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Abstract: Animal models provide the link between in vitro research and the first in-man application
during clinical trials. They provide substantial information in preclinical studies for the assessment
of new therapeutic interventions in advance of human clinical trials. However, each model has
its advantages and limitations in the ability to imitate specific pathomechanisms. Therefore, the
selection of an animal model for the evaluation of a specific research question or evaluation of a
novel therapeutic strategy requires a precise analysis. Transplantation research is a discipline that
largely benefits from the use of animal models with mouse and pig models being the most frequently
used models in organ transplantation research. A suitable animal model should reflect best the
situation in humans, and the researcher should be aware of the similarities as well as the limitations
of the chosen model. Small animal models with rats and mice are contributing to the majority of
animal experiments with the obvious advantages of these models being easy handling, low costs, and
high reproductive rates. However, unfortunately, they often do not translate to clinical use. Large
animal models, especially in transplantation medicine, are an important element for establishing
preclinical models that do often translate to the clinic. Nevertheless, they can be costly, present
increased regulatory requirements, and often are of high ethical concern. Therefore, it is crucial to
select the right animal model from which extrapolations and valid conclusions can be obtained and
translated into the human situation. This review provides an overview in the models frequently used
in organ transplantation research.
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1. Introduction

In many areas of biomedical research, the use of animal experiments is indispensable.
As a result of this, the conducting scientist has a major responsibility toward science and
animal welfare. Furthermore, one has to focus on the legal, ethical, and social impact [1].

For the transferability of research results from bench to bedside, in vivo studies are
essential. In particular for the evaluation of mechanisms or responses depending on
complex interactions within an organism, a living model is indispensable [2]. Although
research on animal models has always been of ethical concern and needs to be well justified
and planned according to Russel and Burch’s 3R-Principle, it is important for the mimicking
of a clinical situation and the translation into clinical practice. Transplantation medicine is
one of the disciplines being fundamentally dependent on living systems.

New technologies and therapeutic strategies can only be proven safe and effective us-
ing specifically designed animal models [3]. Preclinical animal testing is still indispensable
because it is providing valuable and fundamental understanding prior to early feasibility
testing.

The transplantation of solid organs is a well-established medical intervention. Al-
though technically challenging, it is considered a routine intervention for many organs;
this holds especially true for the kidney [4].

The Global Observatory on Donation and Transplantation (GODT) is a cooperation
project between the World Health Organization (WHO) and the National Transplant Or-
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ganization (Organización Nacional de Transplantes, ONT) of Spain. The purpose of the
GODT is to collect data of allogenic transplantations. Data of 111 member states have been
evaluated, representing 82.2% of the global population in the year 2015. A total number of
126,670 solid organ transplants were reported, consisting of 84,347 kidneys, 27,759 livers,
7023 heart transplantations, 5046 lung transplantations, 2299 pancreas, and 196 small bowel
transplants [5]. For 2018 on the GODT website, a total number of 146,840 solid organ
transplantations were reported, but this was still a number far less than the demand [6].
The discrepancy in this number is showing that there is still a tremendous need for research
in this field. New approaches must be established to overcome the shortage of organs
such as evaluation of marginal or organs of older donors to include them into the donor
pool, improving organ protection strategies, and minimizing the ischemic and reperfusion
damage or ex vivo machine perfusion for organ reconditioning [2,7].

Animal models are in need when in vitro or in silico systems cannot provide a reason-
able and reproducible approach of an organism in vivo. The use of discarded human grafts
to replace animal models is not feasible, as they are difficult to get and not available in a
sufficient number to perform controlled studies [7].

In transplantation, the tight dependency between physiological functions, systemic
interactions, and immune responses associated with the entire living system determine
cell, tissue, or organ graft survival [7,8]. Therefore, animal models are essential to evaluate
the therapeutic efficacy and safety of new approaches in the field of organ transplantation.
However, finding the right animal model can be challenging: small animal models require
specifically skilled personnel with specialized microsurgery abilities, which is often not
available. In addition to the ethical concerns and regulatory burdens, large animal studies
are extremely labor-intensive and expensive [7,9].

To be able to get valid and reproducible data out of an experiment, the selection of an
appropriate animal model is of utmost importance.

