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Organ xenografts under certain circumstances survive in the presence of anti-graft antibodies 

and complement, a situation referred to as "accommodation.'' We find that the endothelial cells 

(ECs) in hamster hearts that accommodate themselves in rats express genes, such as A20 and bel­

l, that in vitro protect ECs from apoptosls and prevent upregulatlon in those cells of proinflam­

matory genes such as cytokines, procoagulant and adhesion molecules. Hearts that are rejected 

do not express these genes. In addition, vessels of rejected hearts show florid transplant arte­

riosclerosis whereas those of accommodated hearts do not. Accommodated xenografts have an 

ongoing T helper cell type 2 (Th2) cytokine immune response, whereas the rejected grafts have 

a Th 1 response. We propose a model for factors that contribute to the survival of xenografts and 

the avoidance of transplant arteriosclerosis. 

An immediately revascularized organ transplant, such as a heart or 

kidney, is usually rejected when the recipient has complement­

fixing anti-graft antibodies, as can occur with an ABO-incompati­

ble allograft. However, several investigators have demonstrated 

that lowering the titer of the offending anti-ABO antibodies before 

transplantation, and maintaining such lowered levels for several 

days post engraftment, allowed allograft survival even when the 

antibodies were later permitted to return to predepletion levels 

and in the presence of normal levels of complement'·'. We pro­

posed use of the term "accommodation" for the survival of a vas­

cularized transplant despite the presence of anti-graft antibodies 

and complement. This definition allows for the possible involve­

ment of both host and graft factors in determining survival. As 

such, one possible mechanism to explain accommodation, and 

one consistent with the definition of accommodation, is that the 

isotype of the antibodies present in a host carrying an accommo­

dated organ and binding to the endothelium of that organ are an­

tibodies that would not lead to rejection under any circumstances. 

We suggested that under certain circumstances it may be possible 

to achieve accommodation of xenografts'·' . 

In the case of a xenograft, the recipient either has preexisting 

anti-donor antibodies that together with complement cause hy­

peracute rejection (discordant combinations such as pig to pri­

mate) or generates anti-graft antibodies over the several days 

after transplantation that lead to rejection (concordant trans­

plants such as hamster to rat, or baboon to human). In all in­

stances when the donor organ survives for three or more days, 

endothelial cell (EC) activation is noted before organ rejection. 

Signs of EC activation include the upregulation of multiple 

proinflammatory genes, including those that encode adhesion 

molecules, cytokines, tissue factor and others'··. 

We have studied a hamster-to-rat cardiac transplant model in 
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which the recipient is treated for 6 to 11 days with cobra venom 

factor (CVF) to block complement, and daily with cyclosporin A 

(Cy A); this protocol results in accommodation of approximately 

7 5% of grafts. There are three findings of note by immunopatho­

logic analysis. First, there is strong expression in ECs and smooth 

muscle cells (SMCs) of the accommodated organs of four genes, 

hemoxygenase, A20, bcl-2 and bcl-xt that fit the definition of 

"protective genes": that is, genes that when expressed block the 

activation of nuclear factor kappa B (NF-KB) and in some cases 

prevent apoptosis. These protective genes are not present in ECs 

or SMCs of the rejected hearts, which, however, express the Bad, 

Bax and CPP-32 gene products that counter the effects of anti­

apoptotic genes and are thus pro-apoptotic. Second, the accom­

modated hearts contain a dense mononuclear cell infiltrate and 

a Th2 cytokine response, whereas the rejected hearts have a Thl 

response. Last, high titers of IgG2c (an IgG that fixes comple­

ment poorly) are deposited on the ECs of accommodated grafts, 

but are essentially not detected within rejected xenografts. 

Coincident with these findings, we find that the grafts that are 

rejected show evidence of transplant arteriosclerosis (chronic re­

jection), whereas the accommodated hearts do not. 

We hypothesize that the development of accommodation and 

avoidance of transplant arteriosclerosis in this model is related to 

the effects mediated by these three factors: protective genes in 

the ECs of the graft, Th2 cytokines and IgG2c. The findings pro­

vide a possible molecular basis for accommodation; to the extent 

that these findings are relevant to long-term graft survival and 

the prevention of transplant arteriosclerosis, new approaches to 

overcoming xenograft rejection can be attempted. 

In vitro studies of protective genes 

A novel finding in this study relates to the in vivo expression in 
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ECs of the accommodated organs of protective genes; that is, 

genes that prevent the upregulation of proinflammatory genes 

and certain genes that prevent the cells from undergoing apop­

tosis. We have studied three of these genes, A20, bcl-2 and bcl-xu 

which were all initially described on the basis of their anti-apop­

totic properties,..., Expression of A20 or bcl-2 in ECs stimulated 

with tumor necrosis factor (TNF) in vitro inhibits the activation 

of a reporter that is dependent solely on NF-icB for its activation 

(Fig. 1, a and c, respectively) . Consistent with this finding, ex­

pression of A20 or bcl-2 blocks the induction of an E-selectin re­

porter (Fig. 1, b and d, respectively), a result representative of 

studies with reporters for interleukin-8 (IL-8), llCBa. and tissue 

factor as weu•0-12• The inhibition of NF-JCB and of the proinflam­

matory genes, such as E-selectin, are in all likelihood related in 

that the upregulation of E-selectin, as well as a number of other 

proinflammatory genes that are induced with EC activation, is 

strongly NF-1CB-dependent1>-16• 

Expression of bcl-x" which belongs to the same gene family as 

bcl-2, has the same consequences when expressed in ECs as ex­

pression of bcl-2 or A20 on the response of the NF-JCB reporter 

and reporters for the proinflammatory genes listed above ( data 

not shown). A20, bcl-2 and bcl-x'IJ thus, all fulfill the criteria of a 

protective gene: ECs are protected from apoptosis and blocked 

from upregulating multiple inflammation-causing genes. 

