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Rejection of renal and cardiac xenografts is initiated
when natural antibodies of the recipient bind to do-
nor endothelium, activating complement on the sur-
face of endothelial cells. Pulmonary xenotransplants,
however, reveal less evidence of antibody binding
and complement activation and, in contrast to other
xenografts, fare worse when the complement of the
graft recipient is depleted. Accordingly, we asked
whether distinct immunochemical reactions might
occur after xenotransplantation of the lung and what
implications such reactions might have for pulmo-
nary pathophysiology. Analysis of serum from ba-
boons after transplantation with porcine lungs re-
vealed complexes containing baboon IgM and
porcine von Willebrand factor. The baboon IgM in
these complexes was specific for Gala1-3Gal. Immune
complexes were also seen, albeit to a lesser extent, in
the serum of kidney and heart xenotransplant recip-
ients. Deposits of porcine von Willebrand factor and
baboon C3 were detected in livers and spleens of
transplanted baboons. These results indicate pulmo-
nary xenotransplantation eventuates in formation of
immune complexes and in the deposition of those
complexes at distant sites. Immune complex forma-
tion could explain the peculiar fate of xenoreactive
antibodies after pulmonary xenotransplantation and
might contribute to the pathophysiology of the lung
and systemic changes not previously considered a
complication of xenotransplantation. (Am J Pathol
2001, 158:627–637)

The rejection of organs transplanted between disparate
species is generally thought to be initiated by the binding

of natural antibodies to endothelial cells lining the blood
vessels of the newly transplanted organ.1–3 Xenoreactive
natural antibodies bound to porcine kidneys or hearts
transplanted into baboons activate the complement cas-
cade by the classical pathway, leading to insertion of
terminal complement complexes in donor endothelium
and, thus, to the rejection of the organ.3–5 Consistent with
this concept, rejected xenografts contain deposits of re-
cipient antibody and complement, including the mem-
brane attack complex, along the luminal aspect of blood
vessel endothelium.3,4 Because endothelium is the evi-
dent target of the rejection process, the authors6 and
others7 have suggested that the pathophysiology of
xenograft rejection might be deduced from analysis of
the biology of endothelial cells.

Although xenogeneic lung transplants undergo very
rapid loss of function,8,9 xenotransplantation of the lung
may present a different type of rejection process than
described above. The immunopathology of pulmonary
xenografts reveals relatively little antibody and comple-
ment deposited on donor microvasculature.8,10 Treat-
ment of the recipient with cobra venom factor, which
consumes complement and prevents the hyperacute re-
jection and early dysfunction of cardiac and renal xeno-
grafts,11–13 does not prevent injury to pulmonary xeno-
grafts and may impair early lung function.14 Similarly,
depletion of xenoreactive antibodies may not prevent
early dysfunction of xenogeneic lungs.9

One potential explanation for the difference between
pulmonary and renal and cardiac xenografts is that por-
cine pulmonary microvascular endothelial cells might ex-
press a lower level of antigen or different antigen than the
porcine heart or kidney microvasculature. However, we
recently determined that porcine lung endothelium con-
tains similar types of glycoprotein antigens that express
equivalent amounts of Gala1-3Gal,15 the major epitope
recognized by xenoreactive natural antibodies that trig-
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ger hyperacute rejection of porcine cardiac and kidney
xenografts.16–18 Another possible explanation is that im-
munochemical detection of bound antibody is more dif-
ficult because of distribution of antigen throughout the
larger vascular area of the lung. Still another possibility is
that after binding to lung endothelium, xenoreactive an-
tibodies undergo endocytosis or shedding, which are
processes that might be facilitated by formation of the
membrane attack complexes,19 or hypoxia, which is due
to of pretransplant manipulation.20 We explored the fate
of xenoreactive antibodies after transplantation of por-
cine organs into baboons. Our studies revealed that an-
tibody-antigen complexes are shed from the newly trans-
planted lungs and, to a lesser extent, newly transplanted
kidneys and hearts, and that the complexes are depos-
ited at remote locations in the recipient. The results have
implications for the fundamental mechanisms by which
pulmonary xenografts, and perhaps allografts, undergo
immune-mediated injury and warn of potential systemic
complications of xenotransplantation.

Materials and Methods

Sources of Blood

Serum samples were prepared from blood taken from adult
baboons before and after orthotopic transplantation with
porcine lungs, porcine kidneys, or porcine hearts,14,21 or
baboon blood before and after ex vivo perfusion of a porcine
kidney, heart, or lung.22,23 Human serum was prepared
from blood obtained from healthy volunteers. Serum sam-
ples were stored at 280°C until needed.