The understanding of the basic correlations of the immune response has been discov-
ered in animal experiments. These experiments helped to provide a deep insight into the
mechanisms of transplant immunology, rejection, and the modus operandi of immunosup-
pression as well as the opportunity to refine and develop surgical techniques [10].

Small and large animal models significantly contribute to the understanding of trans-
plantation medicine. Here, as in other areas, the clinical relevance and potential for
translation highly depends on appropriately designed experiments [11].

It will always be necessary to design and investigate new animal models to better
represent the results of the latest research or better address unclear processes through in
more optimized and standardized ways [8].

While designing a preclinical animal study, the researcher should provide a rationale
for the choice of the animal model. It is of paramount importance that the animal model
of choice reflects as close as possible the physiological attributes of the human situation.
It is recommended to also address the limitations of that animal model by describing the
deviations and the similarities between the selected model and the intention in humans [3].

The aim of this review is to give an overview of the most common animal models in
allogeneic solid organ transplantation.

2. Small Animal Models

Small animal models with rats and mice are contributing to the majority of animal
experiments. The obvious advantages of these models are well known, being easy han-
dling, low costs, and high reproductive rates [12]. Rodents, rabbits, and guinea pigs are
considered the main small animal species [13].

The first studies in small animal rodent models focused on transplant injury caused
by ischemia/reperfusion injury (IRI) or immune-mediated rejection triggered by antibody-
mediated rejection (AMR). IRI causes the release of inflammatory mediators, inducing the
activation of the innate immune response, resulting in sterile inflammation and microvas-
cular alterations in transplanted organs [14]. Donor-specific antibodies may contribute to
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AMR by supporting microvascular changes, endothelial cell injury, increased intravascular
macrophages, interstitial edema with or without hemorrhage, and neutrophilic infiltra-
tion [15,16].

Rat models contributed significantly to clarify the immune response in vascularized
and neovascularized setups. There are many genetically defined and well-characterized
rat strains available for research purposes in transplantation immunology. In particular,
the strains Brown–Norway (BN) and Lewis (LEW) are widely used [17].

Mice have always played an important role in a variety of disease models not only
because of the extensive knowledge of their immune system and the possibility of genetical
modification but also because of the immense availability of specific reagents. Mice as re-
cipients and donors contributed significantly toward the understanding of the mechanisms
of rejection and innate immune injury [10].

However, relevant differences exist between the immune system of humans and
mice involving many signaling molecules and pathways, mediators, receptors, and the
cell phenotype. Lymphocytes represent 30–50% of peripheral blood leukocytes in the
human blood, whereas it is 75–90% in mice. The largest proportion of lymphocytes in
the circulation are T cells in humans and B cells in mice [11,18,19]. The metabolism of
immunosuppressive drugs is provided by Cytochrome P450 (CYP450). The CYP subfamily
member CYP2J is coded by a single gene in humans but by four in rats and by eight
genes in mice. This pharmacodynamic and pharmacokinetic differences are important to
consider in the use of immunosuppressants [20,21]. In addition, it can be very challenging
to obtain pure and reliable samples from small animals. Especially the collection of urine
samples in a sufficient volume from rodents for standard urinary testing usually involves
time-consuming procedures such as metabolic cages [22–24].

Although sharing many genetic homologies, the direct translation from mice to human
has significant limitations. However, most of the proof-of-concept experimental setups do
serve well as valuable proof of concept studies [25–28].

The insights gained with mouse models served as groundwork for studies in large
animal models such as nonhuman primates [18].

Once the microsurgical techniques of transplantation were established in rodent
models, a rapid increase in immunological basic knowledge arose. The advantage of
mouse models is on the one hand the possibility of generating pathogen-free, genetically
inbred stains which decrease the variability seen in many large animal models. The unique
possibility of deleting and inserting specific genes by using genome-editing technologies
such as CRISPR/Cas9, direct injection of DNA for the creation of transgenic mouse models,
or for homologous recombination mediated by gene targeting to create knock-in and
knockout models offered the opportunity to gain deeper insight into the complexity of
the immune response. Mouse models of transplantation contributed tremendously to
the identification of many relevant cytokines, chemokines, co-stimulatory ligands, and
receptors [11,29].