Cardiac xenograft model 

Hamster hearts transplanted Into unmodified rat recipients were 

rejected in an average of 3 days, as were xenografts transplanted 

into rats that were not splenectomized and that were treated 

with Cy A (15 mg/kg body weight per day) to block host T-cell re­

sponses. Xenografts transplanted into rats treated with CVF only 

(60 units/kg on day - 1 and 20 units/kg per day thereafter) to de­

plete complement survived for an average of 4.5 days. 

In our first protocol, we treated rats for 11 days (from day-1 to 

day 9) with CVF and continuously with CyA. Two groups were 

studied to determine whether splenectomy affected the develop-
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Fig. 1 a, Inhibition of NF-1e8 by A20: 5 x 1 0' bovine aortic endothelial 

cells (BAECs) were cotransfected by the lipofectamine method with the NF-

1C8-luciferase reporter construct (0.7 µg) as welt as either the A20 expres­

sion plasmid or the pAc control plasmid (0.5 µg). The RSV ~-galactosidase 

plasmid (0.3 µg) was used in addition to correct for transfection efficiency. 

A20 expression abrogated the 12- and 28-fold induction of reporter activity 

in response to TNF and LPS, respectively. C refers to control (untreated) 

cells. RLU refers to relative light units and corresponds to luciferase values 

corrected by ~galactosidase values. See the Methods section for further ex­

perimental details. b, Inhibition of E-selectin Induction: as for part a, ex­

cept that the E-selectin- luciferase reporter construct was used instead of the 

NF-1e8 construct. In the pAc control, induction with either TNF or LPS led to 

an 8- and 14-fold increase in the activity of the E-selectin reporter, respec­

tively. A20 expression totally inhibited the inducibility of this reporter to 

background {pAc) levels. c, Cotransfection of bcl-2 together with the NF­

icB reporter to a very great extent abrogated the 10-fold induction of this re­

porter stimulated by 100 U/ml of TNF. d, Expression of Bcl-2 In BAECs 

abrogated the 40-folcl inducibility of the E-selectin reporter induced by TNF 

stimulation . 

ment of accommodation: rats in one group were splenectomized 

immediately before transplantation; rats in the second group 

were not splenectomized. There were 11 rats in the first group, 

two hearts were removed on days 29 and 37 for study, and two 

were rejected. The second group included 14 rats, 6 were killed 

with a beating heart during the first 36 days, and in 3, the hearts 

were rejected. Thus, no difference was noted in the two groups in 

the frequency of either rejection or accommodation. 

The next protocols in our study allowed us to determine for 

how short a period CVF could be given. We treated different 

groups with CVF for either 9 or 6 days, and again with CyA for 

the duration of the experiment. Here also we found that the fre­

quencies of rejection or accommodation in the various groups 

were similar to those found when CVF was administered for 11 

days. One of the seven hearts transplanted in these two groups 

was rejected. We have thus combined the data from all of these 

groups (treatment with CVF for 6, 9 and 11 days) for the overall 

discussion of results below. 

A total of 33 hamster hearts were transplanted into rats given 

Cy A for the duration of the experiment and CVF daily for 6 to 11 

days, starting on day -1 before transplant. Six hearts were rejected 

on days 5, 10, 17, 21, 27 and 49 (mean = 22 ± 16 days). Eight 

hearts were taken for study while still beating during the first 

37 days. The remaining 19 hearts survived for more than 54 days. 

These hearts were either taken for immunopathology while still 

beating or are currently surviving. We chose to study the im­

munopathology of these long-surviving hearts (>54 days) as char­

acterizing accommodation given the high probability that they 

had accommodated that is, they had survived for longer than the 

mean of the rejected hearts plus two standard deviations. 

lntragraft humoral, cellular and cytoklne responses 

Sections of accommodated hearts harvested at 5 7 days or later 

posttransplantation showed well preserved myocardial architec­

ture and normal vessels but a moderate-to-dense mononuclear 

cell infiltrate (Fig. 2) . Infiltrating leukocytes, found in large 

perivascular aggregates and, at a somewhat lower density, dif­

fusely distributed throughout the myocardium, were comparable 

in distribution, number, composition (mainJy macrophages and 

CD4' T cells) and immune activation (IL-2R expression) in the re­

jected and accommodated groups (Fig. 2); however, important 

phenotypic and functional differences were detected (Fig. 2, 

Table 1). T cells in accommodated grafts lacked CD45RC (OX-22) 
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Fig. 2 Histologic features and cells within rejecting versus accommodated 

xenografts. Hematoxylin and eosin (H&E)-stained paraffin sections show that 

(a) rejection is associated with a mononuclear cell (MNC) infiltrate, myocar-

dial fiber disruption and focal necrosis, whereas accommodated grafts (b) also 

show a MNC infiltrate but otherwise normal histology. lmmunoperoxidase 

staining of cryostat sections shows that both sets of grafts contain compara-

ble numbers of T cells (c, d), inflammatory macrophages (e, f), NK cells (ar-

rows) (g, h), and IL-2R' leukocytes (i, J), but differ in expression (arrows) of the 

Thl-associated antigen, OX-22 (CD45RC) (k, {). Scale bar, 100 µm. These are 

representative fields from five grafts from each group examined. 

