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SUMMARY: The major cause of xenograft loss beyond hyperacute rejection is a form of injury, traditionally termed delayed
xenograft rejection (DXR), whose pathogenesis is unknown. Here we analyze the immunologic and morphologic features of DXR
that develops in pig kidney xenografts transplanted into nonhuman primates. Kidneys from miniature swine were transplanted
into cynomolgus monkeys (n = 14) or baboons (n = 11) that received regimens aimed to induce mixed chimerism and tolerance.
No kidney was rejected hyperacutely. Morphologic and immunohistochemical studies were performed on serial biopsies, and an
effort was made to quantify the pathologic features seen. The early phase of DXR (Days 0-12) was characterized by focal
deposition of IgM, IgG, C3, and scanty neutrophil and macrophage infiltrates. The first abnormality recognized was glomerular
and peritubular capillary endothelial cell death as defined by in situ DNA nick-end labeling (TUNEL). Damaged endothelial cells
underwent apoptosis and, later, frank necrosis. The progressive phase developed around Day 6 and was characterized by
progressive deposition of IgM, 1gG, C3, and prominent infiltration of cytotoxic T cells and macrophages, with a small number of
NK cells. Thrombotic microangiopathy developed in the glomeruli and peritubular capillaries with TUNEL+ endothelial cells,
platelet aggregation, and destruction of the capillary network. Only rare damaged arterial endothelial cells and tubular epithelial
cells were observed, with rare endothelialitis and tubulitis. In the advanced phase of DXR, interstitial hemorrhage and infarction
occurred. During the development of DXR, the number of TUNEL+ cells increased, and this correlated with progressive
deposition of antibody. The degree of platelet aggregation correlated with the number of TUNEL+ damaged endothelial cells. We
conclude that peritubular and glomerular capillary endothelia are the primary targets of renal DXR rather than tubular epithelial
cells or arterial endothelium and that the earliest detectable change is endothelial cell death. DXR was characterized by
progressive destruction of the microvasculature (glomeruli and peritubular capillaries) and formation of fibrin-platelet thrombi.
Both cytotoxic cells and antibodies potentially mediate the endothelial damage in DXR; however, in this model, DXR is largely
humorally mediated and is better termed “acute humoral xenograft rejection.” (Lab Invest 2000, 80:815-830).

A nimal donors are a potential solution to the critical
shortage of organs for transplantation in humans.
Pigs, including major histocompatibility complex (MHC)-
inbred miniature swine, are considered the likely source
for clinical xenotransplantation (Cooper et al, 1991; Sa-
chs, 1994), facilitated by modification of the donor by
genetic engineering. However, normal porcine organs
transplanted into primates are aggressively rejected by
the recipient’s immune system. Hyperacute rejection
(HAR) occurs within minutes to hours after transplanta-
tion and is mediated by natural anti-Gal-1-3-Gal (Gal)
antibody and complement activation (Daniels and Platt,
1997; Good et al, 1992). HAR can be prevented by
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strategies such as depletion (or neutralization) of anti-Gal
antibody, depletion or inhibition of complement, or the
use of organs from pigs transgenic for human comple-
ment regulatory proteins (Lambrigts et al, 1998). How-
ever, even when HAR is avoided, the xenograft under-
goes a delayed form of rejection, referred to as delayed
xenograft rejection (DXR), which destroys the graft over
a period of days and is now viewed as the major
immunologic barrier to successful xenotransplantation
(Bach et al, 1996; Lambrigts et al, 1998; Lawson and
Platt, 1996). The immunologic basis (antibody, T cells,
NK cells, and their target) of DXR is still uncertain.

At our center, a major effort is being made to induce
immunological tolerance to pig tissues in nonhuman
primates (cynomolgus monkeys and baboons) (Sachs
and Sablinski, 1995; Sykes et al, 1994). HAR is over-
come by depletion of natural antibody (Kozlowski et al,
1998; Sablinski et al, 1995, 1997). Our developing pro-
tocol, designed to promote tolerance, has been de-
scribed in detail previously (Kozlowski et al, 1999; Sab-
linski et al, 1995, 1997). It includes depletion of anti-pig
antibody, transient ablation of the recipient’s cellular
immunity, short courses of cyclosporine (CyA) and 15-
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Table 1. Summary of Survival of Porcine Renal Xenografts

Porcine
Induction therapy BMTx or Kidney
WBI (days, Removal of Pharmacologic SLA Class Il graft  Post-transplant day of
SL-sublethal, natural antibody  immunosuppressive gene survival kidney biopsy
Animal L-lethal) (days) therapy transduction  (days)  (grading of rejection)
Group A
M1393 8  8(P-A)
M1294 None day 0 CYA, DSG None 7 7(P-A)
M1994 0 0(E)
M3294 1 1(E)
Group B
M1094 WBI (day-6, SL), 15 15(E)
ATG
M1194 WBI (day-6, SL), 0 0(E)
ATG
M1594 WBI (day-6, SL), 12 12(A)
ATG
M2094 WBI (day-6, SL), 2 2(E)
TI, ATG
M4094 WBI (day-6, SL), 0 0(E)
TI, ATG
M3394 W?: (X%-G, SL), day 0 CYA, DSG BMTx 10 10(P)
M3694 WBI (day-6, SL), 10 10(E)
TI, ATG
M6593 WBI (day-6, SL), 9 6(P), 8(P), 9(P)
TI, ATG
M1195 WBI (day-6, SL), 7 7(A)
TI, ATG
M0894 WBI (day-3, SL), 12 12(E)
TI, ATG
B94-107 WBI (day-6, SL), 9 0(N), 5(E), 8(E), 9(P)
TI, ATG
B55-126(1) WBI (day-6, SL), 11 0(N), 6(P), 7(P),
TI, ATG 11(A)
Group C
B75-37 W%l (g%-ZZ, SL), day-6,0 CYA, DSG, MMF 6 0(N), 2(E), 6(P)
B55-125 W?: (g%-zz, SL), day -6, 0 CYA, DSG, MMF BMTx 3 0(N), 3(E)
B55-126(2) W8I (day-20, SL), day -14, 0 CYA, DSG 14 0(N), 2(E), 5(E), 9(P),
TI, ATG 14(A)
B94-105 WBI (day-351, day -3, -2, 0,4 CYA, BQR 6 0(N), 6(A)
SL), TI, ATG
Group D
B75-13 WBI (day-104, day -7, -5, -2, 0 CYA, DSG, MMF, SLA 8 0(N), 8(P)
SL), TI, ATG sCR1
B75-18 WBI (day-111, L) day -7, -5, -2, 0 CY%RHSG, MMF, SLA 12 0(N), 12(A)
S
B74-34 WBI (day-111, L) day -7, -5, -2, 0 CY/E, DSG, MMF, Neo 13 O(N), 13(A)
SCR1
B116-26 WBI (day-111, L) day -7, -5, -2, 0 CY%RESG, MMF, SLA 7 0(N), 7(P)
S
B17-60 WBI (day-111, L) day -7, -5, -2, 0 CYA, DSG, MMF, CVF Neo 6 0(N), 6(P)

