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Background: End-stage heart and kidney failure is constrained by donor organ scarcity. This study aimed to establish a standardized
protocol for combined heart–kidney xenotransplantation using multi-gene–edited porcine grafts in a non-human primate (NHP)
model and to evaluate their short-term functional outcomes, providing a basis for future clinical translation.
Methods: Genetically modified Bama miniature pigs carrying five gene edits (GTKO/SdaKO/CD46/CD55/TBM) were used as organ
donors, and healthy male rhesus macaques served as recipients. Donor hearts and kidneys were harvested using a standardized
protocol and preserved via cold perfusion. Cardiac transplantation was performed using an intra-abdominal heterotopic approach,
with end-to-side anastomosis between the donor ascending aorta and the recipient abdominal aorta, as well as between the donor
pulmonary artery and the recipient inferior vena cava. Renal transplantation involved orthotopic end-to-end anastomosis of the
donor renal artery and vein to the recipient’s left renal vasculature. A combined immunosuppressive regimen was administered
perioperatively, alongside anticoagulation, anti-infective prophylaxis, and supportive care. Recipient vital signs and cardiorenal
function were continuously monitored throughout the perioperative period. Experimental endpoints were defined as cessation of
renal graft perfusion or irreversible cardiac graft failure.
Results: The recipient survived 7 days and 4 hours post-transplant with stable vital signs. Both grafts demonstrated good intraop-
erative perfusion. The heart graft resumed beating immediately upon reperfusion, with left ventricular ejection fraction peaking
at 35% on postoperative day (POD) 5 before declining. Echocardiography revealed myocardial hypertrophy and reduced contrac-
tility, but no complete cardiac failure. The kidney graft showed perfusion by POD 1, and urine output by POD 5 confirmed initial
function. However, increased vascular resistance and reversed flow between POD 6 and POD 7 indicated acute graft failure. Labo-
ratory assessments showed persistent anemia, lymphopenia, and intermittent prolongation of activated partial thromboplastin time
(APTT). At necropsy, the heart graft retained structural integrity and partial function, whereas the kidney graft exhibited hemor-
rhagic infarction. Notably, vascular anastomoses remained intact throughout the study. Additionally, the heart graft maintained
its function despite renal rejection, suggesting greater resilience to immune injury.
Conclusion: This combined xenotransplantation model demonstrated short-term graft survival, with the cardiac graft showing
greater resistance to rejection than the renal graft. It offers a platform for optimizing clinically viable strategies for long-term
functional xenotransplantation.
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Introduction

The global rise in end-stage organ failure has intensi-
fied the critical shortage of donor organs in transplantation
medicine [1,2]. Despite steady progress in utilizing living
and brain-dead donors, the supply still remains insufficient
for the growing clinical demand. In this context, xenotrans-
plantation, particularly using pigs as donors for non-human

primates (NHPs) or humans, has become a promising alter-
native to human allografts, owing to the regenerative poten-
tial and scalable availability of porcine donors [3,4]. Pigs
are considered optimal donor animals due to their physio-
logical compatibility with humans, suitable organ size, and
high reproductive capacity, leading to their widespread use
in preclinical xenotransplantation research models [5,6].
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In recent years, the advent of multi-gene–engineered
pigs has significantly improved immunological compatibil-
ity and coagulation control, thereby extending the survival
of porcine heart and kidney grafts in NHPs [7,8]. These
innovations have led to unprecedented improvements in
xenograft survival and function. For example, Singh et al.
[9] reported a survival period of up to 225 days for porcine
heart xenografts in NHPs, while subsequent studies have
reported over 400 days of stable function with porcine re-
nal grafts [10], demonstrating considerable breakthroughs
in both technical execution and immunomodulatory strate-
gies.

To date, most preclinical xenotransplantation stud-
ies have focused on single-organ models, predominantly
involving porcine heart or kidney transplantation into
NHPs. Heart xenotransplantation studies have reported
several months of graft survival under co-stimulation block-
ade and multi-gene-edited donors [9,11], while kidney
xenografts have demonstrated comparably durable func-
tion [12]. However, the development of multi-organ trans-
plantation models is increasingly crucial, particularly for
clinical contexts involving multi-organ failure or sequen-
tial transplant planning. Despite their potential relevance,
combined organ xenotransplantation models remain under-
explored. Critical concerns, including inter-organ interac-
tions, immunologic challenges, and perioperative manage-
ment such as anesthesia and hemodynamic support, require
further investigation in complex surgical scenarios [13].

Given the prior advances in single-organ xenotrans-
plantation, this study is the first to establish a combined
heart–kidney xenotransplantation model, employing five-
gene–modified Bama miniature pigs as donors and rhe-
sus macaques as recipients. The model aims to investi-
gate the functional integration and survival of two trans-
planted organs within the same recipient, thereby provid-
ing experimental evidence and technical insights to support
future clinical applications of multi-organ xenotransplan-
tation. Furthermore, it gives a comprehensive framework
for investigating the physiological and immunological com-
plexities inherent to multi-organ grafts.

Materials and Methods
Experimental Animals

The donor was a five-gene-edited Bama minia-
ture pig (GTKO/SdaKO/CD46/CD55/TBM) weighing 7.9
kg, obtained from Zhongke Aoge Biotechnology Co.,
Ltd. (Sichuan, China), with production license SCXK
(Chuan) 2020-0033 and animal quality certificate No.
511214800000097. The recipient was a healthy male
rhesus macaque weighing 9.4 kg, sourced from Hengshu
Biotechnology Co., Ltd. (Sichuan, China), under produc-
tion license SCXK (Chuan) 2023-0021 and animal quaran-
tine certificate No.51001134187. One donor–recipient pair
was used for the current study.

All animals were housed in a temperature-controlled
facility (22–25 °C) with a relative humidity of 50–60%, and

a 12-hour light/dark cycle. Experimental procedures in-
volving animals were conducted at Haifeng Biotechnology
Co., Ltd. (Chengdu, China), under facility license SYXK
(Chuan) 2023-0271, and were approved by the Institutional
Animal Care and Use Committee (approval number: IAC-
202503[O-01]).

Donor Organ Harvest and Preservation

Donor heart and kidney grafts were harvested using a
standardized protocol. The organs were preserved via cold
perfusion through the ascending aorta for the heart and ab-
dominal aorta for the kidney. Donor pigs were fasted for 12
hours preoperatively with free access to water. Anesthesia
was induced with intramuscular ketamine (10 mg/kg) and
atropine (0.05 mg/kg), followed by intravenous catheteri-
zation, continuous lidocaine infusion (2 mg/kg/hour), and
maintenance with 5% isoflurane in oxygen (2.0 L/minute
flow).

