype-matched mAb (6D1) as negative control,
for 1 hr at room temperature, followed by a 1-hr incubationand erythrocytes (PgE). Peripheral blood mononuclear cells

(PBMC ) were isolated by density gradient centrifugation on with a peroxidase-labelled rabbit anti-mouse immunoglobulin
(Sigma). Peroxidase activity was visualized using SuperSignalFicoll–Paque (Pharmacia, Uppsala, Sweden). Granulocytes

were recovered from the lower Ficoll phase and residual (Pierce & Warriner, Chester, UK) as a substrate, following
the recommendations of the manufacturer.erythrocytes were lysed by hypotonic treatment. Platelet-rich

plasma (PRP) was obtained from pig blood by centrifugation
at 750 g for 10 min and replaced with an equal volume of Densitometric analysis

Protein concentration in cell and tissue lysates produced asphosphate-buffered saline (PBS). Porcine platelets were
obtained by centrifugation of the PRP at 1500 g for 10 min. described above was measured using the micro-bicinchoninc

acid (micro-BCA) protein assay (Pierce). Equal amounts ofPorcine endothelial cells were obtained from pig aorta
(obtained from the local abbatoir) as described previously14 protein (20 mg) from each lysate were loaded, onto 10%

SDS–PAGE gels; purified pig erythrocyte MCP (2 mg) wasand were a kind gift of Dr C. W. Van den Berg (Department
of Pharmacology, UWCM, Cardiff, UK). The porcine cell loaded as an internal standard. Following electrophoresis, gels

were blotted onto nitrocellulose and probed with mAb JM4C8line ST from fetal testis was from the European Collection of
Animal Cell Cultures (ECACC; Porton Down, UK) and as described above. Quantitative analysis of MCP for each

lysate was performed using a Bio-Rad GS-690 imaging densi-IB-RS-2 from pig kidney was from the American Type Tissue
Culture Collection (ATTCC, Bethesda, MD, USA). tometer, and Molecular Analyst v.1.4.1 software (Bio-Rad,

Hercules, CA). Regions were selected around the visualized
bands and subjected to volume analysis. Background signalProteins and antibodies

Pig MCP was purified from pig erythrocyte ghosts by immu- was subtracted from positive areas and results were expressed
as the mean of the optical density (OD). Linearity in the assaynoaffinity purification, as previously described.12 Monoclonal

antibody (mAb) JM4C8 (IgG1) anti-pig MCP was obtained was confirmed using various amounts of purified MCP.
as described previously.12 MAb 6D1 (IgG1) anti-rat CD59
was used as an isotype-matched negative control. Immunohistochemistry

Tissue samples were obtained fresh from English White pigs
either at the local abbatoir or from laboratory-maintainedFlow cytometry

Pig cells (106 cells/ml in PBS) were incubated on ice with mAb animals from the UWCM animal facility, mounted onto cork
boards with OCT (EMS Laboratories Ltd. Ashford, UK) andJM4C8 (50 mg/ml ), or an irrelevant mAb as negative control,

for 30 min. Cells were washed three times in flow cytometry snap frozen in isopentane. Frozen sections were cut on an
OFT Cryostat (Bright Instruments Ltd, Cambridge, UK) andbuffer (FCB: PBS, 0·1% bovine serum albumin (BSA) and

0·1% NaN3). Cells were incubated for 30 min at 4° with 50 ml placed onto chromium gel-coated glass slides. Sections were
fixed in acetone for 10 min, endogenous peroxidase removedfluorescein isothiocyanate (FITC)-conjugated goat anti-mouse

immunoglobulin G (IgG; Sigma, Poole, UK), diluted 1/500 by incubation with PBS/0·02% H2O2, then washed in PBS.
MAb JM4C8 anti-pig MCP or 6D1 isotype-matched negativein FCB. After three washes in FCB, cells were fixed with

0·5 ml 1% paraformaldehyde in PBS. Fluorescence was ana- control was added at an appropriate dilution for 1 hr at room
temperature. Sections were washed three times in PBS andlysed using a Becton-Dickinson FACScaliburTM (Oxford, UK)

equipped with CellQuestTM software. Cells were identified and binding of antibody to tissue sections was detected using
peroxidase-conjugated goat anti-mouse IgG (Sigma) dilutedgated by their characteristic forward and side scatter. Platelet

acquisition was performed at logarithmic scale and with the 15100 in PBS/1%BSA. Peroxidase activity was developed by
incubation in 0·5 mg/ml 3,3∞diaminobenzidine-tetrahydro-pressure selector in the low position.
chloride (DAB, Sigma) and 0·02% H2O2 in PBS for 5 min,
washed in water and counterstained with haematoxylin forWestern blotting

Pig leucocytes, erythrocytes, granulocytes and platelets were 20 s. Sections were dehydrated with three washes in 100%
ethanol (5 min each), then three washes in xylene (5 min each)obtained as described above. Cells from lung, spleen, liver,

kidney and brain were released from the corresponding tissue and mounted in a neutral mounting medium ( XAM, BDH,
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Poole, UK). Staining for pig MCP was quantified by indepen-
dent researchers with a scale scoring from +++, indicating
very strong staining, to ±, which indicated little staining and
–, as no staining.

