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ABSTRACT

Controlling the immune response with only clinically approved immunosuppressant drugs is difficult in
renal heterotransplantation from pigs to nonhuman primates. Moreover, to the best of our knowledge, no
reports exist on the use of fetal pigs as kidney donors. This study aimed to compare the degree of trans-
plant rejection between neonatal and fetal kidneys, with genetically unmodified pigs as donors and
cynomolgus monkeys as recipients. The left kidneys of the recipient monkeys were removed, followed
by transplantation of neonatal as well as fetal pig kidneys, which had undergone vascular anastomosis
at the same site, into the retroperitoneum. Immunosuppression was performed with only US Food and
Drug Administration-approved drugs. The fetal kidneys were transplanted into the omentum and para-
aortic regions of cynomolgus monkeys. Consequently, the engraftment and development of the trans-
planted tissues were pathologically examined by sampling over time (twice in each experiment). An
acute rejection was observed after a few weeks in neonatal renal grafts with vascular anastomosis.
However, fetal pig kidneys were spared from rejection despite the administration of the same immuno-
suppressive protocol to the monkeys and the recipient blood vessels flowing into the fetal kidneys. The
immunogenicity of fetal kidneys in pig-monkey renal heterotransplantation was lower than that of
neonatal kidneys.
© 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

engraftment via control with extremely strong immunosuppres-
sant drugs [3-5]. However, immunosuppression with only

Heterologous transplantation has captured attention as a means
to avoid the problem of organ donor shortage since the first organ
transplantation was performed. Consequently, there has been pro-
gress in advanced methods for the genetic engineering of pigs.
Genetically manipulated pigs, useful for heterotransplantation,
have been produced, and their verification in preclinical models
with non-human primates as the recipients is in progress [1,2].
In recent years, there have been several reports of long-term
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immunosuppressant drugs that are clinically approved in humans
has shown limitations in its effectiveness in preclinical models of
pigs and nonhuman primates [6].

Therefore, we aimed at developing a new therapeutic method
for donor kidney fabrication that would use chimeric fetal kidneys
produced using tissue engineering via in vitro injection of
human-derived renal progenitor cells into pig fetal kidneys as
xeno-regenerative medicine [7]. As a preliminary step toward this
goal, this study examined the superiority of pig fetal kidneys over
vascularized neonatal kidneys as grafts in a non-human primate
model. Theoretically, the inflow blood vessels of the transplanted
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fetal kidneys are of the host, and vascular endothelial dysfunction,
the first target of heterologous rejection, may be avoided in this
method [8,9].

Although a few reports involving small animals are available, to
the best of our knowledge, no report of a clear experimental his-
tory involving pig-monkey preclinical models currently exists
[10]. Thus, we believe that this study is the first to compare and
examine the engraftment degree of a model with genetically
unmodified normal pigs and cynomolgus monkeys as donors and
recipients, respectively, under an immunosuppressive protocol
using clinically approved immunosuppressant drugs.

Initially, newly developed vascularized neonatal kidneys [2]
and pig fetal cloacae comprising fetal kidneys, ureters, and bladder
were transplanted into the same recipient monkeys, and the differ-
ences in the degree of development and immune reaction were
verified in this study. Then, the pig fetal cloacae were transplanted
around the aorta and omentum of the recipient monkeys and
observed for a long period. Consequently, the degree of develop-
ment was observed pathologically over time.

2. Materials and methods
2.1. Experimental animals and ethics

Wild pigs were used as donors, and cloacae of vitrified cryopre-
served E28-30 were thawed and used for fetal kidneys. Further-
more, neonatal pig kidneys of 20-28-day-old pigs weighing 5.00-
6.12 kg were used as donor kidneys. The experiments were con-
ducted according to the appropriate guidelines for animal
experiments.