However, the use of inbred strains also has the major drawback of a lack of genetic
diversity, which does not resemble the situation in humans [30]. In addition, other con-
tributing facts such as sex, obesity, age, various comorbidities, and organ-related issues
such as ischemia times, which are the common variables in human transplantation, play a
considerable role on the effects of the immune response and therefore on graft outcomes.
If these facts could be integrated in a mouse transplantation model, it will significantly
contribute to more translatability from mice to man [18].

The humanization of mice offers the chance for better translatability, and this powerful
tool has evolved enormously since the first steps in 1988 [31].

Ajith et al. [32] recently reported the development of a personalized humanized mouse
model for the evaluation of the alloimmune responsiveness between donor and recipient
to minimize the immunological risk of allograft rejection in organ transplantation. In the
future, this approach could also be used to evaluate the immune response in allogeneic
cell-based therapies such as cell products derived from induced pluripotent or adult stem
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cells. This recipient’s personalized humanized mouse model may contribute to the selection
of the most histocompatible donor for a specific recipient with the lower number of HLA
mismatches. As this model considers the varying immunogenicity of HLA antigens and
the impact of non-HLA-related alloantigens, it may provide a strategy to maximize graft
survival and reduce the dependency on immunosuppressive drugs.

As a result of the many species-specific differences between the mouse and the human
immune system, the development of humanized mice led to the possibility to study
the human immune response in a small animal model. This may become an important
preclinical model to investigate the mechanisms of human allograft rejection. For instance,
humanized mouse models have been used to investigate the mechanisms of islet allograft
rejection, human T cell-mediated skin allografts, or xenograft rejection [33].

Rodent models of organ transplantation are suitable models to study the immuno-
biology of transplantation including acute, chronic, cellular, and humoral rejection and
ischemia reperfusion injury, because of the wide availability of tools such as inbred, trans-
genic, and knockout animals; genetic mapping, monoclonal antibodies, and reagents [34,35].
This led to a continuous further development of the technique [36]. However, kidney trans-
plantation in mice is known to be a challenging procedure with success rates ranging from
40 to 70% [37,38]. Due to its complexity, it is only performed by a few experts [36].

Within the rodent models, rats do have advantages to mice as they are larger than
mice, which makes surgical procedures less challenging in rats [12].

In order to achieve the desired and reproducible results in small animal solid organ
transplantation models, there is the necessity of training. A certain number of operations
and a timeframe of at least a couple of months or sometimes even years can be necessary,
which might hinder the wider use of these techniques [39–45].

2.1. Kidney Transplantation

The rat kidney transplantation model is widely used for acute and chronic rejections
as well as to study renal hypertension [46,47]. This experimental procedure has been
standardized, and various new techniques contributed to the reduction of complications
and therefore decreasing the number of animals needed [46–49]. Due to this, high long-term
survival rates can be achieved with excellent vascular patency rates of up to 95% [50,51].
The orthotopic rat transplantation model is also a reproducible and reliable model to study
different aspects of kidney transplantation such as acute, chronic, cellular, or antibody-
mediated rejection [48,52].

Mouse models of vascularized kidney transplantation have been widely used to study
the mechanism of IRI and transplant rejection. Removing the recipient’s native kidneys
4–5 days after transplantation decrease the probability of mortality during the early post-
transplant phases due to delayed graft function. Nevertheless, the advantage of removing
both native kidneys during the transplantation operation is that the immediate renal graft
function can be monitored [14,53–55].

In brief, the donor’s kidney is harvested for transplantation. For recipient procedures,
transplant and bilateral native kidney removal is done either simultaneously [56,57] or
some days after transplantation [53,55]. The native kidney is removed first after opening of
the abdomen; then, the donor kidney is transplanted.

However, graft loss can still be high due to arterial thrombosis because of turbulences
in the blood flow leading to platelet activation and thrombus formation. A revised surgical
technique using a cuff for a longer anastomosis and a straighter blood flow resulted in
lessened thrombosis and therefore a better outcome. This surgical model provides a
fully vascularized orthotopic kidney transplantation model, which can be used for graft
tolerance and rejection studies, delayed graft function, and ischemia reperfusion injury
studies [56,58].