Cell Cultures

Microvascular endothelial cells were isolated from por-
cine lungs, as previously described.15 The endothelial
cells were grown in Dulbecco’s modified Eagle’s medium
containing L-glutamine (2.0 mmol/L), penicillin (100 U/ml),
streptomycin (100 mg/ml) (Life Technologies, Grand Is-
land, NY), 10% fetal calf serum (Hyclone, Logan, UT), 90
mg/ml heparin, and 75 mg/ml endothelial cell growth sup-
plement (Sigma Chemical Co., St. Louis, MO). The micro-
vascular cells took up acetylated, low-density lipoprotein
and did not react with antibodies specific for smooth
muscle a-actin (Accurate Chemical and Scientific Corp.,
Westbury, NY).24

Electron Microscopy

Porcine lung tissue samples, from before and after trans-
plantation into baboons, were fixed in 1% glutaraldehyde
and 4% formaldehyde in 0.1 mol/L phosphate buffer, pH
7.2, rinsed in phosphate-buffered saline (PBS), pH 7.2
(Life Technologies, Inc,) and postfixed in phosphate buff-
ered 1% osmium tetroxide for 1 hour. Samples were
rinsed in distilled water and stained en bloc with 2%
uranyl acetate for 30 minutes at 60°C. Samples were
rinsed in distilled water, dehydrated in progressively in-
creasing fractions of ethanol in propylene oxide and em-

bedded in Spurr’s resin. Sections of 90 nm were cut and
stained with lead citrate.

Isolation and Characterization of Porcine
Antigens

Immune complexes in baboon blood after orthotopic por-
cine lung transplantation, or perfusion of the blood
through porcine lungs, kidneys, or hearts were isolated
as follows. Serum prepared from baboon and human
blood was diluted to 50% in PBS, treated with 10 mmol/L
of DL-dithiothreitol (Sigma Chemical Co.) and incubated
at 37°C for 15 minutes to depolymerize IgM. To remove
the DL-dithiothreitol after the reduction reaction, serum
was dialyzed against three changes of PBS in Slide-A-
Lyzer cassettes, 10,000 molecular weight cutoff (Pierce,
Rockford, IL) at 4°C. Serum was then diluted to a final
concentration of 20% with 12% polyethylene glycol (PEG)
8000 and 60 mmol/L of ethylenediaminetetraacetic acid
(EDTA) in veronal buffered saline (0.145 mol/L sodium
chloride, 2 mmol/L sodium barbital, and 3 mmol/L barbi-
tal) for 16 hours at 4°C. The serum/PEG solution was
centrifuged at 2,000 3 g for 20 minutes at 4°C to pellet
immune complexes. Precipitates were resuspended in
PBS, separated by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE), and visualized by
Western blotting, as described below.

Immunohistology

Porcine organs (lungs, kidneys, and hearts) transplanted
into baboons, and baboon livers and spleens were biop-
sied at various time points. Tissues were covered with
OCT compound (Sakura, Torrance, CA), snap-frozen by
immersion in precooled isopentane, and stored at
280°C. Tissue sections (4-mm thick) were mounted on
positively charged microscope slides (Superfrost Plus,
Fisher Scientific, Pittsburgh, PA), briefly heat-fixed, and
stored at 280°C in an air-tight slide container until
needed. Before staining, slides were briefly air-dried at
room temperature, fixed for 10 minutes in cold acetone, and
air-dried for an additional 10 minutes. Sections were post-
fixed for 2 minutes in 100 mmol/L Tris-buffered 1% parafor-
maldehyde containing 1 mmol/L EDTA, pH 7.2, and rinsed
with three changes of PBS, pH 7.2. Porcine von Willebrand
factor (vWF) was detected using murine antibodies specific
for porcine vWF (clone W1-8, kindly supplied by Dr. David
Fass of Mayo Foundation, Rochester, MN).25 Baboon IgG
and IgM were detected using goat anti-human IgG [fluores-
cein isothiocyanate (FITC)-conjugated; Kirkegaard & Perry
Laboratories, Gaithersburg, MD] and goat anti-human IgM
(FITC-conjugated, Kirkegaard & Perry Laboratories), re-
spectively. Baboon C3 was detected using goat anti-human
C3 (FITC-conjugated; Cappel/Organon Teknika, Durham,
NC). Gala1-3Gal was detected based on binding of Griffo-
nia (Bandeiraea) simplicifolia lectin I-isolectin B4 (GSL I-B4)
(FITC-conjugated; Vector Laboratories, Burlingame, CA).
The antibodies listed above and GSL I-B4 were diluted in
PBS containing 5% bovine serum albumin (Sigma Chemical
Co.), applied to tissue sections for 30 minutes, and rinsed
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with PBS. Binding of mouse anti-porcine vWF to the sec-
tions was detected using affinity purified goat F(ab9)2 frag-
ments against mouse IgG (FITC-conjugated; Organon
Teknika, Durham, NC) that had been pre-absorbed with
porcine and human serum. All sections were coverslipped
with a 1:8 dilution of Vectashield-DAPI (4,6-diamidino-2-
phenylindole) in PBS (Vector Laboratories) and evaluated
using an epifluorescence microscope.

