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Abstract

 

An in vivo model system to understand the mechanism of

xenograft rejection was established using human peripheral

blood leukocyte–reconstituted SCID (hu-PBL-SCID) mice.

Human xenoreactive natural antibodies (XNA), of IgM and

IgG subtypes, capable of binding to pig aortic endothelial

cells (PAEC) were detected in the sera of hu-PBL-SCID by

ELISA and flowcytometric methods. Western blot analysis

of PAEC lysates showed that IgM and IgG XNA from hu-

PBL-SCID recognized xenoantigens with similar molecular

mass as those recognized by XNA from normal human se-

rum (NHS). This result demonstrated that hu-PBL-SCID

contained XNA representing the same repertoire as that of

the NHS. XNA from NHS and hu-PBL-SCID were also able

to induce intracellular Ca

 

2

 

1

 

 signals in cultured PAEC sev-

eral fold above the basal level. This result revealed their

functional similarity and demonstrated for the first time

that XNA in the absence of C can activate PAEC, which

may lead to the pathology of xenograft rejection. In vivo,

PAEC transplanted under the kidney capsule of hu-PBL-

SCID mice showed deposition of human IgM and mouse C.

In summary, the present study demonstrates that hu-PBL-

SCID can serve as a useful model to characterize innate

immunity against xenograft. (

 

J. Clin. Invest. 

 

1996. 97:1267–

1275.) Key words: transplantation
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Introduction

 

Transplantation of solid organs from nonhuman donors (xe-
nograft) into humans has gained increased attention due to the
shortage of suitable allografts. Even though transplantation
from closely related species like baboons or chimpanzees (con-
cordant) into humans can be accomplished with limited suc-
cess, ethical and medical problems associated with procuring
such organs have rendered it impractical. Successful transplan-
tation of solid organs between discordant species (for example,

pig to human) may overcome problems associated with organ
procurement. However, it will require further understanding
of immunological consequences of such xenograft. Vascular-
ized xenografts between discordant species undergo hyper-
acute rejection (HAR)

 

1

 

 mediated by naturally occurring
xenoreactive antibodies (XNA) and C within minutes after im-
plantation (1, 2). These rejected xenografts reveal interstitial
hemorrhage and edema, intravascular coagulation, and sepa-
ration of endothelial cells from the underlying matrix (3). The
prominent epitope recognized by human XNA is a disaccha-
ride Gal

 

a

 

(1-3)Gal expressed as an integral part of several cell
surface glycoprotein and glycolipid structures (4, 5).

Several approaches have been initiated toward avoiding
the hyperacute rejection. These include: (

 

a

 

) depletion of donor
XNAs by perfusion through a xenogeneic organ before trans-
plantation (6–8); (

 

b

 

) depletion of donor XNA by treatment
with anti-

 

m

 

 antibodies (9); (

 

c

 

) administration of soluble CR1
(CD35) which inhibits both classical and alternate pathways of
complement activation (10); and (

 

d

 

) creation of transgenic ani-
mals (for example pigs) expressing species-specific comple-
ment activation regulatory proteins including human mem-
brane cofactor protein (MCP or CD46), decay accelerating
factor (DAF or CD55), and CD59 (11, 12). Despite this signifi-
cant progress in overcoming humoral immune response, rejec-
tion of vascularized discordant xenogeneic organs could in-
evitably take place through cell-mediated recognition of
xenogeneic antigens. Several in vitro studies have demon-
strated the ability of human T cells to recognize, directly or in-
directly, xenogeneic targets (13–15). However, no significant
progress has been made in this direction due to the lack of an
appropriate model to study the humoral and cellular immune
response to xenografts.

Transplantation of human lymphoid cells into severe com-
bined immunodeficient mice (hu-PBL-SCID) has resulted in
the development of new strategies to study tumor biology (16),
autoimmunity (17, 18), infectious diseases (19, 20), and human
hematopoiesis (21–27). Recently we have described a hu-PBL-
SCID model developed by booster injection of anti-CD3 anti-
body-stimulated human lymphocytes given 2 d after the initial
injection of PBL (28). Mice reconstituted with this technique
were able to reject human islet allografts transplanted beneath
the kidney capsule. In the present study we explore the useful-
ness of hu-PBL-SCID model to study the immune response
against a xenograft. Our results show that hu-PBL-SCID pro-
duce natural antibodies reactive with xenoantigens that are
very similar biochemically and functionally to XNA found in
normal human serum (NHS).
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Abbreviations used in this paper:
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]

 

i

 

, intracellular Ca

 

2

 

1

 

 concen-
tration; HAR, hyperacute rejection; NHS, normal human serum;
PAEC, pig aortic endothelial cells; XNA, xenoreactive natural anti-
bodies.
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Methods

 

Hu-PBL-SCID Mice. 