Animal: M, cynomolgus monkey; B, baboon.
Induction therapy: WBI, whole body irradiation (sublethal: 300cGy, lethal: 900cGy); TI, thymic irradiation (700cGy at day -1); ATG, anti-thymocyte globulin (50
mg/kg/day; days -3, -2, -1).
Removal of natural antibodies: Hemoperfusion through a pig liver or an aGal immunoaffinity column, or apheresis and plasma perfusion through an aGal
immunoaffinity column.
Pharmacologic immunosuppressive therapy: CYA, cyclosporine A 15 mg/kg/day (day 0 to day 28); BQR, brequingr 5 mg/kg/day (day -2 to day 11); MMF,
mycophenolate mofetil 40 mg/kg/day (day O to day 14); DSG, 15-deoxyspergualin 6 mg/kg/day (day 0 to day 14); sCR1, soluble complement receptor-1, 12.5 or 25
mg/kg/day (day O to day 8); CVF, cobra venom factor 0.20-0.25 mg/kg/day (day -1 to day 15).
Porcine bone marrow transplantation (BMTx), or SLA Class Il gene (SLA) or neomycin-resistance gene (Neo) transduction: Porcine BMTx-donor pig cells infusion
intravenously; SLA or Neo transduction-retrovirus mediated SLA class Il DR gene (SLA) or neomycin-resistance gene (Neo) transfer into autologous bone marrow
with reinfusion into recipient baboon.
Histological staging of delayed xenograft rejection: N, no rejection; E, early phase; P, progressive phase; A, advanced phase.
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Figure 1.

Serum creatinine levels in cynomolgus monkeys and baboons with life-
supporting porcine renal xenografts (n = 12, includes some of all groups).
Recipients in which the native kidneys were not excised have been excluded.

deoxyspergualin (DSG), and donor-specific bone mar-
row infusion.

With this protocol, however, DXR develops with loss
of graft function. The present study examines the
morphological characteristics of DXR in this model,
using serial biopsies from pig renal xenografts. We
focused on antibody, cellular phenotype, platelet accu-
mulation, and endothelial cell damage in DXR and con-
clude that the earliest feature is apoptosis and necrosis
of the endothelium of the microvasculature (renal glo-
meruli and peritubular capillaries). Subsequent destruc-
tion of the microvascular capillary network with platelet
aggregation is associated with graft loss.

Results
Development of Delayed Xenograft Rejection

Of the 25 kidney xenotransplants performed, none
underwent HAR, but all were lost to delayed xenograft
rejection (DXR) (Table 1). Table 1 summarizes the
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Figure 2.

Mechanisms of Acute Humoral Xenograft Rejection

survival of the porcine renal xenografts. Sequential
creatinine levels indicated that graft dysfunction typi-
cally developed between Days 6 and 14 (Fig. 1). Three
animals had relatively good graft function when death
occurred from systemic complications, which have
been discussed elsewhere (Sablinski et al, 1997; Koz-
lowski et al, 1999).

The rejection process could be divided into three
phases based on the extent of antibody deposition,
cellular infiltration, and other morphological alter-
ations. The first (early) phase of DXR was character-
ized by various degrees of antibody deposition in
glomeruli and small vessels, an absence of cellular
infiltration, and focal segmental glomerular “solidifica-
tion” with endothelial swelling and loss of patent
capillaries (Fig. 2A). Peritubular capillaries occasion-
ally showed apoptotic nuclear changes. Glomerular
and peritubular capillary endothelial nuclei were
sometimes positive with the TdT-mediated dUTP-
biotin nick-end labeling technique (TUNEL+; see be-
low). No morphologic changes were evident in the
small arteries. In the second (progressive) phase, both
antibody deposition and cellular infiltration could be
documented. Glomerular and peritubular capillary al-
terations progressed, with thrombi and focal interstitial
hemorrhage (Fig. 2B). No changes were seen in the
arteries. The third (advanced) phase was character-
ized by necrotizing arteritis and glomerulitis with mul-
tiple thrombi, and extensive interstitial hemorrhage
and infarction (Fig. 2C). This sequence occurred in all
of the xenografts, but with differing rates of progres-
sion (Table 1). To clarify the morphological character-
istics of DXR and to help determine the mechanisms
of injury, further studies of morphological markers
were quantified in the early, progressive, and ad-
vanced phases, independent of the day on which the
sample was taken.