Heart procurement was performed as follows: After
standard sterile draping and a midline sternotomy, the heart
was exposed using a retractor. A partial thymectomy was
performed, and the pericardiumwas opened and suspended.
A 4-0 Prolene purse-string suture was placed at the aor-
tic root, and a cold perfusion cannula was secured using
a Rummel tourniquet. After systemic heparinization (300
U/kg), the ascending aorta was cross-clamped. The infe-
rior vena cava was incised to drain the right atrium, and the
left inferior pulmonary vein was opened to drain the left
atrium. Furthermore, to induce rapid hypothermia, the me-
diastinum was packed with sterile crushed ice. A single
dose of 4 °C histidine–tryptophan–ketoglutarate (HTK) so-
lution (30 mL/kg; Custodiol, F. Köhler, Germany) was per-
fused via the ascending aorta at a 20–30 mmHg for approx-
imately 8 minutes. After perfusion, the heart was then ex-
cised intact, with the aorta and pulmonary artery trimmed,
and orifices of the superior vena cava, inferior vena cava,
and pulmonary vein closed by continuous suturing using 6-
0 Prolene. The harvested heart was placed in a sterile plastic
bag containing 300 mL of 4 °C HTK solution and stored on
crushed ice until transplantation.

Kidney procurement was conducted using a dual can-
nulation approach, with a Fr10 silicone catheter inserted
into the abdominal aorta and an infusion tube placed in the
superior mesenteric vein. Cold perfusion was performed
simultaneously using 1000 mL of renal preservation solu-
tion and 1000 mL of UW solution, delivered via a gravity-
fed system positioned at a height of 150 cm. After rapid
cooling, the liver-kidney organ cluster was excised. The
left kidney was then isolated, and the renal artery, vein, and
ureter were carefully trimmed for transplantation. After or-
gan retrieval, euthanasia was performed by intravenous in-
jection of sodium pentobarbital (120 mg/kg, P3761, Sigma-
Aldrich, St. Louis, MO, USA) via the auricular vein, with
confirmation of death by cessation of respiration and car-
diac activity.
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Preparation of Recipient Animals
Recipient cynomolgus monkeys were fasted for 12

hours before surgery. Sedation was achieved with an in-
tramuscular injection of Stresnil (56 mg), after which the
animals were transferred to the operating room. Standard
monitoring was initiated upon arrival, including electro-
cardiography (ECG), peripheral oxygen saturation (SpO2),
non-invasive blood pressure, and rectal temperature. After
hair removal and sterile preparation, two peripheral venous
access lines were established using 18–22G intravenous
catheters inserted on both limbs and secured with sutures
and elastic bands.

Oxygen was administered via face mask in conjunc-
tion with inhalational isoflurane (1.5–2%). Additional
anesthesia was provided with intravenous propofol (0.5–2
mg/kg) and intramuscular atropine (0.02 mg/kg). Endotra-
cheal intubation was performed using a 3.5# single-lumen
endotracheal tube, and placement was confirmed by auscul-
tation or fiberoptic bronchoscopy. The tube was secured to
the lower jaw with cotton ties to prevent displacement and
connected to a mechanical ventilator. Ventilator parameters
were adjusted to a tidal volume (VT) of 8–10 mL/kg and a
respiratory rate of 20–30 breaths/minute.

Anesthesia was maintained with inhalational isoflu-
rane (1–2%), while analgesia was provided with intra-
venous meloxicam (0.1–0.2 mg/kg). Invasive arterial pres-
sure monitoring was established via femoral artery cannu-
lation. Central venous access was established based on sur-
gical requirements, using either a 20G single-lumen central
venous catheter or a 4F/5F vascular sheath.

Hemodynamic stability wasmaintained by continuous
lidocaine infusion (1–2 mg/kg) and titrated vasopressors
(epinephrine or norepinephrine), guided by real-time blood
pressure and heart rate monitoring. Fluid replacement was
administered using crystalloids, colloids, and packed red
blood cells, based on intraoperative losses and body weight.

Systemic anticoagulation was initiated before skin and
peritoneal incision. Intravenous heparin (200–300 IU/kg)
was administered according to body weight. Intraopera-
tive with activated clotting time (ACT) monitored intraop-
eratively. A target ACT of 234 seconds was maintained
(baseline ACT: 99 seconds), and heparin dosage was dy-
namically adjusted, with additional doses given as needed
to ensure adequate anticoagulation and reduce the risk of
thrombosis.

Organ Transplantation
Cardiac Transplantation

A midline abdominal incision was made extending
from the xiphoid process to the pubic symphysis, incis-
ing both the skin and peritoneum. After retracting the ab-
dominal wall and displacing the intestines laterally to the
left, the retroperitoneal space was exposed. The inferior
vena cava (IVC) and abdominal aorta were fully mobilized
down to the iliac bifurcation, with lumbar arteries and col-

lateral vessels ligated and divided. Following intravenous
administration of heparin (300 U/kg), the abdominal aorta
was clamped below the renal arteries (liven cardiovascu-
lar clamp CSO1660, August Reuchlen GmbH, Tuttlingen,
Germany), and the distal end was clamped above the iliac
bifurcation (liven cardiovascular clamp CSO1245, August
Reuchlen GmbH, Tuttlingen, Germany). An incision was
created on the lateral wall of the abdominal aorta and ad-
justed to match the donor vessel diameter. The donor as-
cending aorta was then anastomosed to the recipient’s ab-
dominal aorta in an end-to-side fashion using 6-0 Prolene
sutures, with the final knot left untied at this stage.

The IVC was partially clamped below the renal veins
using a side-biting vascular clamp (liven cardiovascular
clamp CSO1612, August Reuchlen GmbH, Tuttlingen,
Germany). A longitudinal incision was thenmade in the an-
terior wall of the IVC and adjusted to the appropriate size,
followed by an end-to-side anastomosis of the donor pul-
monary artery to the recipient IVC using 6-0 Prolene su-
tures, with the final knot left untied initially. Once both
anastomoses were prepared, a 20G cannula was inserted
into the arterial anastomosis, and 20 mL of 4 °C HTK solu-
tion was flushed through to expel residual air from the anas-
tomotic lumens. The arterial and venous anastomoses were
then secured, and blood flow was sequentially restored first
to the veins and then to the arteries.

Following reperfusion of the donor heart, ventricu-
lar fibrillation frequently occurred but was successfully re-
versed with a 5 J electrical defibrillation, restoring spon-
taneous cardiac rhythm. Intraoperative graft viability was
primarily assessed bymonitoring cold ischemia time, reper-
fusion response, time to spontaneous cardiac contraction,
contraction strength, hemodynamic stability, and the pres-
ence of anastomotic leakage.

Criteria for successful cardiac reperfusion included:
(i) recovery of spontaneous heartbeat after reperfusion, with
low-energy defibrillation if necessary for rhythm stabiliza-
tion; (ii) strong cardiac contractions with a reddish, well-
perfused appearance; and (iii) maintenance of stable intra-
operative blood pressure and hemodynamics.