Syngeneic and allogeneic mouse models have been used for testing IRI treatments in
kidney transplantation models. However, the contribution of the individual mouse genetic
background should be taken into account when planning and designing studies [14].
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Despite the genetic disparities as mentioned above, and even considering that the
rodent model is less expensive and better to manage, the direct translatability to human
is limited also because of the anatomical differences between these two species. While
humans and pigs have a multilobular and multipapillary kidney architecture, mice, rats,
dogs and rabbits have unilobular, unipapillary kidneys [59].

2.2. Liver Transplantation

Animal models contributed significantly to the medical advances of liver transplanta-
tion. Although technically even more demanding, as the mouse liver vessels are eight times
smaller than those of the average adult rat, a mouse orthotopic liver transplant model has
been established. Mouse models are attractive because of their well-characterized genome
and the possibility of knockout or transgenic models as well as the lower costs and the
continuous availability of research substances [39].

In 1979, Naoshi Kamada pioneered in publicizing the first orthotopic rat liver trans-
plantation using a cuff technique. This technique is well described and standardized
and has been used worldwide since then [42–45,60,61]. During a 5-year period, Kamada
performed more than 500 rat liver transplantations with a survival rate of 95.3% [42,43].

The cuff procedure shortens the anhepatic phase in the recipient animal, but it can be
associated with foreign body reactions to the cuff [42].

Since then, alternative techniques such as cervical liver transplantation have emerged,
but the Kamadas model remained the gold standard. For the rat, a literature review
revealed 30 techniques or technical modifications [62].

The mouse model of orthotopic liver transplantation is especially attractive due to its
similarity to man. Mice do have unlike rats a gallbladder, and they share a greater similarity
between their histocompatibility complexes [39]. This model can give a comprehensive
insight in research questions regarding immunobiology and pathobiology of the liver,
tissue injury, regulation of alloimmunity, graft rejection, and tolerance induction, as well as
liver biology and the pathogenesis of specific liver diseases.

In summary, the orthotopic liver transplantation in the mouse model is a useful tool in
transplantation research and can contribute to new therapeutic interventions in this field.

2.3. Heart Transplantation

Heterotopic vascularized heart transplantation in a rodent model is a frequently used
procedure to study the pathogenesis of graft rejection, immune response, the effects of IRI
and graft preservation, as well as immunosuppressive regimes [63,64].

During this procedure, the heart of the donor animal is explanted and transplanted
heterotopically into the abdomen of the recipient animal with the donor’s ascending aorta
anastomosed to the recipients infrarenal aorta, and the donor’s pulmonary artery anasto-
mosed to the recipient’s inferior vena cava [41,65–67]. This recipient surgical procedure
can also be performed using cervical vessels. In brief, the right cervical common carotid
artery and external jugular vein of the recipient are isolated, and a Teflon cuff (Heron cuff
technique) is placed over the caudal carotid artery and jugular vein. The donor aorta and
pulmonary artery are connected to the cannula of the recipient cervical common carotid
artery and external jugular vein and are ligated and fixed. If the transplanted heart is
beating, the cervical incision can be closed [68,69].

It is a unique feature of this organ transplant model that graft monitoring can be done
directly via palpation of pulsation in the abdomen without the need for repeated blood
collection and blood chemistry [63].

This heart transplantation model is not life sustaining, and graft survival is not equated
with animal survival. Acute rejection is defined by no palpable graft pulsation, and long-
term survival is defined by viability of the graft beyond day 100 after transplantation. With
chronic rejection, the heart rate decreases, the pulsation reduces linearly, and the heart size
decreases. Animal death at or before day three is considered to be a technical failure [63].
Especially, the analysis of rejection processes in different mouse strains with defined genetic
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backgrounds offers the unique possibility to gain a deeper insight into immune interactions
between receptors and ligands and their effect on physiological and pathophysiological
mechanisms of acute and chronic graft rejection [67].