Quantitation of IgM Binding to Porcine
Pulmonary Microvascular Endothelial Cells

The amount of baboon and human IgM that bound to
porcine pulmonary microvascular endothelial cells was
measured, as follows, by enzyme-linked immunosorbent
assay (ELISA). Porcine pulmonary microvascular endo-
thelial cells were grown to confluence in 96-well plates,
washed with PBS, and fixed with cold 0.1% glutaralde-
hyde in PBS for 5 minutes. The fixed cells were blocked
with 1% bovine serum albumin in PBS for 1 hour at room
temperature and incubated with baboon serum diluted in
PBS. Cells were washed and IgM binding was detected
using alkaline phosphatase-conjugated goat anti-human
IgM (m-chain-specific) (Sigma Chemical Corp.), p-nitro-
phenylphosphate and diethanolamine, as described pre-
viously.26

Western Blotting

Baboon serum proteins were precipitated with PEG, or
isolated by Gala1-3Gal affinity columns (described be-
low), and subjected to SDS-PAGE on 7.5% polyacryl-
amide gels. Proteins were transferred to Immun-Blot

polyvinylidene difluoride (PVDF) membranes (Bio-Rad
Laboratories, Hercules, CA), as described previously.26

Membranes were blocked with 0.3% Tween-20 (Sigma
Chemical Co.) in Tris-buffered saline, pH 7.2. The reac-
tivity of blotted proteins with human IgM was tested as
follows. Western blots were incubated with 5% human
serum in PBS for 3 hours at 4°C and washed with 0.3%
Tween-20 in Tris-buffered saline. IgM binding was
detected with alkaline phosphatase-conjugated goat an-
ti-human IgM (m-chain-specific) and developed with
nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl
phosphate (Promega Corp., Madison, WI), as described
previously.26

Porcine vWF was identified in Western blots using a
mouse antibody specific for porcine vWF (described
above). Binding of the mouse antibodies was detected
using alkaline phosphatase-conjugated goat anti-mouse
IgG (g-chain-specific), then developed as described pre-
viously,26 or horseradish peroxidase-conjugated donkey
anti-mouse IgG, then detected by enhanced chemilumines-
cence (Amersham International, Arlington Heights, IL).

Baboon vWF was identified in Western blots using a
rabbit antibody for human vWF (Sigma Chemical Co.),
which binds to baboon vWF but not porcine vWF. Binding
of rabbit antibody was detected using alkaline phos-
phatase-conjugated mouse anti-rabbit IgG (g-chain-spe-
cific) and developed as described previously.26

Digestion of Immune Complexes with
a-Galactosidase

Immune complexes were precipitated with PEG (de-
scribed above) from the serum of baboons with pulmo-

Figure 1. Detection of xenoreactive natural antibodies in pulmonary and renal xenografts. Tissues obtained from porcine lungs and kidneys before and 2 hours
after transplantation into baboons were stained for IgG and IgM. The renal xenografts contain prominent deposits of IgM and IgG; the pulmonary xenografts
contain very little antibody of the recipient.
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nary xenografts and resuspended in digestion buffer
(100 mmol/L NaCl and 50 mmol/L sodium acetate, pH
5.0) containing 1 U/ml a-galactosidase (green coffee
bean; Boehringer Mannheim Corp, Indianapolis, IN), or in
digestion buffer alone, as a control. The samples were
incubated for 5 hours at 37°C with gentle agitation and
precipitated overnight at 280°C with ethanol for evalua-
tion by SDS-PAGE and Western blotting, as described
above.

Chromatography Affinity Purification

Serum from pigs or from baboons with pulmonary xeno-
grafts was incubated with Gala1-3Galb (Bdi)-PAA immo-
bilized on Sepharose CL6B (GlycoTech, Rockville, MD)
overnight at 4°C with agitation. The beads were washed
with 20 column volumes of cold PBS and boiled for 5
minutes to release bound material. The released material
was evaluated by SDS-PAGE and Western blotting, as
described above.

Results

The Fate of Xenoreactive Antibodies after
Xenotransplantation

The rejection of porcine organs transplanted into ba-
boons is thought to be initiated by the binding of xe-
noreactive natural antibodies to donor organ endotheli-

um.1–3,6 As a result of antibody deposition in the
transplanted organ, the concentration of xenoreactive
antibodies in the blood decreases precipitously, and
complement deposits along endothelial surfaces.3

However, consistent with our previous observations,
porcine lungs transplanted into baboons exhibited little Ig
and complement deposition along the microvasculature,
in contrast to porcine kidneys (Figure 1).8,10 To determine
whether xenoreactive antibodies were, in fact, absorbed
from the blood of xenograft recipients, the amount of
xenoreactive natural antibody remaining in the blood of
baboons was measured by ELISA at various times after
transplantation with a porcine kidney or a porcine lung,
using porcine pulmonary microvascular endothelial cells
as targets. As Figure 2 shows, the levels of xenoreactive
IgM decreased rapidly after kidney (73% decrease) and

Figure 2. Level of xenoreactive IgM in the circulation of baboon recipients of
pulmonary or renal xenografts. Blood was collected from baboons at various
times after pulmonary or renal xenotransplantation and was assayed for
antibody binding to cultured porcine endothelial cells by ELISA. Points of
mean 6SE of triplicate determinations are shown. Standard errors are too
small to be depicted.

