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A B S T R A C T   

We previously induced long-term allograft acceptance in an allogeneic lung transplantation (LTx) model in 
miniature swine using perioperative non-myeloablative irradiation (IRR) combined with infusion of donor 
specific alloantigen. In order to improve clinical applicability, we delayed induction with irradiation in this 
study. Left sided single LTx was performed in minipigs. Group 1 received non-myeloablative irradiation (7Gy 
thymus and 1.5Gy whole body IRR) before LTx and a perioperative donor specific splenocyte infusion (SpTx). 
Group 2 received perioperative SpTx but delayed IRR three days after LTx. Group 3 was exposed to delayed IRR 
without SpTx. Whereas 4 out of 7 animals from the non-delayed group never rejected their grafts and were 
electively sacrificed on postoperative day (POD) +500, all animals from group 2 rejected their grafts before POD 
108. In group 3, 3 out of 8 animals developed long-term allograft acceptance. In all groups, donor leukocyte 
chimerism peaked up to 20% in peripheral blood one hour after reperfusion of the lung. Group 1 maintained 
prolonged chimerism beyond POD 7, whereas chimerism levels in groups 2 and 3 decreased continuously 
thereafter. Delayed irradiation has the potential to improve long-term graft survival, yet not as efficient as a 
perioperative conditioning protocol.   

1. Introduction 

Lung transplantation is an established treatment option for patients 
with end stage lung failure [1]. However, mandatory lifelong immu
nosuppressive therapy causes severe side effects including infectious 
complications, malignancies and renal failure [2,3]. Chronic allograft 
rejection manifests as chronic lung allograft dysfunction (CLAD) in lung 

transplantation and continues to limit outcomes beyond the first year 
after transplantation [4]. Treatment protocols creating immunological 
tolerance would therefore make permanent immunosuppression 
dispensable, making this approach attractive for the field of lung 
transplantation [5]. To induce a persistent state of tolerance, intricate 
preconditioning regimes of the respective organ recipient appears 
inevitable. Avsar et al. have shown that irradiation alone and the 
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administration of a splenocyte infusion did not lead to acceptable results 
[6]. In our porcine allogeneic lung transplantation model, preoperative 
low dose total body irradiation combined with a 28-day immunosup
pression led to stable allograft acceptance in 3/5 of the animals [7]. 
Combining irradiation with a perioperative splenocyte infusion (SpTx) 
obtained either from the respective donor or even from a third party 
animal further improved the incidence of long-term allograft accep
tance, whereas SpTx alone failed to prolong allograft survival [6]. 
Moreover, we found that a certain threshold dose of irradiation had to be 
exceeded to reach sufficient lymphocyte depletion, which is mandatory 
to allow donor cells to coexist in the recipient [8]. The required irradi
ation dose of 1,5 Gy whole body irradiation (WBI) in combination with 
7 Gy thymic irradiation (TI) was tolerated reasonably well by the ani
mals. However, the physical condition of patients awaiting a lung 
transplantation might be more critical as compared to healthy animals. 

2. Hypothesis 

We hypothesized, that delayed irradiation would lead to prolonged 
allograft survival in our large animal lung transplantation model. Post
poning induction would offer the opportunity, to decide by the indi
vidual patients postoperative medical condition whether irradiation is 
indicated or not and could translate into improved clinical applicability 
of our protocol. 

3. Materials and methods 

3.1. Animals 

22 Göttingen minipigs (Table 1), originating from an outbred, 
specific-pathogen-free (SPF) herd consisting of 9 different breeding 
lines, were obtained from Ellegaard (Dalmose, Denmark). Animals were 
prospectively tissue-typed by a lymphocytotoxic assay. MHC I mismatch 

was accomplished for haplotypes DC45 and W12 as well as haplotype d- 
specific mAb 74–11-10. In long-term surviving animals, MHC II in
compatibility was confirmed via reverse transcriptase (RT) PCR and 
subsequent sequencing of the swine leukocyte antigen (SLA) DQB gene 
(data not shown). All animals received humane care in compliance with 
the German animal protection legislation, approved by the local Insti
tutional Animal Care and Research Advisory Committee and permitted 
by the Animal Welfare Service of the Lower Saxony State office for 
Consumer Protection and Food Safety. 