Deposition of Antibody and Complement

Immunofluorescent analysis of the porcine renal xeno-
grafts showed a progressive deposition of IgM, 1gG,
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Development of DXR seen in a porcine kidney transplanted into B55-126 (2) on Day 5 (the early phase) (A), Day 9 (the progressive phase) (B), and Day 14 (the

advanced phase) (C). Ato C: hematoxylin and eosin (H&E) stain, x250.
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C3, and fibrin (Fig. 3, A to C). Immunohistochemistry
for IgM (Fig. 3) and semiquantitative analysis (Fig. 4)
revealed that no IgM was deposited immediately after
reperfusion of the kidney. However, trace deposits of
IgM began to accumulate in the glomeruli during the
first day and gradually extended into the peritubular
capillaries and arteries by Day 5. Thereafter, progres-
sive deposition of IgM was observed in these three
structures. Deposition of IgG was similar. There was a
more rapid and extensive IgM deposition in the kid-
neys of experimental Groups 1, 3, and 4 when com-
pared with Group 2 (where the induction regimen
immediately preceded kidney transplantation) (Fig. 4).
Little or no C3 deposits were detected in the kidneys
of the animals that received soluble complement
receptor-1 (sCR1) or cobra venom factor (CVF).

Characterization of the Cellular Infiltrate

The early phase had few leukocytes, ie, polymorpho-
nuclear leukocytes (PMNs) and macrophages, in the
peritubular capillaries and glomeruli (Fig. 5A), but
thereafter, a progressive mononuclear cells (MNC)
infiltrate developed in the interstitium. Immunoperox-
idase staining showed the cells expressed CDS3,
CD68, and/or GMP-17 (Fig. 5, B to D). Double staining

for CD3 and GMP-17 cells showed that many GMP-
17+ cytotoxic cells were of T cell origin (Fig. 5E).
Moreover, in all xenografts in the progressive phase,
abundant infiltrating CD3+, CD4+ and CD8+ cells,
and GMP-17+ MNCs were seen (Fig. 5, F to I). The
extent of CD4+ cell infiltration was similar to or more
prominent than that of CD8+ cells (Fig. 5, G and H). A
relatively small number of N42+ NK cells was identi-
fied (Fig. 5J).

Quantitative analyses of GMP-17+ PMN, GMP-17 +
MNC, and CD68+ macrophage infiltration at various
periods after transplantation are shown in Figures 6
and 7. Progressive infiltration of PMNs, cytotoxic
MNCs, and macrophages was seen, especially in the
peritubular interstitium and glomeruli (from Day 6) in
the progressive and advanced phases of rejection.
The infiltration of GMP-17+ cytotoxic MNCs in the
kidneys of Experimental Groups 1, 3, and 4 (when
nearly complete recovery of WBC and CD2+ cell
counts in the peripheral blood occurred after induction
regimen [Kozlowski et al, 1999]) was more prominent
than that in the Group 2 kidneys (where the induction
regimen was carried out immediately before kidney
transplantation) (Fig. 6). The numbers of PMNs and
macrophages did not differ significantly among the

Figure 3.

Antibody and complement deposition in a renal xenograft, B55-126 (2). Immunofluorescent studies (Day 9) demonstrate moderate deposition of IgM (A

19G (B),

),
and C3 (C) in the glomeruli, and weak focal deposition in the peritubular capillaries (x300). Immunoperoxidase staining for IgM at 1 hour (D), on Day 5 (£), an
on Day 9 (F) shows progressive deposition in the glomeruli, peritubular capillaries, and arteries (x250).
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Figure 4.

Semiquantitative analysis of IgM staining in peritubular capillaries (A, D), glomeruli (B, £) and arteries (C, F). Ato C, Progressive IgM deposition was observed from
Day 5 and was more extensive in the Groups 1 (CJ), 3 (A) and 4 (O) recipients than in those of Group 2 (®). D to F, Progressive IgM deposition in peritubular
capillaries and glomeruli was seen from the early phase through the advanced phase (N, no rejection; E, early phase; P, progressive phase; and A, advanced phase).
In the arteries, only minimal deposition of IgM occurred until the advanced phase. O in D to F represents the mean value at each stage.

Figure 5.

The cellular infiltrates in DXR. A, In the early phase, few CD68+ macrophages (arrows) are seen in peritubular capillaries and glomeruli (x250). In the progressive
phase, prominent CD3+ T cells (B), GMP-17+ cytotoxic MNCs (C), and CD68+ macrophages (D) are seen in the interstitium (x250). E, Double staining for CD3
(brown) and GMP-17 (blue) on Day 7 in B55-126 (1) shows that many GMP-17+ cytotoxic cells are of CD3+ T cell origin (arrows). A few GMP-17+ mononuclear
cells that do not stain for CD3 may be of NK cell origin (¥) (<800). In the progressive phase, prominent CD3+ cells (F), CD4+ cells (G), CD8+ cells (H), and
GMP-17+ cytotoxic MNCs (/) are seen. In addition, a relatively small number of N42+ NK cells (J) are observed (arrows). Fto J: x500.

Laboratory Investigation ® June 2000 ® Volume 80 ® Number 6

819



820

Shimizu et al

A. . . . B.
Perltl;bular interstitium Glomeruli C. Arteries D. Tubules
(cells/ mm?) (cells/ cross section) (cells/ cross section) (cells/ mm?)
" 300 8.0 A
= 2 . 40 ., 200
2 £ 60 = o z
200 L4 & A 530 2,150
El o o A Ea0 5 5
2 100 o g .o £ 20 g 100
og° 28 %20 8 9 *% Z 10 od “ 50 °nn‘ °§ “
& QREﬁi R 0§80, g0 " 8
o8 0.0 0.0 #mas—oBonAeect - R YL D
o 5 10 15 0 5 10 15 o 5 10 15 o s 10 15
days days days days
. G.
Peritubular interstitium F. Glomeruli Arteries H. Tubules
(cells/ mm?) (cells/ cross section) (cells/ cross section) (cells/ mm?2)
g 30 80 840 & 200
Z Z, Z
S o° Si3.0 2 150
~ 200 A +
g 520 = 100
o oA o =
g 100 fgs: ®© A 51.0 N g 50
0
TV A P 0.0 4nos—gof089e00—¢- 0 {Doa—4aC0s9R0 g
0 5 10 15 0 5 10 15
0 5
days 10 15 days days
L peritubular interstitium J. Glomeruli K. Arteries L. Tubules
(cells/ mm?2) (cel];/ Sross section) (cells/ cross section) (cells/ mm2)
300 * ' 40 200
'ﬂ —
3 o 3 60 2 30 3150 .
200 e % 8 °® 8 5 o
% P § 40 g 2.0 g 100 .
°
8 100 0 o e 2.0 0 10 O 50
a%%, o o 90 '90‘ o© 0 o en ?
04205 92 o2 o 0.0 M_qﬁﬂ;_,ﬁo_ 0.0 A00A—pO0¢ee 0y 0 4noa—4oS8e00 o
0 5 10 15 0 5 10 15 0 5 10 15 0 5 da s1{) 15
days days days Y
Figure 6.

