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Tissue and organ failure that results from congenital abnormalities, trauma, disease, or 

aging contributes to substantial morbidity and mortality. Although the 20th and early 21st 

centuries have brought dramatic advancements in the use of synthetic and mechanical 

devices to replace tissues, the restoration of tissue and organ structure and function remains 

a clinical challenge. Many biologic functions cannot be replicated with such devices, and 

the unavoidable immune responses that are induced when allografts (see Glossary) of 

human organs, tissues, or cells are implanted can limit the functionality and longevity 

of biologic approaches. Regenerative medicine has emerged as a potential alternative 

approach for tissue and organ restoration in which the engineered tissue is biologically 

functional. Traditional approaches for regenerative medicine involve biomaterial scaffolds, 

stem and progenitor cells, and biologic signaling molecules, alone or in combination, to 

promote new development of healthy tissue (Fig. 1A). A more recent strategy, “regenerative 

immunology,” promotes tissue healing and regeneration through reprogramming of the 

host immune system. However, organ transplantation is still the most complete option 

in regenerative medicine, providing an autologous, allogeneic, or potentially xenogeneic 

replacement for complete physical and biologic restoration.

Advances in immune and genome engineering (or editing) create a foundation for new 

therapies to accelerate the restoration and replacement of tissues and organs, including 

those from xenogeneic sources. Regenerative immunology is based on the fact that immune 

cells such as macrophages and T cells, which are usually considered in their protective 

role against pathogens or “nonself” cells and as mediators of inflammation, can be made 

to adopt programs that can promote healing of tissues that have been damaged by the 

initial inflammatory antimicrobial response.1,2 Such regenerative immune responses can 
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also promote healing after xenogeneic transplantation, provided that the anti-xenogeneic 

response to nonself tissue can be suppressed. Genome engineering has the capacity to 

endow xenogeneic tissues with down-modulating, anti-xenogeneic immune responses that 

can facilitate cross-species transplantation. Therefore, the origins, challenges, innovations, 

and future of regenerative medicine and transplantation are closely intertwined within the 

fields of immune and genome engineering. In this review, we summarize some recent 

developments in this arena.

EXTRACELLULAR MATRIX AS AN INDUCTIVE SCAFFOLD FOR ORGAN 

ENGINEERING

Xenotransplantation — transplantation across species — marked the earliest example of 

functional organ transplantation, when a canine kidney was implanted into the neck of a 

goat in the early 1900s.3 Xenotransplantation has the potential to overcome the barriers 

of human allograft transplantation, such as donor-tissue availability and preservation. 

Today, clinical applications of xenotransplantation primarily involve the use of xenogeneic 

extracellular matrix rather than intact xenogeneic cells or tissues, because intact material 

induces strong adaptive and innate immune responses as a result of xenogeneic major 

histocompatibility complex (MHC), other membrane proteins, and glycans. Xenogeneic and 

allogeneic extracellular matrixes, which are less immunogenic, are currently processed into 

surgical meshes,4 topical powders, and hydrogels for clinical indications such as hernia and 

skeletal muscle repair, breast implant surgery, and wound repair.5

In contrast to immune recognition of components of transplanted xenogeneic tissues and 

organs that result in failure of organ xenotransplantation, extracellular matrixes are now 

known to have strong immunomodulatory properties that favor constructive tissue and 

organ remodeling.6,7 These findings render extracellular matrix an attractive component 

for organ-engineering approaches focused on induction of endogenous tissue repair and 

reconstruction. In vitro studies indicate that extracellular matrix biomaterials processed for 

implantation contain cell remnants and other cues present in damaged tissue that are capable 

of inducing innate repair processes.8 Furthermore, the reservoir of cytokines, chemokines, 

and matrix-bound nanovesicles released from extracellular matrix bioscaffolds when 

placed at sites of injury stimulate physiological processes that facilitate the development, 

maintenance, and repair capabilities of tissues and organs when placed at sites of injury.9,10 

These same physiological processes are key to successful organ transplantation.