3.2. Surgical technique 

The surgical technique of left-sided single lung transplantation has 
been described in detail before [9]. After thoracotomy in the fourth 
intercostal space, left lungs were procured from male, porcine donors 
after Celsior cold flush perfusion (Celsior, Genzyme/Sanofi, Cambridge, 
UK). Allogeneic lung transplantation was performed using an end-to end 
bronchial anastomosis technique with running posterior wall and 
interrupted anterior wall 4-0 polydioxanone sutures. The venous atrial 
cuff and the pulmonary artery were anastomosed with running poly
propylene sutures. After closure of the thorax and weaning off me
chanical ventilation, the animals were put in boxes provided with 
heating lamps, underfloor heating and drinking water. 

3.3. Experimental groups 

According to the treatment protocol, animals were assigned to three 
different groups. The schematic experimental setup is shown in Fig. 1. 
An overview of the animals and the respective protocol is listed in 
Table 1.  

1) IRR preOP, SpTx POD 0 group (n = 7): Animals were exposed to 
irradiation (IRR, 7 Gy thymus and 1.5 Gy whole body IRR) within 12 

Table 1 
Summary of animals and protocols.  

Animal no. 
(recipient-donor) 

POD of 
death / 
sacrifice 

Protocol Histologic 
rejection 
grading 

Chest x- 
ray 
score 

No. of SLA-I 
haplotype 
mismatches 

Splenocyte 
infusion cells/kg 
(recipient) 

Weight (kg, 
recipient- 
donor) 

Age (month, 
recipient- 
donor) 

Allokidney 
histology   

IRR preOP, 
SpTx POD 
0 (n = 7)        

97204–97356a 539  A0 L1 2 or 1 3.53 × 108 19.0–24.0 11–11 Necrosisb 

97397–97422a 360  A2 L4 2 or 1 1.77 × 108 15.2–21.4 11–11  
93529–93555a 239  A3 L4 2 or 1 1.08 × 107 18.0–19.2 12–12  
92567–93668a 884  A0 L0 2 or 1 1.67 × 107 23.0–19.6 16–12 Necrosisb 

73259–93525a 884  A1 L0 2 or 1 1.78 × 107 16.9–18.8 12–12 i0, t2, v0b 

301983–207515a 

206074–207082a 
622 
119  

A0 
A4 

L1 
L4 

2 or 1 
2 or 1 

3.65 × 109 

2.7 × 109 
19.2–22.7 
22.3–25.5 

12–10 
12–9 

i3, t3, v0-1b    

SpTx POD 0, 
IRR POD 3 
(n = 3)        

219264–316269 65  A3 L3 2 or 1 4.35 × 107 20.0–21.4 11–11  
219773–219713 108  A3 L3 2, 1 or 0 6.58 × 106 22.8–22.0 12–12  
219789–220177 105  A3 L3 2, 1 or 0 3.23 × 105 23.2–18.4 11–11     

IRR POD 3 
(n = 8)        

219222–291309 226  A3 L3 2 or 1  22.0–25.6 11–11  
317615–317027 896  A0 L0 2, 1 or 0  23.0–22.5 11–12 i3,ti3,v3, 

PTC3b 

220975–318514 715  A0 L0 2 or 1  29.0–27.0 13–13 i3, t3, ti3, v3b 

224158–323353 73  d.h.i. L3 2, 1 or 0  31.0–30.1 13–14  
224087–323977 71  A2 L3 2 or 1  28.6–26.0 14–12  
323501–223936 134  A3 L2 2 or 1  27.4–24.5 14–14  
226422–226750 157  A4 L3 2 or 1  26.6–26.8 13–12  
226654–226725 617  A0 L0 2 or 1  27.6–24.2 13–12 Banff Kat. 2, 

Typ IIIb  

a Animals were previously published [7,8,14], d.h.i. =diffuse hemorrhagic infarction. 
b Kidney histology according to BANFF 07 classification [6,10–12]. 
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h before transplantation. They additionally received donor specific 
SpTx on the day of transplantation (Fig. 1A) This group has previ
ously been published [6,8,10].  