The number of GMP-17+ PMNs (A-D), GMP-17+ MNCs (£ to H), and CD68+ macrophages (/ to L) infiltrating the peritubular interstitium (A, E, /), glomeruli (B,
F, J), arteries (C, G, K), and tubules (D, H, L). In the peritubular interstitium and glomeruli, progressive GMP-17+ PMN, GMP-17+ MNC, and CD68+ macrophage
infiltration develops from Day 6. Although the numbers of PMNs and macrophages do not differ between each group, the frequency of GMP-17+ MNCs in the porcine
kidneys in Groups 1 (), 3 (A), and 4 (O) is higher than in those of Group 2 (@®).

groups. Although there were small numbers of cyto-
toxic MNCs and macrophages infiltrating the arteries,
a PMN infiltrate developed during the progressive and
advanced phases of rejection (Fig. 7), and was asso-
ciated with necrotizing arteritis. Only rare cytotoxic
MNCs were seen infiltrating the tubules, and tubulitis
was uncommon. However, PMN and macrophage
infiltrates were observed in the tubules from the pro-
gressive to the advanced phases (Fig. 7) and were
associated with extensive tubular necrosis.

Endothelial Cell Injury, Platelet Aggregation, and Renal
Capillary Destruction

Graft injury was examined morphologically by electron
microscopy and by the TUNEL method, which can
detect damaged cells in the process of undergoing
either apoptosis or necrosis (Mundle, 1995). From
ultrastructural observations, both apoptotic and ne-
crotic endothelial cells were seen in the peritubular
and glomerular capillaries (Fig. 8). In the early phase,
the first morphological abnormality recognized using
the TUNEL method was glomerular and peritubular
capillary endothelial labeling (Fig. 9A). From the pro-
gressive to the advanced phases, TUNEL+ cells were
prominent (Fig. 9, B and C).

The TUNEL+ damaged cells were quantitated at
various times (Fig. 10). In the peritubular capillaries
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Figure 7.

The numbers of GMP-17+ PMN (A), GMP-17+ MNC (@), and CD68+
macrophages (M) infiltrating the peritubular interstitium (A), glomeruli (B),
arteries (C), and tubules (D) in the various phases of DXR (N, no rejection; E,
the early phase; P, the progressive phase; and A, the advanced phase).
Cytotoxic MNC, PMN, and macrophage infiltrate develops in the progressive
and advanced phases in the interstitium and glomeruli, whereas minimal
infiltration is seen in the arteries and tubules. In the advanced phase, a PMN
infiltrate develops in arteries with necrotizing arteritis, and a PMN and
macrophage infiltrate develops in tubules with tubular necrosis. A, O, and [J
represent the mean values in each cells.



Figure 8.

Mechanisms of Acute Humoral Xenograft Rejection

R )

Endothelial cell apoptosis and necrosis in glomeruli and peritubular capillaries. Loss of endothelial cells is seen in glomerular capillaries with an apoptotic cell (*)
(Day 5/B94-107, x1900) (A) or necrotic cell debris (*) (Day 8/B75-13, x3400) (B). Glomerular mesangial and epithelial cells are almost intact, indicating that the
capillary endothelium is the primary target in the glomeruli. Loss of endothelial cells with an apoptotic cell (*) (Day 5/B94-107, x4500) (C) or hydropic necrosis
of endothelial cells (*) (Day 6/B17-60, x3400) (D) are seen in peritubular capillaries.

and glomeruli, TUNEL+ cells were seen in the early
phase and increased in number through the advanced
phase. TUNEL+ cells were rarely observed in arteries
and tubules, except in the advanced phase. With
regards to the pathogenesis of endothelial cell injury in
DXR, a significant correlation between the degree of
IgM deposition and the number of TUNEL+ damaged
cells was seen in the peritubular capillaries, glomeruli,
and arteries (Fig. 10, | to K). In contrast, there was no
correlation between the numbers of GMP-17+ cyto-
toxic MNCs and TUNEL+ cells in the peritubular
capillaries and arteries (Fig. 10, L and N), although
there was mild correlation in the glomeruli (Fig. 10M).

Immunohistochemistry for CD62P and semiquanti-
tative analysis of these samples showed progressive
deposition of platelets in the xenografts (Fig. 9, D to F,
and Fig. 11). Platelet aggregation was recognized in
glomeruli in the early phase and gradually increased in
the glomeruli and peritubular capillaries during the
progressive and advanced phases. In the advanced
phase, it was also seen in small arteries. A significant
correlation was observed between the number of
TUNEL+ cells and the extent of platelet aggregation in
the peritubular capillaries, glomeruli, and arteries (Fig.
11, G to ).

The status of the renal vasculature was examined by
GS-1B4 immunohistochemistry for Gal expressed on
pig endothelial cells. Along with the development of
glomerular injury, GS-IB4 reactivity was lost from the
glomerular capillary network, indicating the destruc-
tion of glomerular vasculature (Fig. 12B). These glo-
merular alterations were accompanied by TUNEL+
endothelial cells, multiple thrombi, marked deposition
of IgM, and GMP-17+ MNCs (Fig. 12, A to D). The
peritubular capillaries, identified by GS-IB4 staining,
were absent around tubules with TUNEL+ endothelial
cells. There was deposition of IgM and accumulation
of GMP-17+ cytotoxic MNCs (Fig. 12, E to H). How-
ever, only rare endothelialitis and damaged endo-
thelial cells were observed in the arteries, except in
advanced DXR, in which the arteries were charac-
terized by fibrinoid necrosis or endarteritis with
TUNEL+ cells, thrombi, IgM deposition, as well as
GMP-17+ PMN infiltration (Fig. 13, A to D). Only
rare tubulitis was observed. Grouped TUNEL+ tu-
bular cells were found in damaged tubules (Fig.
13E), suggesting that tubular necrosis had occurred
in the advanced phase. In the peritubular capillaries
around necrotic tubules, many GMP-17+ PMNs
were seen (Fig. 13F), but neither GMP-17+ cyto-
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Figure 9.