expression, a putative marker of Thl cells11- • • and, together with 

associated macrophages and some vascular cells, showed dense 

expression of IL-4, IL-10 and IL-13 but little or no IL-2, inter­

feron-y (IFN-y) or TNF-a (Fig. 3). In contrast, intragraft T cells in 

rejected grafts harvested at 5-49 days posttransplantation ex­

pressed CD45RC (Fig. 2), and mononuclear cells showed dense 

labeling for IL-2, IFN-y and TNF-a, but minimal or no IL-4, IL-10 

or IL-13 (Fig. 3). Preservation of myocardial structure and func­

tion occurred despite the deposition of high titers of IgM, IgG2c, 

C3 and CSb-9 along the surfaces of graft ECs (Fig. 4, Table 1). 
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Fig. 3 Cytokine expression within rejecting versus accommodated 

xenografts. Rejecting but not accommodated grafts show labeling of 

MNC for IL-2 (a, b), IFN-y(c, d) and TNF-a (e, f); in contrast to rejecting 

xenografts, accommodated grafts show expression of IL-4 (g, h), IL-1 O 

(i, J), and IL-13 (k, {). Pericellular labeling of leukocytes and some ECs 

(arrows in panels c, e, h, j, {) is also apparent, and residual weak leuko-

cyte labeling in rejecting xenografts for IL-1 O (I) and IL-13 (k) is indi-

cated by arrows. (Cryostat sections, hematoxylin counterstain; scale 

bar, 100 µm). These are representative fields from five grafts from each 

group examined . 

Rejecting xenografts showed similarly high titers of EC-bound 

IgM, C3, C5b-9, but considerably more IgGl, IgG2a, IgG2b and 

fibrin, and far less IgG2c, than accommodated grafts (Table 1). 

Protective genes and incidence of transplant arteriosclerosis 

In accommodated grafts, more than 50% of intragraft large and 

medium-sized vessels (ECs, SMCs) and >75% of the microvascu­

lature showed labeling for A20, Bcl-2, Bcl-xL and hemoxygenase. 

Myocytes also showed focal expression of hemoxygenase and bc/-xL. 

These genes were expressed in only rare cells (<1 %) of rejected 
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grafts (Fig. 5), whereas rejected, 

but not accommodated grafts, 

showed the pro-apoptotic Bax, 

Table 1 lmmunopathology of rejecting vs. accommodated hamster-trat cardiac xenografts' 

Rejecting xenografts 

Bad and CPP-32 gene products 

(Table 1). Accommodated grafts 

also had only basal levels of 

TUNEL-positive cells, in contrast 

Histology Dense MNC infiltration, focal myocyte 

Accommodated xenografts 

Dense MNC infiltration but no myocyte 

necrosis, hemorrhages, thromboses or 

transplant arteriosclerosis 

to the high rates of apoptotic 

cells that were detected in reject-

necrosis, interstitial hemorrhages, 

microvascular thromboses, and 10-30% 

concentric luminal occlusion of medium-

sized arteries (transplant arteriosclerosis) 

lgM titer" 

lgGl titer 

lgG2a titer 

lgG2b titer 

lgG2c titer 

Fibrin titer 

C3 titer 

Total leukocytes' 

>1 :1000 

1:500 

>1:1000 

1:500 

<1:50 

>1 :1000 

>1:1000 

66 ± 18 

>1 :1000 

1 :100 

1 :100 

1 :100 

>1 :1000 

1 :100 

>1:1000 

57 ± 14 

ing xenografts by TUNEL assay 

(see Methods section, Table 1) 

and morphologic examination 

(Fig. 5). Apoptotic cells included 

small numbers of host leuko­

cytes, as well as SMCs and ECs 

within intramyocardial branches 

of the coronary arteries (Fig. 5). 

Most arteries in rejected grafts 

showed moderate-to-advanced 

transplant arteriosclerosis with 

marked luminal occlusion due to 

T cells and subsets' - 20% WBC, including 

>90% CD4+ and CD45RC+ 

-20% WBC, including 

>90% CD4+ but <1 % CD45RC+ 

concentrically expanded vascu­

lar intimal areas, whereas ac­

commodated grafts lacked 

evidence of transplant arte­

riosclerosis (Fig. 5, Table 1). 

Macrophages 

NK cells 

Neutrophils, B cells 

IL-2R 

IL-2 

IFN-y 

>75%WBC 

5-10% WBC 

<1%WBC 

10- 20%WBC 

5-10% WBC 

10-20%WBC 

>75%WBC 

5-10% WBC 

<1%WBC 

10-20%WBC 

negative 

<1%WBC In summary, accommodated 

hearts showed a predominance 

of hemoxygenase, A20, Bcl-2 

and the Bcl-xL gene products in 

their ECs and elsewhere, a Th2 

cytokine profile, dense deposi­

tion of IgG2c, and a normal vas­

culature. Rejecting hearts, in 

contrast, had essentially no ex­

pression of the protective gene 

products but showed the wide­

spread presence of pro-apoptotic 

genes (Bax, Bad, CPP-32), a Thl 

cytokine response, no IgG2c, 

and a high incidence of trans­

plant arteriosclerosis. 

TNF-a 

IL-4, IL-10, IL-13 

TUNEL+ cells ' 

Bax, Bad, CPP-32 

A20, Bcl-2, Bcl-xl 

WBC 

>50% WBC, adjacent EC and SMC 

<1%WBC 

<5% WBC, trace EC 

>50% WBC and adjacent EC 

<0.1 2.4 ± 1.8 

10-20% EC <1%EC 

<1 % WBC plus trace EC and SMC >50% of EC, plus SMC and 10-20% 

Hemoxygenase-1 <1%WBC or EC >50% of EC and >50% WBC 

'lntragraft events (5 xenografts/group) of rejecting xenografts vs. >54 day surviving accommodated xenografts, based upon as­

sessment of ?:10 contiguous fields; abbreviation: WBC, white blood cells. 