2) SpTx POD 0, IRR POD 3 group (n = 3): Animals received donor 
specific SpTx on the day of transplantation and underwent IRR (7 Gy 
thymus and 1.5 Gy whole body IRR) three days after transplantation 
(Fig. 1B).  

3) IRR POD 3 group (n = 8): Animals were exposed to IRR (7 Gy thymus 
and 1.5 Gy whole body IRR) three days after transplantation without 
SpTx (Fig. 1C). 

In all groups, IRR comprised whole body irradiation with 1.5 Gy and 
thymic irradiation with 7.0 Gy in a cervico-sternal field of 6 cm width x 
12 cm length, applied with a linear accelerator (Mevatron, Siemens, 
Munich, Germany). Immunosuppressive therapy consisted of Tacroli
mus (Fujisawa Pharmaceutics, Japan) adjusted to 16–26 ng/ml blood 
trough levels and 1.5 mg/kg/d methylprednisolone. Ciprofloxacin 
(Bayer, Germany) was administered at a dose of 2 mg/kg/d as intrave
nous antibiotic prophylaxis. All immunosuppressive drugs were with
drawn on postoperative day (POD) 28. 

3.4. Preparation of SpTx 

Donor spleens were mechanically dissected, placed in PBS and 

incubated with DNAse and collagenase (both Sigma, St. Louis, MO, 
USA). The mixture was filtered using a mesh to retain residual splenic 
capsule and connective tissue. Splenocytes were then isolated by density 
gradient centrifugation and filtered through a nylon mesh (100 μm) to 
remove cell aggregates. After washing, the suspension was administered 
intravenously immediately after reperfusion of the transplanted lung. 
Characterization and composition of the SpTx has been described before 
[6]. Cell numbers ranged between 3,23 × 105 and 3,65 × 109 spleno
cytes per infusion (Table 1). 

3.5. Rejection monitoring 

Chest radiographies and bronchoscopies were performed on POD 7, 
21, 28, 42, 70,120 and as clinically necessary. For the chest radiogra
phies, a score from L0 (no pathological findings) to L4 (homogenous 
infiltration of the left lung and normal right lung) was applied by a 
blinded reviewer. 

In case of clinical deterioration indicating graft rejection, animals 
were sacrificed and a full necropsy was performed including histological 
sampling of the allograft. Histological signs of rejection were classified 
following the International Society for Heart and Lung Transplantation 
guidelines ranging from A0 to A4 [13]. 

Rejection was defined as a strictly left-sided infiltrate of the chest 
radiograph scored 2 or higher in combination with a grade A2-A4 

Fig. 1. Experimental setup. Left sided single LTx (Lungtransplantation) from MHC mismatched male donors was performed in outbred female minipigs. All groups 
were maintained for 28 days with tacrolimus (Tac) and methylprednisolone (Steroids). Thereafter, allograft survival was monitored by bronchoscopy and sequential 
chest x-rays. (A) Group 1 (n = 7) received non-myeloablative irradiation (7 Gy thymus and 1.5 Gy whole body IRR) 12 h before LTx and a perioperative donor specific 
splenocyte infusion (SpTx). (B) Group 2 (n = 3) received perioperative SpTx and delayed IRR three days after LTx. (C) Group 3 (n = 8) was exposed to delayed IRR 
without SpTx. 
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histologic rejection in the absence of infection. 