Renal Transplantation
The recipient’s left kidney fascia was dissected to ex-

pose the renal artery and vein, which were isolated and
clamped. After division, the renal vessels were cut and
flushed with heparinized saline. The upper ureter was lig-
ated, and the left kidney was excised. The donor kidney,
wrapped in ice-cold gauze with its vessels exteriorized, was
placed in the left renal fossa. The donor renal artery and
vein were trimmed and anastomosed end-to-endwith the re-
cipient’s left renal vessels using 8-0 polypropylene sutures.
Reperfusion was then initiated, and graft visibility was con-
firmed observing adequate vascular filling.

The donor ureter was attached to a silicone catheter,
which was exteriorized through a flank stoma and fixed in
place. After confirming the absence of bleeding or leak-
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Table 1. Immunosuppressive and supportive medication regimen provided to the recipient.
Drug Administration time Dosage and route Remarks

Methylprednisolone POD 0–7 (postopera-
tive day 0–7)

10mg/kg (POD 0), 6 mg/kg QD (POD 1–3),
3 mg/kg QD (POD 4–7), intravenous injec-
tion (i.v.)

Rapid perioperative immunosuppression
and inflammation control

Rituximab Preoperative 19 mg/kg, single intravenous infusion, with
premedication for allergy prevention

B-cell depletion to reduce antibody-
mediated rejection

Thymoglobulin (ATG) POD 4–6 5 mg/kg per dose, diluted in 75 mL normal
saline, intravenous infusion, for 3 days

T-cell suppression, rescue immunosuppres-
sive intervention

Tacrolimus Starting POD 1 0.25 mg every 12 hours, oral Long-term T-cell mediated immunosup-
pression

Mycophenolate mofetil
(MMF)

Starting POD 1 250 mg every 12 hours, oral Inhibits lymphocyte proliferation, mainte-
nance therapy

Low-molecular-weight
heparin

Immediately postoper-
atively

500 IU every 12 hours, subcutaneous injec-
tion

Thrombosis prevention, adjusted per coag-
ulation status

Cefoperazone-
Sulbactam

Immediately postoper-
atively

0.25 g, intramuscular injection, twice daily Bacterial infection prophylaxis; 7 days, fol-
lowed by oral cephalosporin maintenance

Ganciclovir Immediately postoper-
atively

5mg/kg + 75mL normal saline, intravenous
infusion, once daily

Viral infection prophylaxis; 7 days intra-
venous, followed by oral maintenance

Omeprazole Immediately postoper-
atively

5 mg intravenous, once daily Gastric mucosal protection during immuno-
suppression; 7 days intravenous, followed
by oral maintenance

Methoxyflurane Immediately postoper-
atively

0.8 mg, intramuscular injection, every 12
hours

Analgesia: Continued for 7 days, then as
needed (PRN)

age from both cardiac and renal anastomoses, an F22 rub-
ber drain was placed in the right pelvic cavity. The ab-
dominal wall was closed in layers and secured with pres-
sure dressing. For the kidney, intraoperative assessment in-
cluded cold ischemia time, reperfusion response, graft color
and swelling, vascular patency, anastomotic integrity, and
ureteral drainage. Successful renal reperfusion was defined
as: (i) the graft appearing reddish and fully perfused upon
restoration of blood flow; (ii) visible intraoperative urine
output; and (iii) in cases without immediate urine produc-
tion, subsequent postoperative urine output accompanied
by a decrease in serum creatinine within several hours.

Immunosuppressive and Supportive Therapy for
Recipients

The complete immunosuppressive and supportive reg-
imen is summarized in Table 1. Preoperatively, B-cell de-
pletion was achieved using a single intravenous dose of
rituximab (19 mg/kg) after standard anti-allergy premedi-
cation. On the day of transplantation (postoperative day
0, POD 0), high-dose methylprednisolone (10 mg/kg, in-
travenous injection) was administered to enhance intraop-
erative and immediate postoperative immunosuppression.
From POD 1 to POD 3, methylprednisolone was continued
at 6 mg/kg/day i.v., and from POD 4 to POD 7, the dose
was reduced to 3 mg/kg/day i.v. Starting on POD 1, oral
tacrolimus (0.25 mg every 12 hours) and mycophenolate
mofetil (MMF, 250 mg every 12 hours) were introduced
as maintenance immunosuppressants. On POD 4, progres-
sive ventricular wall thickening and renal enlargement were

identified by ultrasound—strongly suggestive of acute re-
jection. Consequently, antithymocyte globulin (ATG; Thy-
moglobulin) was administered as rescue immunotherapy
from POD 4 to POD 6. ATG was given at 5 mg/kg per
dose, diluted in 75 mL of normal saline, and infused intra-
venously once daily for three consecutive days to rapidly
suppress T cell activity.

To prevent postoperative thrombosis, subcutaneous
low-molecular-weight heparin (500 IU Q12H) was initi-
ated on the day of surgery. For antimicrobial prophylaxis,
cefoperazone-sulbactam (0.25 g) was administered intra-
muscularly twice daily for 7 days, after which maintenance
antibiotic therapy was transitioned to oral cephalosporins
based on clinical progression.

For antiviral prophylaxis, ganciclovir (5 mg/kg) was
diluted in 75 mL of normal saline and infused intravenously
once daily for 7 days, followed by oral antiviral mainte-
nance therapy. Supportive therapy included omeprazole (5
mg, i.v., once daily) for gastric mucosal protection, which
was transitioned to oral administration after POD7. Postop-
erative analgesia was provided with intramuscular meloxi-
cam (0.8 mg every 12 hours) during the first 7 days and
thereafter administered as needed (PRN).

Postoperative Monitoring and Experimental
Endpoint Evaluation

Recipients were secured in a primate chair and
lightly sedated as required to ensure stability. Vital
signs—including heart rate, blood pressure, and oxygen
saturation—were continuously monitored to comprehen-
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Fig. 1. Perioperative conditions of the donor and recipient. (A) Preoperative anesthesia and monitoring setup for the donor pig. (B)
Preoperative anesthesia and monitoring setup for the recipient rhesus macaque. (C) Postoperative condition of the recipient macaque.

sively evaluate postoperative physiological status. Post-
operative cardiac function was assessed using bedside
transthoracic echocardiography (Vivid E95, GEHealthcare,
Chicago, IL, USA), performed by the same cardiology-
certified investigator to ensure data consistency. Echocar-
diographic assessment included measurement of ejec-
tion fraction (EF), left ventricular end-diastolic volume
(LVEDV), and left ventricular wall thickness (LV wall
thickness). Renal function was assessed with color Doppler
ultrasonography (EPIQ 7C, Philips Healthcare, Andover,
MA, USA) to determine the renal arterial resistive index
(RI). Continuous multilead electrocardiographic monitor-
ing was conducted using a bedside ECG system (IntelliVue
MX800, Philips, Amsterdam, Netherlands).