'End-titer dilutions, evaluated using serial dilutions (1 :50-1 :1000) of anti-rat lgM or lgG subclass-specific mAbs, and anti-rat C3 or 

fibrin-specific polyclonal antibodies. 

'Total leukocyte (CD45+) counts/field/group (n = 5) were not significantly different (P > 0.05) between the two groups, in contrast 

to numbers ofTUNEL+ cells (P < 0.01 ). 

' Data are shown as percentages of CD45+ intragraft leukocytes. 

Xenograft resistance to passively transferred rat anti-hamster sera 

To test the extent to which ECs in the surviving grafts were resis­

tant to the effects of anti-graft antibodies and complement, we 

challenged rats carrying surviving xenografts by administration 

of a pooled rat anti-hamster serum that was collected from rats 7 

days after transplantation of a hamster heart to an untreated rat, 

that is, 3 days after rejection. A 0.1- or a 0.5-ml dose of this 

serum resulted in rejection of a hamster heart that had been 

transplanted into a rat 30 minutes before the injection of the 

serum: the 0.1-ml dose led to rejection in 240 minutes and the 

0.5-ml dose resulted in rejection at 20 minutes. We compared 

these results with injection of the same serum into rats that had 

a hamster heart functioning 48 days after transplantation. The 

0.1-ml dose did not result in rejection of these hearts; the hearts 

were removed while still beating on day 62 and studied by im­

munopathology, which showed a picture not significantly dif­

ferent from the accommodated hearts described in the two 

paragraphs immediately above. In another rat bearing an accom­

modated heart for 78 days, 0.1 ml of the same serum was in-
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jected again without noting rejection over the next 24 hours. 

However, when an additional 0.4 ml of this anti-hamster serum 

was injected into the rat, the heart graft was rejected at 7 hours. 

Both freshly transplanted and accommodated hearts were also 

rejected when an immune serum taken from rats 21 days after 

transplantation was injected into the rats, although the accom­

modated hearts consistently survived longer than the freshly 

transplanted hearts: for instance, a 0.05-ml dose of this serum re­

sulted in rejection of freshly transplanted hearts in an average of 

130 minutes and in rejection of accommodated hearts in an av­

erage of 435 minutes. 

Second heart grafts transplanted to rats carrying a first transplant 

To test whether the "environment" in a rat carrying an accom­

modated hamster heart would influence the survival of a second, 

freshly transplanted heart, we performed a small series of second 

transplants to rats carrying a first hamster heart for 24 days or 

more following transplantation of the first heart; the surviving 

first heart was left in place. These animals were still receiving 

Cy A but no CVF. Whereas first grafts transplanted to rats receiv-
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ing only CyA survive for approximately 3 days, all eight second 

transplants survived 7 or more days. Two of the second trans­

planted hearts were rejected at 7 and 22 days and showed the im­

munohistology associated with rejecting of the first hearts. The 

five long-term surviving second hearts examined had accommo­

dated based on the findings on immunohistology, which were 

the same as for accommodated first transplants: there was depo­

sition of immunoglobulin and complement on their ECs with a 

predominant IgG2c response, a Th2 cytokine profile and expres­

sion of protective genes in their ECs and smooth muscle cells. In 

two of these five grafts, which were examined at 36 and 39 days 

posttransplantation, the immunopathology of accommodated 

hearts already existed, including the expression of the protective 

genes. One heart was still beating at 52 days. 

In order to test whether a first xenograft was required to in­

duce acceptance of a second hamster heart, prospective recipient 

rats were sham-operated on day O and treated for 11 days with 

CVF and daily Cy A until the end of the experiment. When these 

rats received a cardiac xenograft at day 35, grafts were rejected at 

the same pace (3 days) as in recipients treated with Cy A only. We 

200 

Fig. 4 Analysis of EC deposition of immunoglobulins, complement and 

fibrin within rejecting versus accommodated xenografts, with labeling of 

the same vessel (*) in serial sections; the dilution of the primary antibody is 

indicated in brackets. Both groups have dense lgM labeling (1:1000) (a, b), 

whereas the extent of EC labeling for lgG2a (1 :200) (c, d) and lgG2c (1 :50) 

(e, f) differed markedly. In addition, accommodated grafts showed dense 

EC deposition of C3 (1:1000) (g, h), and persistence of EC labeling for C5b-

9 (1 :500) (i, J), but compared with rejecting grafts showed only focal fibrin 

deposition (1:100) (k, /). (Cryostat sections, hematoxylin counterstain; scale 

bar, 100 µm). These are representative fields from five grafts from each 

group examined. 

hypothesize that it is the Th2 and IgG2c responses in a rat carry­

ing an accommodated first heart that allow the long-term sur­

vival of some of the second hearts. 

Discussion 

We have developed a model of concordant xenotransplantation 

in which heart grafts survive long-term despite the presence of 

anti-graft antibodies and complement, that is, the grafts accom­

modate. This model is based on the work of Hasan et al. ' 0, who 

showed in a hamster-to-rat transplantation model that some­

what fewer than 20% of hamster hearts transplanted into rats 

treated for 28 days with CVF and daily with Cy A for the duration 

of the experiment survived for 100 or more days despite the pres­

ence in the serum of anti-hamster antibodies and complement. 