Figure 3. Binding of xenoreactive antibodies to porcine heart and lung
tissues after heart-lung xenotransplantation. Porcine hearts and lungs were
biopsied 20 hours after transplantation. Frozen sections prepared from these
biopsies were stained for baboon IgM. Deposits of IgM are observed in the
heart, but not in the lung. Original magnification, 3400

Figure 4. Shedding of endothelial membrane from pulmonary xenografts.
Tissues from porcine pulmonary xenografts in baboons and from normal
pigs were fixed in 1% glutaraldehyde and 4% formaldehyde embedded in
Spurr’s resin and stained with lead citrate. Ultrathin sections were studied by
transmission electron microscopy. Shedding of material from the endothe-
lium can be seen in transplanted lungs but not in normal lungs. Original
magnification, 34,000.
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lung transplantation (86% decrease), suggesting the xe-
noreactive antibodies were depleted from the circulation.

To determine whether the absence of detectable anti-
body deposits might reflect distribution of bound anti-
body over a large vascular surface, or to other factors, we
examined antibody deposits in porcine heart-lung xeno-
grafts. Figure 3 shows little IgM bound to the porcine
lung, whereas abundant IgM bound to the porcine heart
in the same recipient. Because the porcine heart and the
lung contain similar antigenic determinants in the same
configuration,15 and because the reperfused blood
passes through the lung before it passes through the
heart, the absence of antibody bound to the lung is not
because of dispersal of antibody over a large surface area.

Evidence of Antigen Shedding from Pulmonary
Xenotransplants

Electron micrographs of porcine lung xenografts reveal
shedding of membrane fragments from vascular surfaces
into the circulation, as compared to normal porcine lungs
(Figure 4). To test whether the material shed from the lung
during perfusion with baboon blood contains antigens
recognized by human xenoreactive antibodies, we col-
lected baboon blood after perfusion through porcine
lungs and confirmed that the blood lacked detectable
levels of xenoreactive antibodies (data not shown). Se-
rum from the perfused blood was then added to human

Figure 5. Presence of immune complexes in baboon blood exposed to porcine lungs. Baboon blood that had been passed through porcine lungs, kidneys, or
hearts (A and B) or that had been collected from recipients of pulmonary xenotransplants (C) was tested for the presence of porcine antigens by analysis of
blocking of human xenoreactive antibodies. A: Blocking of human xenoreactive IgM by porcine antigen in baboon blood that had been passed through porcine
lungs. Serum prepared from baboon blood before (pre) and after (post) perfusion through a porcine lung was diluted with PBS and treated with 10 mmol/L
DL-dithiothreitol for 15 minutes at 37°C to depolymerize IgM and release bound antigen. The reduced serum was dialyzed against PBS in 10,000 MWCO cassettes
to remove the dithiothreitol, and incubated with 5% human serum. The binding of human xenoreactive IgM to cultured porcine endothelial cells was tested by
ELISA. Percent inhibition 6SE of triplicate determinations was based on the binding of 5% human serum IgM as a standard (standard errors are too small to be
seen). The blocking of human xenoreactive antibodies indicated that the baboon blood contains porcine antigen that had been complexed with baboon
antibodies. B: Porcine antigen in baboon blood perfused through various porcine organs. Porcine antigen was quantitated by measuring blocking of human
xenoreactive IgM to porcine endothelial cells. Serum prepared from baboon blood before (pre) and after perfusion through a porcine lung, kidney, or heart was
treated with dithiothreitol and dialyzed as described in A and incubated with 5% human serum. The binding of human xenoreactive IgM to cultured porcine
endothelial cells was tested by ELISA. Percent inhibition 6SE of duplicate determinations was based on the binding of 5% human serum IgM as a standard. C:
Blocking of human xenoreactive IgM by porcine antigen in the blood of baboons that received porcine pulmonary xenografts. Serum prepared from the blood
of three baboons before (pre) and after (baboon 1, 2, and 3) pulmonary xenotransplantation was tested as described in A for the presence of porcine antigen.
The “pre” result shown is the mean 6SE from the three baboons. Standard errors are too small to be seen. After pulmonary xenotransplantation, baboon blood
contains antigen that is capable of blocking human xenoreactive natural antibodies.
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serum known to contain xenoreactive natural antibodies,
to test whether the binding of human IgM to porcine
pulmonary microvascular endothelial cells might be
blocked, as evidence of the presence of shed antigen.
Figure 5A shows that the serum from baboon blood,
which passed through porcine lungs, inhibited binding of
human IgM by 84% in repeated experiments from two
experiments. Blocking required the treatment of the ba-
boon serum with dithiothreitol to release IgM that had
complexed with the porcine antigen. This result suggests
that porcine antigen was indeed shed into the blood and
was then saturated with xenoreactive antibodies. To com-
pare relative amounts of antigen shed from different or-
gans, baboon blood was collected before and after per-
fusion through a porcine kidney, a porcine heart, or a
porcine lung and then tested for the presence of antigen.
Figure 5B shows that blood that had been perfused
through porcine kidneys and hearts contains antigen ca-
pable of blocking the binding of human IgM to porcine