The pleural and abdominal cavities were examined
for fluid accumulation to verify proper graft perfusion and
function. The experimental endpoint was defined as loss of
renal graft blood flow and deterioration of donor heart func-
tion. At this stage, the animals were anesthetized and then
euthanized with sodium pentobarbital (120 mg/kg, P3761,
Sigma-Aldrich, St. Louis, MO, USA) administered through
a central or peripheral vein, and delivered slowly until both
respiration and cardiac activity ceased.

Blood samples were collected at predefined postop-
erative time points (0, 24, 48, 72, 120, 144, 168, and 171
hours) for hematological and coagulation analyses. Hema-
tological parameters included white blood cell (WBC), red
blood cell (RBC), and lymphocyte (Lym) counts. In con-
trast, coagulation was assessed by measuring prothrom-
bin time (PT) and activated partial thromboplastin time
(APTT). Blood specimens were obtained through periph-
eral or central venous puncture and anticoagulated with
EDTA for hematological or sodium citrate for coagula-
tion assays. Analyses were performed using an automated
hematology analyzer (Sysmex XN-1000, Sysmex Corpora-

tion, Kobe, Hyogo, Japan) and a coagulation system (ACL
TOP 700 CTS, Instrumentation Laboratory, Bedford, MA,
USA), following the manufacturers’ instructions.

Results

Perioperative Status and Postoperative Survival of
the Recipient Monkey

We successfully performed a combined heart-kidney
xenotransplantation from a porcine donor to a non-
human primate recipient. The recipient was a healthy
rhesus macaque (Macaca mulatta, ID: 11904026, body
weight: 9.4 kg), and the donor was a genetically modified
Bama miniature pig (GTKO/SdaKO/CD46/CD55/TBM,
body weight: 7.9 kg). Preoperative preparations, including
anesthesia induction and intraoperative monitoring for both
donor and recipient, were conducted smoothly (Fig. 1A,B).
The total procedure time was 257 minutes. Cardiac ar-
rest lasted for 32 minutes, after which spontaneous cardiac
rhythm was restored with a single 5 J defibrillation. Circu-
latory function remained stable throughout the procedure
(Table 2).

The recipient’s vital signs remained stable throughout
surgery. However, mild bleeding was observed at the in-
ferior vena cava anastomosis site, with an estimated blood
loss of approximately 150 mL, which was effectively man-
aged without causing circulatory instability. Intraoperative
ACT levels remained above 200 seconds (baseline: 99 s;
peak: 234 s), with no evidence of coagulopathy (Table 2).

Postoperatively, the tracheal tube was successfully re-
moved 4 hours after recovery from anesthesia, and themon-
key entered intensive postoperative monitoring. Vital signs
remained within normal limits throughout the observation
period. Under continuous supportive care and immuno-
suppressive therapy, the recipient survived for 7 days and
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Table 2. Perioperative parameters and postoperative outcomes of the recipient monkey.
Parameter Value Time/Condition Remarks

Recipient (monkey) body weight 9.4 kg Preoperative —
Donor (pig) body weight 7.9 kg Preoperative GTKO/SdaKO/CD46/CD55/TBM five-gene modified pig
Total surgery duration 257 min Intraoperative —
Cardiac arrest duration 32 min Intraoperative Recovered via single 5 J defibrillation
Blood loss ~150 mL Intraoperative Mild bleeding at inferior vena cava (IVC) anastomosis,

promptly controlled
Activated clotting time (ACT) 200–234 s Intraoperative Baseline 99 s; maintained >200 s during surgery
Extubation 4 h post-op Postoperative After anesthesia recovery, stable vital signs
Survival 7 days 4 h Postoperative No severe adverse events observed

Fig. 2. Intraoperative views of the transplanted organs. (A) Cardiac transplantation. The anastomosis between the donor heart and
the recipient’s aorta has been achieved, while the donor pulmonary artery is being anastomosed to the recipient’s inferior vena cava.
Yellow arrows indicate arteries; blue arrow indicates veins. (B) Renal artery anastomosis. The renal artery (yellow arrow) is being
continuously sutured, with a Bulldog clamp temporarily occluding the renal vasculature at the hilum (black arrow). (C) Renal vein (blue
arrow) anastomosis. (D) Hemostasis following kidney transplantation. The upper arrow shows good perfusion and reddish coloration
of the transplanted kidney. The lower left arrow points to a site of minor hemorrhage undergoing additional suturing. The lower right
arrow indicates the ureter connected to a drainage stent. (E) Overview after completing cardiac and renal transplantation. The left arrow
points to the kidney, the right arrow to the heart, and the middle arrow indicates the ureter exteriorized through the abdominal wall for
urinary diversion.

4 hours after transplantation, without any serious adverse
events (Fig. 1C, postoperative status of the recipient) (Ta-
ble 2).

Intraoperative Graft Assessment
Vascular anastomoses and reperfusion of both the

donor heart and kidney were successfully achieved. The
cold ischemia times were 132 minutes for the donor heart
and 210 minutes for the donor kidney.

During cardiac transplantation, the donor ascending
aorta was anastomosed end-to-side to the recipient’s ab-

dominal aorta (Fig. 2A, left arrow). In contrast, the donor
pulmonary artery was connected end-to-side to the recipi-
ent’s inferior vena cava (Fig. 2A, right arrow). Upon release
of the aortic clamp, the donor heart resumed spontaneous
contractions, exhibiting strong pulsation and a healthy pink
coloration, consistent with good perfusion.

For kidney transplantation, the renal artery was anas-
tomosed with continuous suturing, and a Bulldog clamp
was applied at the root of the recipient’s left renal ves-
sels to control bleeding (Fig. 2B). The renal vein was then
anastomosed end-to-end, with the interface clearly visi-
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Fig. 3. Imaging and quantitative analysis of functional changes in combined heart–kidney xenografts post-transplantation. (A)
Representative ultrasound images of the transplanted heart and kidney at different postoperative time points (POD 1, POD 3, POD 5, and
POD 7). (B) Renal Doppler ultrasound showing blood flow changes from POD 0 to POD 7.

ble (Fig. 2C). Minor bleeding points were reinforced with
additional sutures, and the donor kidney appeared well-
perfused, full, and bright red. In contrast, the distal ureter
was connected to a catheter to ensure unobstructed drainage
(Fig. 2D).

By the completion of the procedure, both heart and
kidney transplants were successfully positioned: the kidney
placed on the left and the heart on the right, with the ureter
exteriorized through the abdominal wall to form a stoma for
postoperative drainage (Fig. 2E). No significant intraoper-
ative complications, including hemorrhage or anastomotic
leakage, were observed.