RESULTS

Expression of pig MCP on blood cells

Flow cytometric analysis revealed the presence of pig MCP
on all circulating cells. Leucocytes, erythrocytes, granulocytes
and platelets all strongly and uniformly expressed pig MCP
(Fig. 1). Isotype-matched control antibody was negative on
all cell types. All leucocyte populations expressed similar levels
of MCP.

Western blot analysis
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Figure 3. Relative abundance of MCP in cells and tissues. EqualA panel of cell and tissue samples was subjected to SDS–PAGE
amounts of total protein were loaded for each tissue/cell extract,and western blotting in order to detect the presence and
separated on SDS–PAGE, blotted onto nitrocellulose and probed withmolecular forms of pig MCP in the tissues. MCP was present
mAb JM4C8. Expression was quantified by densitometric analysis ason all cells and tissues tested (Fig. 2). As in humans, several
described in methods. Results are expressed in optical density units
for each sample. Lane labelled ‘MCP’ contained 2 mg purified MCP
as standard. Result representative of two separate experiments from
different donors which gave similar results.

isoforms of different apparent MW were identified. As shown
by the distinct banding pattern, three major isoforms were
present, expression of which varied between tissues (Fig. 2).
Among blood cells, mononuclear cells ( lane 1) expressed a
broad band of 60–65 000 MW within which at least two bands
were discernable, erythrocytes ( lane 2) displayed a clear two-
band pattern (55 000 MW and 65 000 MW ), platelets ( lane 3)
expressed predominantly the 65 000 MW isoform and granulo-
cytes ( lane 4) contained the broad 60–65 000 MW band seen
in mononuclear cells and also a unique, strong band of
apparent MW 70 000 MW. Traces of a 75-000 MW band were
also seen in erythrocytes and granulocytes. In tissues, lung
( lane 5) expressed a broad band of MW 60–65 000 MW
together with small amounts of a 75-000 MW band, liver ( laneFigure 1. Flow cytometric profiles of pig blood cells. Pig erythrocytes,
6) expressed a weaker band of 65 000 MW, kidney ( lane 7) aleucocytes, granulocytes and platelets were separated as described in
faint doublet of 65 and 70 000 MW, spleen ( lane 8) a broadMaterials and Methods, stained with mAb JM4C8 and analysed by
band of 60–65 000 MW and brain ( lane 9) a broad band offlow cytometry. Clear profiles correspond to background staining with

an irrelevant isotype-matched mAb. 55–60 000 MW.

Figure 2. Western-blotting of pig MCP. Blots were probed with mAb JM4C8 to show the distribution of pig MCP in several
tissues. 1. Leucocytes, 2. Erythrocytes, 3. Platelets, 4. Granulocytes, 5. Lung, 6. Liver, 7. Kidney, 8. Spleen, 9. Brain. MW markers
are shown on the left.
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Figure 4. Frozen sections of pig tissues were examined immunohistochemically for MCP using mAb JM4C8 and isotype control
antibody. (a) Lung, negative control. Magnification ×100. (b) Lung bronchiole. Magnification ×200. (c) Skeletal muscle.
Magnification ×400. (d) Kidney glomerulus. Magnification ×200. (e) Liver. Magnification ×100. (f ) Small arteriole. Magnification
×400. (g) Skin, hair follicle. Magnification ×200. (h) Peripheral nerve. Magnification ×400. (i) Testis. Magnification ×50. ( j)
Uterus. Magnification ×400. (k) Spleen. Magnification ×200. ( l ) Lymph node. Magnification ×200.