 

SCID mice were engrafted with human pe-
ripheral blood mononuclear cells (PBMC or PBL) as described ear-
lier (28). Briefly, human PBMC (30 

 

3

 

 10

 

6

 

) isolated by Ficoll-Paque
(Pharmacia, Alameda, CA) density gradient centrifugation were sus-
pended in 0.5 ml PBS and injected intraperitoneally in SCID mice. In
addition, PBMC were cultured in 100 ng/ml OKT3 (anti-CD3 mAb;
Ortho Diagnostic Systems Inc., Raritan, NJ) containing RPMI 1640
medium supplemented with 25 mM Hepes, 2 mM 

 

l

 

-glutamine, 100 U/ml
penicillin, 100 U/ml streptomycin, and 15% heat-inactivated human
serum for 2 d at 37

 

8

 

C. 10 

 

3

 

 10

 

6

 

 OKT3-stimulated cells were given in-
traperitoneally 2 d after the initial injection. Establishment of the chi-
mera was monitored by (

 

a

 

) measurement of human Ig by ELISA, (

 

b

 

)
PCR-based detection of human cells in SCID periphery, and (

 

c

 

) flow-
cytometric analysis of human cell populations (28).

 

Primary culture of pig aortic endothelial cells (PAEC). 

 

Endothe-
lial cells were isolated from pig aorta following the procedure de-
scribed by Ryan et al. (29) and cultured in Falcon Primaria flasks
(Becton Dickinson Co., Lincoln Park, NJ) in RPMI 1640 medium
containing 20% FBS, endothelial cell growth supplement (Collabora-
tive Biochemicals Inc., Bedford, MA), and heparin. PAECs used in
this study were in between 5 and 10 passages. The identity of endo-
thelial cells was established by their morphology and acetylated LDL
intake.

 

ELISA for the detection of XNAs. 

 

Human XNAs directed against
PAEC membrane antigens were detected by a specific ELISA
method described earlier (30). Briefly, endothelial cells cultured to
confluency in 96-well microtiter plates were fixed with cold 0.01%
glutaraldehyde for 5 min at 4

 

8

 

C. After washing with PBS, the wells
were blocked with 1% BSA at room temperature for 1 h. Serial dilu-
tions of heat-inactivated normal human serum (RJO Biologicals,
Kansas City, MO), sera from SCID, and sera from Hu-PBL-SCID
mice were added to the wells and incubated for 1 h at room tempera-
ture. Binding of human antibodies was detected by alkaline phos-
phatase–conjugated goat anti–human IgM (

 

m

 

-specific; 1:1,000 dilu-
tion; Jackson Immunosearch Laboratories, West Grove, PA) or IgG
(Fc specific; 1:1,000 dilution) for 1 h at room temperature. The color
was developed using 

 

p

 

-nitrophenylphosphate as substrate.

 

Immunofluorescence and flow cytometry. 

 

Human XNAs directed
against PAEC were also detected by immunofluorescence followed
by flow cytometry using a FACScan Analyzer (Becton Dickinson)
equipped with a single argon-ion laser. Primary cultured PAEC (5 

 

3

 

 10

 

5

 

cells) in HBSS containing 0.1% sodium azide, 20 mM Hepes, and 2
mM EDTA were initially blocked with 10% normal goat serum for 30
min at 4

 

8

 

C. After washing (twice) with HBSS containing 1% goat se-
rum, the cells were incubated with the first antibody (NHS or serum
from SCID or hu-PBL-SCID) for 60 min at 4

 

8

 

C. Cells were washed
twice, treated with FITC-conjugated goat anti–human IgM (

 

m

 

-spe-
cific) or IgG (Fc-specific) for 30 min at 4

 

8

 

C. After washing twice, cells
were gated by forward scatter and side scatter parameters on the
FACScan. Data were collected on 3,000 cells with fluorescence loga-
rithmic amplification and analyzed with LYSYS software.