Tissue-engineering therapies are clinically available — for example, as skin substitutes 

— but the cost and the challenges of delivering viable cell products limit widespread 

deployment. Engineered vascular substitutes are poised to become tissue-engineering 

products with the capacity to reach large-scale clinical delivery, in part through the 

engineering of inductive extracellular matrix that mobilizes endogenous repair. An off-the-

shelf vascular graft is engineered with the use of donor cells, but the functional graft 

delivered to patients contains no living cells. In this approach, donor cells are seeded onto 

a tubular biomaterial scaffold (Fig. 1B) that is cultured in bioreactors with flow and pulse 

rates to stimulate tissue development with physiological properties similar to those of native 

Elisseeff et al. Page 2

N Engl J Med. Author manuscript; available in PMC 2022 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tissue.11 Cells are then removed from the tissue graft to enable storage and delivery when 

needed. Similar to allograft and xenograft extracellular matrix products, the final product is 

composed only of acellular extracellular matrix poised to mobilize endogenous cells once 

implanted, and these cells will build and remodel the tissue in situ.12

THE SCALING CHALLENGE OF TISSUE ENGINEERING AND STEM CELLS

The somewhat disappointing integration of engineered tissues and organs into clinical 

practice to date can be attributed at least in part to challenges of requisite scale — 

manufacturing numbers of cells adequate to build a tissue or organ of clinically relevant 

size, deliverable to the patient when needed at an acceptable cost. The number of cells 

required to build an autologous tissue de novo is large and difficult to obtain with patient 

biopsies. The discovery of adult and induced pluripotent stem cells (iPSCs) as an expandable 

cell source created excitement as a potential solution for manufacturing adequate numbers 

of cells capable of forming multiple tissue types. However, the therapeutic regenerative 

mechanism of transplanted adult stem cells was found to be immunologically based 

only after clinical testing.13 The early clinical success and regulatory approvals for the 

use of mesenchymal stem cells (MSCs) for treating graftversus-host disease highlight 

their immunomodulatory and tolerance-inducing function in recipients of bone marrow 

transplants. MSCs are currently being tested in combination therapies to promote long-term 

tolerance of vascularized composite tissue allografts and kidney and liver transplants.14–16 

For regenerative-medicine applications, the use of MSCs is more tenuous. After many 

clinical trials of MSCs for treating myocardial infarction (with mixed results), recent 

research in a mouse model suggests that the acute wound-healing response to injection, even 

with dead cells, is the therapeutic mechanism of action.17 Such results again point to the 

potential of mobilizing endogenous repair mechanisms in tissue repair and transplantation 

and the importance of the immune system.

A further example of the scaling challenge lies in organoids, derived from iPSCs, which 

organize into complex tissue structures. The discovery and development of iPSCs raised the 

possibility of a renewable cell source for engineering autologous stem cells and potentially 

a universal iPSC that could avoid immunologic rejection.18,19 Organoids of brain, retina, 

and gastrointestinal tissue replicate the complex cellular composition and organization of 

native tissue structures in miniature, although, as yet, without vasculature.20,21 These tissue 

mimics provide realistic models for the study of development and serve as in vitro screening 

systems, but direct clinical application of organoids for tissue repair is limited by their size 

(which is on the order of millimeters), their avascular nature, and difficulties in reliably 

controlling differentiation into specific tissues.

It is now feasible to apply assembly and additive manufacturing techniques to tissue 

engineering in applications that may be cellular or acellular, in an effort to create organ 

replacements of appropriate size and relevance to human tissues and organs — and at a 

scale needed for broader dissemination. A recent example is a three-dimensional–printed, 

human-size heart (Fig. 1D).22 Large-scale production and practical delivery to patients 

would need to be achieved if these technologies are to have an effect on clinical practice. 
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Tissue and organ restoration in situ and xenotransplantation through immune and genome 

engineering remain the alternatives with more potential near-term applications.