3.6. Donor leukocyte chimerism 

Chimerism in peripheral blood was analysed by quantitative PCR of 
the swine male specific repeat (MSR) DNA present on the Y-chromosome 
[14]. Briefly, blood DNA was extracted from isolated PBMC using the 
DNeasy Tissue Kit (Qiagen, Venlo, NL). Genomic DNA was amplified 
with MSR or control primers listed below. Cycling was performed on an 
iCycler™ (BioRad, Hercules, CA, USA). SybrGreen® (also BioRad) was 
used for signal induction. Fluorescence was measured every two cycles, 
and DNA was relatively quantified. Data was analysed using the iCy
cler™ software. Primers were MSR upper 5′-CCA TCG GCC ATT GTT 
TTC CTG TTC A-3′, MSR lower 5′-CCT CTG TGC CCA CCT GCT CTC TAC 
A-3′, S100C upper 5′-ATG CTG GAA GGG ACG GTA ACA ACA-3′ and 
S100C lower 5′-GCT CAG CTG CTG TCT TTC ACT CGT-3′. 

3.7. Secondary kidney transplantation from third-party donors 

Animals showing long-term allograft acceptance beyond POD +500 
after lung transplantation underwent secondary orthotopic kidney 
transplantation from SLA mismatched third-party donors to confirm 
alloantigen specificity of the induced long-term allograft acceptance. 
Briefly, the right kidney was dissected, flushed with Custodiol® (HTK) 
solution (Dr. Franz Köhler Chemie GmbH, Bensheim, Germany) and 
procured from donors weighing 20–30 kg (Göttingen minipig). 

Thereafter, kidneys were orthotopically implanted into the respec
tive recipients. All recipients showed spontaneous urine production 
intraoperatively. 

Kidney allograft function was monitored by duplex sonography and 
fine needle biopsy was performed on POD 3 to detect ische
mia–reperfusion injury and surgery-related complications. Intravenous 
antibiotic treatment was maintained for 28 days without any immuno
suppressive therapy. Recipients were euthanized 28 days after kidney 
transplantation. Allokidneys were histologically graded according to the 
Banff working classification [12]. 

3.8. Statistical analysis 

Statistical analysis was performed using GraphPad Prism 5.0 for 
Windows (GraphPad Software, San Diego, CA, USA). For comparisons 
between the groups, the Mann-Whitney-U test and for survival analyses 
the log-rank test was used. P-values less than 0.05 were considered 
significant. Results are presented as means ± standard error of the mean 
(SEM). 

4. Results 

4.1. Delayed irradiation with donor antigen exposure does not lead to 
persistent graft survival 

All animals from group 2 rejected their grafts before postoperative 
day 108 (Fig. 2). Chest radiographs were scored L3 with a histological 
grading of A3 (Table 1, Fig. 1). Peripheral blood lymphocyte cell counts 
initially decreased post transplantation but recovered until the day of 
irradiation (POD 3). Following irradiation, leucocyte count decreased 
again and slowly recovered after withdrawal of immunosuppression on 
POD 28. Platelets slightly decreased after surgery. Between POD 7 and 
14, platelet counts deteriorated below basal level but recovered to a 
normal level after POD 21 (Fig. 3). Peripheral blood leukocyte chime
rism peaked >30% donor cells one hour after reperfusion but was not 
detectable beyond POD 1 (Fig. 5). 

4.2. Stable allograft acceptance is achieved with a combination of 
preoperative irradiation and donor antigen transfusion 