Progressively increasing TUNEL+ damaged cells (A to C) and CD62P+ platelet aggregation (Dto F) in the early (A, D), progressive (B, E) and advanced (C, F) phases.
Ato C: TUNEL method, %250. D to . CD62P stain, <400. TUNEL+ peritubular and glomerular endothelial cells and glomerular platelet accumulation are present

before a prominent infiltrate appears (A, D).

toxic MNC infiltration nor IgM deposition was ob-
served in these sites.

Discussion

The present study provides evidence that microvas-
cular endothelial cell injury, characterized by endothe-
lial cell apoptosis and necrosis, occurs from the early
phase of DXR and increases during the later phases. It
is associated with progressive deposition of antibody.
Our results indicate that the primary target in DXR is
the microvascular endothelium, rather than the arterial
endothelium and tubular epithelial cells. Graft loss
occurs in the advanced phase with widespread de-
struction of the capillary network and platelet accu-
mulation.

In xenotransplantation, both antibody and cellular
immunity are believed to be major factors in the
pathogenesis of DXR (Bach et al, 1996; Lawson and
Platt, 1996). However, the nature of the graft injury that
occurs in DXR has not yet been well-characterized,
although there is accumulating evidence that endo-
thelial cell activation occurs (Bach et al, 1996; Han-
cock, 1997; Lawson and Platt, 1996; Palmetshofer et
al, 1998). We observed by electron microscopy both
endothelial cell apoptosis and necrosis. The TUNEL
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method can detect damaged cells in the process of
both apoptosis and necrosis in tissue sections (Gav-
rieli et al, 1992; Mundle, 1995). This assay, therefore,
has the advantage of allowing the detection of dam-
aged cells induced by cell- and antibody-mediated
immune injury. Indeed, prominent TUNEL+ cells were
seen in thrombotic microangiopathic lesions in glo-
meruli and peritubular capillaries. More importantly,
the first abnormality recognized in the porcine renal
xenografts was endothelial labeling with TUNEL in the
microvasculature, before DXR could be diagnosed
morphologically. Our results demonstrate that the
TUNEL assay is a sensitive method of assessing graft
cell injury in both humoral- and cell-mediated rejection
and may have a practical value in the diagnosis of
early xenograft rejection.

In experimental or human renal allograft rejection,
numerous TUNEL+ damaged cells are seen in tu-
bules, glomeruli, peritubular capillaries, and small ar-
teries, together with tubulitis, glomerulitis, and endo-
thelialitis, associated with a T cell infiltrate (Meehan et
al, 1997; Palmetshofer et al, 1998; Shimizu et al,
1997a; 1997b). In contrast to renal allograft rejection,
only rare TUNEL+ arterial endothelial cells and mini-
mal TUNEL+ tubular cells were observed in DXR,
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Figure 10.

The number of TUNEL+ cells in the peritubular capillaries (A, E), glomeruli (B, F), arteries (C, G), and tubules (D, H), and correlation with graft IgM deposition (/
to K) or GMP-17+ graft infiltrating cytotoxic MNCs (L to ). Ato H, TUNEL+ cells in the peritubular capillaries and glomeruli are seen from Day 2 in the early phase,
and are prominent in the progressive and advanced phases (£to H: N, no rejection, E, the early phase; P, the progressive phase; and A, the advanced phase). Rare
TUNEL+ cells are observed in arteries and tubules, except in advanced DXR. O in E to H represents the mean value in each stage. The number of TUNEL+ cells
and the extent of IgM deposition correlate significantly by linear regression (/to K); however, only weak correlation is seen between the numbers of TUNEL+ cells

and GMP-17+ MNCs (L to N).

indicating that these cells are spared by DXR. In
contrast, peritubular and glomerular capillary endo-
thelia are primary targets of renal DXR. Indeed, GMP-
17+ cytotoxic MNCs infiltrated the peritubular capil-
laries, glomeruli, and interstitium, whereas there were
only minimal infiltrates in the tubules and arteries, even
in the progressive and advanced phases. The progres-
sive deposition of antibody also occurred in the peri-
tubular capillaries and glomeruli from the early phase.

In the kidney, endothelial cell injury can lead to
thrombotic microangiopathy (Ballermann, 1998;
Colvin, 1996). In the present study, endothelial cell
death was associated with platelet aggregation as well
as destruction of the vascular capillary network of the
peritubular capillaries and glomeruli. Morphological
thrombotic microangiopathy developed, with multiple
platelet-fibrin thrombi. It has been reported that intra-
vascular fibrin deposition and platelet activation can
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Semiquantitative analysis of CD62P staining in peritubular capillaries (A, D), glomeruli (B, E) and arteries (C, F), and correlation with the number of TUNEL+ cells
(G to /). Ato F, Progressive platelet aggregation in glomeruli and peritubular capillaries is seen from Day 6 in the progressive phase, and develops through the
advanced phase (D to £ N, no rejection; E, the early phase; P, the progressive phase; and A, the advanced phase). In arteries, minimal platelet aggregates are seen
until the advanced phase. O in D to Frepresents the mean value in each stage. G to /, A significant correlation is observed between the degree of platelet aggregation

and the number of TUNEL+ cells .

develop in discordant porcine xenografts as a conse-
quence of complement activation, inflammation, and
the secondary development of a procoagulant state
(Bach et al, 1996; lerino et al, 1998; Lawson and Platt,
1996; Robson et al, 1996; Saadi et al, 1995). Alterna-
tively, vascular thrombosis may be promoted by
cross-species molecular incompatibilities between
activated primate coagulant factors and donor antico-
agulant proteins expressed on the graft vasculature
(Bach et al, 1996). Our results demonstrate that plate-
let aggregation is correlated with the number of
TUNEL+ endothelial cells, suggesting that endothelial
cell death contributes to the in situ coagulopathy.