THE IMMUNE SYSTEM — WHERE TISSUE REPAIR AND TRANSPLANT 

TOLERANCE CONVERGE

The immune system is the guardian of tissue and organ integrity. It can be leveraged 

for repair, immune regulation, and tolerance induction. Immune reactions in tissues guide 

infection control, tumor surveillance, autoimmunity and tolerance, and tissue repair. The 

approach of suppressing the immune response in biomaterial implants, tissue repair, and 

transplantation may shift to actively working with the immune system to exploit its 

regenerative capacity. The immunologic component of allograft transplant rejection was 

first observed with tumors and skin grafts more than a century ago, in 1912.23 Intense 

research efforts led to therapeutic management of the acute rejection induced by the T-cell–

dependent allogeneic response that is central to rejection. There remains, however, the 

problem of chronic allograft rejection, which is often mediated by de novo development of 

anti-HLA (and other) antibodies. The current prevention of rejection is generally achieved 

with the use of lifelong immunosuppressive drug regimens. Promoting immune tolerance of 

allografts and eliminating chronic rejection without sacrificing the integrity of the immune 

system and its protective effects are central to current research efforts. A recent study 

involving human transplant biopsy specimens along with murine hearts showed the ability 

of matrix-bound vesicles to mitigate chronic rejection and fibrosis associated with allograft 

heart transplantation by stimulating interleukin-33 production that reduced proinflammatory 

immune activation.24 Cell-based therapies, including stem cells, regulatory T cells (Tregs), 

and chimeric antigen receptor (CAR) T cells, are undergoing clinical testing for their 

capacity to regulate the immune response in transplantation. The concept of regulating the 

immune system instead of suppressing it is a growing direction relevant to both regenerative 

medicine and transplantation.

In the numerous parallels between transplantation and tissue engineering, the focus on stem 

cells may have obscured the potential importance of the immune system in tissue repair 

and regeneration. Endogenous stem cells are critical for tissue homeostasis and renewal, 

but the therapeutic success of delivering stem cells to promote tissue repair has been 

limited clinically. In fact, the immune system may be critical for creating a pro-regenerative 

environment so that stem cells and other tissue-resident cells can be supported, allowing 

them to repair or rebuild tissues. Local resident and systemically trafficked immune cells, 

including eosinophils, macrophages, and T cells, contribute to tissue-repair processes. 

Eosinophils, for example, produce a key cytokine, interleukin-4,25 that is required for 

muscle repair.26 Macrophages are required for limb regeneration in the axolotl (a neotenic 

salamander) and contribute to human tissue repair.2 T cells modulate local tissue immune 

cells and themselves secrete cytokines and growth factors relevant to tissue growth and 

remodeling.27

A subset of Tregs — for example, Foxp3+ CD4+ Tregs — share relevance to both 

transplantation and tissue repair (Fig. 2). Tregs secrete immunosuppressive factors such 
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as interleukin-10, transforming growth factor β, and interleukin-35, which mediate tissue 

tolerance. In addition to immunosuppressive cytokines, Tregs secrete tissue-specific growth 

factors that mobilize stem cells and promote tissue repair. To mobilize local stem cells 

and stimulate new tissue development, Tregs secrete amphiregulin in muscle tissue28 and 

insulin-like growth factor in neural tissue.29 The multinational ONE study (A Unified 

Approach to Evaluating Cellular Immunotherapy in Solid Organ Transplantation) showed 

that Treg therapy was safe in combination with standard immunosuppression and that it 

resulted in a lower incidence of infection and systemic effects of immune suppression 

after kidney allograft transplantation than drug therapy alone.30 Promoting Treg populations 

is also attractive for inducing tolerance in autoimmune diseases such as type 1 diabetes, 

systemic lupus erythematosus, and inflammatory bowel disease.31 Manufacturing techniques 

continue to be developed to efficiently increase the number of Tregs in culture so that 

there are adequate numbers for adoptive transfer in people.32 Further refinement of Treg 

populations for transplantation with antigen specificity and engineered T-cell receptors (e.g., 

CAR Tregs33,34) is likely to enhance their therapeutic efficacy in the future.

XENOTRANSPLANTATION — RIGHT AROUND THE CORNER?

It is hard to imagine factories of beating hearts or expanding and deflating lungs ready 

for implantation when needed, given both the cost and the necessary logistics. A natural 

alternative to de novo engineering of organs is to use a live donor of another species as 

a source. The advantages of this approach are substantial, since a natural living organ 

is by definition fully functional, but cross-species immune responses create challenges. 