These authors reported only survival data, hence, no informa­

tion is available as to the binding of antibodies and complement 

to graft ECs. 

We varied the length of time for which the recipient rats were 

treated with CVF to investigate whether we could increase the 

percentage of hearts that accommodated. We found that treat­

ment of recipient rats with CVF daily for 11 days plus daily and 

continuing administration of Cy A led to accommodation in ap­

proximately 75% of transplants. Splenectomy had no effect on 

the incidence of accommodation. Even when we treated the rats 

for only 6 or only 9 days with CVF, and continuously with CyA, 

accommodation was achieved in more than 75% of grafts. This 

model allowed us to examine the intragraft features associated 

with accommodation: this report is the first description of the ex­

pression in ECs and SMCs of "protective genes" associated with 

graft survival and the avoidance of transplant arteriosclerosis. 

Accommodated xenografts displayed excellent morphologic 

preservation despite the presence of a mononuclear cell infiltrate 

the extent of which was comparable to the extent associated with 

rejection of control hearts, and despite the binding of antibodies 

and complement to graft ECs. Analysis of leukocyte subpopula­

tions present in accommodated and rejected hearts showed that 

both groups consisted largely of macrophages and somewhat 

lesser numbers of CD4· T cells. However, infiltrates in accommo­

dated grafts were markedly skewed toward a Th2 pattern with 

marked elaboration of the cytokines IL-4, IL-10 and IL-13. 

The basis for the immune deviation toward a Th2 response in 

these grafts is unclear and not previously noted as a potential 

factor that might lead to prolongation of xenograft survival. In 

some rodent cardiac allograft models, CyA therapy can blunt 

Thl (IL-2 and IFN-yproduction) and leave Th2 responses intact, 

resulting in long-term survival of grafts" . Other immunosup­

pressive agents, such as rapamycin" can also result in preferen­

tial activation of Th2 cells and inhibition of synthesis of 

complement-binding lgG subclasses, while permitting produc­

tion of IgGZc in the rat. Alternately, immune deviation can re-
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sult from failure of ligation of costimulatory molecules such as 

CD28 on responder CD4· T cells by B7-positive antigen-present­

ing cells23• The Th2 cytokine response in the accommodated 

hearts likely plays a suppressive response as discussed in several 

studies of prolongation of allograft survival in the context of an 

enhanced Th2 cytokine response21·24--26. However, the presence of 

Th2 cytokines may have special relevance to the development of 

accommodation of a xenograft. We have previously noted the 

presence of monocytes and NK cells, both of which appear to be 

activated, in rejecting xenografts'··. All three Th2 cytokines (IL-4, 

IL-10, IL-13) detected in accommodated xenografts suppress the 

activation of monocytes, though most studies have focused on 

the potent inhibitory effects of IL-10 (ref. 27); evidence of a sim­

ilar, albeit less extensively studied, role for Th2 cytokines in reg­

ulating NK cell activation is known". Consistent with these 

studies are our findings that there are significantly fewer leuko­

cytes expressing TNF-a in the accommodated hearts (<5%) than 

in the rejected hearts (>50%), despite similar numbers of 

macrophages in the two situations. 

Our suggestion that an EC protective response might occur 
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Fig. S Protective genes, apoptosis and transplant arteriosclerosis in reject­

ing versus accommodated xenografts. In contrast to only trace labeling or 

an absence of labeling in rejecting grafts, accommodated xenografts 

showed widespread EC labeling (arrows), vascular SMC labeling and in 

some cases myocyte labeling for A-20 (a, b), Bcl-2 (c, d), Bcl-x, (e, f) and he­

moxygenase (H0-1) (g, h). In addition, rejecting grafts but not accommo­

dated grafts showed morphologic evidence of apoptosis (arrows) (i, J), and 

transplant arteriosclerosis (arrows indicate -30% luminal occlusion due to 

an expanded intima). Scale bar, 100 µm . These are representative fields 

from five grafts from each group examined. 

when a graft survived despite the presence of anti-graft antibod­

ies and complement was intended to explain how antibodies 

and complement could attach to the ECs and yet not evoke the 

inflammatory response engendered when vascular-based rejec­

tion takes place'. A protective gene ideally prevents induction of 

those genes causing inflammation and also protects the ECs 

from apoptosis. Protecting the ECs of the graft from undergoing 

apoptosis, which occurs during xenograft rejection (Table 1), is 

likely exceedingly important. If the ECs die and the subendothe­

lium is exposed, several proteins of that subendothelium will be 

exposed to the blood elements. Both collagen and von 

Willebrand factor can combine with glycoprotein gplb on 

platelets and thus initiate the process leading to platelet activa­

tion and aggregation. The products of activated platelets, includ­

ing C-C chemokines such as MCP-3, will recruit mononuclear 

cells to the site of rejection; the products of these cells will acti­

vate the other systems that appear to cause rejection, including 

EC activation and thrombosis". 