aortic endothelial cells. However, the amounts of porcine
antigen in blood perfused through porcine kidneys or
hearts is notably less than in blood that had been per-
fused through porcine lungs. We next tested blood from
recipients of porcine lung xenografts to determine
whether antigen was shed in vivo. Serum prepared from
baboon blood taken 15 to 20 minutes after porcine lung
xenotransplantation inhibited human IgM binding to por-
cine pulmonary microvascular endothelial cells by 20 to
38% (Figure 5C), compared to pretransplant baboon se-

Figure 6. Isolation of immune complexes from baboon blood after pulmo-
nary, renal, or cardiac xenotransplantation. Serum isolated from baboon
blood after pulmonary, renal, or cardiac xenotransplantation was diluted 5:1
with 12% PEG 8,000 and 60 mmol/L EDTA in VBS for 16 hours at 4°C to
precipitate immune complexes. The solution was centrifuged at 2,000 3 g for
20 minutes at 4°C to pellet immune complexes. Precipitates were resus-
pended in PBS, reduced, separated by SDS-PAGE (7.5% PA) and transferred
to PVDF and stained as follows. Lane 1, pretransplant baboon serum reacted
with human serum and then with anti-human IgM. Lane 2, baboon serum,
taken 1 hour after xenotransplantation of a porcine lung, reacted with human
serum and then with anti-human IgM. Lane 3, baboon serum, taken 2 hours
after xenotransplantation of a porcine lung, reacted with human serum and
then with anti-human IgM. Lane 4, baboon serum, taken 4 hours after
xenotransplantation of a porcine lung, reacted with human serum and then
with anti-human IgM. Lane 5, pretransplant baboon serum reacted with
human serum and then with anti-human IgM. Lane 6, baboon serum taken
30 minutes after xenotransplantation of a porcine kidney, reacted with
human serum and then with anti-human IgM. Lane 7, baboon serum taken 60
minutes after xenotransplantation of a porcine kidney, reacted with human
serum and then with anti-human IgM. Lane 8, pretransplant baboon serum
reacted with human serum and then with anti-human IgM. Lane 9, baboon
serum taken 15 minutes after xenotransplantation of a porcine heart, reacted
with human serum and then with anti-human IgM. Lane 10, baboon serum
taken 30 minutes after xenotransplantation of a porcine heart, reacted with
human serum and then with anti-human IgM. Lane 11, baboon serum taken 60
minutes after xenotransplantation of a porcine heart, reacted with human serum
and then with anti-human IgM. A protein in the blood of baboons after pulmo-
nary, renal, and cardiac xenotransplantation with an apparent molecular weight
of 270 kd is reactive with human xenoreactive IgM.

Figure 7. Presence of Gala1-3Gal in immune complexes in the blood of
baboons, after pulmonary xenotransplantation. Immune complexes in the
serum taken from baboon blood after a pulmonary xenotransplantation were
diluted 5:1 with 12% PEG 8000 and 60 mmol/L EDTA in VBS for 16 hours at
4°C to precipitate immune complexes. The solution was centrifuged at
2,000 3 g for 20 minutes at 4°C to pellet immune complexes. Precipitates
were resuspended in digestion buffer (100 mmol/L NaCl and 50 mmol/L
sodium acetate). Samples were incubated with (1) or without (2) a-galac-
tosidase (1 U/ml) for 5 hours at 37°C. Proteins were precipitated with
ethanol, reduced, separated by SDS-PAGE (7.5% PA), and transferred to
PVDF. The blots were reacted with human serum as a source of xenoreactive
IgM and then with anti-human IgM. Lane 1, a-galactosidase digested pro-
teins targeted by human IgM, Lane 2, control proteins targeted by human
IgM. Digestion of samples with a-galactosidase abrogates the binding of
human xenoreactive IgM.