Experiments on neonatal pig kidneys were conducted in the
laboratory of IVTeC Co., Ltd. (Japan) with the approval of the
Animal Experiment Ethics Committee of IVTeC Co., Ltd. (approval
numbers: IVT20-26 and 20-84; experiment numbers: K-20-019
and K-20-051). The experiments on the recipients were conducted
at the laboratory of Sumitomo Dainippon Pharma Co., Ltd., using 5-
to 10-year-old cynomolgus monkeys weighing 6.5-7.9 kg with the
approval of the Animal Ethics Committee of Sumitomo Dainippon
Pharma Co., Ltd. (approval number: AN12843; experiment num-
bers: RD-AN12843-02, RD-AN12843-03, and RD-AN12843-04).
All heterologous regenerated kidney experiments were approved
by the Animal Ethics Committee of the Jikei University School of
Medicine (approval number: 2020-055).

2.2. Experiment 1

2.2.1. Transplantation of neonatal kidneys and fetal cloacae

The transplantation of neonatal pig kidneys with vascular anas-
tomosis was performed according to the method described by
Takamura et al. [2]. Schematics of the experimental plans are
shown in Fig. 1. The blood flow of the neonatal kidney donors
was cut off following an abdominal midline incision. Subsequently,
the kidney was removed along with the blood vessels and ureter
after reflowing with a preservation solution consisting of 465 mL
of Euro-Collins’ solution, 35 mL of 50% glucose solution, and 1
000 units of heparin. It was brought to the recipient facility to pre-
pare for the transplantation (total storage time, 3 h).

All recipient monkeys fasted from the evening of the previous
day until the surgery. Maintenance anesthesia was administered
using isoflurane (0.5%-2.0%) inhalation following an induction of
atropine (0.1 mg-kg !, intramuscular injection (i.m.)) and ketamine
(10 mg-kg~!, i.m.) on the day of surgery. Butorphanol (0.1 mg-kg !,
i.m.) was used as an analgesic and 47 500 units per body of ben-
zylpenicillin potassium was used as an antibacterial drug before
and after surgery.
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Laparotomy was performed on the pretreated recipient mon-
keys through an abdominal midline incision under general anes-
thesia. The left kidney was removed after ligation of the left
renal artery/vein and left ureter; the pig neonatal kidney was
placed orthotopically, and the blood vessels and ureter were anas-
tomosed [2].

The retroperitoneum near the aorta and the left kidney was
then bluntly exfoliated to form a pocket, and two cloacae were
transplanted into the pocket of each animal using a spatula [2].
The pocket was closed after the transplantation with LIGACLIP®
(Johnson & Johnson, USA). Similarly, two cloacae were transplanted
into the omentum, and the pocket was closed with LIGACLIP®. This
prevented the cloacae from falling out, as they were covered by
omental tissues. After the cloacae were transplanted to the para-
aorta and omentum, the abdomen and wound were closed, and
the surgery was completed.

2.2.2. Transplant tissue recovery

The abdomen was reopened via an abdominal midline incision
13 days after the transplantation. The omentum was exposed after
laparotomy, and the transplanted fetal kidney was identified using
the part clipped with LIGACLIP® as a guide. A part of the trans-
planted fetal kidney was dissected along with the surrounding
omental tissues to avoid injury, and the tissues were recovered.

Subsequently, the intestines were manually moved, and the
transplanted pig kidney was exposed. The area surrounding the left
renal artery/vein and left ureter was exfoliated, and the abdominal
aorta and inferior vena cava were exposed. After ligating the left
renal artery, the left renal vein and the left ureter were ligated,
and the transplanted kidney was dissected at the pig renal arteri-
ovenous side and removed en masse. Finally, the abdomen and
wound were closed, and the surgery was completed. The adminis-
tration of immunosuppressant drugs was continued after surgery
while observing the dietary intake status.

Furthermore, the remaining fetal kidney, transplanted to the
omentum, was identified again using the same method 27 days
after the transplantation. The animals were sacrificed by intratho-
racic exsanguination, the transplanted tissues were recovered, and
the experiment was completed.