Densitometric analysis expressed in leucocytes, granulocytes, lung, liver and kidney
with OD values between 0·2 and 0·3 (Fig. 3). Spleen and brain

In order to assess the relative abundance of MCP among the
expressed the least pig MCP by this measure, with OD values

different tissues, protein concentrations were measured in
less than 0·1.

tissue and cell lysates and gels run in which protein loading
for each tissue or cell was equal. After western blotting,
probing with the mAb JM4C8 and ECL development, the

Tissue distribution of pig MCP
relative amounts of MCP in each lysate were assessed by
densitometry analysis (Fig. 3). As described above, different Frozen sections of pig tissues were stained with the mAb

JM4C8 (Fig. 4). Negative controls using an isotype-matchedisoforms of MCP were found in each tissue. For analysis, the
sum of the optical density in all visible bands was used. By mAb were performed for each tissue and that for lung is

shown as an example (Fig. 4a). In controls, only occasionalthis measure, pig MCP was most abundantly expressed in
erythrocytes, platelets and the kidney cell line IB-RS-2 (OD dark brown cells stained, which were eosinophils in which

endogenous peroxidase activity was not fully blocked (notvalues between 0·5 and 1·0). Pig MCP was moderately

© 1999 Blackwell Science Ltd, Immunology, 98, 144–151
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Figure 4. Continued.

shown). As suggested by western analysis, pig MCP was very where hepatocytes, all vessels of the portal tract and connective
tissue elements were strongly stained (Fig. 4e). In the skin,broadly expressed in tissues. Pig MCP was present in all the

tissues examined. In many respects, the distribution of pig MCP was absent in epidermis and weak in the dermis; however,
expression was strong in the endothelial cells of small arteriolesMCP resembled that of human MCP although there were

some interesting differences. in the dermis (Fig. 4f ) and on the epithelium of sweat glands
and sebaceous glands of hair follicles (Fig. 4g). In peripheralIn lung sections, strong staining of pneumocytes and

alveolar and bronchial epithelium was found, but no staining nerve, MCP was highly expressed on small blood vessels in
the perineurium, whereas fibroblasts and Schwann cells in thewas observed in the smooth muscle cells in the walls of the

airways (Fig. 4b). Pig MCP was absent from skeletal muscle endoneurium were not stained (Fig. 4h). Tissues of the central
nervous system also displayed a remarkable staining pattern.fibre bundles; however, the intrafassicular capillaries stained

for MCP (Fig. 4c). In the kidney cortex, the staining for pig The grey matter in all areas of the brain stained strongly for
MCP, while the white matter stained weakly or not at allMCP was strong in the glomerular mesangium but staining of

glomerular epithelium was weak and inconsistent (Fig. 4d). (not shown).
The testis was strongly stained for MCP, particularly theProximal convoluted tubules also strongly expressed MCP,

whereas distal convoluted tubules and collecting ducts stained Leydig cells and surrounding connective tissue; the germinal
epithelium surrounding the seminiferous tubules was alsoweakly. Strong expression of MCP was observed in pig liver,

© 1999 Blackwell Science Ltd, Immunology, 98, 144–151
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Table 1. Distribution of MCP in normal pig tissuesstrongly positive (Fig. 4i). No spermatozoa were visible in the
immature testes used in this study. The ovary was stained

Tissue Cells Expressionstrongly in granulosa cells from follicles and in endothelium
and reticular epithelium, but MCP was only weakly expressed

Blood Erythrocytes +++on the immature oocytes (data not shown). Uterine epithelium
Platelets +++

was strongly stained, but the myometrium was negative. In Mononuclear cells +++
the endometrium, the epithelium of the uterine glands stained Granulocytes +++
strongly but the surrounding endometrial tissue was not stained Skin Epidermis –
(Fig. 4j). In the spleen, MCP was abundant in the red pulp Dermis –
and in the T-cell areas from the white nodules, but in the Aorta Vascular endothelium +++

Endothelium +++white pulp, B-cell areas of the germinal centres were negative
Artery Other wall elements Variable(not shown). In the periarteriolar lymphoid sheaths, MCP was

Endothelium +++abundant in the T-cell areas surrounding the arteriole, but
Kidney Smooth muscle –was weak or absent in the adjacent B-cell areas (Fig. 4k).

Glomerular capillary cells +++MCP was also absent from the abundant splenic supporting
Glomerular epithelial cells + +

tissue (not shown). Proximal tubules +++
In lymph nodes, the staining pattern in lymphoid follicles Distal tubules +

was similar to that in the white pulp of the spleen. The core Liver Collecting ducts ++
of the germinal centres, corresponding to the T-cell areas were Hepatocytes +++
positive for MCP, whereas the B-cell areas from the germinal Bile duct +++

Hepatic artery endothelium +++centre were negative (Fig. 4l ).
Lung Portal vein endothelium +++The expression pattern of pig MCP is summarized in

Pneumocytes ++Table 1. Similar expression patterns were found in five different
Bronchiole epithelium ++pigs, all of the common English White strain.