Figure 8. Identification of 270-kd antigen recognized by xenoreactive hu-
man IgM. Serum obtained from baboon blood before (pre) or 3 hours after
porcine pulmonary xenotransplantation (post) was diluted 5:1 with 12% PEG
8000 and 60 mmol/L EDTA in VBS for 16 hours at 4°C and then centrifuged
at 2,000 3 g for 20 minutes at 4°C to pellet immune complexes. Precipitates
were resuspended in PBS, reduced, separated by SDS-PAGE (7.5% PA), and
transferred to PVDF and stained as follows. Lane 1, pretransplant serum
reacted with human serum and then anti-human IgM. Lane 2, pretransplant
serum reacted with mouse anti-porcine vWF and then goat anti-mouse IgG.
Lane 3, pretransplant serum reacted with rabbit anti-human vWF and then
mouse anti-rabbit IgG. Lane 4, posttransplant serum reacted with human
serum and then anti-human IgM. Lane 5, posttransplant serum reacted with
mouse anti-porcine vWF and then goat anti-mouse IgG. Lane 6, posttrans-
plant serum reacted with rabbit anti-human vWF and then mouse anti-rabbit
IgG. This suggests that porcine vWF in baboon blood after pulmonary
xenotransplantation reacts with human xenoreactive IgM.
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rum, indicating that antigen was shed from the trans-
planted organ. The limited ability of serum from pulmo-
nary transplant recipients to inhibit IgM binding to
porcine cells probably reflects the clearance of antigen
associated with immune complexes from the blood in
vivo, as described below.

Identification of Antigen Shed from Porcine
Pulmonary Xenografts

Porcine proteins shed into the circulation of baboons,
after pulmonary, renal, or cardiac xenotransplantation,
were characterized as follows. Serum from blood, col-
lected before and after transplantation, was treated with
PEG to precipitate immune complexes and the precipi-
tates were separated by SDS-PAGE, transferred to PVDF,
and tested for reactivity with human IgM. Figure 6 shows
that posttransplant, but not pretransplant, serum from
baboons contains complexes that yield a major band at
;270 kd reactive with IgM in human serum. A visible but

nonreactive band at ;270 kd in the pretransplant serum
is identified as baboon vWF below.

To test whether human IgM bound via Gala1-3Gal, as
is described for other endothelial cell antigens,17,27–29

PEG-precipitated serum components from baboons with
porcine pulmonary xenotransplants were digested with
a-galactosidase, an enzyme that cleaves terminal a-ga-
lactose residues, and then tested for reactivity with IgM.
Figure 7 shows reactivity of human IgM with the 270-kd
protein, abrogated by a-galactosidase digestion, indicat-
ing that the major porcine antigen contained Gala1-3Gal
modification.

Figure 8 shows that the 270-kd protein in the posttrans-
plant serum of baboons with pulmonary xenografts,
which is reactive with human IgM, also reacts with mouse
anti-porcine vWF antibodies. This finding is consistent
with previous observations that porcine vWF from aortic
endothelial and pulmonary microvascular endothelial
cells is recognized by human xenoreactive IgM through
Gala1-3Gal epitopes.15,22 Serum from baboons taken

Figure 9. Loss of Gala1-3Gal and vWF from porcine xenografts. Tissues from
porcine pulmonary, renal, and cardiac xenografts were assayed for reactivity
with GSL I-B4, a lectin specific for Gala1-3Gal, and mouse anti-porcine vWF.
A: Porcine pulmonary tissues taken 15 minutes after transplantation into
baboons have markedly less vWF and less reactivity with GSL I-B4 than
porcine pulmonary tissues taken before transplantation (0 minutes). Original
magnification, 3400. B: Porcine renal tissues taken 60 minutes after transplan-
tation into baboons have less vWF but only focal or no decrease of Gala1-3Gal
based on reactivity with GSL I-B4 than porcine renal tissues taken before
transplantation (0 minutes). Original magnification, 3400. C: Porcine cardiac
tissues taken 60 minutes after transplantation into baboons have less vWF but
only focal or no decrease of Gala1-3Gal based on reactivity with GSL I-B4 than
porcine cardiac tissues taken before transplantation (0 minutes). Original
magnification, 3400.
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before and after pulmonary xenotransplantation also con-
tains baboon vWF (lanes 3 and 6), which migrates to 270
kd on Western blots but is not recognized by human
xenoreactive natural antibodies (lane 1) (Figure 8).

To determine whether vWF or other Gala1-3Gal-con-
taining proteins are, in fact, lost from the endothelium of
transplanted organs, tissues from porcine lungs and kid-
neys transplanted into baboons were assayed for reac-
tivity with anti-porcine vWF and with GSL I-B4, a lectin
specific for a-galactose residues, shortly after xenotrans-
plantation. Although porcine lungs exhibit reactivity with
both GSL I-B4 lectin and anti-porcine vWF before trans-
plantation into baboons, there is a marked decrease in
vWF and GSL I-B4 reactivity in the microvasculature 15
minutes after transplantation into baboons (Figure 9A),
suggesting that vWF, and perhaps other Gala1-3Gal-
containing proteins, are lost rapidly on xenotransplan-
tation. Porcine kidneys (Figure 9B) and porcine hearts
(Figure 9C) also exhibit a loss of vWF from the microvas-
culature, suggesting that vWF may be released from the
endothelium after transplantation of organs other than the
lung within the first hour of reperfusion. In contrast, much
of the Gala1-3Gal remains in the microvasculature of the
porcine kidney and heart after transplantation compared
to the lung, as measured by GSL I-B4. This finding is
consistent with studies done on cardiac xenografts sev-
eral days after transplantation that reveal little or no de-
pletion of Gala1-3Gal measured by GSL I-B4.30,31