Serum absorption experiments were done to further define the
antigens recognized by human XNA. NHS or hu-PBL-SCID serum
samples were incubated with cytoskeletal proteins (equimolar con-
centrations of actin and tubulin; Sigma Chemical Co., St. Louis, MO),
or thyroglobulin or double-stranded DNA (ssDNA) or Fc fraction of
human Ig at 1 mg/ml concentration for 3 h at 4

 

8

 

C. After incubation,
the samples were centrifuged at 110,000 

 

g

 

 and the supernatant was
used for Western blot and FACS analysis.

For monitoring in vivo binding of XNA to PAEC, 2 

 

3

 

 10

 

6

 

 viable
cells were engrafted under the kidney capsule (28). Kidneys, har-
vested 3 d after transplant, were embedded in OCT compound (Lab
Tek Products, Naperville, IL) and cut into 4–6 

 

m

 

m sections. Tissue
sections were mounted on poly-

 

l

 

-lysine–coated slides and were either
used immediately or kept frozen at 

 

2

 

70

 

8

 

C until analysis. The slides
were fixed with 100% methanol and washed with PBS followed by

blocking with 2% fishgel. Subsequently the slides were stained with
(

 

a

 

) biotinylated mAb 74.11.10 (anti–pig class I; American Type Cul-
ture Collection, Rockville, MD) followed by avidin-peroxidase detec-
tion system, (

 

b

 

) FITC-conjugated anti–human IgM, and (

 

c

 

) with
FITC-conjugated anti–mouse C3.

 

Western blotting. 

 

PAEC or human umbilical vein endothelial
cells at 10 

 

3

 

 10

 

6

 

/ml were lysed at 4

 

8

 

C for 1 h in PBS containing 0.5%
octylglucoside and protease inhibitors (2 mM PMSF, 5 

 

m

 

g/ml aproti-
nin, 10 

 

m

 

g/ml leupeptin, 10 

 

m

 

g/ml pepstatin). After centrifugation at
100,000 

 

g

 

 for 30 min, supernatant protein concentration was deter-
mined by BCA method (Pierce, Rockford, IL). 50 

 

m

 

g of supernatant
protein was loaded per well on a 5–15% SDS-polyacrylamide gel and
subjected to electrophoresis followed by electroblotting on to Immo-
bilon-P membrane. The membranes were initially blocked with 3%
BSA and subsequently probed with the appropriate dilution of NHS,
SCID, or hu-PBL-SCID sera followed by alkaline phosphatase–con-
jugated anti–human IgM or IgG (Organon Teknika Corp., Durham,
NC) or anti–swine IgM (Kirkegaard & Perry Laboratories Inc.,
Gaithersburg, MA), and color was developed with 5-bromo-4-chloro-
3-indolyl phosphate and nitro blue tetrazolium substrates (Sigma
Chemical Co.).

 

Intracellular Ca

 

2

 

1

 

 concentration measurement in PAEC. 

 

Changes in
intracellular Ca

 

2

 

1

 

 concentration ([Ca

 

2

 

1

 

]

 

i

 

) were measured after XNA
stimulation in cultured PAEC loaded with the Ca

 

2

 

1

 

-specific fluores-
cent probe indo 1-AM (Molecular Probes, Eugene, OR). Briefly,
PAEC were cultured in glass-bottomed petri dishes (Mat Tek, Ash-
land, MA) and loaded with 10 

 

m

 

M indo 1-AM dissolved in 0.02%
DMSO and pluronic as a dispersing agent. After 30-min incubation
with indo 1-AM, the cells were washed and kept in HBSS (with or
without Ca

 

2

 

1

 

 and Mg

 

2

 

1

 

). XNA from 25 

 

m

 

l of normal human serum or
100 

 

m

 

l of serum from SCID or hu-PBL-SCID were added to the indo-1
loaded PAEC and the fluorescent changes were measured using a la-
ser scanning confocal microscope equipped with argon laser and a
water immersion 

 

3

 

40 fluor objective (RCM 8000; Nikon Inc.,
Melville, NY). Indo-1 is a dual emission dye and when excited at 354
nM two wavelengths are emitted, i.e., a wavelength at 405 nM corre-
sponding to indo-1 bound to Ca

 

2

 

1

 

 and a wavelength at 480 nM corre-
sponding to free indo-1. Two photo multipliers simultaneously detect
both emission wavelengths, and the analog signals are then digitized,
ratioed, and displayed in color as high resolution spatial concentra-
tion images. For calibration, the intensities of test solutions of Ca

 

2

 

1

 

varying from 0 to 1 mM were determined with 5 

 

m

 

M pentapotassium
indo-1. The ratiometric calculations were done using the method de-
scribed by Grynkiewicz et al. (31).