The induction of protective genes in ECs has recently been de­

scribed in several systems. In terms of preventing induction in 

ECs of inflammation-causing factors, we30 and others31 noted that 

stimulation of ECs with TNF-a, lipopolysaccharide (LPS) or other 

ligands leads to upregulation of hcBa in the ECs. IJCBa acts as a 

natural inhibitor of NF-KB in resting ECs by binding to the NF-JCB 

heterodimer and preventing its translocation to the nucleus. As 

such, the induction and synthesis of IKBa results in a negative 

feedback loop to suppress NF-JCB, a transcription factor that is 

critical for the induction of essentially all of the inflammation­

causing genes that characterize EC activation':,..16• With regard to 

genes that protect the ECs from death, Juckett and colleagues 

showed that stimulation of ECs with heme leads to induction of 

ferritin, which protects the ECs from the damage caused by acti­

vated neutrophils". Dalmasso and colleagues, while not defining 

the gene(s) involved, showed that activation of porcine ECs with 

human xenoreactive natural antibodies, which we have shown 

can signal the ECs (ref. 33), results in an EC response (dependent 

on protein synthesis) that protects those cells from lysis by 

human serum". Most recently, hemoxygenase has been impli­

cated as a inducible protective gene within monocytes and ECs 

(ref. 35, 36), and indeed, at least two of the four protective genes 

under consideration (hemoxygenase and bcl-2) are now recog­

nized to have significant antioxidant properties"-38 • 

Our in vitro data show that the three anti-apoptotic genes stud­

ied all inhibit a reporter dependent for its activation only on NF­

KB (see the Methods section). Our results from studies in ECs are 

in accord with other reports in the literature showing that both 

A20 and Bcl-2, which were studied in other cell types, are able to 

inhibit the induction of NF-KB activation"·'°. Using an A20 re­

combinant adenovirus that is expressed in essentially 100% of 

ECs, we were able to confirm the results using reporter assays: ex­

pression of A20 in ECs prevented the translocation of NF-KB to 
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the nucleus based on electrophoretic mobility shift analysis (C.F. 

et al. manuscript in preparation). 

To evaluate whether accommodation might be due to the ex­

pression of these and other protective proteins in the ECs, we 

studied expression of the anti-apoptotic gene products: A20, Bcl-

2, and Bcl-xL. More than 50% of ECs in accommodated hearts ex­

pressed A20, Bcl-2, Bcl-xL and hemoxygenase, as did >50% of 

vascular SMCs and 10-20% of intragraft leukocytes. Organs that 

were rejected, that is, that did not accommodate, expressed these 

gene products weakly in only very occasional ECs or SMCs and 

in <1 % of leukocytes. Likewise, hamster hearts rejected around 

day 4 in untreated rats did not express the protective gene prod­

ucts. Consistent with this contrasting pattern of protective gene 

expression in the accommodated and rejected hearts, the ECs of 

rejected hearts expressed Bax, Bad and CPP-32, which are associ­

ated with apoptosis, whereas ECs in the accommodated hearts 

did not ( <1 % of ECs). These data are consistent with the concept 

that expression in the ECs of the graft of protective genes, in this 

case the three anti-apoptotic genes just discussed and hemoxy­

genase, may contribute to achieving accommodation. The re­

duced fibrin deposition in accommodated versus rejected grafts 

could reflect lack of tissue factor induction as a result of Th2 cy­

tokine-mediated suppression of macrophage activation, or 

through an effect in ECs of the NF-KB-inhibiting actions of the 

anti-apoptotic genes. 

The expression of the anti-apoptotic genes may also con­

tribute to the marked difference in the incidence of transplant 

arteriosclerosis in the two groups under study. Both ECs and 

SMCs are candidate contributors to the development of arte­

riosclerosis in many systems, and we found expression of the 

anti-apoptotic genes in both types of cells within accommodated 

hearts. In vitro studies show that vascular SMCs display high 

rates of apoptosis when exposed to proinflammatory cytokines, 

such as IL-1~ or TNF-cx, or the Thl cytokine, IFN-y (ref. 41). High 

rates of apoptosis are noted within coronary arteries of patients 

with atherosclerosis" and during development of transplant ar­

teriosclerosis in cardiac allograft models43
• In addition, the inhi­

bition of NF-KB in SM Cs by the products of anti-apoptotic genes 

(given their similar function in SMCs and ECs) might prevent 

proliferation of those cells". Prevention of apoptosis and inhibi­

tion of NF-KB through the action of anti-apoptotic genes, the ex­

pression of which can be favored by a Th2 cytokine 

environment", as reported in vitro, may therefore be of therapeu­

tic significance. 

The finding that injection of a rat anti-hamster serum at a dose 

that causes hyperacute rejection of a freshly transplanted heart 

in just 240 minutes does not result in rejection of an accommo­

dated heart, unless administered in a quantity several times as 

great, leads to at least two possible interpretations. The most 

conservative one is that ECs of the freshly transplanted heart has 

no antibodies bound to it, and thus, the injected antibodies have 

immediate and full access to target structures on the ECs. In con­

trast, the accommodated hearts already have non-complement­

fixing IgG bound to them, and thus, relatively fewer of the 

injected antibodies will be able to bind. Given this argument, 

one could imagine that a dose five times that which causes rejec­

tion will result in an increased level of binding of the injected, 

complement-fixing antibodies, and thus rejection. However, the 

fact that both rejecting and accommodated hearts already have 

high levels of IgM, C3 and CSb-9 bound to their ECs suggest to 

us that hyporesponsiveness (protection) of the graft ECs, while 

overcome by suprathreshold stimulation by hyperimmune 
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serum, may play a role under the conditions we have noted. 

Rejection seen consequent to injection of a higher dose of such a 

serum is probably not due to induction of proinflammatory 

genes in the ECs, because rejection occurs after just a very few 

hours. Rather, rejection may involve some of the same phenom­

ena involved in hyperacute rejection of a discordant xenograft. 

Interactions of subendothelial structures, exposed as the ECs re­

tract from one another, with platelets, and/or loss of EC surface 

molecules such as heparan sulfate", thrombomodulin", and 

ATPase .. may play a role. In order to avoid these reactions, it may 

be necessary to inhibit complement. 