Characterization of Immune Complexes in
Pulmonary Xenograft Recipients

To determine whether porcine vWF shed from pulmonary
xenografts is complexed with IgM of the recipient,
plasma from pulmonary xenograft recipients was passed
over affinity matrix bearing Gala1-3Gal to isolate anti-
Gala1-3Gal antibodies and the retained fractions were
tested for porcine vWF. Figure 10 shows that Gala1-3Gal
affinity columns isolated baboon IgM from both pre- and
postpulmonary transplant serum. Porcine vWF co-isolated
with baboon IgM from postpulmonary transplant serum but
not from pretransplant serum or from normal porcine serum,
indicating that after xenotransplantation porcine vWF is
complexed with baboon anti-Gala1-3Gal IgM.

Immune complexes are removed from the circulation
through the liver, spleen, and other organs. To test
whether immune complexes containing porcine vWF
were deposited in the organs of the recipient, liver and
spleen from baboons that received porcine lung xeno-
grafts and contained circulating IgM/vWF immune com-
plexes were tested by immunofluorescent microscopy for
the presence of porcine vWF. Figure 11A shows that
porcine vWF (fluorescent staining) was present in the
livers and spleens of baboons with porcine lung xeno-
grafts, but not in the livers and spleens of baboons that
had not received pulmonary transplants. The deposition
of immune complexes can lead to the activation of com-
plement at these sites. Liver and spleen from baboons
containing porcine vWF also show evidence of C3 dep-
osition (fluorescent staining) (Figure 11B). Liver and
spleen from baboons that did not receive pulmonary
xenografts showed no evidence of C3 deposition.

Discussion

For 3 decades, immune reactions have been classified into
four categories:32 type I, or anaphylactic, reactions reflect
typical allergic responses. Type II, or cytotoxic, reactions
are triggered by the binding of antibodies to antigens on the
surface of target cells. Type III, or immune complex, reac-
tions are caused by the formation of circulating antibody-
antigen complexes and deposition in tissue spaces. Type
IV, or delayed type hypersensitivity, reactions are mediated
by T lymphocytes. The rejection of vascularized xenografts,
triggered by binding of xenoreactive antibodies to antigens
on the surface of donor endothelial cells and the subse-
quent activation of the complement cascade,1–4,11 would
seem to be a classic example of the type II reaction. Here,
we report that in the xenotransplantation of the lung, a type
III reaction caused by the association of xenoreactive anti-
bodies with vWF shed from the endothelium of the newly
transplanted organ, rather than a type II reaction, occurs.

The shedding of vWF factor from xenotransplants pre-
sumably reflects injury or inflammatory stimulation of
the lung. vWF has been found to be secreted by endo-
thelial cells exposed to hypoxia,20 membrane attack
complexes,19 and mechanical injury.33 All of these might
be expected to occur in an organ xenotransplant. The
shedding of porcine vWF from the xenotransplants pre-

Figure 10. Identification of components in immune complexes in baboon
serum after porcine pulmonary xenotransplantation. Sera obtained from
baboon blood taken before and 15 minutes after pulmonary xenotransplan-
tation were diluted 5:1 with 12% PEG 8000 and 60 mmol/L EDTA in VBS for
16 hours at 4°C and then centrifuged at 2,000 3 g for 20 minutes at 4°C to
pellet immune complexes. Precipitates were resuspended in PBS and incu-
bated with Gala1-3Galb (Bdi) -PAA immobilized on Sepharose CL6B. Pig
serum was incubated with immobilized Gala1-3Galb as a control. The beads
were washed with PBS and then boiled in reducing sample buffer to release
bound material. The released material was separated by SDS-PAGE (7.5%
PA), transferred to PVDF, and stained as follows. Lane 1, released material
from pretransplant serum reacted with goat anti-human IgM. Lane 2, re-
leased material from posttransplant serum reacted with goat anti-human IgM.
Lane 3, released material from pretransplant serum reacted with mouse
anti-porcine vWF and then with goat anti-mouse IgG. Lane 4, released
material from posttransplant serum reacted with mouse anti-porcine vWF
and then with goat anti-mouse IgG. Lane 5, released material from pig serum
reacted with mouse anti-porcine vWF factor and then with goat anti-mouse
IgG. Porcine vWF is associated with baboon IgM.
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sumably allows the formation of immune complexes with
xenoreactive IgM. The identification of immune complex
formation as a predominant type of immune reaction after
xenotransplantation of the lung also helps to answer other
more perplexing responses to lung xenotransplantation
and identifies a new hurdle to clinical application of xe-
notransplantation.