 

Results

 

Detection of XNA in Hu-PBL-SCID sera by ELISA. 

 

One of
the goals of this work is to evaluate hu-PBL-SCID mice as a
model to study human immunologic reaction toward a clini-
cally relevant discordant xenograft, for example, porcine
grafts. Since endothelial cell lining of the xenograft is the ma-
jor site of attack during HAR, we used PAEC as the antigenic
source to evaluate human XNA. Initially we examined for the
presence of XNA in the sera of chimeric hu-PBL-SCID mice
which were established based on our earlier protocol (28). The
concentration of human Ig in these mice was 1,143.9

 

6

 

325.4

 

m

 

g/ml when measured 7–9 wk after initial injection of human
lymphocytes. Sera from the hu-PBL-SCID were analyzed by
ELISA (30) for XNA capable of binding to cultured PAEC.
Using secondary antibody conjugates specific for both human
IgM (

 

m

 

 chain specific) and IgG (Fc specific), we were able to
detect both IgM (Fig. 1 

 

A

 

) and IgG (Fig. 1 

 

B

 

) subtypes of
XNA in the sera of hu-PBL-SCID. Sera samples from plain
SCID mice did not contain PAEC-specific XNA. Porcine se-



 

Human Xenoreactive Natural Antibodies in hu-PBL-SCID Mice

 

1269

 

rum used as a control showed no reactivity exceeding the
background (data not shown). A linear titration of the anti-
body concentration was observed in case of both hu-PBL-
SCID and NHS. Earlier studies have shown that hu-PBL-
SCID contain 10-fold less human Ig when compared to NHS
(26, 27). Accordingly, lower amounts of XNA reacting to
PAEC were seen in hu-PBL-SCID sera when compared to
NHS. Our present results also showed that hu-PBL-SCID sera
contained more IgM than IgG subtype XNA.

 

Flow cytometric analysis of XNA binding to PAEC. 

 

To fur-
ther evaluate the nature and binding of XNA present in the

hu-PBL-SCID serum, we used immunofluorescence followed
by flow cytometric analysis. As shown in Fig. 2, both IgM (

 

A

 

)
and IgG (

 

B

 

) subtype XNA binding to PAEC were detected. In
accordance with ELISA data: (

 

a

 

) a lower quantity of hu-PBL-
SCID XNA was detected when compared to NHS; (

 

b

 

) hu-
PBL-SCID XNA consisted primarily of IgM type antibodies;
and (

 

c

 

) no XNAs were detected in the plain SCID serum using
flow cytometric analysis.

 

Western blot analysis of antigens recognized by XNA

present in the hu-PBL-SCID serum. 

 

Previous studies on XNA
have shown that the antibodies predominantly recognize a
Gal

 

a

 

(1-3)Gal epitope expressed on several glycoprotein and
glycolipid structures of the cell membrane (4). To test whether
XNA present in the hu-PBL-SCID recognize identical xe-
noantigens as the NHS XNA, we probed Western blots of
PAEC cell lysates (50 

 

m

 

g of protein was uniformly loaded per
lane) with NHS and sera from SCID or hu-PBL-SCID. As
shown in Fig. 3 

 

A

 

, IgM type XNA present in both NHS and
hu-PBL-SCID serum essentially recognized similar xenoanti-
gens. The molecular mass of common xenoantigens recognized
by IgM type antibodies were 250, 174, 150, 110, 83, 52, 47, 39,
and 30 kD. Similarly the molecular mass of the common xe-
noantigens recognized by IgG type antibodies were 128, 106,
48, 40, 28, and 21 kD (Fig. 3 

 

B

 

). Sera from plain SCID failed to
recognize any xenoantigens in these Western blots. XNA from

Figure 1. ELISA for measurement of XNA present in hu-PBL-SCID 
sera. PAECs grown to confluency in 96-well flat bottomed culture 
plate were used as antigen and serially diluted NHS or SCID or sera 
from hu-PBL-SCID or SCID were added to the wells followed by al-
kaline phosphatase–conjugated anti–human IgM (m-chain specific) 
(A). Similar detection of IgG antibodies was made using anti–human 
IgG (Fc specific) (B). Experiments on serum samples collected from 
six hu-PBL-SCID gave similar results. Results from a representative 
experiment are shown.