Early Postoperative Structural and Hemodynamic
Assessment of Cardiac and Renal Grafts

To assess early functional changes following xeno-
transplantation, serial echocardiography and Doppler ul-
trasound were performed on the cardiac and renal grafts.
On POD 1, the cardiac graft exhibited reduced EF, indicat-
ing early contractile dysfunction, while valvular structures,
hemodynamics, and anastomotic patency remained intact.
By POD 3, EF showed partial improvement, accompanied
by reduced chamber size and thickening of the ventricular
walls and interventricular septum. Blood flow velocity and

direction were normal, with no evidence of thrombosis. On
POD 5, EF stabilized at approximately 35%, with persistent
thickening of the left ventricular free wall and interventricu-
lar septum, suggesting increased myocardial load, whereas
chamber morphology and anastomotic flow remained un-
altered. By POD 7, EF declined again, with progressive
wall thickening and chamber reduction, although anasto-
motic flow remained unobstructed (Fig. 3A).

For the kidney graft, initial perfusion on POD 1 was
reduced, with an elevated resistive index (RI); however,
both normalized within hours, indicating a reversible hemo-
dynamic compromise. By POD3, the graft showed enlarge-
ment, cortical thickening, mild dilation of the ureter and
renal pelvis, and perinephric fluid accumulation, findings
consistent with urinary leakage. Despite these changes, per-
fusion remained stable with no hemodynamic deficits. On
POD 5, the concentration of creatinine in the drained fluid
increased to ~360 µmol/L (Supplementary Material 1),
confirming urinary leakage while also demonstrating ongo-
ing urine production by the graft. Parenchymal thickening
persisted without deterioration in perfusion.

By POD 7, graft volume further increased, RI rose,
and Doppler ultrasound showed reversed arterial flow with
no venous outflow, indicating rapid functional decline
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Fig. 4. Postoperative monitoring of cardiac and renal parameters in the recipient from POD 0 to POD 7. (A) Changes in ejection
fraction (EF). (B) Left ventricular wall thickness. (C) Left ventricular volume. (D) Renal resistance index (RI). (E) Transverse renal
graft dimension. (F) Longitudinal renal graft dimension. (G) Representative electrocardiographic (ECG) tracings. NH, native heart
(recipient’s own heart); TH, transplanted heart.

(Fig. 3A). Changes in renal blood flow are illustrated in
Fig. 3B. From the day of surgery (POD 0) to POD 5, renal
perfusion progressively improved and remained stable dur-
ing early recovery. However, on POD 6, perfusion quality
began to decline, leading to a significant reduction by POD
7.

Quantitative Dynamics of Postoperative Cardiac and
Renal Function

During the early postoperative period, the cardiac
graft exhibited dynamic changes in EF. On POD 1, EF was
reduced, indicating early contractile impairment; fromPOD
2 to POD 5, EF gradually recovered, reaching its peak on
POD 5, before declining again on POD 6–POD 7 (Fig. 4A).
Concurrently, left ventricular (LV) wall thickness increased
from 0.50 cm immediately after surgery to 1.31 cm by POD
7 (Fig. 4B), while LV volume decreased from 7.8 mL to 2.4
mL (Fig. 4C), reflecting progressive chamber contraction
and myocardial hypertrophy.

Renal graft perfusion, assessed by the resistive index
(RI), improved on POD 1, with the RI decreasing to 0.39.
Between POD 2 and POD 5, RI remained relatively stable
(0.42–0.51). On POD 6 and POD 7, RI increased to 0.58
and 1.24, respectively, with reversed diastolic flow, sug-
gesting graft dysfunction or early rejection (Fig. 4D). The
renal graft volume steadily increased, with the transverse
diameter expanding from 4.69 cm to 10.20 cm and the lon-
gitudinal diameter from 2.41 cm to 5.90 cm. From POD 5
and POD 7, substantial enlargement was accompanied by
perinephric fluid accumulation and mild pelvicalyceal dila-
tion, consistent with urinary leakage and progressive graft
dysfunction (Fig. 4E,F).

Continuous ECG monitoring during the early postop-
erative period demonstrated independent rhythmic activity
of both the native heart (NH) and transplanted heart (TH),
with no evidence of fusion (Fig. 4G). On POD 1, NH and
TH rates were 130 and 128 bpm, respectively, both main-
taining a regular rhythm. By POD 2, NH remained at 129
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Fig. 5. Postoperative trends in hematologic and coagulation parameters. (A) White blood cell (WBC) counts from 0 to 171 hours
post-transplantation. (B) Red blood cell (RBC) count from 0 to 171 hours post-transplantation. (C) Lymphocyte (Lym) counts from
0 to 171 hours post-transplantation. (D) Prothrombin time (PT) values from 24 to 168 hours postoperatively. (E) Activated partial
thromboplastin time (APTT) values from 24 to 168 hours postoperatively.

Fig. 6. Postoperative organ status and renal anatomy. (A) In situ view of the transplanted organs. (B) Comparison of native and
transplanted heart and kidney. (C) External view of the transplanted kidney. (D) Anatomical dissection of the transplanted kidney
showing preserved corticomedullary structure. (E) Renal artery anastomosis site. (F) Renal vein anastomosis site.

bpm, while TH increased to 135 bpm, indicating enhanced
intrinsic pacemaker activity of the graft. On POD 3, both
heart rates accelerated markedly (NH, 222 bpm; TH, 205
bpm). By POD 6, TH heart rate decreased to 163 bpm.
Early postoperative QRS amplitudes in TH were relatively
low (POD1–POD2), reflecting incomplete recovery ofmy-
ocardial electrical activity. From POD 3 to POD 6, TH
QRS amplitudes progressively increased, indicating grad-

ual restoration of myocardial repolarization and contractile
function; however, they remained lower than NH, likely
due to graft myocardial edema, interstitial fluid accumula-
tion, and ventricular wall thickening.
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Fig. 7. Postoperative morphological and histological features of the transplanted heart. (A) Morphological comparison between
native and transplanted hearts, showing significant enlargement of the graft. (B) Anastomosis between the donor ascending aorta and
the recipient abdominal aorta; the site remains patent and thrombus-free. (C) Aortic and mitral valve structure of the transplanted heart;
valves remain structurally intact with no signs of thickening, degeneration, or thrombosis. (D) Histological image showing myocardial
hypertrophy in the transplanted heart. (E,F) Transverse section comparison between native and transplanted hearts; the graft exhibits
notable ventricular wall edema and thickening.