2.3. Experiment 2

2.3.1. Fetal kidney transplantation

The preoperative and postoperative preparations of the recipi-
ent monkeys were similar to those performed in Experiment 1.
The whole abdomen was disinfected with povidone iodine, incised
in the middle, and opened after anesthesia administration. The
omentum and intestines were manually moved to expose the
retroperitoneum after laparotomy. The retroperitoneum near the
aorta and the left kidney were bluntly exfoliated to form a pocket,
and two cloacae were transplanted into the pocket of each animal
using a spatula. Subsequently, the pocket was closed with LIGA-
CLIP® after the transplantation. Next, three cloacae were similarly
transplanted into the omentum, and the pocket was then closed
with LIGACLIP®. To ensure that the cloacae did not fall out, they
were covered with omental tissues. After transplanting the cloacae
to the para-aorta and omentum, the abdomen and wound were
closed, and the surgery was completed.

2.3.2. Recovery of omental fetal kidney/anastomosis of the para-aortic
fetal bladder and urinary tract

The abdomen was reopened using an abdominal midline inci-
sion 33 days after the transplantation. After laparotomy, the omen-
tum was exposed and the whole transplanted fetal kidney was
identified, using the part clipped with LIGACLIP® as a guide. The
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Fig. 1. Schematics of the experimental plans.

fetal kidney was then dissected with the surrounding omental tis-
sues to avoid damage, and the tissues were recovered.

Similarly, the area surrounding the left renal artery/vein and the
left ureter was exfoliated after the transplanted fetal kidney to the
para-aortic region was identified, and the nearby abdominal aorta
and inferior vena cava were exposed. After ligating the left renal
artery, the left renal vein and left ureter were ligated, and the left
kidney was removed. After the removal, urinary reconstruction
was performed via end-to-end anastomosis of one of the fetal blad-
ders and the left ureter of the recipient monkey by the parachute
suture technique. Finally, after the urinary reconstruction, the
abdomen and wound were closed, and the surgery was completed.

2.4. Para-aortic fetal kidney recovery after ureter formation

The abdomen was reopened using an abdominal midline inci-
sion 50 or 79 days after the transplantation. The omentum and

intestines were moved manually after the laparotomy, and trans-
plant tissues at the para-aortic region were identified. The right
renal artery was ligated after identification, and approximately
100 mL of extracellular fluid (normal saline, glucose, and VITAME-
DIN® (Alfresa Pharma, Japan)) from the intravenous line along with
furosemide (20 mg) and indigo carmine (20 mg) were adminis-
tered. Following observation for > 15 min, urine production from
the transplanted tissues was evaluated. Subsequently, the trans-
planted tissues were dissected from the surrounding tissues and
recovered, completing the experiment.

2.5. Immunosuppressive, anti-inflammatory, and supportive therapy

Immunosuppressive therapy was administered following a pre-
vious report, with some modifications [2,6], the details of which
are provided in Table 1. The immunosuppressant drugs were all
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Table 1
Immunosupresive, anti-inflammatory, and adjunctive drugs used in this study.
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Agent (company)

Dose (duration)

Induction
Thymoglobulin
(Sanofi)
Rituximab (Zenyaku
Kogyo)
Maintenance
Abatacept (BMS)
Tacrolimus (Astellas)

Mycophenolate
mofetil (Pfizer)

Methylprednisolone
(Pfizer)

Anti-inflammatory
Tocilizumab (Chugai)

Etanercept (Pfizer)

Adjunctive
Aspirin (Bayer)
Low molecular weight
heparin (Kaken)
Erythropoietin (Kyowa
Kirin)
Famotidine (LTL)

10 mg-kg~ !, i.v. (day -3)

10 mg-kg™ !, i.v. (day -2)

50 mg-kg~!, div (every one week)

0.01-0.06 mg-kg ", twice a day, i.m. (target
trough 9-12 ng-mL~! (days -9 to 2 target trough
15-20 ng-mL™1))

10-50 mg-kg~ !, twice a day, p.o. (target trough 4-
6 pgmL ")

10 mg-kg!, div (day 0); 5 mg-kg'-d”, p.o. (after
day 1), tapering to 0.5 mg-kg~'.d™"'

10 mg-kg1, s.c. (days -1, 7, and 14, and every
two weeks)
0.5 mgkg™!, s.c. (days 0, 3, 6, and 10)

40 mg-kg~'.d”!, p.o.
700 IUd7}, s.c.