Figure 2. FACS analysis of human XNAs directed against PAEC. 
Normal human serum (1:50 dilution) or serum from SCID (1:5 dilu-
tion) or hu-PBL-SCID (1:5 dilution) were treated with PAEC and the 
bound XNAs were detected using FITC-conjugated anti–human IgM 
(A) or IgG (B). Results are representative of three independent ex-
periments.
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NHS showed recognition of more antigens than did XNA from
hu-PBL-SCID. This was more apparent in the case of IgG sub-
type XNA. This could be due to differences in the concentra-
tion of XNA and also due to the fact that NHS used in this
study is pooled serum when compared to hu-PBL-SCID serum
representing a single individual. Overall, this result revealed
that XNA repertoire in hu-PBL-SCID is representative of
NHS XNA. Some of the antigens recognized by XNA are well
characterized. For example, the 250-kD band could corre-
spond to the vWf as reported earlier (32). The bands corre-
sponding to molecular mass between 100 and 150 kD could be
the integrin type xenoantigens (32). The exact identity of the
xenoantigens observed in these western blot remains to be elu-
cidated.

To distinguish the antigenic specificity of the XNA ob-
served in hu-PBL-SCID serum from the autoreactive naturally
occurring antibodies which were reported earlier (33–36), the
following experiments were performed: In the Western blot
experiments, human endothelial cells lysate proteins were run
at equal concentration to that of PAEC lysate (Fig. 3 

 

A

 

, lane

 

5

 

). The hu-PBL-SCID serum showed recognition of only 52-
and 39-kD bands thus revealing that the other major bands
recognized in PAEC lysate are xenogeneic in nature. Sec-
ondly, pig serum was treated with PAEC lysate in these West-
ern blots followed by anti–swine IgM antibody conjugate (Fig.
3 

 

A

 

, lane 

 

6

 

). This detected no bands indicating that porcine au-
toantigens are not recognized by human XNA. Thirdly, four of
the common autoantigens reported to react with naturally oc-
curring antibodies, namely, cytoskeletal proteins (actin and tu-

bulin), thyroglobulin, ssDNA, and Fc fraction of IgG were
treated with NHS or hu-PBL-SCID serum for 3 h at 4

 

8

 

C be-
fore Western blot and FACS analysis. Western blot experi-
ments (Fig. 3 

 

A

 

, lanes 

 

7–10

 

) showed no major differences indi-
cating that the xenoantigens observed in these experiments are
different from the autoantigens. Since the four autoantigens
tested in the western blot experiments have major variation in
terms of their molecular mass (for example 675,000 D for thy-
roglobulin and 43,000 D for actin) which could not be sepa-
rated on the same polyacrylamide gel, the ability of these au-
toantigens to block the binding of human XNA to PAEC was
tested by immunofluorescence and FACS analysis. As shown
in Fig. 4, all the four autoantigens tested blocked the binding
of human XNA from NHS and hu-PBL-SCID by 

 

z

 

 15–35%,
revealing the polyreactive nature of XNA present in NHS and
hu-PBL-SCID. These results also indicated that majority of
XNA are directed against porcine xenoantigens.

 

Intracellular Ca

 

2

 

1

 

 mobilization in cultured PAEC by XNA.

 

Since recent reports (32, 37) have identified some of the xe-
noantigens as integrins which are known to be signal transduc-
ing receptors, we determined elevation of [Ca

 

2

 

1

 

]

 

i

 

 in PAEC af-
ter the binding of XNA. PAEC loaded with Ca

 

2

 

1

 

 selective
fluorescent indicator dye indo-1 were treated with heat-inacti-
vated NHS or sera from hu-PBL-SCID or SCID. Using the con-
focal microscope, we were able to accurately monitor the
[Ca

 

2

 

1

 

]

 

i

 

 changes at a single cell level. As shown in Fig. 4 

 

A

 

, the
binding of XNA from NHS to PAEC in the absence of cross-
linking and C, induced an approximately fourfold transient in-