Postoperative Hematologic and Coagulation
Changes

Recipients exhibited dynamic fluctuations in hema-
tological and coagulation parameters following combined
heart–kidney xenotransplantation, reflecting shifts in im-
mune and coagulation status postoperatively. The white
blood cell (WBC) count remained relatively stable dur-
ing the early postoperative period (0–48 hours), ranging
between 8.3–8.5 × 109/L. A significant decline occurred
by 72 hours, reaching a nadir of 3.16 × 109/L at 120
hours—likely due to bone marrow suppression from com-
bined antimicrobial and immunosuppressive therapy. Sub-
sequently, WBC levels surged, peaking at 12.07 × 109/L
at 144 hours, suggesting a secondary infection or inflam-
matory rebound response. By 171 hours, WBC levels de-
clined again, indicative of decompensated immune function
and progression toward terminal status (Fig. 5A).

Red blood cell (RBC) count showed a continuous
decline from 4.41 × 1012/L preoperatively to 2.16 ×
1012/L at 171 hours postoperatively, indicating persistent
hematopoietic impairment (Fig. 5B). Lymphocyte count
(Lym) dropped sharply from 1.94 × 109/L preoperatively
to 0.2 × 109/L at 120 hours, and remained critically low
thereafter (0.32 × 109/L at 171 hours), reflecting adequate
immunosuppression but also increased infection risk and
rapid clinical deterioration in the later postoperative phase
(Fig. 5C).

Under prophylactic anticoagulation with low-
molecular-weight heparin, prothrombin time (PT) remained
relatively stable (9.3–11.8 s), suggesting preserved func-
tion of the prothrombin-dependent coagulation pathway
(Fig. 5D). Conversely, activated partial thromboplastin
time (APTT) exhibited considerable variability, with sig-
nificant prolongation observed between 72–96 hours and
144–168 hours (maximum 37.6 s), indicative of potential
coagulopathy or consumptive coagulopathy (Fig. 5E).

Terminal Evaluation and Gross Morphology of
Transplanted Grafts

According to the predefined experimental endpoint,
the study was terminated upon complete cessation of blood
flow to the donor kidney. On postoperative day 7, 4
hours, the recipient animal was euthanized under general
anesthesia by open abdominal exsanguination, followed by
systematic organ inspection. At terminal necropsy, both
grafts were found in stable positions within the recipi-
ent’s body. The donor heart exhibited robust contractions
(Supplementary Material 2), whereas the kidney showed
features of hemorrhagic infarction (Fig. 6A).

Comparison of the orthotopic (native) and trans-
planted organs revealed significant differences in size and
morphology. The native heart and kidney weighed 35.40 g
and 20.76 g, respectively, whereas the transplanted heart
and kidney were significantly enlarged, weighing 49.00
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g and 127.90 g, and exhibited well-demarcated, full, and
turgid morphology (Fig. 6B). Sagittal sectioning of the
transplanted kidney revealed clearly defined cortical and
medullary structures (Fig. 6C,D). Examination of renal vas-
cular anastomoses confirmed the integrity of both the arte-
rial and venous junctions, with no evidence of hemorrhage
or disruption (Fig. 6E,F).

Cardiac Graft Structural Analysis and Postoperative
Adaptation

Further anatomical dissection of the transplanted heart
revealed evidence of structural remodeling and postopera-
tive adaptation. The transplanted heart was notably larger
than the native heart, with apparent morphological differ-
ences (Fig. 7A). The donor ascending aorta was anasto-
mosed to the recipient’s abdominal aorta, and the anasto-
motic site remained intact, indicating unobstructed blood
flow without thrombus formation (Fig. 7B). Both the aor-
tic and mitral valves were well-preserved, with no evi-
dence of leaflet thickening, degeneration, or mural thrombi
(Fig. 7C). Furthermore, histological examination demon-
strated a significant increase in myocardial thickness com-
pared to the native heart (Fig. 7D). Cross-sectional analysis
further revealed substantial myocardial edema and ventric-
ular wall thickening, most prominent in the left ventricular
free wall and interventricular septum (Fig. 7E,F).

Discussion

We successfully established a combined heart–kidney
xenotransplantation model using five-gene-edited pigs
(GTKO/SdaKO/CD46/CD55/TBM) as donors and rhesus
macaques as recipients, achieving stable early graft func-
tion and a survival time of 7 days and 4 hours. In
the early postoperative phase, the grafts demonstrated fa-
vorable physiological function, characterized by vigorous
cardiac contractions and well-perfused kidneys producing
urine, indicating that the model achieved its intended short-
term objectives. However, over time, pathological changes
developed in the recipient, including reduced renal perfu-
sion and myocardial thickening. Imaging revealed a pro-
gressive increase in the renal resistance index, indicating
compromised graft perfusion, potentially driven by immune
rejection, endothelial injury, or increased local tension sec-
ondary to urinary retention. Notably, renal graft rejection
occurred earlier than cardiac graft dysfunction. The trans-
planted heart retained partial function even after the on-
set of renal failure, remaining contractile at the time of
necropsy. These findings suggest a potential immunopro-
tective advantage or adaptive response of the cardiac graft.
This model not only provides a valuable platform for ad-
vancing fundamental xenotransplantation research and clin-
ical translation but also highlights the differential kinetics
of organ-specific rejection and the potential of multigene-
editing strategies in prolonging xenograft survival.

This novel model addresses a critical gap in research
on multi-organ xenotransplantation. While most prior stud-

ies have focused on single-organ xenografts, particularly
the heart and kidney, which are the common targets for end-
stage organ replacement therapy in clinical practice [14,15],
the combined transplantation model presented here better
reflects the clinical scenario of multiple organ failure. No-
tably, our model revealed an earlier onset of renal rejection
(POD 7) relative to cardiac functional decline, suggesting
fundamental differences in the immunologic susceptibility
of these organs. This temporal disparity may be attributed
to the heart’s unique immune-privileged status, with car-
diomyocytes expressing high levels of immunomodula-
tory molecules such as human leukocyte antigen-G (HLA-
G), whereas the kidney, with its dense vascular endothe-
lium, is more readily exposed to antibody-mediated injury
[9,16,17]. Our findings are consistent with previously re-
ported trends, although direct molecular evidence remains
limited. Additionally, the heterotopic intra-abdominal car-
diac transplantation technique employed in this study of-
fers notable advantages. Unlike conventional intrathoracic
transplantation, this approach reduces disruption of respi-
ratory and circulatory function, thereby preserving the re-
cipient’s native cardiac output and providing a supportive
window for graft recovery [18].

The five-gene-edited donor pigs used in this study
(GTKO/SdaKO/CD46/CD55/TBM) represent a compre-
hensive gene modification strategy designed to overcome
the primary immunological and coagulative barriers in
xenotransplantation. GTKO (α1,3-galactosyltransferase
knockout) and SdaKO (Sda synthase knockout) eliminate
key xenoantigens responsible for hyperacute rejection [19,
20]. The co-expression of human complement regulatory
proteins CD46 and CD55 mitigates complement-mediated
damage by inhibiting C3b/C4b deposition and accelerat-
ing the decay of C3/C5 convertases, respectively [21–
23]. Additionally, the inclusion of human thrombomodulin
(TBM) addresses the prothrombotic milieu and microvas-
cular thrombosis (TMA) commonly observed in xenografts.
TBM exerts anticoagulant and anti-inflammatory effects by
activating the protein C pathway, thereby enhancing graft
viability under procoagulant conditions [24].