2000-4000 IU, s.c. (twice a week)

0.25 mg-kg !, p.o., twice a day

Valganciclovir 15 mg-kg !, p.o.
(Mitsubishi)

Benzylpenicillin (Meiji 95000 IU-d"?, i.m.
Seika)

IU: international unit; i.v.: intravenous injection; div: intravenous drip; p.o.: oral
administration; s.c.: subcutaneous injection.

US Food and Drug Administration (FDA)-approved, but the proto-
col was not clinically adopted.

Specifically, this entailed tacrolimus (TAC) (0.02 mg-kg~!, i.m.,
twice a day starting from day -9), abatacept (50 mg-kg~', intra-
venous drip (div), once a week starting from day 7), and mycophe-
nolate mofetil (MMF) (40 mg-kg ™!, oral administration (p.o.), twice
a day starting from day 5). Methylprednisolone (10 mg-kg~!, div)
was also administered starting on day 0 and switched to p.o. from
the next day, before tapering off. Thymoglobulin (10 mg-kg™!,
intravenous injection (i.v.), on day -3), rituximab (10 mgkg™!,
i.v., on day -2), tocilizumab (10 mg-kg~!, s.c., on days -1, 7, and
14), and etanercept (0.5 mg-kg™', s.c., on days 0, 3, 6, and 10) were
also administered.

The concentration of TAC and MMF in the blood was measured
twice a week, and the dosage was adjusted as appropriate with the
target trough level as the standard (TAC trough was days -9-2, 15-
20 ng-mL~!; after day 3, 9-12 ng-mL™!; and MMF trough was 4-
6 ug-mL™").

2.6. Monitoring of recipient monkeys

The daily dietary status and activity of the recipient monkeys
were confirmed and supported through supplementation, if neces-
sary. Moreover, their general condition was evaluated twice-a-
week by weight measurement, body temperature, SpO, measure-
ments, and blood sampling. In addition to TAC and MMF, red blood
cell (RBC), hemoglobin (Hb), hematocrit (Ht) (mean corpuscular
volume (MCV), mean corpuscular hemoglobin (MCH), and mean
corpuscular hemoglobin concentration (MCHC)), reticulocyte
(RET), white blood cell (WBC) (neutrophils, lymphocytes, mono-
cytes, eosinophils, and basophils), platelets (PIt), prothrombin time
(PT), activated partial thromboplastin time (APTT), fasting blood
glucose (Fbg), total protein (TP), albumin (Alb), total bilirubin (T-
Bil), lactate dehydrogenase (LDH), aspartate aminotransferase
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(AST), alanine aminotransferase (ALT), alkaline phosphatase
(ALP), v glutamyl transferase (yGTP), creatine kinase (CK), blood
urea nitrogen (BUN), creatinine (Cr), sodium (Na), potassium (K),
chlorine (Cl), calcium (Ca), phosphorus (P), glucose (Glu), total
cholesterol (T-Cho), triglyceride (TG), and C-reactive protein
(CRP) were also measured via blood tests.

2.7. Histological and immunohistochemical evaluations

The recovered specimens were fixed with 4% paraformaldehyde
and embedded in paraffin. They were then separated into 4 pum
thick sections and stained with hematoxylin and eosin (HE), peri-
odic acid-Schiff, and Masson’s trichrome stains.