In group 1, as previously published [6,8,10], mean survival was 504 
days and four out of seven animals developed stable long-term allograft 
acceptance (Fig. 2). Four long-term survivors (97204, 92567, 73259, 
301983) underwent secondary kidney transplantation from third-party 
donors on POD +500. All kidneys showed normal perfusion and 
diuretic function instantly after transplantation, but histological anal
ysis of the allokidneys on POD 28 (day of elective sacrifice) revealed 
high grade interstitial parenchymal inflammation and tubulitis. In two 
animals, signs of necrosis were found (Table 1). Lungs of long-term 
survivors were histologically graded A0-A1 corresponding to a chest x- 
ray score between L0-1. The other three animals rejected their grafts 
between POD 119 and 360 with a chest x-ray score of L4 and histological 
findings ranging from A2-A4. In these animals lymphocyte counts were 
decreased immediately after surgery and remained at a lower level as 
compared to animals showing long-term allograft acceptance. This 
group also displayed an earlier decrease of platelets compared to other 
groups, yet platelet counts began to rise again from POD 21 onwards 
(Fig. 3). Chimerism peaked at 22% 1 h post reperfusion and started to 
proliferate again after POD 28. In comparison, chimerism in other 
groups decreased after an initial peak one hour after reperfusion and was 
<1% beyond day 42 (Fig. 5). 

Fig. 2. Kaplan-Meyer survival curve. Per the Log-rank (Mantel-Cox) test, survival differed significantly between group 2 and 3 (p* = 0,0371). No significance was 
found between group 2 and group 3 (p = 0,3007). 
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4.3. Delayed irradiation leads to acceptable allograft acceptance but 
compromises long-term donor chimerism 

In the delayed irradiation group 3, 3 out of 8 animals developed long- 
term allograft acceptance (p = 0.30 vs group 1, p = 0.04 vs group 2, 
Fig. 2). Three animals without signs of allograft rejection (317,615, 
220,975, 226,654) also underwent third-party kidney transplantation 
on POD +600. The pigs were euthanized after secondary kidney trans
plantation on POD 8, 9 and on POD 21, respectively, due to clinical 
deterioration. All three animals showed severe inflammation of the renal 
allograft parenchyma with severe tubulitis and intimal arteritis. The 
chest x-ray score and histological grading of these 3 animals showed no 
signs of graft rejection in the allolungs at time of euthanization (Table 1, 
Fig. 4). 

Lymphocyte cell counts increased to a maximum of 5.26 G/l before 
IRR on POD 3. After irradiation, lymphocyte count decreased similar to 
the other groups, recovery was detectable beyond day 28 (Fig. 3A). 

Platelet counts decreased below basal level immediately after surgery. 
Starting on POD 3, cell numbers increased to a maximum, but then 
decreased again reaching a nadir on POD 14. Thereafter, platelet counts 
returned to normal (Fig. 3B). 

In this group, chimerism peaked up to 20% immediately after 
reperfusion and decreased gradually until POD 28 to a level close to zero 
(Fig. 5). 

4.4. Achieved allograft acceptance remains donor-specific 

Animals developing stable allograft acceptance underwent third- 
party orthotopic kidney transplantation. As evident in duplex sonogra
phy (either increased resistive indices in kidney segmental and inter
lobar arteries or absent perfusion) and nephropathological grading 
(Table 1), all animals rejected kidney allografts within the first 28 days 
without immunosuppression, suggesting donor-specific lung allograft 
acceptance. 

Fig. 3. Lymphocytes (A) and platelets (B) from the differential blood cell counts. Lymphocyte depletion was observed in all groups but in group 1 the depletion starts 
earlier. This group showed a strong decrease of platelets during the period between POD 5 and 42. The platelets in the delayed IRR groups were nearly identical but 
also decrease between POD 7 and 28. 
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5. Discussion 

Our study demonstrates the potential of delayed non-myeloablative 
irradiation to induce long-term allograft survival in a large animal 
model. Delayed irradiation was introduced to improve the clinical 
feasibility of our already established preoperative conditioning protocol 
[6–8,10,15]. The results of this protocol, which includes preoperative 
irradiation as well as perioperative donor splenocyte transfusion, are 
promising. However, transfer to a clinically applicable setting remains 

difficult. The main drawback is preoperative irradiation, given the 
imminent surgery and its unforeseeable timing. Alternatively, per
forming the irradiation three days post transplantation leads to easier 
logistics and many patients are at this point in a stable situation within a 
normal ward setting with low risk of bleeding or other severe 
complications. 