In view of the possibility that the overall rejection
response to a discordant xenograft will be greater than
that to an allograft, and will necessitate heavy immu-
nosuppressive therapy, ongoing studies are progress-
ing at our center towards the induction of immunolog-
ical tolerance to miniature swine tissues in nonhuman
primates by mixed lymphohematopoietic chimerism
(Sachs and Sablinski, 1995; Sykes et al, 1994). The
conditioning regimen includes transient ablation of the
recipient’s immune system and transplantation of do-
nor bone marrow (BM) cells. This regimen leads to
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immunological tolerance to concordant xenografts in
the rodent (rat-to-mouse) model (Sharabi et al, 1990;
Sykes et al, 1994) and medium-term survival of con-
cordant xenografts in nonhuman primates (baboon-
to-cynomolgus monkey) (Bartholomew et al, 1997). In
the present study, however, even when combined with
anti-pig antibody depletion by extracorporeal immu-
noadsorption (EIA), this regimen was not sufficient to
induce tolerance to pig organs in nonhuman primates,
and DXR developed within days.

A variety of observations suggest that it is the
humoral immune response of the recipient that leads
to DXR (Bach et al, 1996; Lawson and Platt, 1996; Lin
et al, 1998). The present study showed progressive
deposition of IgM, IgG, and C3 in the glomeruli,
peritubular capillaries, and arteries. Previous studies
have demonstrated that, after EIA without kidney
transplantation, anti-Gal IgM and IgG recover to pre-
treatment levels or higher by Day 7 (Kozlowski et al,
1998, 1999). No antibodies or minimal levels of anti-
body to pig antigens (other than anti-Gal) have been
detected in primates after porcine kidney transplanta-
tion. These results suggest that progressive deposi-
tion of antibody is associated with return of circulating
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Figure 12.
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The development of thrombotic microangiopathy in renal glomeruli (A to D) and peritubular capillaries (E to H). The TUNEL stain shows the prominent TUNEL+ cells
(arrows) in glomerular (A) and peritubular (£) capillaries (x<800); ¥ in (A) indicates the thrombus. GS-IB4 stain shows loss of capillary lumina in the glomeruli (B)
or around tubules (F), indicating destruction of the renal capillary network (x800); (arrow) indicates the remaining GS-1B4+ capillaries. IgM deposition is seen in
glomerli (capillaries and mesangium) (C) and peritubular capillaries (G) with damaged endothelial cells (arrow) (IgM stain, x800). Infiltrating GMP-17+ cells in
glomerular capillaries (*) (D) or peritubular capillaries (arrows) (H) are in contact with apoptotic bodies (¥) (GMP-17 stain, D: x1000, H: x<800).

anti-Gal antibody. Significant correlation between the
progressive deposition of IgM and the development of
endothelial cell injury was observed in the present
study. In the Group 4 animals, which received treat-
ment with sCR-1 or CVF, DXR occurred despite min-
imal deposition of complement, suggesting that anti-
body deposition led to DXR with or without
complement activation, although more typical and
severe DXR is associated with the presence of com-
plement activation. We therefore conclude that anti-
bodies play an important role in the pathogenesis of
DXR and suggest that DXR might be successfully
prevented or treated by therapies aimed at the hu-
moral immune response to porcine antigens.
However, cellular elements also appear to play a
significant role in the development of DXR (Blakely et
al, 1994; Candinas et al, 1996; Kobayashi et al, 1997;
Leventhal et al, 1993). Some studies conclude that
infiltrating cells consist primarily of macrophages and
NK cells in rodents (Blakely et al, 1994; Candinas et al,
1996) and are T cell-independent, in view of the low
number of T cells in the infiltrates in the xenografted
organs (Candinas et al, 1996). Others have also ar-
gued a role for macrophages and NK cells (Blakely et

al, 1994; Candinas et al, 1996; Fryer et al, 1997;
Kobayashi et al, 1997; Seebach and Waneck, 1997).

In the present study, the cellular response was
characterized by a massive infiltration of CD3+ T
cells, together with a similarly intense macrophage
infiltrate, and relatively small numbers of N42+ NK
cells. Many CD3+ GMP-17+ cytotoxic T cells were
present in the infiltrate. Recent observations concern-
ing human anti-pig cellular xenoreactivity support our
findings (Auchincloss, 1994; Yamada et al, 1996).
These studies demonstrated a human anti-pig, cell-
mediated cytotoxic response, involving CD8+ cells in
cell-mediated cytotoxicity, as well as CD4+ cells as
important mediators of macrophage, T cell, and B cell
activation. Our results demonstrate that similar fre-
quencies of CD4+ and CD8+ T cells infiltrated the
graft in DXR, although CD8+ T cells predominate in
allograft rejection (Colvin, 1995). This suggests that
the Class ll-restricted, T cell-mediated reactions have
a role in DXR.

In summary, in our evolving regimen designed to
promote tolerance in the pig-to-primate renal xeno-
graft model, HAR can be overcome by anti-pig
antibody depletion. However, with the return of
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Figure 13.

Arterial endothelial cell injury (A to D) and tubular epithelial cell necrosis (E, F) in the advanced phase. Loss of endothelial cells in a small artery (arrow) is recognized
by GS-IB4 stain (A) (x500), and with TUNEL+ cells (arrows) (B) (TUNEL method, x800); arrowhead in A indicates remaining endothelial cells in small arteries.
Endarteritis is observed with IgM deposition (IgM stain, x500) (C) and GMP-17+ PMNs (D) (GMP-17 stain, x800). Grouped TUNEL+ tubular cells are seen in
damaged tubules suggesting tubular epithelial cell necrosis (TUNEL method, x500) (£), and many GMP-17+ PMNs are found in peritubular capillaries with tubular

necrosis, (GMP-17 stain, x500) (F).

natural anti-Gal antibody to the recipient’s circula-
tion, DXR develops, resulting in graft failure. While
the cytotoxic cell infiltrate might add to the severity
of DXR, antibody would appear to play an important
role in its pathogenesis in this model. Morphologi-
cally, DXR is characterized by the development of
thrombotic microangiopathy, with endothelial cell
apoptosis and necrosis, followed by destruction of
the microvasculature and platelet aggregation.
These features are quite similar to acute humoral
allograft rejection in humans (Collins et al, 1999;
Trpkov et al, 1996). We therefore prefer the term
“acute humoral xenograft rejection” rather than
DXR.