Engineering to overcome this restriction must be genetic. Specifically, a long-known 

hyperacute immune response to animal organs is largely eliminated by knocking out genes 

encoding machinery that synthesizes cell-surface carbohydrate xenoantigens — specifically, 

the α-1,3-galactosidase encoded by GGTG1. Two other genes (CMAH and B4GALNT2, 

which encode proteins that produce N-glycolylneuraminic acid) and SD(a) xenoantigens 

have been studied in knockout models and also reduce cross-reactivity. Other challenges 

associated with xenotransplants include risks of zoonoses associated with the animal 

species that supplies the organ and sociocultural reluctance among patients to accept an 

animal-sourced organ. Pigs are generally considered an ideal potential source of organs for 

xenotransplantation in humans. Porcine and human organs are similar in size and shape and 

are readily available, and both inbred and outbred strains are in use for preclinical studies. 

Moreover, pigs can be cloned by means of somatic-cell nuclear transplantation techniques, 

and their genomes can now be readily engineered (or “edited”) by designer nucleases such 

as zinc-finger nucleases, transcription activator–like effector nucleases (TALENs, which 

include a nonspecific DNA-cleaving nuclease fused to a DNA-binding domain that can 

target any sequence), and the versatile RNA-targeted CRISPR-Cas9 (clustered regularly 

interspaced short palindromic repeats and associated Cas9 endonuclease) system. Finally, 

because pigs are more distantly related to humans than are nonhuman primates, it has 

been reasoned that they are substantially less likely than nonhuman primates to transmit 

pathogens through a transplanted organ. Sensitive polymerase-chain-reaction assays are 

available to detect pathogens, and a robust surveillance program would be required to keep 

donor animals pathogen-free, but it would be feasible. Furthermore, an in-depth monitoring 
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program for the products would be required to comply with Food and Drug Administration 

(FDA) requirements. These positives must be balanced against the certainty that the number 

of “minor antigens” in the form of amino acid sequence variations — and thus the potential 

for immunologic incompatibility — inexorably increases with phylogenetic distance.

The first whole-organ xenotransplantations were performed in the early 1900s, and the news 

about them was both good and bad.3,35 The organs were successfully transplanted and 

functional, but we now recognize that most of them failed rapidly because of hyperacute 

rejection in response to glycosylated proteins, such as galactose-α-1,3-galactose, which are 

present in massive amounts in the graft cell membranes of donor animals.36,37 The use 

of donor pigs with an engineered knockout of GGTG1, which is responsible for primary 

glycosylation activity, was able to greatly reduce hyperacute rejection experimentally; 

however, when the tissue was transplanted into nonhuman primates, an imperfect proxy 

for humans, it was still rejected within weeks.38 In a series of studies, researchers have 

embarked on a mission to identify human genes, mostly encoding the CD (cluster of 

differentiation) family of membrane proteins, that can be expressed as transgenic proteins, 

fusion proteins, or even in the form of antibodies against porcine proteins in the pig to 

further mitigate human anti-porcine immune responses (Table 1).38 Several such transgenes 

have been tested, although not systematically, over the past decade, and the proteins they 

encode fall into three categories: immune cloaking, whereby specific transgenic proteins 

interfere with killing by natural killer (NK) or T cells, and complement humanization and 

coagulation humanization, in which specific elements of the human complement or human 

coagulation pathways are used instead of or in addition to porcine counterparts. The ability 

of some of these interventions to promote successful xenotransplantation into nonhuman 

primates has been evaluated, and in some cases substantial improvements in organ rejection 

have been noted.41,44

The use of nonhuman primates in preclinical studies may be well intended, but it may 

add an unnecessary complication to clinical studies. Aside from the expense and ethical 

challenges surrounding such studies, this approach adds a step to what should be a much 

simpler question: can we improve the feasibility of transplanting organs from donor species 

A (pig) into species B (human) by adding a “third party,” species C (nonhuman primate), as 

a test step? Actually, differences between the immune systems of nonhuman primates and 

humans, not to mention the differences in size and physiology, would greatly complicate 

the evaluation of efficacy and safety in going from A to B, the relevant trajectory (Fig. 