For immunohistochemistry, 4 pm-thick serial sections from the
formalin-fixed specimens were deparaffinized and hydrated using
graded concentrations of ethanol and deionized water. The tissue
sections for the staining of CD3 and CD31 were subjected to anti-
gen retrieval using 0.01 mol-L™! sodium citrate buffer in a pressure
cooker for 10 s (preheat buffer for 30 s). Following antigen retrie-
val, the sections were gently washed with phosphate-buffered
saline (PBS). Endogenous peroxidase was blocked with 3% hydro-
gen peroxide for 20 min. After washing with PBS, all sections were
blocked with 5% skim milk for 30 min. All slides were then incu-
bated at 4 °C overnight with an anti-CD3 antibody (MA5-12577;
Invitrogen, USA) or anti-CD31 antibodies (ab28364 and JC70/A;
Abcam, UK). After washing with PBS, the sections were incubated
with Histofine® Simple Stain (424151; Japan) for 30 min.
Diaminobenzidine was used as the chromogen and hematoxylin
as the counterstain.

2.8. Evaluation of erythropoietin (EPO) gene expression

Some cloacae collected on day 50 of Experiment 2 were stored
in RNAlater (R0901; Sigma-Aldrich, USA). RNA was isolated from
the collected samples using the RNeasy Micro Kit (74134; QIAGEN,
Netherlands). The polymerase chain reaction (PCR) conditions
were as follows: 94 °C for 2 min; followed by 40 cycles at 98 °C
for 10 s, 60 °C for 15 s, and 68 °C for 1 min. The primers used are
listed in Table 2.

3. Results

3.1. Experiment 1: Immunological benefits of fetal kidney against
Xxenogeneic rejection reaction

The dosage of immunosuppressant drugs was increased or
decreased based on the general condition and blood biochemical
test results. The resulting pharmacokinetics are shown in Fig. 2
(Experiment 2 is also shown here). In addition, a temporary
increase in hepatic enzymes was observed after the initiation of
immunosuppressant drug administration in all cases. Postopera-
tive anemia was also observed.

One subject died on postoperative day 7 due to sudden worsen-
ing of its condition. The other subject was relatively more stable.
However, its abdomen was reopened 13 days after transplantation
to extract the vascularized pig kidney and perform a cloacae biopsy

Table 2
The primers of pig and monkey EPO.

Gene Forward primer Reverse primer
Cynomolgus GCA CCT ACC ATC AGG TGT CTT CAC GGT TCT
monkey EPO GAC AG CAC TCG
Pig EPO CAA CTC CTC CCA GCC CCT GCT TGG TAG GTG
ATC TG CAG AA
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Fig. 3. Transplanted neonatal kidney in Experiment 1. (a) Before transplantation;
(b) 13 days after transplantation.

due to the worsening of its condition and the transition of blood
platelets. The extracted kidney was significantly more swollen
compared to when it was transplanted (weight, 21-124 g; maxi-
mum diameter, 5.2-10 cm) and the color also changed to dark
red, whereas the cloacae were visually preserved (Figs. 3 and 4).
Pathological evaluation revealed that the tissues were mostly
destroyed. Although no obvious glomerular, tubular, or peritubular
inflammatory findings could be detected due to the effects of sev-
ere interstitial hemorrhage and cortical necrosis, severe arteritis
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Blood test data for each animal. (a) No. 200 (Experiment 1); (b) No. 335 (Experiment 1); (c) No. 323 (Experiment 2); (d) No. 219 (Experiment 2).

with fibrin thrombus and luminal obstruction were observed.
Polynuclear cells deeply stained with HE and CD3-positive cells
were observed in large amounts (Figs. 5(a)-(e)).

The fetal kidney that was recovered at the same time retained
almost all tissue structures, such as the glomerulus and renal
tubules. Moreover, no infiltration of dyskaryotic and CD3-positive
cells was observed (Figs. 5(f)-(h)).

We continued the administration of immunosuppressant drugs
to the same monkey after the abdomen was closed again. It recov-
ered after the transplanted pig kidney was removed and was rela-
tively stable until sacrificial death, 27 days after transplantation.
The two recovered fetal kidneys are shown in Fig. 4. Tissue struc-
tures were preserved 13 days after transplantation; infiltration of
CD3-positive cells was observed in some parts (Figs. 5(i)-(k)).
The Banff scores for each sample are shown in Table 3. We
excluded endarteritis from the cloacae evaluation because no
evaluable vessels for vasculitis could be confirmed in the trans-
planted cloacae. However, the presence of vessels was evaluated
using two types of CD31 antibodies with different staining proper-
ties in pigs and monkeys (Fig. 6).