Materials and Methods

Animals and Surgical Procedures

Cynomolgus monkeys (Macaca fasicularis; Charles
River Laboratories, Wilmington, Massachusetts),
weighing 5 to 8 kg, or baboons (Papio anubis;
Biological Resources, Houston, Texas), weighing 8
to 15 kg, were used as recipients. Bone marrow and
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kidney donors were from the Massachusetts Gen-
eral Hospital (MGH) herd of MHC-inbred miniature
swine (Charles River Laboratories). One miniature
swine also provided a liver for antibody adsorption
from the recipient by hemoperfusion.

The surgical techniques of harvesting donor or-
gans, recipient splenectomy, and kidney transplan-
tation, as well as details of supportive care, have
been described previously (lerino et al, 1998; Koz-
lowski et al, 1999; Sablinski et al, 1995, 1997). Open
kidney biopsies were taken on several posttrans-
plant days and at the time when the graft was
rejected or the animal died. Graft function was
monitored by plasma creatinine (Cr) and blood urea
nitrogen (BUN) levels. All experiments were con-
ducted according to the NIH Guide for the Care and
Use of Laboratory Animals and were approved by
the MGH Subcommittee on Research Animal Care.

Pharmacologic Immunosuppressive Therapy

Pharmacologic immunosuppressive therapy (Pl) is de-
tailed in Table 1.



Removal of Anti-Pig Antibody

Antibody depletion from the nonhuman primate was
achieved by extracorporeal immunoadsorption (EIA)
by either (a) hemoperfusion through a pig liver or an
immunoaffinity column of Gal trisaccharide type 6
(Alberta Research Council, Edmonton, Canada) for 60
minutes, or (b) apheresis using a COBE-Spectra
pheresis system (Blood Component Technology, Inc.,
Lakewood, Colorado), with plasma perfusion through
an Gal column (three plasma volumes). Details of
these procedures have been described previously by
Kozlowski et al (1998).

Experimental Groups and Tolerance Induction Regimens

Four groups of animals were studied (Table 1), distin-
guished by the type of induction regimens they re-
ceived. Group 1 (n = 4) underwent EIA on Day 0 and
received CyA and DSG, but did not undergo a toler-
ance induction regimen.

Group 2 (n = 12) underwent a nonmyeloablative
tolerance induction regimen pretransplant, followed
by EIA, porcine bone marrow (BM) infusion, and
kidney transplantation on Day 0. The nonmyeloabla-
tive regimen consisted of (a) whole body irradiation
(WBI) (300cGy) (Day —6 or Day —3), (b) thymic irradi-
ation (TI) (700cGy) (Day —1), (c) splenectomy (Day —6
or Day 0), (d) antithymocyte globulin (ATG) (ATGAM,
Upjohn Company, Kalamazoo, Michigan) given intra-
venously at 50 mg/kg/day for three consecutive days
(Days —3, —2, and —1), and (e) porcine BM transplan-
tation on Day 0. Details of this regimen have been
described previously (Kozlowski et al, 1999; Sablinski
et al, 1995, 1997). EIA was performed on Day O,
immediately before BM infusion and kidney transplan-
tation; CyA and DSG were administered until graft
rejection.

Group 3 (n = 4) underwent the nonmyeloablative
tolerance induction regimen (described above) more
than 20 days before kidney transplantation. The white
blood cell (WBC) count (including CD2+ T and NK
cells) in the peripheral blood decreased after induction
regimens, but recovered close to the pre-induction
level by Days 20 to 27 (Kozlowski et al, 1999). Porcine
BM infusion and kidney transplantation were per-
formed on Day 0 and were combined with EIA, CyA,
and DSG.

Group 4 (n = 5) received autologous BM, which was
transduced with either a retroviral vector containing
the swine leukocyte antigen (SLA) Class Il DR gene or
the neomycin-resistance gene. The transduced BM
was infused four months before porcine kidney trans-
plantation was performed using a donor matched for
the Class Il gene. Before the infusion of the autologous
BM, one baboon (B77-13) underwent the nonmyeloa-
blative induction regimen (as in Group B). The other
four baboons received myeloablative WBI (900cGy).
This latter protocol did not include Tl or ATG but did
include a course of sCR1 (n = 4) or CVF (n = 1)
administered until the kidney was rejected. Engraft-
ment of the BM occurred on Days 18 to 21. Approxi-
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mately four months later, splenectomy and porcine
kidney transplantation was performed on Day 0, com-
bined with EIA, CyA, and DSG. Details of this regimen
have been described previously (lerino et al, 1998).

Histological and Immunohistochemical Examination

For light microscopic examination, tissue was fixed in
10%-buffered formalin and embedded in paraffin.
Sections were examined after hematoxylin and eosin
(H&E) and periodic acid-Schiff (PAS) staining.

For electron microscopic studies, tissue was fixed in
2.5% glutaraldehyde in phosphate buffer (pH 7.4) and
postfixed with 1% osmium tetroxide, dehydrated, and
embedded in Epon 812. Ultrathin sections were
stained with lead citrate and examined with a Phillips
301 electron microscope.