Heterotopic heart transplantation as an in vivo tool has been proven to be a solid
vascularized immunological model in acute rejection or chronic transplant failure. As a
result of the size, functional orthotopic heart transplantation cannot be performed in mice.
In the heterotopic transplant, the ascending aorta is anastomosed to the abdominal aorta
and the pulmonary artery is anastomosed to the vena cava. This is leading to a sufficient
perfusion of the organ but only to a reduced workload of the graft [11].

Anatomical differences between man and mice regarding the vascular bed are limiting
the use of this model for antibody-mediated rejection research. The human coronary
arteries are supplied by vasa vasorum, the murine are not, and it is possible that these
small vessels provide a route for inflammatory cells and cytokines into the coronary
arteries of heart transplants in humans, but not in mice. Additionally, in the human
heart, the coronaries are located on the surface, embedded in epicardial fat, and epicardial
fat produces proinflammatory cytokines including IL-6, IL-8, and MCP 1. In contrast to
humans, in mice, only the first few millimeters of the coronary arteries are on the surface
of the heart, and after that short distance, they pass through the myocardium [67,70].

However, keeping these differences in mind, the in vivo model of heterotopic heart
transplantation in rodents is a valuable tool with good experimental reproducibility.

2.4. Lung Transplantation

Although experiments on canine models laid the foundation for the first successful
lung transplantation in humans, small animal models contributed significantly to gain
further insight into the immune response to pulmonary grafts. However, eventually, the
opportunity to successfully perform orthotopic vascularized lung transplantation in mice
together with genetic tools paved the way to study in depth the immune and non-immune
factors leading to lung graft rejection [71].

The rodent lung transplantation model is complex but meanwhile standardized
and well replicable. This model gave insights into lung preservation models, ischemia–
reperfusion injury, and the mechanisms of acute and chronic rejection [72].

Lung transplantation is also described in a rat model, but the lack of specific antibodies
compared to mouse models restricts the broader use of it. As already described for
other organ transplantation models, the possibility of using a large variety of transgenic
and knockout strains in mice and many available antibodies outweighs the seriously
complicated surgery due to the size [73].

However, still, the rat model did its contributions, as the four phases of acute lung
transplant rejection were defined in a rat lung transplantation model, indicating that
bronchus-associated lymphoid tissue (BALT) within the lung graft played an important
part in accelerating acute rejection [71]. BALT is expressed constitutively in rat lungs but
not in mouse or human lungs where it can be induced after inflammatory processes. Due
to the morphological differences in fibrotic airway obstruction in humans and rats, the
orthotopic lung transplantation model in the rat is not broadly used.

2.5. Large Animal Models

Small animal models are the model of choice for proof of concept studies and protocol
development but unfortunately often do not translate to clinical use. In addition, because
rodent models highly depend on the surgeon’s skills, therefore, they are not easy repro-
ducible. Large animal models, especially in transplantation medicine, are an important
element for establishing preclinical models, which often translate to the clinic [74].

For a long time, advances in transplantation have been based on the use of large animal
models by bridging the gap between inbred mouse experimentation and the translation
into human clinical trials [75].
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Large animal models include sheep, goats, cows, pigs, horses, dogs, and primates.
Among these, the most commonly used species are canines, swine, and nonhuman primates
(NHPs) [9,13]. They all have similarities to human physiology and anatomy, which makes
them suitable for preclinical studies. The dog model contributed significantly toward
kidney transplantation, as the vessel anastomosis were established in this model [59].

However, the usage of pigs is driven by some beneficial facts: the pig is rated as a
food source and therefore less ethical, and public resentments accompany the use of this
species in research compared to dog or nonhuman primate models. As a result of their
size, repeated sample taking is possible. In addition, pigs can be genetically modified,
and the pigs genome has a high homology with humans [59]. Another advantage of the
pig model is the similarly structured MHC Complex in comparison to humans. This is
especially important in transplantation research [28,76]. Large animal models are of great
interest in transplantation immunobiological research, as MHC class II expression levels
and regulation of the endothelium is similar to humans. Therefore, dogs, pigs, and NHPs
are frequently used in transplantation research, as their anatomy and immunobiology is
close to that of humans [77].