3.2. Experiment 2: Generation of fetal cloacae under FDA-approved
immunosuppressive drugs

Urinary tract anastomosis was performed on day 33 after tissue
grafting for approximately four weeks. As a standard, the graft

(@)

(b)

Fig. 4. Transplanted fetal cloacae in Experiment 1. (a) 13 days after transplantation; (b) 27 days after transplantation.
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) ) W

Fig. 5. Representative figures comparing the histopathological features of a neonatal kidney and fetal cloacae of Experiment 1. (a-e) Neonatal kidney; (f-h) fetal cloacae
(13 days after transplantation); (i-k) fetal cloacae (27 days after transplantation). (a-d, f, g, i, j) Masson’s trichrome stain; (e, h, k) CD3 (MA5-12577).

Table 3
Banff lesion scores of each sample.
Sample Score of experiment 1 Score of experiment 2
Kidney day 13 Cloacae day 13 Cloacae day 27 Cloacae day 33 Cloacae day 50 Cloacae day 79
Inflammation 3 0 3 0 0 0
Tubulitis 0 0 0 0 0 0
Endarteritis 3 — — — - -
Glomerulitis 0 0 0 0 0 0
Peritubular capillaritis 0 0 0 0 0 0
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tissues were initially scheduled for evaluation six weeks after uri-
nary tract anastomosis. However, the condition of one subject
gradually worsened after the anastomosis. Thus, it was euthanized
after the graft tissues were removed 50 days posttransplantation.
The other subject was relatively more stable. Thus, the tissues were
recovered 46 days after anastomosis (79 days posttransplantation),
as scheduled.

The longest diameter of the largest fetal kidney recovered from
the omentum, 33 days after transplantation, was approximately
800 pm (Fig. 7(a)). Tissue structures, such as the glomerulus and
renal tubules, were mostly preserved, as in Experiment 1, and cell
infiltration was not observed. Bowman’s space appeared slightly
enlarged on the basis of visual examination.

The longest diameter of the largest fetal kidney recovered from
the para-aortic region 50 days after transplantation was approxi-
mately 1.5 mm. In addition, the longest diameter of the largest
fetal kidney recovered from the para-aortic region 79 days after
transplantation was approximately 2 mm (Figs. 7(b) and (c)). The
fetal bladders were punctured prior to tissue removal. Conse-
quently, the liquid could not be aspirated from any, and no dye
migration to the urinary tract could be confirmed, following the
intravenous injection of indigo carmine to the recipients.
Histopathological evaluation did not reveal any significant changes
in the degree of cell infiltration in the fetal kidney 33, 50, and
79 days after transplantation (Fig. 8); however, the glomerulus
appeared to be atrophied and Bowman'’s space enlarged, suggest-
ing the presence of hydronephrosis. In addition, the anastomotic
part was open and cavitation that appeared to be liquid retention
was observed in the fetal bladder in fetal kidneys where the fetal
bladder and ureter of the recipient monkeys were anastomosed.
PCR was also performed on the RNA extracted from cloacae col-
lected on day 50. RNA amplification was observed in the primer
corresponding to EPO mRNA of cynomolgus monkeys, suggesting
the possible production of EPO (Fig. 9).

4. Discussion

This study, to the best of our knowledge, is the first to directly
compare the immunogenicity of neonatal and fetal kidneys in
xenotransplantation between genetically unmodified pigs and
monkeys and to observe the long-term course following urinary
tract anastomosis of fetal kidneys. These experiments verified that
fetal kidneys may work more advantageously than neonatal kid-
neys in xenotransplantation and that long-term engraftment of
fetal kidneys is possible.