The findings reported here account for the fate of
xenoreactive antibody after pulmonary xenotransplanta-
tion, heretofore somewhat of a puzzle. Some years ago,
we observed that although porcine cardiac and renal
xenografts transplanted into primates have prominent de-
posits of recipient antibody in large and small blood
vessels, pulmonary xenografts transplanted in primates
have prominent deposits of recipient antibody on only
pulmonary artery and not in small blood vessels.8,10 Al-
though depletion of xenoreactive antibodies was found to
clearly prolong the survival of kidney and cardiac xeno-
grafts,2,34 depletion of xenoreactive antibodies using an-
ti-Gala1-3Gal, or anti-Ig columns, or by perfusion of
blood through porcine kidneys does not prevent early
injury to xenografts, whereas perfusion through porcine
lungs does prevent early injury9 (C. Lau, unpublished
observations). The findings presented here suggest
these differences between the xenotransplanted lung
and the xenotransplanted kidney and heart might reflect
the amount of antigen shed from pulmonary xenografts

leading to formation of immune complexes in the circu-
lation of the recipient. This observation has two implica-
tions for the pathophysiology and pathogenesis of lung
injury. First, the diversion of antibodies and complement
away from the surface of lung endothelium establishes a
type of reaction that may differ in fundamental ways from
hyperacute rejection suffered by other organs. Second,
the assembly of antibody-antigen complexes after pul-
monary xenotransplantation, as described here, is not
necessarily detrimental for the graft, and it may, rather,
provide some measure of protection from immune injury.

Our observations may also help explain why the ad-
ministration of cobra venom factor can worsen the out-
come of lung xenografts, whereas it dramatically im-
proves the outcome of cardiac and renal xenografts.
Cobra venom factor activates complement, generating
anaphylatoxins to which the vasculature of the lung is
profoundly sensitive.9,35 Indeed, administration of cobra
venom factor to some animals causes pulmonary shock
and death.36 The formation of immune complexes in pul-
monary blood vessels undoubtedly causes the formation
of some anaphylatoxins, and these may, in turn, cause
the profound vasoconstriction that plagues lung xeno-
grafts. Whether and to which extent the shedding of
antigen from the blood vessels of xenografts is beneficial
may, thus, depend on the kinetics and quantity of antigen
shedding and the rate of immune complex formation.

Figure 11. Deposition of immune complexes in pulmonary xenograft recipients. Liver and spleen taken from baboons before (0 hours) and after (20 hours)
porcine pulmonary xenotransplantation were investigated by immunofluorescent microscopy for evidence of immune deposits. A: Fluorescent staining of
anti-porcine vWF, with a rhodamine counterstain for basement membrane. Deposition of porcine vWF is evident in baboon liver and spleen after pulmonary
xenotransplantation. Original magnification, 3400. B: Fluorescent staining of anti-human C3, with a rhodamine counterstain for basement membrane. Deposition
of porcine C3 is evident in baboon liver and spleen after pulmonary xenotransplantation. Original magnification, 3400.
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In addition to inciting the local formation of anaphyla-
toxins, immune complexes formed after xenotransplanta-
tion might influence the systemic response to xenotrans-
plantation. The deposition of immune complexes in
peripheral organs could trigger immune-complex dis-
ease. Although our experimental xenotransplants, stud-
ied throughout a period of hours, did not reveal patho-
logical or clinical evidence of organ injury. Such injury
might be anticipated in the days to weeks after pulmo-
nary xenotransplantation. Furthermore, the delivery of im-
mune complexes to lymphoid organs and local activation
of complement could heighten the elicited immune re-
sponse to the porcine organ. Although we have seen only
limited immune responses after the transplantation of
porcine hearts into baboons or exposure of human pa-
tients to porcine livers,37,38 we might anticipate that the
response to pulmonary transplantation might be more
diverse and more intense. Among the immune responses
of greatest concern would be responses to porcine his-
tocompatibility antigens, which cross-react with HLA.
Were they to occur, such cross-reactive responses could
preclude subsequent allotransplantation.

Our observations should not be taken as evidence that
antigenic material is shed only from pulmonary and not
from other types of xenografts. We have found immune
complexes, albeit in notably smaller amounts, in the
blood of recipients of cardiac and renal xenografts. How-
ever, the amount of vWF shed from lung xenotransplants
clearly exceeds the amount shed from kidney or heart
xenotransplants; thus the increased amount of vWF prob-
ably reflects the greater mass of vasculature in the trans-
planted lung. We have also observed that the recipients
of cardiac xenografts and patients whose blood has been
perfused through porcine livers develop substantially
higher levels of anti-Gala1-3Gal antibodies within days of
exposure to porcine organs, suggesting some measure
of immune stimulation had occurred. In light of these
findings it is clear that type III immune reactions involving
immune complex formation are evident in xenograft re-
cipients and warrant further investigation into their role in
graft injury and graft survival.
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