Figure 3. Western blot analysis of antigens recognized by human 
XNAs present in NHS and hu-PBL-SCID serum. PAEC lysates (50 
mg of protein per lane; Lanes 1–4 and 6–10) were separated on 5–15% 
gradient SDS-PAGE and analyzed by Western blotting for human 
XNAs of IgM (A) or IgG (B) isotype. Lane 1: secondary antibody 
alone; lane 2: NHS (1:100 dilution); lane 3: SCID serum (1:10 dilu-
tion); lane 4: hu-PBL-SCID serum (1:10 dilution); lane 5: 50 mg of hu-
man umbilical vein endothelial cell lysate protein probed with hu-
PBL-SCID serum (1:10 dilution); lane 6: pig serum (1:100 dilution); 
lane 7: hu-PBL-SCID serum absorbed with actin and tubulin; lane 8: 
hu-PBL-SCID serum absorbed with thyroglobulin; lane 9: hu-PBL-
SCID serum absorbed with ssDNA; and lane 10: hu-PBL-SCID se-
rum absorbed with Fc fraction of IgG. In A all lanes except lane 6 
were probed with 1:1,000 diluted alkaline phosphatase–conjugated 
goat anti–human IgM while lane 6 was probed with alkaline phos-
phatase–conjugated goat anti–swine IgM. In B the membranes were 
probed with 1:1,000 diluted goat anti–human IgG. The color develop-
ment was performed with 5-bromo-4-chloro-3-indolyl phosphate–
nitro blue tetrazolium substrates.

Figure 4. FACS analysis of antigenic specificity of XNA present in 
NHS and hu-PBL-SCID serum. Normal human serum (1:50 dilution) 
or hu-PBL-SCID serum (1:5 dilution) were incubated with 1 mg/ml 
each of cytoskeletal proteins (actin and tubulin) or thyroglobulin 
(Thyro) or ssDNA or Fc fraction of human IgG for 3 h at 48C and 
centrifuged at 110,000 g for 30 min and the supernatant was added to 
PAEC. The bound XNAs were detected using FITC-conjugated anti–
human IgM. Results are representative of three independent experi-
ments and are expressed as mean channel shift comparing the fluo-
rescence of cells stained with XNA to the fluorescence of staining 
with secondary antibody alone.
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crease in [Ca21]i over the basal level. XNA from hu-PBL-
SCID also induced an approximately twofold increase in
[Ca21]i (Fig. 4 B), while the serum from SCID did not induce
an increase (data not shown). These studies demonstrate for
the first time in vitro that XNA can activate endothelial cells,
which involves a Ca21 signal. Interestingly, the presence of
EGTA in the buffer abrogated the increase in [Ca21]i (Fig. 4
C) suggesting that most of the increase in [Ca21]i could be due
to the influx from the extracellular origin through the Ca21

channels.
XNA from hu-PBL-SCID bind to PAEC transplanted un-

der the kidney capsule. The studies described so far represent
an in vitro analysis of the XNA from hu-PBL-SCID mice. To
further extend the in vivo relevance of hu-PBL-SCID model in
studying the human immunological reaction to porcine
xenograft, we transplanted 2 3 106 viable PAECs under the
kidney capsule of hu-PBL-SCID. After 3 d post-transplant to
establish vasculature under the kidney capsule of the Hu-PBL-
SCID, the kidney was harvested and stained for the binding of
human XNA. To distinguish the PAEC from mouse kidney
cells, the tissue sections were stained with anti–porcine class I
mAb 74.11.10. Fig. 5 A shows the deposition of human IgM on
PAEC, an important immunohistological feature of HAR.
Staining with anti–porcine class I (Fig. 5 B) showed that PAEC
transplanted under the kidney maintained their morphology.
In a separate experiment the PAEC placed under the kidney
capsule of hu-PBL-SCID mice were stained for mouse C3. As
shown in Fig. 5 C, the PAEC also showed deposition of mouse
C3, another mediator of HAR. However, antibody-mediated
cytotoxicity of PAEC was not observed in these experiments.
This could be due to the inability of mouse C to effectively
bring out the lysis of the PAEC. To test this, 0.5 ml of fresh pig
serum, as a source of C, was injected intraperitoneally in the
hu-PBL-SCID mice which engrafted with PAEC under the
kidney capsule. After 3 h, the kidneys were harvested and
stained for PAEC and anti–human IgM. The tissue sections
showed complete disintegration of PAEC placed under the
kidney capsule (data not shown) further confirming that HAR
can take place in this model.