The advantages of large animals compared to small animal models lays in the greater
similarity of physiologically and anatomically characteristics such as size, tissue structure,
and life expectancy. An important aspect is also that large animal species usually are
outbred populations, which mimics more accurately the diversity of the human population.

Compared to small animal models, large animals provide a more clinically relevant
model to test the translatability of new therapies [9,13].

A variety of large animal species have previously been used, but the necessity for
highly specific and tailored therapies demands a model with a significant grade of homol-
ogy to humans. As a consequence, nonhuman primates became the preferred choice in
many experimental settings [75].

Although being the model that resembles the situation in humans at its best, the use
of NHPs is often limited by increased regulatory requirements and ethical concerns. The
high demands on husbandry and training, zoonotic risks, and the need for personal pro-
tective equipment are making these experiments extremely costly. Nevertheless, baboons,
cynomolgus monkeys, and rhesus macaques do have the unique cross-reactivity with
human immunoreagents. NHPs are frequently used in xenotransplantation research, using
pigs as organ donors. Pigs are usually the donors, as they can be relatively easy genetically
manipulated, e.g., with knockout of the Gal antigen. As a result of the size ratio, baboons
are frequently used as recipients in solid organ pig xenotransplantation. Smaller NHPs,
such as cynomolgus macaques, play an important role in xeno-islet transplantation [75].

In contrast, pig and dog models are a satisfactory solution offering a relative ease
of experimental handling, lower costs of breeding and handling, and in terms of pigs,
they are socially more accepted [9]. However, the choices of available species-specific
immunoreagents are still limited, but the increased demand is leading to the development
of new reagents [9].

2.6. Kidney Transplantation

Large animal models are crucial in renal transplantation research, as there are only a
limited number of in vitro models available due to the complexity of this organ [59,78,79].

As a result of the similar size of the kidney in swine and humans, the pig model is
frequently chosen for research in the field of kidney transplantation and also for surgical
training [59,80].

In addition, pigs do have about 80% of immune parameters in common with humans,
and they have about 50–70% of neutrophils in their peripheral blood; this is comparable
to human rates. As in humans, pigs also express CXCL8/IL-8, their macrophages do not
express iNOS but IFN-γ, and LPS do stimulate IDO (indoleamine 2,3 dioxygenase) in
macrophages. The expression of CXCL-8/IL-8 correlates with disease severity in pigs and
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humans in acute kidney injury [81]. The main advantage of the pig model is the human-like
renal anatomic structure with multipapillary and multilobular kidneys [59].

Swine and nonhuman primate models play an important role in pharmacological
preclinical studies regarding safety and efficacy [59].

In contrast to the suitability of pigs as a preclinical model stand some impairments
such as the fast growth rates, which puts high demands on the housing and some anatomic
specialties.

Regarding the operation, pigs have some unique anatomic structures and character-
istics that a surgeon has to keep in mind. Especially, the narrow ureter and its mucosa
is prone to edema, making this part of the transplantation challenging. Complications
during surgery could also result from malignant hyperthermia, cardiac irregularities, peptic
ulceration, and post-operative small-bowel obstruction [82,83].

2.7. Liver Transplantation

Large animal models for liver transplantation are extremely difficult models, as the
prepared situation of acute liver failure results in a high mortality rate. In large animal
models, the pig is the dominant species in use [84–86]. Still, these animal models often do
not lead to translation into clinically relevant settings. The nature of liver disease plays
an important role in this part, as the damage usually accumulates over years with severe
impairment of both liver structure and function. The injuries developed in animal models
are usually milder and occur in a timeframe of days or weeks. When it comes to the
recovery of liver injuries, a realistic preclinical animal model is still lacking [87].

2.8. Heart Transplantation

In cardiovascular research, it is obvious that data from small animal models with their
high heart rates (300–840 beats per min in mice and 330–480 beats per min in rats), small
organ size, different metabolic rates, and action potential durations cannot easily translate
to humans. As a result, many therapeutics, which seemed promising in the rodent model,
failed in large animals and humans.

Large animal models such as pigs, dogs, and sheep are more suitable models in
cardiovascular research, with pigs and sheep being mostly the model of choice. Pigs
and sheep do resemble the human situation closely regarding heart size, immune system,
and anatomy. However, one major disadvantage of the pig model is the susceptibility to
tachyarrhythmias and sudden death [88].