The demonstration that second hamster heart transplants ac­

commodate in six of the eight cases in rats carrying a first hamster 

xenograft emphasizes the possibility, if not likelihood, that an on­

going Th2 and/or lgG2c response contributes to the development 

of accommodation. Second hearts transplanted into rats previ­

ously receiving a transplant and treatment with Cy A alone did not 

survive beyond 5 days and show the features on immunohistology 

of a rejected heart. To the extent that the presence of the IgG2c on 

the endothelium of the accommodated grafts contributes to, or 

accounts for, the long-term survival, this would fit the definition 

of accommodation originally proposed in which the existence of 

an IgG isotype that fixes complement poorly was envisioned as 

one possible explanation of accommodation. 

Although the causative role of IgG2c, Th2 cytokines and pro­

tective genes in allowing the development of accommodation is 

clearly speculative, the results collectively provide a testable 

model for factors that may well contribute to the long-term sur­

vival of a vascularized (xeno)graft, as well as to the avoidance of 

transplant arteriosclerosis. For xenotransplantation, in which sit­

uation it is possible to create transgenic donor animals, the pre­

sent findings may find interesting application, as, for instance, by 

expressing a protective gene(s) in the ECs of the transplant, and 

being able to regulate the expression of those genes1• -••. To which 

extent deviation of the response to a xenograft toward Th2 cells, 

and attempting to achieve a predominantly IgG2c response (or its 

equivalent in humans), will contribute to achieving long-term 

survival of a discordant, immediately vascularized xenograft, will 

need further investigation. 

Methods 

Transfection of bovine aortic endothelial cells (BAECs). BAECs (3 x 1 0') 

were plated in 2 ml medium per well in a six-well plate. Cells were trans-

fected once they had reached 70% confluence. DNA (1.5 µg/well, test 

plasmids and reporter constructs) was added to 8 µg of lipofectamine per 

well and incubated at room temperature for 30 min before being added to 

the cells in triplicate. For all experiments, 0.3 µg of the 13-galactosidase (13-

gal) reporter were used, 0.5 µg of A20, Bcl-2 or pAc (the control plasmid), 

and 0.7 µg of the E-selectin and NF-KB reporters, shown in preliminary ex-

periments to be the optimal doses. After a 5-h incubation, fetal calf serum 

(FC5) was added to the medium to achieve a final concentration of 10%. 

Forty-eight hours later the cells were stimulated with either human recom-

binant TNF-a (100 U/ml) or LPS (100 ng/ml) and harvested 7 h after stim-

ulation. Cellular extracts were assayed for 13-gal and luciferase activity. The 

E-selectin reporter construct, obtained from C. Brostjan from our laborato-

ries and including base pairs -1286 to +484 of the porcine E-selectin pro-

moter, was cloned into the pMAMneo-luc plasmid vector by replacing the 

mmTV promoter (Clontech, Palo Alto, CA). The NF-KB reporter was ob-

tained from A. Palmetshofer of our laboratories and consists of four copies 

of NF-KB elements taken from the porcine E-selectin promoter inserted up-

stream of a TK minimal promoter driving a luciferase gene. The expression 

plasmids used were the human A20 and the murine bcl-2 genes both 

cloned in the pAc vector. The A20 gene was obtained from V. Dixit and 

subcloned into the pAc expression vector. The murine bcl-2 gene was ob-

tained from T. Behrens (University of Minnesota) and subcloned in pAc at 
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the BamHI site. For calculations, luciferase activity was normalized for 13-gal 

by using the formula: luciferase activity/!3-gal activity x 1000. Normalized 

luciferase activity is given in relative light units {RLU). Significance was de-

termined by the Student's t-test {19). 

Animals. Inbred male Lewis rats {225-275 g) and male Golden Syrian ham-

sters (70-120 g) were purchased from Harlan Sprague-Dawley 

(Indianapolis, IN). Animals were housed in accordance with guidelines from 

the American Association for Laboratory Animal Care and research proto-

cols were approved by the Institutional Animal Care and Use Committees of 

the New England Deaconess and Beth Israel Hospitals. 

Transplantation. Surgical procedures were carried out under anesthesia 

with pentobarbital (30-50 mg/kg i.p.; Abbott, North Chicago, IL). Hetero-

topic hamster to rat cardiac transplantation was performed by a modifica-

tion of the microsurgical technique of Ono and Lindsey". Some recipients 

were splenectomized immediately before transplantation. Cardiac 

xenografts were observed visually for the first 30 min after reperfusion and 

then monitored daily by abdominal palpation. Rejection was diagnosed by 

cessation of palpable contractions and confirmed by direct visualization 

and subsequent histologic examination. After harvest of rejected grafts, an-

imals were killed with an overdose of pentobarbital. In some cases hearts 

were removed while still beating for study. 

Hyperimmune sera. Untreated Lewis rats that had rejected their cardiac 

hamster xenograft served as donors for rat anti-hamster serum, which was 

collected on postoperative day 7 and 21, and decomplemented by heat in-

activation (56 °c, 30 min). These sera were injected into rats that had either 

received a fresh hamster heart transplant 30 min earlier or into rats that car-

ried accommodated hearts for varying periods of time (n = 2 for each dose 

of each serum tested in freshly transplanted or accommodated hearts). 

Drugs. CVF (Quidel, San Diego, CA) was administered at a dose of 60 

units/kg i.p. on the day before transplantation followed by 20 units/kg per 

day for varying numbers of days as indicated in the text. CyA (Sandoz 

Pharma, Basel, Switzerland) was given daily (15 mg/kg i.m.) until the end of 

each experiment. 