Discussion

Following the report by Mosier et al. (26) on the engraftment
of human lymphocytes in SCID mice, several laboratories
have reported the usefulness of the hu-PBL-SCID model to in-
vestigate a diverse range of human diseases including cancer,
autoimmune, infectious diseases, and lymphomagenesis (16–
27). The functional interaction of human T and B cells in these
chimeric animals is intact based on antigen dose-dependent
humoral response to tetanus toxoid (38) and keyhole lympet
hemocyanin (39, 40). The major limitation of this model is
thought to be the existence of mouse natural killer cells which
down-regulate the effectiveness of human PBL chimera estab-
lishment (27). Earlier we reported on establishing hu-PBL-
SCID chimera effectively by the booster injection of anti-CD3
antibody-stimulated human lymphocytes (28). In the present
report, we have focused on the usefulness of the hu-PBL-
SCID model to study human immune response to clinically
relevant porcine xenograft. Since the xenograft endothelium is
a major site of interaction between the host immune system
and the solid organ, we analyzed the development and func-

tion of human XNA recognizing PAEC antigens in this hu-
PBL-SCID model.

Our results using ELISA and flowcytometric methods have
conclusively shown the existence of human XNA in the sera of
hu-PBL-SCID against xenoantigens expressed on PAEC. The
XNA were of both IgM and IgG subtypes. These results are
consistent with earlier reports showing the presence of all four
subclasses of IgG, as well as IgM, IgA, IgD, and/or IgE in hu-
PBL-SCID mice (41–43). In the porcine to primate xenotrans-
plantation model, it is thought that XNA of IgM isotype are
critical because they can effectively fix C (44, 45). Hence sev-
eral studies have focused on the antigens recognized by only
IgM type XNA (46, 47). However, the presence of XNA of
IgG had also been observed (48, 30), and they are thought to
play a role in the xenotransplant rejection.

Western blot analysis of PAEC antigens recognized by
XNA of IgG and IgM subtypes from hu-PBL-SCID and also
from NHS showed that several antigens of molecular mass in
the range of 20–250 kD. Studies by Platt and co-workers (44,
46, 49) have emphasized the importance of 115-, 135-, and 150-
kD high molecular mass glycoproteins recognized by IgM-
XNA and have identified them as members of integrin family.
The 250-kD band has been recognized as vWF. On the other
hand, two other studies (45, 50) have also shown the presence
of low molecular mass xenoantigens recognized by human
XNA. The biochemical nature of these low molecular mass an-
tigens is not clearly identified at present. Our results also show
that a broad XNA repertoire is present in the hu-PBL-SCID
which recognizes a wide range of xenoantigens.

We also attempted to delineate the nature of the antigens
recognized by XNA as compared to autoantigens reported
earlier (33–36). We used all the major autoantigens used in
previous studies including cytoskeletal proteins like actin and
tubulin, thyroglobulin, ssDNA, and IgG Fc fractions. Our
Western blot results indicated no major differences after
blocking of sera with autoantigens. Thus, the xenoantigens ob-
served in this study are different from the autoantigens re-
ported earlier (33, 34). However partial blocking of XNA
binding by autoantigens could not be distinguished by the
Western blot technique. On the other hand, FACS analysis
clearly showed that some of the XNA described in the present
study are cross-reactive to these autoantigens tested. This
could be due to polyreactive nature of XNA which primarily
recognize Gala(1-3)Gal epitope expressed on several glyco-
protein structures including thyroglobulin (4, 5). Interestingly,
XNA present in the hu-PBL- SCID serum were blocked to the
same extent as that of XNA from the NHS except in the case
of IgG Fc fraction.

Earlier reports have suggested that human XNA are the
products of peripheral blood CD51 B cells (51, 52) leading to
the speculation that engraftment of human PBL into SCID
mice will result in selective expansion of these clones. Our
Western blot analysis of hu-PBL-SCID serum versus NHS
showed some differences: hu-PBL-SCID sera reacted to some
but not all protein identified by NHS. This can be explained by
either selective expansion of certain CD51 B cells or due to
the fact that hu-PBL-SCID serum represented an individual
sample when compared pooled NHS used in this study. Recent
studies by Parker et al. (53) have shown that human XNAs
present in NHS are polyreactive natural antibodies having lim-
ited diversity and the same or similar antibodies are shared
widely in the population. This may also account for the varia-
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Figure 5. Intracellular Ca21 mobilization in PAEC by XNA from NHS 
(A) and sera from hu-PBL-SCID (B). PAEC were cultured on special 
glass-bottomed petri dishes and loaded with indo-1 AM as described in 
Methods. After addition of 10 ml of NHS or 100 ml of hu-PBL-SCID 
serum, the change in the fluorescent emission ratio of the free and cal-
cium bound indo-1 were recorded, and [Ca21]i was calculated as de-
scribed (31). [Ca21]i scale in nM concentration is shown on the left. The 
left panel shows cells at basal level [Ca21]i and the right panel shows 
the peak level at 60 s after stimulation. C shows the Ca21 concentra-
tions plotted in the presence or absence of 2 mM EGTA. Results 
shown are representative of three independent experiments.
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tions seen in the Western blot recognition by XNA from hu-
PBL-SCID and NHS.