In previous experiments, pigs were either irradiated alone or treated 
with a splenocyte infusion alone before lung transplantation, however, 
this did not lead to favorable results. In animals receiving a splenocyte 

Fig. 4. Chest radiographies of two representative animals from 
group 3 with associated lung histology (haematoxylin and 
eosin staining). One animal had rejected the allograft (219222) 
and one is a long-term survivor (220975). (A) Animal 219,222 
rejected the left lung on POD 226. The left side of the lung 
showed absence of ventilated lung parenchyma whereas the 
innate left lung was well-ventilated. (B) The lung histology of 
animal 219,222 showed a moderate acute rejection with dense 
perivascular mononuclear cell infiltrates and a high-grade 
small airway inflammation. (C) Animal 220975 accepted the 
lung long-term beyond POD 500 (radiography from POD 715). 
(D) Histology of lung biopsy after elective sacrificed animal on 
POD 715 with no signs of rejection.   

Fig. 5. Donor cell chimerism in peripheral blood. In all groups, donor cell chimerism peaked up to 20% instantly after reperfusion of the lung. Levels in groups SpTx 
POD 0, IRR POD 3 and IRR POD 3 constantly decreased thereafter; however, group IRR POD 3 fell slower. Chimerism in group IRR preOp, SpTx POD 0 started rising 
again from POD 7 onwards (p* = 0.0123). 
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infusion, all recipients rejected the allolung until POD 121. In the group 
receiving early irradiation, only one animal survived long-term [6]. 

Therefore, we hypothesized that delayed irradiation on POD 3 with 
or without donor splenocyte infusion protocol would lead to stable 
allograft acceptance, thus creating a more clinically applicable protocol. 
Therefore we created two groups that were exposed to non- 
myeloablative irradiation on POD 3. Encouraged by our successful 
protocols from the past, one group received donor splenocytes on POD 0. 

Our core idea of tolerance induction is based on a mixed chimerism 
approach, which includes exposure of the recipient’s immune system to 
a maximum of donor specific antigen during a short phase of subtotal 
bone marrow depletion, leading donor-derived cells to settle and pro
liferate in the generated hematopoietic niche. 

However, delayed irradiation in combination with perioperative 
donor splenocyte infusion did not show a beneficial effect on survival, 
all animals showed acute cellular rejection of the allografts within 108 
days. In the group undergoing delayed irradiation without donor sple
nocyte transfer, allograft survival was markedly better with 3/8 animals 
developing stable allograft acceptance until elective euthanization 
+500 days after transplantation, these results being superior to previ
ously published results on animals receiving total body irradiation prior 
to lung transplantation. Especially in direct comparison to early irradi
ation, the potential of delayed irradiation becomes more evident [6,16]. 

In order to prove donor-specificity of the achieved allograft toler
ance, animals without signs of lung allograft rejection +500 days un
derwent orthotopic kidney transplantation using a third-party donor. All 
kidneys were rejected within 28 days (226654, 317615 and 220975 had 
to be euthanized earlier due to poor general condition) without signs of 
lung allograft rejection (Table 1), suggesting donor specific allograft 
acceptance of the initial lung graft while maintaining overall immune 
competence. 