Long-term engraftment is difficult even with genetically modi-
fied pigs under the administration of only FDA-approved immuno-
suppressant drugs when transplanting mature pig kidneys to
monkeys [6]. The transplantation of pig neonatal kidneys in this
study led to the worsening of one of the recipient monkey’s condi-
tions, and the rejection of the transplanted kidneys was consistent
with the results of previous reports. However, inflammatory cell
infiltration and tissue destruction characteristics of the rejection
reaction were hardly observed in fetal kidneys during the same
period. Interestingly, vessels and EPO from monkeys were detected
in transplanted fetal pig cloacae. This finding suggests that not only
vessels but also cells of the recipient animals can flow into the fetal
kidney and be chimerized. There have been reports on the trans-
plantation of fetal mouse, pig, and human kidneys to xenogeneic
recipient rodents [7,9,11]. It has been established that fetal kidneys
mature into urine-producing renal tissues without differentiating
into other tissues in the case of fetal pig kidneys, if an appropriate
period is selected, such as a period of four weeks. In addition, the
blood vessels of xenogeneic recipients flow into fetal kidneys dur-
ing the transplantation process, [7,9] and the expression of donor
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Fig. 6. Evaluation of blood vessels of day 27 cloacae of Experiment 1. (a, b) Adult pig
kidney; (c, d) adult monkey kidney; (e, f) fetal cloacae (27 days after transplan-
tation). (a, ¢, e) CD31 (ab28364); (b, d, f) CD31 (JC70/A).

(b)

(c)

Fig. 7. Transplanted fetal cloacae in Experiment 2. (a) 33 days after the transplan-
tation. (b) 50 days after the transplantation; (c) 79 days after the transplantation.

antigens is reduced in the kidneys during the developmental stage
[9,12]. This suggests that the rejection of cloacae may be less likely
to occur in xenotransplantation than the rejection of neonatal kid-
neys. However, in Experiment 1, in which neonatal kidneys and
fetal kidneys were transplanted at the same time, inflammatory
cell infiltration was observed in fetal kidneys despite a shorter
course in Experiment 1 than in Experiment 2. Thus, the presence
of factors that strongly induce inflammatory reactions, such as
the neonatal kidney, can also spread inflammation to the fetal kid-
neys, which are considered to have low immunogenicity.



T. Takamura, K. Matsui, N. Matsumoto et al.

Engineering 10 (2022) 65-73

Fig. 8. Representative figures comparing histopathological features of fetal cloacae in Experiment 2. (a-c) 33 days after the transplantation; (d-f) 50 days after the
transplantation (g-i) 79 days after the transplantation. (a, b, d, e, g, h) Masson’s trichrome stain; (c, f, i) CD3 (MA5-12577).
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Fig. 9. EPO PCR of day 50 cloacae of Experiment 2.

Moreover, natural antibodies, such as anti-pig immunoglobulin E
(IgE)/IgA antibodies, may be involved in the immune response of
recipient monkeys [13]. However, it is believed that they may
not have a significant influence on the development of fetal
kidneys.

Long-term engraftment is possible only under immunosuppres-
sant drugs. However, long-term engraftment may even be
expected by reducing the type and dosage of immunosuppressant
drugs in the transplantation of fetal kidneys only (Experiment 2).

Both rejection control and urinary excretion system establish-
ment are required to develop fetal kidneys into more mature kid-
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neys in recipients [14]. In this study, as in previous reports, a
urinary excretion system was established. However, clear urine
production and discharge could not be confirmed, suggesting the
possibility of urinary retention. Consequently, monkeys that are
small and not quadruped may be prone to vascular insufficiency
of transplanted vessels [2], and the urinary tract may also be
impaired. The use of stents to prevent urinary obstruction and
identification of an optimal anastomotic site that is not easily
occluded is necessary to establish a reliable urinary excretion sys-
tem in the future.

5. Conclusions

This study demonstrated the successful transplantation and
long-term engraftment of fetal kidneys with a pig-monkey preclini-
cal model without using genetically modified animals. Moreover,
the study is also important in the development of chimeric fetal
kidneys infused with human-derived renal progenitor cells to
achieve humanized kidneys.
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