Two types of reactions termed as endothelial stimulation
(type I activation) and endothelial activation (type II activa-
tion) are hypothesized to take place after the binding of XNA
and C to the endothelial cells (48). A significant part of the hy-
pothesis is that XNA in the presence or absence of C, will de-
liver a signal leading to in vivo activation of endothelial cells
resulting in HAR or delayed xenograft rejection. Studies by
Saadi and Platt (54) have shown that human XNA and C cause
formation of intercellular gap in PAEC. The formation of gaps
was associated with actin-based cytoskeleton and with an in-
crease in the level of cAMP. Our results clearly show that
binding of XNA to PAEC induces a transient increase in
[Ca21]i influx. This influx of Ca21 is from an extracellular
source based on the abrogation of this signal by EGTA. These
results have shown for the first time that XNA may trigger a
Ca21-dependent signaling pathway in the endothelial cells.
This is not surprising since human XNA were found to recog-
nize integrin type molecules on PAEC (32) which have been
shown to be signal transducing receptors (55). Activation of
PAEC by XNA in the absence of complement could lead to
changes in the endothelium resulting in both humoral and cel-

lular immune response leading to rejection of the xenograft. In
addition, it is likely that such activation could lead to induction
of interleukins and other factors which are produced by the
endothelial cells, leading to activation of immune system. Fur-
ther studies on the receptors involved and identification of in-
tracellular signaling molecules activated by the binding of
XNA to PAEC should clarify the pathological and biological
consequence of such activation.

Our in vivo studies clearly demonstrate the deposition of
human IgM along with mouse C on the PAEC transplanted
under the kidney capsule of hu-PBL-SCID. Similar studies
conducted on plain SCID showed no binding of XNA (not
shown). The PAEC were distinguished from mouse kidney by
staining with anti–porcine class I mAb. The immunochemical
staining of the PAEC showed that despite the binding of XNA
and C, the PAEC did not show cytotoxicity, which is a histo-
logical characteristic of xenograft rejection. This could be due
to lack of adequate amounts of mouse C or its inability to me-
diate cytotoxicity. This prediction was later proven to be cor-
rect by injection of an adequate amount of pig C into these
mice, leading to damage of PAECs.

In summary, the studies describing the humoral immune
response to xenoantigens outlined in this communication show

Figure 6. Immunofluorescent and immunochemical staining for the detection of 
human IgM XNA deposited on the PAEC transplanted under the kidney capsule 
of a hu-PBL-SCID mouse. Identical tissue sections were stained with FITC-con-
jugated anti–human IgM (A) or with biotinylated anti–swine class I mAb–avidin 
peroxidase system (B) as described in Methods. In a similar experiment, the 
PAEC under the kidney capsule of hu-PBL-SCID mouse were also stained for 
the deposition of C3 using FITC-conjugated anti–mouse C3 (C).
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that hu-PBL-SCID promises to be a good model system to
study xenoimmune response. This report also shows for the
first time that XNA in the absence of C can induce signal
transduction pathways leading to activation of endothelial
cells. The usefulness of this model could also be extended to
analyze human cellular immune response to a xenograft of
choice since the endothelial cells under the kidney capsule
were not destroyed in a hyper acute fashion unless extraneous
C was injected into the animals. Our earlier studies (28) using
the hu-PBL-SCID model have demonstrated the presence of
class I restricted graft-infiltrating cytolytic T lymphocytes
which are capable of rejecting islet allografts. We are currently
investigating the kinetics and function of cells infiltrating
PAEC placed under the kidney capsule of hu-PBL-SCID mice
in the absence of extraneous C. Considering that in vivo
PAEC can elicit both a CD8 and CD4 response to xenoanti-
gens it is likely that such cells may infiltrate and mediate in xe-
nograft rejection in hu-PBL-SCID model.
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