Antibodies. Monoclonal antibodies (mAbs) obtained from Serotec 

(Harlan Bioproducts for Science, Indianapolis, IN), except where noted, 

were directed against all rat leukocytes (CD45, OX-1 ); T cells (T-cell re-

ceptor-<X/!3, R73); T-cell subsets (CD4, BWH-4, M. Sayegh, Boston, MA; 

CD8u, OX-8; CD45RC, OX-22); B cells (CD45RA, OX-33); NK cells (NKR-

Pl, 3.2.3); mononuclear phagocytes (CD68, ED-1 ); and neutrophils (RP-

3, F. Sendo, Yamagata, Japan). Cell activation was assessed using mAbs 

to rat MHC class II antigens (OX-3); IL-2R (CD25, ART-18, t . 
Diamantstein, Berlin, Germany); IL-113 (SILK-6); IL-2 (1 Dl 0), IL-4 (OX-

81) and IFN-y (DB-12, P. van der Meide, Rijswijk, the Netherlands), plus 

monospecific polyclonal antibodies to IL-10, IL-13 and TNF-u (R&D 

Systems, Minneapolis, MN). Apoptosis-associated gene products were · 

studied using mAbs to Bad, Bcl-x and CPP-32 (Transduction 

Laboratories, Lexington, KY); and Bax (PharMingen, Los Angeles, CA); 

and rabbit antibodies to A20 (V. Dixit, Ann Arbor, MN); Bcl-2 

(PharMingen); and Bcl-x, (C. Thompson, Chicago, IL). Rabbit antibodies 

to rat hemoxygenase-1 (HO-1) and hemoxygenase-2 (HO-2) were ob-

tained from StressGen (Victoria, BC, Canada). 

Humoral responses were analyzed using mAbs to rat lgA (MARA-2), 

lgGl (MARG-2), lgG2a (MARG2a-1 ), lgG2b (MARG2b-8), lgG2c 

(MARG2c-2), lgM (MARM-4); C3 (ED-11, Serotec); C5b-9 0/v. Couser, 

Seattle, WA); and a polyclonal antibody to rat fibrin (ICN, Irvine, CA). 

Developing reagents for immunohistology consisted of rat immunoglobulin-

absorbed goat anti-mouse immunoglobulin (Sigma), rabbit anti-goat im-

munoglobulin, goat peroxidase-anti-peroxidase complex (PAP) for 

detection of mouse mAbs. Binding of rabbit or goat polyclonal antibodies 

was detected using swine anti-rabbit immunoglobulin and rabbit PAP, or 

rabbit anti-goat immunoglobulin and goat PAP, respectively, purchased 

from Dako (Carpinteria, CA). Details of these mAbs, isotype-matched con-

trol mAbs, purified rabbit or goat immunoglobulin controls, and their use 

in immunohistologic studies of rat recipients of cardiac transplants, were 

recently described'·'+-". 
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lmmunopathology and TUNEL. Xenografts were harvested, subdivided 

and quick-frozen in isopentane and stored at -80 °c in preparation for im-

munohistologic studies, or fixed in neutral-buffered formalin, embedded in 

paraffin and sectioned for light microscopy. Cryostat sections were fixed in 

paraformaldehyde-lysine-periodate for demonstration of leukocytes and 

activation antigens, or fixed in acetone for localization of cytokines, and 

stained by a three-layer (for polyclonal antibodies) or four-layer (for mAbs) 

PAP method, as previously described',-". Briefly, sections were incubated 

overnight with primary antibodies at 4 °c, followed by incubations at 

room temperature with bridging antibodies, PAP complexes and diamino-

benzidine. 

lsotype-matched mAbs or purified immunoglobulin, and a control for 

residual endogenous peroxidase activity, were included in each experiment. 

Studies were undertaken to confirm the lack of labeling of normal hamster 

hearts (n = 5) with the antibodies used, and positive controls for antibody 

labeling were provided using sections of rat allografts, confirming that the 

antibodies were able to detect their specific antigen, the data from which 

were reported previously',..". Last, key antibody absorption with corre-

sponding recombinant rat cytokines (IL-2, IFN-y, IL-4 from Serotec) was un-

dertaken before immunohistologic labeling',-". Apoptotic cells were 

detected within cryostat sections using a TUNEL kit (Oncor, Gaithersburg, 

MD), according to the manufacturer's instructions. Briefly, this technique 

involves incorporation of biotinylated UTP after incubation with terminal 

deoxynucleotidyl transferase; nucleotides are detected using peroxidase-

tagged streptavidin. 

Data analysis. A guide to the extent of endothelial deposition of rat C3, 

lgG, lgM and fibrin deposition within hamster xenografts was obtained by 

comparing the end-titer of labeling obtained following serial dilution of cor-

responding primary antibodies"·". Numbers of labeled CD45-positive cells 

and TUNEL-positive cells within 10 high power fields/section per rat (n = 

6/group) were determined and compared by the Mann-Whitney U-test. 

Cytokine and endothelial labeling was judged semiquantitatively, because 

of the presence of extracellular (cytokines) or continuous (EC) labeling, as 

<1%, 1-10%, 10-20%, 20-50%, >50% or >90% of the cells indicated, as 

described',_". 

CH-50 assays. Lysis of antibody-sensitized sheep erythrocytes by the classi-

cal complement pathway was evaluated by the dilution of rat serum re-

quired to produce 50% maximal cell lysis as measured by the release of 

hemoglobin. 
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