3). A good example of an “irrelevant” immunologic phenotype is differential glycosylation 

sensitivity to CMAH-knockout pig cells in nonhuman primates as compared with humans.46 

It would be important to develop additional evaluative platforms that avoid the introduction 

of relevant antigens and organs into nonhuman primates, such as “reversing the polarity” 

of transplantation by transplanting surplus human tissues or organs into pigs, as well as the 

more radical notion of using newly dead organ donors to evaluate the human xenoresponse. 

Such moves might facilitate xenotransplantation implementation in the clinic.47–49
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TECHNOLOGY DEVELOPMENT IN XENOTRANSPLANTATION

Two noteworthy developments in xenotransplantation have occurred in the past few years. 

The first relates to the safety concerns (first raised in the 1980s) around transmission of 

porcine endogenous retrovirus sequences (PERVs) to transformed human tissue culture 

cells.50,51 To eliminate this risk altogether, CRISPR-Cas9 technology was recently deployed 

to eliminate all 62 PERV copies that exist (two copies each of 31 loci) from the porcine 

genome in PK15 porcine kidney cells and fibroblasts.52,53 A second transformative set of 

experiments with the potential to revolutionize xenotransplantation showed the production of 

organ-specific interspecies chimeras (sometimes referred to as “exogenesis”), which opened 

the door to the remarkable possibility of producing organs that contain fully human cells 

in chimeric animals (Fig. 4). As first shown by Nakauchi and colleagues,54 it is possible 

to produce chimeras in which the pancreas is entirely replaced by cells of another species. 

Specifically, in a proof-of-concept experiment, a rat pancreas was produced in a mouse 

through the introduction of rat stem cells into the inner cell mass of mouse blastocysts 

carrying a mutation (Pdx1-/-) that specifically blocked murine pancreas development. More 

recently, similar experiments were performed in pigs, although the pancreas was replaced 

with that of a genetically distinct line of pig rather than a separate species.55

Nakauchi’s group also led experiments that showed that interspecies organogenesis as 

described above could generate autologous functional islets through the transplantation of 

mouse iPSCs into a Pdx1-/- rat. The resulting pancreatic islets were then transplanted into 

an isogenic mouse in which diabetes had been induced by streptozotocin treatment.56 The 

transplanted islets had evident function, as indicated by glucose levels that were normalized 

in the blood of the recipient mice without any immunosuppression administered after the 

first 5 days after transplantation; these normalized glucose levels persisted for 1 year. This 

is compelling proof of concept that exogenesis is in our future, under the assumption that a 

suitable host organism — most likely pig or sheep, in which organ systems are sufficiently 

similar in size and shape to those of humans — can be engineered to adopt our stem 

cells as its own. The extent of engineering of both the porcine and human genomes that 

will be required in order to make exogenesis sufficiently safe and practical and reasonably 

cost-effective is likely to be substantial, not to mention the extensive safety and efficacy 

testing that will be required after stable platforms are developed.

Looking ahead, tremendous progress may make “traditional” xenotransplantation not only 

feasible but pragmatic. Studies involving so-called triple-knockout pigs (i.e., with knockout 

of GGTA1, CMAH, and B4GALNT2) that lack the carbohydrate xenoantigens on the 

surface of porcine cells that are normally recognized by normal human serum and peripheral 

blood mononuclear cells have been performed. The triple-knockout pig is reportedly healthy, 

and in vitro studies indicate that a substantial proportion of the human population is 

likely to lack antibody reactivity to renal microvascular epithelial cells derived from these 

animals.46 Furthermore, the extent of cross-reactivity observed in samples from some 

patients was similar to cross-reactivity observed in some recipients of human allografts, 

which suggests that for this group of patients, rejection of xenotransplants from such 

animals might be controllable through the use of existing immunosuppression regimens. 

The subset of human cells that remain immunoreactive to triple-knockout cells appeared to 
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recognize swine leukocyte antigen (SLA) class I (the porcine equivalent of HLA [MHC] 

class I). In a subsequent study,57 the effect that the deletion of porcine SLA genes had on 

immunoreactivity assays of serum from patients on a transplant wait list was evaluated, and 

the results suggested that such deletions may increase the proportion of patients who could 

benefit.