Lymph node Smooth muscle cells –
Germinal centres +
B-cell areas –DISCUSSION

Spleen T-cell areas ++
In humans, MCP is a major component in the control of C Red pulp ++
activation on self-cells.1 No individuals deficient in MCP have T cell areas ++
been described, perhaps illustrating the importance of MCP. B cell areas –

Capillary endothelium +++Analogues of MCP have so far been described only in primates,
Muscle Supporting tissue –pigs, guinea-pigs, mice;15,13,16 and rats (our unpublished data).

Vascular endothelium ++Preliminary evidence from mRNA studies indicates that each
Heart Myocytes –of the rodent analogues are preferentially expressed on testicu-

Myocardium ±lar cells, suggesting a specific role in reproduction. However,
Vascular endothelium +++

the distribution of MCP in species other than man has not Testis Smooth muscle –
been thoroughly examined. Here we provide a detailed analysis Germ cells +
of the distribution of MCP in the pig. The distribution of Uterus Connective tissue ++
MCP in pig blood cells and tissues was, in most respects, very Epithelium ++
similar to that of human MCP with just a few notable Smooth muscle –

Ovary Uterine glands ++exceptions.
Oocyte ±Pig MCP was broadly expressed on all circulating cells,

Cerebral cortex Granulosa cells +++and was particularly abundant on erythrocytes, in contrast to
Grey matter ++the situation in humans where erythrocytes are MCP-negative
White matter –(Fig. 1). Although human and guinea-pig erythrocytes do not

Cerebellum Vascular endothelium +++
express MCP, in the orangutan MCP is expressed on erythro- Molecular layer +
cytes;17,16 These species differences raise interesting questions Granular layer ±
about how erythrocytes are protected from lysis and the role White matter ±
of MCP in immune complex binding and processing by Spinal cord Purkinje cells ±
erythrocytes in different species. In humans, immune com- Grey matter ++

White matter ±plexes are transported on erythrocytes bound to CR1,18
whereas in the pig, there is little or no binding of immune

Tissues were scored on the basis of intensity of staining as follows:complexes to erythrocytes and the lung is the major site of
+++, intense uniform staining; ++, moderate uniform staining;immune complex elimination.19 Expression of MCP might
+, diffuse staining; ±, very weak staining; –, no staining; nd, notinterfere with erythrocyte immune complex handling by cata-
done. Spermatozoa were not present in the immature testes availablelysing cleavage of C3b, thereby interfering with the retention
for this study. Tissues from five different pigs gave consistent stain-

of immune complexes on MCP-positive erythrocytes. ing patterns
Western blotting of pig blood cells, cell lines and cells

harvested from solid organs demonstrated the broad
expression of MCP and revealed the presence of multiple
isoforms. Although in all cases bands in the MW range

© 1999 Blackwell Science Ltd, Immunology, 98, 144–151
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55–65 000 were detected, the precise banding pattern was human serum of pig organs expressing human C regulators is
thus likely to be caused by the increased availability ofcharacteristic of the particular cell or tissue. The two-band

pattern (55 000 MW and 65 000 MW ) in erythrocytes closely regulators; our data indicate that increased expression of
porcine C regulators will achieve a similar outcome. We haveresembled that in humans where MCP is characterized by a

two-band pattern (55 000 MW and 63 000 MW ); the presence not yet examined whether differences in expression of MCP
exist between different strains of pig. Identification of strainsof a unique 75 000 MW band in granulocytes also mirrored

the pattern in human granulocytes;5,20 The different isoforms which express MCP and other C regulators at particularly
high levels on endothelium would aid the identification of theof human MCP have been shown to be generated by alternative

splicing in the STP region and cytoplasmic tail and display ideal donor for xenotransplantation studies.
Human MCP and DAF have both been implicated astissue-specific expression.21 The multiple isoforms of pig MCP

revealed here are likely to be generated by a similar process receptors for pathogens;9,6,37 It has been suggested that
transgenic pig organs hyperexpressing human C regulatorsof alternative splicing, although this has yet to be confirmed

at the mRNA level. Densitometric scanning of Western blots present a particular risk of cross-species infection for viruses
which utilize human C regulators either as receptors or asin which sample loading had been equalized for total protein

illustrated the abundance of MCP on pig erythrocytes and the resistance factors.38 It is possible that overexpression of the
endogenous regulators on pig organs will circumvent this risk.low expression in brain and spleen (Fig. 3).

Immunohistology using a well-characterized anti-pig MCP
monoclonal antibody12,22 confirmed that MCP was abundantly
distributed in pig tissues, particularly on cells of epithelial and ACKNOWLEDGMENTS
endothelial origin (Fig. 4; Table 1). The vascular endothelium
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the juxtaglomerular apparatus, the glomerular capillaries, epi-
thelial cells and mesangial cells and on proximal tubules, a
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