However, the pig still remains the best choice over other animals such as sheep and
dogs as a preclinical model of orthotopic heart transplantation [89].

The heart of the pig is anatomically similar to humans, which makes it particularly
suitable for cardiac transplantation research. Still, the surgeon needs to pay attention to
some drawbacks: the porcine heart and pulmonary artery is very delicate and prone to
tears. Furthermore, as already stated, the pig’s heart is very sensitive to arrhythmias, which
makes it necessary to routinely administer anti-arrythmetic drugs prior to surgery.

An important anatomic difference between the porcine and the human heart is the
existence of the left hemiazygous vein, which drains directly into the coronary sinus and
has to be ligated during surgery. Although the porcine heart is very sensitive to ischemia,
it is still an appropriate model for heart transplantation studies. This procedure requires a
trained and experienced surgeon to be performed, but consistency and repetition makes it
an optimized and reliable model [89,90].

2.9. Lung Transplantation

As in kidney transplantation, pigs are also a suitable model for lung transplantation,
as they have a comparable size of the organ compared to humans. This makes them the
optimal model for research in ex vivo lung perfusion (EVLP). As a result of the similarities
in size, tidal volumes, and positive end-expiratory pressure, the same equipment that
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would be used in humans can be used, which makes the findings directly transferrable to
clinical trials [91].

Dog models were crucially important for the development of the surgical procedure
to translate into the first human lung transplantation. Canines were thought to be suitable
large animal models in transplantation research of solid organs and hemapoietic stem cells
because they are an outbred species and therefore have a larger variety in MHC antigens.
However, due to ethical considerations and their pet status, the canine model became
irrelevant [92,93].

As a result of the anatomical analogy, the surgical techniques from human lung
transplantation can be transferred to the pig model. The one major difference is the right
pig lung, which consists of four lobes and has a tracheal bronchus. As a result of this,
transplantation of the left lung is the preferred.

However, a pig lung transplantation is a demanding procedure that requires a skilled
surgeon and a minimum of ten procedures for a learning. However, once initialized, the
mortality is around 0% for this established method [92,94].

Table 1 summarizes the general pros and cons of small and large animal models.

Table 1. Pros and cons of small and large animal models.

Small Animal Model
(Mouse, Rat, Guinea Pig, Rabbit)

Large Animal Model
(Pig, Sheep, Goat, Dogs, Nonhuman Primates)

Pro Con Pro Con

Large availability of
markers, antibodies, and

other reagents

Limitations in sample
volume and number of

repeated sampling

Larger volumes of samples and
higher frequency of sampling

possible, potentially increasing
statistical power

Reduced availability of
reagents

Easy breeding, cheap, easy
handling Short lifespan Longer lifespan for chronic models Costly, long breeding

periods, difficult handling

Reduced costs for
pharmacological substances,

because of body weight

Rapid disease induction in
surgical models vs. mostly
slow disease progression in

patients

Surgeries easier to perform Increased regulatory
requirements

Sequenced genome
Often inbred strains, do not
reflect the heterogeneity of

the patient population

Mostly out bred population, better
representing the heterogeneity of
population, physiologically and
anatomically similar to human

(body size, tissue structure, and life
expectancy) and with greater

sequencehomology

High ethical concern

3. Conclusions

Although a large number of animal experiments are conducted worldwide, only about
one-third is translated to human trials in the clinics [95].

Transplantation research represents an exception toward this tendency, as this disci-
pline largely benefits from the use of animal models [96–98]. At present, mouse and pig
models are the most frequently used models in organ transplantation research, and they
replaced the earlier canine models [99].

While planning preclinical animal research projects, a sound rationale for the selection
of the animal model in use should be provided. This animal model should reflect best the
situation in humans, and the similarities as well as the limitations of the model should be
described [3].

There is no perfect animal model that completely mimics the situation in humans or
clinical trials. However, a continuous effort has to be made to collect as much translatable
data as possible out of experimental animal models. This will contribute directly toward
finding the appropriate model and therefore reducing animal numbers.
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