For immunofluorescence studies for the detection
of deposition of immunoglobulin, complement, and
fibrin, frozen tissue sections were stained by the direct
immunofluorescent technique (Leventhal et al, 1993;
Lin et al, 1998), using fluorescein isothiocyanate
(FITC)-conjugated rabbit polyclonal antibody to hu-
man 1gG, IgM, C3, and fibrinogen (all from DAKO,
Carpinteria, California). Rabbit anti-human albumin
(DAKO) was used as control. In order to examine the
correlation between graft injury and antibody deposi-
tion, immunohistochemistry for detection of IgM and
IgG was also performed in paraffin-embedded tissue
sections, using the standard avidin-biotin-horseradish-
peroxidase complex (ABC) technique reported else-
where (Meehan et al, 1997). After being deparaffinized
and incubated with trypsin for 12 minutes at 37 °C,
sections were incubated with rabbit anti-human IgG
(A090, DAKO) or IgM (A091, DAKO) followed by a
biotin-labeled goat anti-rabbit IgG (Vector, Burlingame,
California), ABC (Vector), and hydrogen peroxide (H,O,)
containing 3,3’-diaminobendizine (DAB) (Research Ge-
netics, Hansville, Alabama). No difference in immuno-
pathological findings was observed between the immu-
nofluorescence and immunoperoxidase techniques,
although the relatively extensive deposition of IgG and
IgM seen in immunoperoxidase staining may be associ-
ated with the differing sensitivities of the two methods.

Tissue for immunohistochemistry staining to identify
the phenotype of infiltrating cells was examined by the
ABC technique in frozen sections, using antibodies
against human CD3 (rabbit polyclonal anti-human
CD3, DAKO), CD8 (DK25, DAKO, or Leu 2a; Becton
Dickinson, San Jose, California), CD4 (Leu 3a, Becton
Dickinson), CD68 (KP-1, DAKO), and GMP-17 (TIA-1;
Coulter Immunology, Hialeah, Florida), and anti-
rhesus monkey NK cell antibody (N42) (Gengozian et
al, 1992). To examine the correlation between graft
injury and cell infiltrate, CD3+, GMP-17+, or CD68+
cells were stained by the ABC technique in paraffin-
embedded tissue sections. Double immunostaining
with CD3 and GMP-17 for the identification of cyto-
toxic T cells was performed in formalin-fixed paraffin
sections by using a two-color staining technique
(Meehan et al, 1997). First, the sections were stained
with a mouse monoclonal antibody to GMP-17 and
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incubated with alkaline phosphatase-labeled anti-
mouse IgG (OEM concept, Grafelfing, Germany) with a
blue reaction product (Alkaline Phosphatase Sub-
strate Kit I, Vector). Sections were then stained with
a rabbit polyclonal antibody to CD3, HRP-labeled
anti-rabbit IgG (OEM concept), hydrogen peroxide
(H,0O,) containing 3,3'-diaminobendizine (DAB) (Re-
search Genetics) (brown reaction product). The ABC
technique, using biotin-labeled Griffonia (Bandeiraea)
simplicifolia Isolectin B4 (GS-1B4, Vector), was em-
ployed to detect Gal expressed on pig vascular endo-
thelial cells (Oriol et al, 1993).

Aggregation of platelets was identified by the ex-
pression of CD62P, which was stained by the ABC
method in frozen sections, using anti-human CD62P
(Becton Dickinson). Although activated endothelial
cells also express CD62P, this antibody does not
cross-react with pig tissues or cells (data not shown).
The expression of CD62P in the renal xenografts,
therefore, indicated the aggregation of cynomolgus
monkey or baboon platelets.

In histological sections, damaged nuclear DNA as-
sociated with apoptosis was labeled by the terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP-
biotin nick-end labeling (TUNEL) method (Gavrieli et al,
1992). After being deparaffinized and incubated with
proteinase K (100 g/ml) for 15 minutes, sections were
rinsed in TdT buffer and incubated with TdT 1:25 and
biotinylated-dUTP 1:20 in TdT buffer for 60 minutes at
37 °C. The biotinylated nuclei were detected with
avidin-peroxidase and H,O, containing DAB. Controls
for immunohistochemistry or the TUNEL method in-
cluded substitution of the primary antibody with an
irrelevant murine monoclonal antibody or omission of
the dUTP or TdT, respectively.

Quantification of Histological Findings

Morphometric studies were performed to determine
the number of infiltrating GMP-17+ polymorphonu-
clear leukocytes (PMNs), GMP-17+ mononuclear
cells (MNCs) and CD68+ cells, and frequency of
TUNEL+ damaged cells in the peritubular capillaries
or the peritubular interstitium (both intracapillary and
peritubular interstitial compartments combined), glo-
meruli, tubules, and arteries. The results were calcu-
lated as the average number of GMP-17+ PMNs,
GMP-17+ MNCs, CD68+ cells or TUNEL+ cells per
grid area in the tubules, peritubular capillaries or
peritubular interstitium, or glomerular or arterial cross-
sections.

For the evaluation of IgM deposition or CD62P +
platelet aggregation, each glomerulus or each grid
area was graded semiquantitatively using a graded
system reported by others (Zachem et al, 1997; Shi-
hab et al, 1995): Grade 0, no localized increase in
staining; Grade 1, little increase in staining (deposition
in 2 or 3 glomerular or peritubular capillaries); Grade 2,
moderate increase in staining (involving <25% of the
glomerular or peritubular capillaries); Grade 3, intense
increase in staining (involving <50% of capillaries);
and Grade 4, maximal increase in staining (>50%
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capillary involvement). Deposition of IgM or CD62P
deposition in arteries was determined by the percent-
age of arteries affected.

More than 40 fields of renal cortex (at 400X, using
an optical grid area of 0.0625 mm?), more than 40
glomerular cross-sections, and all arterial cross-
sections in all fields of the renal cortex were counted in
each kidney sample without prior knowledge of the
clinical or histologic findings. Counts were expressed
as the numbers of positive cells per mm?, as the
number of positive cells per glomerular or arterial
cross-section, or as the percentage of the arteries
involved. Since the pattern of graft injury was similar
whether the recipient was cynomolgus monkey or
baboon, the results have been combined. Results
were expressed as the mean, and correlation between
data was assessed by Pearson’s method.
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