Effective donor genetic engineering requires a multi-
dimensional approach, encompassing antigen elimination,
complement and coagulation regulation, modulation of in-
flammation and apoptosis, and overall immune regulation
to ensure long-term xenograft survival. Recent evidence
suggests that further removal of CMAH and β4GALNT2,
combined with the expression of additional human im-
munomodulatory proteins (e.g., CD47, EPCR), in triple-
knockout (GGTA1/CMAH /β4GALNT2) pigs significantly
prolongs graft survival and reduces rejection and TMA in
highly sensitized NHP models [25]. Future donor genome
engineering should adopt an integrated strategy targeting
antigen depletion, complement and coagulation balance, in-
flammation and apoptosis control, and immune modulation
to advance the clinical translation of xenotransplantation.
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A multi-modal immunosuppressive regimen was im-
plemented, incorporating high-dose intraoperative and
early postoperative methylprednisolone pulse therapy, fol-
lowed by maintenance treatment using oral tacrolimus and
mycophenolate mofetil (MMF), in conjunction with tar-
geted lymphocyte-depletion strategies. This approach was
designed to synergistically suppress T-cell, B-cell, and in-
nate immune pathways, thereby maximizing inhibition of
early xenogeneic immune responses. Despite this aggres-
sive immunomodulation, characteristic signs of rejection
appeared as early as POD 5, indicating persistent challenges
in controlling the activation of the xenogeneic immune net-
work.

From the perspective of cardiac function, the donor
myocardium exhibited transient functional recovery during
the initial reperfusion and early postoperative immunosup-
pression phase (POD 1–POD 3). However, progressive left
ventricular wall thickening and a decline in ejection frac-
tion by POD 7 suggest the onset of delayed graft rejec-
tion and myocardial remodeling. This pathological pro-
cess may involve cytotoxic T-cell–mediated myocardial in-
flammation or antibody-mediated endothelial injury. Pre-
vious studies have reported delayed rejection in cardiac
xenografts, often characterized by immune cell infiltration
and xenograft vasculopathy [26,27], which aligns with our
observations of reduced ventricular cavity size, increased
wall thickness, and decreased EF. These alterations may
also be partly attributable to ischemia–reperfusion injury
(IRI), which has been linked to early functional impairment
after cardiac xenotransplantation, highlighting the signif-
icant influence of perfusion protocols and cold ischemia
time on graft recovery [28]. Both xenogeneic and allo-
geneic ex vivo perfusion models have revealed that mark-
ers of IRI—such as oxidative stress and reduced myocar-
dial contractile pressure—correlate closely with functional
deterioration [29].

In the kidney, increases in the resistance index (RI), re-
versed diastolic flow, and loss of renal venous return from
POD 5 onward further underscore the limitations of the cur-
rent immunosuppressive strategy in maintaining long-term
xenograft function. Additionally, the persistent decline in
peripheral lymphocyte counts (nadir at 0.2 × 109/L) in-
dicates profound immunosuppression and possible steroid-
induced bone marrow suppression, raising concerns for in-
creased susceptibility to opportunistic infections. The sub-
sequent rise in leukocyte count, along with clinical signs
of infection, supports this concern. Moreover, significant
fluctuations in APTT during POD 3–POD 4 and POD 6–
POD 7 suggest potential depletion of coagulation factors or
endothelial injury associated with immunosuppressive ther-
apy. These findings underscore the critical need to balance
the intensity of immunosuppression with hemostatic stabil-
ity in the context of xenotransplantation.

Recent studies have shown that complement C5 inhi-
bition with eculizumab significantly reduces the occurrence
of TMA, a significant challenge in pig-to-human kidney

xenotransplantation [30]. Our study did not include com-
plement inhibition strategies, which may have contributed
to the relatively early onset of rejection. Future strate-
gies should incorporate advanced immunomodulatory ap-
proaches within the immunosuppressive regimen to achieve
more comprehensive control of xenogeneic rejection across
multiple immune pathways. Regarding T-cell modulation,
while ATG provided early suppression, it did not selectively
preserve regulatory T cells (Tregs). Tregs play a crucial
role in establishing xenogeneic immune tolerance by se-
creting IL-10 and TGF-β to inhibit effector T-cell responses
[31,32]. Strategies combining anti-CD154 monoclonal an-
tibodies can promote stable expansion of Tregs, represent-
ing a key direction for inducing xenogeneic immune toler-
ance [33]. Future approaches could combine Treg moni-
toring with the inhibition of the CD40/CD154 axis to op-
timize the balance between immunosuppressive intensity
and immune tolerance. Moreover, JAK-STAT pathway in-
hibitors, such as tofacitinib and ruxolitinib, have shown ef-
ficacy in regulating inflammatory responses and T-cell acti-
vation. When integrated with donor-specific B-cell deple-
tion strategies, these agents may further extend xenograft
survival [34–36]. Future studies should focus on new strate-
gies targeting T and B cells, the complement system, and
innate immunity, coupled with functional immune monitor-
ing, including Treg ratios, DSA changes, and coagulation
parameters, to enable personalized, dynamically regulated,
and precision-guided immunointervention.

In this study, the cardiac graft exhibited early postop-
erative systolic dysfunction, as indicated by a reduced EF,
suggesting that intraoperative ischemia-reperfusion injury
substantially affected myocardial performance. By POD 3,
a partial recovery in EF was observed, implying a certain
degree of reversibility in early ischemic injury and the ca-
pacity of themyocardium to initiate short-term repair mech-
anisms. During this period, ventricular chamber dimen-
sions were reduced and wall thickness increased, poten-
tially reflecting an early stress response and compensatory
remodeling. On POD 5, EF reached its peak; however, car-
diac function subsequently fluctuated and declined, with a
notable decrease in EF by POD 7, accompanied by progres-
sive ventricular wall thickening and further chamber con-
striction. These findings suggest that ongoing myocardial
remodeling may contribute to impaired diastolic compli-
ance and reduced pump efficiency, likely associated with
myocardial edema, interstitial fluid accumulation, and con-
centric hypertrophy.

Gross pathological examination of the grafted heart
revealed a tense appearance with markedly thickened my-
ocardium, corroborating echocardiographic evidence of
structural remodeling. The observed decline in EF, along
with elevated QRS amplitude that did not return to baseline
levels of the native heart, further indicates limited recovery
of cardiomyocyte function—potentially due to postopera-
tive interstitial edema, focal necrosis, or inflammatory cell
infiltration [37]. Notably, no thrombus formation or anasto-
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motic occlusion was observed during the early phase, indi-
cating preserved graft perfusion and underscoring the effi-
cacy of theGTKO/SdaKO/CD46/CD55/TBM genetic mod-
ifications in mitigating coagulopathic responses. Consis-
tent with previous findings, the low expression of MHC
class I molecules in cardiomyocytes and delayed infiltra-
tion of antigen-presenting cells (APCs) may offer an early
“immune buffer window” for the cardiac graft [38–40].