Irradiation had significant effects on peripheral blood cell counts. 
Lymphocytes decreased in all groups following irradiation with recovery 
once immunosuppression was stopped. As expected, depletion in group 
3 was postponed with lymphocytes initially increasing after lung 
transplantation and a rapid decrease after IRR on POD 3. This phe
nomenon was also observed in other cell lines. Interestingly, group 1 and 
the group 3 receiving irradiation alone on POD 3, showed a prolonged 
phase of lymphocyte depletion as compared to the group 2, suggesting 
that lymphocyte depletion is beneficial for graft survival. Previous 
studies also showed, that allograft acceptance is positively correlated 
with lymphocyte depletion, indicating that “space” had to be created 
within the leukocyte compartment and/or bone marrow of the recipient, 
promoting donor cell chimerism [6,8,16,17]. In our experiments, donor 
chimerism peaked one hour after reperfusion of the allo-lung across all 
experimental groups, suggesting that donor cells are “washed out” of the 
lung. In group 2, chimerism levels rapidly decreased thereafter, being 
undetectable by POD 5 (Fig. 5). This may be due to the relatively low cell 
numbers infused, since the number of cells obtained from the donor in 
this group was lower than the cell number in group 1 (Table 1). In a 
human kidney transplantation study, Hutchinson et al. showed that a 
higher donor cell number tended to improve kidney function [18]. 
Therefore, the obtained cell number in group 2 may not have been 
sufficient, explaining the rapid decrease of male donor cells. Group 1 did 
not develop a comparable high peak of chimerism as groups 2 and 3 did, 
however, this group showed a very early increase in chimerism. This 
may be due to the previous irradiation, which presumably led to a he
matopoietic niche for the infused cells. In contrast, chimerism levels in 
group 3 decreased gradually and Y-linked donor DNA was still detect
able on POD 42. Animals irradiated before LTx with donor antigen 
infusion on POD 0 developed long-term peripheral blood macro
chimerism with ~10% of nucleated cells in peripheral blood being of 
donor origin on POD 28 even further increasing to ~15% on POD 42. 
Donor chimerism remained stable up to +500 days in some animals, 
suggesting a beneficial milieu for long-term allograft acceptance. These 
results are consistent with graft survival, thus supporting the concept of 

long-term tolerance by mixed-hematopoietic chimerism. 
The underlying mechanism for the results in this study might be that 

delayed irradiation leads to depletion of both, host and donor antigen 
presenting cells, thus preventing persistent donor chimerism. 

Hayashi et al. [19] achieved donor specific immune tolerance and 
chimerism by administration of donor splenocyte infusions without 
donor bone marrow transplantation in a rodent model. However, our 
study showed that splenocyte infusion leads to an increased graft sur
vival only with prior irradiation. If, as in group 2, a splenocyte dose was 
administered before IRR, this even had a negative effect on the lung 
transplant’s survival, suggesting deleterious sensitization of the host to 
donor antigen. 

Other experiments in miniature pigs are consistent with the hy
pothesis that permanent mixed chimerism without thymus irradiation 
was only possible if an immunotoxin was used for T-cell depletion, 
which probably enabled the depletion of thymus T-cells directly by the 
toxin and not by the usual antibody -mediated mechanisms [20,21]. 

Similar observations were also made in mice subjected to tolerance 
with tandem donor bone marrow transplantation (BMT) using a short- 
duration non-myeloablative conditioning regimen and PTCy. The mice 
showed a permanent acceptance of the pulmonary allograft with higher 
levels of donor chimerism and lymphocyte responses [22]. 

Our understanding of transplant acceptance is consistent with the 
hypothesis that the complete depletion of mature, donor-reactive T cells 
must first happen as a result of the preparative regime. Although IRR in a 
delayed manner has the potential to induce long-term graft survival in 
the absence of elevated donor antigen exposure, such as SPTX, before 
IRR in our experimental protocol. Therefore, delayed irradiation is 
detrimental for the favorable effect of peritransplant DST observed in 
group 1. 

It would be interesting to examine whether delayed irradiation with 
splenocyte infusion at the same delayed time leads to good graft survival 
with donor cell chimerism. The only difficulty is the easy and practical 
conservation of the SpTx-infusion without major cell loss. 

6. Limitations of the model 

Using Minipigs from eight different breeding lines might be a limi
tation given that the SLA variability could be decreased, since only 75% 
of the SLA class I haplotypes were known. Another limitation is that 
irradiation could produce a non-specific immunosuppression. 
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