Hemodynamic changes in the renal graft were pre-
cisely evaluated using Doppler ultrasound-derived RI. On
POD 1, RI rapidly returned to the normal range, indicating
reversibility of the initial perfusion disturbances. However,
between POD 6 and POD 7, RI increased markedly to 1.24,
accompanied by reversed diastolic flow, suggesting the on-
set of functional graft failure, likely due to acute rejection
or compromised renal venous outflow. In parallel, renal
arterial perfusion improved gradually until POD 5. How-
ever, it declined sharply from POD 6 onward, culminating
in complete cessation of flow by POD 7, thereby delineat-
ing a clear imaging window for the end-point event.

Terminal pathology confirmed widespread hemor-
rhagic infarction of the renal parenchyma, with intact anas-
tomotic structures, indicating that graft failure had primar-
ily resulted from immune-mediated endothelial injury and
microcirculatory collapse. Ultrasound findings, including
substantial graft enlargement, pelvicalyceal system dila-
tion, and perinephric fluid accumulation—together with ris-
ing serum creatinine—provided indirect evidence of resid-
ual renal function amid structural compromise. These ul-
trasonographic manifestations were consistent with the sig-
nificantly increased post-transplant kidney weight (127.9 g)
and pathological findings of hemorrhagic infarction, high-
lighting the high sensitivity and specificity of ultrasound for
continuous postoperative graft monitoring.

A key finding of this study is the distinct kinetic
patterns of rejection observed between cardiac and renal
xenografts. While the renal graft exhibited complete loss of
perfusion by POD 7, the cardiac graft retained partial func-
tion even after renal failure, highlighting organ-specific dif-
ferences in susceptibility to xenogeneic immune responses.
These differences may arise from multiple factors, includ-
ing organ-specific antigen expression profiles, vascular ar-
chitecture, patterns of immune cell infiltration, and in-
trinsic immunomodulatory mechanisms within each organ
[41,42]. Consistent with our findings, previous studies on
pig-to-human renal xenotransplantation have reported that
renal grafts are particularly prone to TMA, a hallmark fea-
ture of xenograft rejection [30,43].

In contrast, the heart may possess superior adaptive
capacity or intrinsic protective mechanisms that confer
more resistance to immune-mediated injury [21]. Addition-
ally, marked eosinophilic infiltration was observed in the
pulmonary tissues of the primate recipients, suggesting that
mucosa-associated lymphoid tissues may serve as immuno-
logical “frontline” sites for xenogeneic attack [44]. In this
study, the renal graft was anatomically adjacent to intestinal

lymphoid tissues, which may have accelerated antibody-
mediated rejection.

Using a combined heart–kidney xenotransplantation
model, this study establishes a crucial technical and eval-
uative foundation for functional assessment in orthotopic
cardiac xenotransplantation. Donor hearts maintained au-
tonomous contraction in a physiological circulation for over
a week, while echocardiography enabled dynamic monitor-
ing of EF fluctuations, perfusion, and structural remodel-
ing, thereby providing a multidimensional framework for
functional evaluation. The findings indicate that fluctua-
tions in cardiac recovery are impacted not only by immune-
mediated injury but also by ischemia–reperfusion effects,
volume load, metabolic status, and immunosuppressive
toxicity. These observations underscore the significance
of sequential, integrated, multi-parameter monitoring rather
than relying on single time points or static measures. No-
tably, cardiac and renal responses displayed significant het-
erogeneity. The heart demonstrated greater stability and re-
silience in maintaining hemodynamics and structural adap-
tation, whereas the kidney was more vulnerable to com-
bined injury from immune responses and pressure over-
load. For future studies of orthotopic cardiac xenotrans-
plantation, early evaluation should prioritize EF variability,
chamber dimensions, and valvular integrity, supplemented
by myocardial biomarker surveillance. This strategy may
enable the development of precise early-warning models
and optimization of individualized immunomodulation.

Despite providing novel insights into organ-specific
features of xenograft rejection, this study has several limi-
tations. First, although serial changes in blood cell counts
and selected coagulation parameters were documented, crit-
ical indices such as platelet counts, D-dimer, and fibrinogen
were not assessed. These markers are essential for detect-
ing xenotransplantation-associated coagulopathies, includ-
ing thrombotic microangiopathy, and their absence limits
our ability to fully characterize dynamic alterations in the
coagulation pathway during rejection. Second, the func-
tional evaluation of the cardiac graft relied primarily on
echocardiography, without complementary ECG tracings
from either the recipient’s native heart or the transplanted
heart, which restricted comprehensive interpretation of the
relationship between electrophysiological alterations and
rejection responses.

Future optimization should focus on intraoperative
cannula stabilization, standardized postoperative monitor-
ing, and refinement of immunosuppressive protocols. Sus-
tained sedation and precise drug administration are crucial
for maintaining model stability, with central venous access
for intravenous formulations combined with secure catheter
fixation to prevent dislodgement. Postoperative care should
incorporate high-frequency bedside ultrasound, along with
complementary imaging approaches, such as blood gas
analysis, radiography, CT scans, and MRI, to achieve com-
prehensive functional assessment. Laboratory monitoring
should be streamlined to ensure continuous surveillance of
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drug concentrations, electrolytes, and inflammatory medi-
ators. From a mechanistic perspective, the observed diver-
gence in cardiac and renal rejection warrants in-depth ex-
ploration. Approaches such as single-cell sequencing, cy-
tokine profiling, and immune-subset tracking can delineate
the cellular and molecular determinants, as well as the tem-
poral dynamics, underlying these organ-specific responses.

Conclusion

We present a reproducible combined heart-kidney
xenotransplantation model demonstrating short-term dual-
graft viability, using five-gene-modified Bama miniature
pigs as donors and rhesus macaques as recipients. Our find-
ings demonstrate the technical feasibility and early func-
tional maintenance of dual-organ xenotransplantation un-
der immunosuppressive therapy. Both cardiac and renal
grafts exhibited favorable perfusion and function in the
early postoperative period. The results suggest that the
heart may exhibit greater resistance to rejection in the con-
text of combined transplantation; however, the underly-
ing mechanisms, which may involve immune regulation or
perfusion-related advantages, remain to be explored. Fu-
ture studies should focus on delineating the temporal dy-
namics and regulatory pathways of multi-organ immune re-
jection and improve model stability, ultimately supporting
the development of clinically viable strategies for long-term
functional xenogeneic co-transplantation.
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