The second independent means of minimizing immunologic damage to porcine organs 

after transplantation in a human host is the engineering of complement components and 

pathways. One way to mitigate such damage would be to humanize the porcine surface 

antigens by expressing one or more human transgenic proteins that down-regulate the 

activity of human complement and then “cloak” them generally from recognition by 

the human immune system (Table 1). Because human complement regulatory proteins 

coevolved with the human complement pathway, human proteins are expected to be more 

effective at down-regulating the effects of complement than their porcine counterparts. 

These proteins include CD55 (a complement decay-accelerating factor), CD59 (a membrane 

attack complex–inhibitory protein), and CD46 (a complement regulatory protein). The gene 

encoding tumor necrosis factor α has also been proposed as important in controlling acute 

vascular rejection of porcine xenografts,43 and the CD47 signal protein — which sends 

a message of “don’t eat me”39 — is considered particularly beneficial for promoting 

acceptance of porcine tissue. Multiple transgenes can be combined or “stacked” at a single 

permissive locus, such as Rosa26 in the porcine genome.58 A total of nine “stacked” 

transgenes were used, in which sets of three protein-coding sequences each were fused 

and “punctuated” with viral self-cleavage 2A sequences. Just one promoter and terminator 

are required per set of three protein-coding sequences. These stacked transgenes were 

combined with a PERV-free, triple-knockout pig genome45; porcine cells with these 

modifications showed promising in vitro characteristics, including a lack of hyperacute 

response, appropriate complement responses, and a lack of destruction by human NK cells 

and macrophages. An ongoing challenge in humanization through the use of transgenes is to 

identify promoters and insulator sequences (i.e., an enhancer blocker or a barrier) that allow 

sustained long-term expression for further development.

Hozain et al. recently reported yet another trans-species innovation in transplantation 

— namely, the rejuvenation of human lungs initially considered too “damaged” for 

transplantation by connecting them to the circulatory system of a pig.47,48 Such 

extracorporeal cross-circulation restored these otherwise damaged lungs to a sufficiently 

healthy state to be potentially suitable for transplantation. Such a strategy could substantially 

increase the availability of human lungs that would otherwise be discarded rather than 

transplanted.

CONCLUSIONS

The immune system remains vast, complex, and at times mysterious. But it is beginning 

to yield mechanistic and practical insights through sustained molecular and cellular 

probing. With this complexity comes tremendous potential. Immunologic targets have been 

underexploited clinically in regenerative medicine but are likely to represent the means 

of defining cell and tissue therapies of the future. Combined with new immunologically 
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based therapeutic strategies, transplantation and regenerative medicine are converging (or 

reconverging) in the context of immunoengineering and regenerative immunology with the 

potential to provide transplantable tissues and enhanced tissue-repair strategies.
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Glossary

2A sequences
Short amino acid–coding sequences that lead to discontinuous translation, allowing the 

production of multiple proteins from a single coding sequence

Allograft
A graft of cells or tissues from one individual member of a species to another

Chimeric antigen receptor (CAR) T cell
A T cell engineered to express a chimeric antigen receptor

CD (cluster of differentiation)
Cell-surface molecules that help define cell identity and other properties

CRISPR-Cas9
Clustered regularly interspaced short palindromic repeats and associated Cas9 endonuclease; 

a sequence-specific nuclease with sequence specificity conferred by a guide RNA molecule

Exogenesis
The production of a tissue or organ through transplantation of stem cells from a donor 

species (e.g., human) into the blastocyst of suitably engineered recipient species (e.g., pig), 

leading to formation of an organ or tissue from cells with the genome of the donor species in 

the recipient species

Immune cloaking
Expression of cell-surface molecules that minimizes immune system damage to a 

heterologous cell

Major histocompatibility complex (MHC)
A complex of linked genes encoding cell-surface proteins that display peptides produced by 

cleavage of intracellular proteins; these proteins help T cells recognize foreign or mutated 

proteins. Its human form is referred to as HLA, and its porcine counterpart is SLA

Natural killer (NK) cell
A type of cytotoxic lymphocyte critical to the function of the innate immune system

Regulatory T cell (Treg)
A specialized type of T cell that dampens the immune response and maintains self-tolerance
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Xenograft
A graft of tissue from a donor to a recipient of a different species

Xenotransplantation
The transplantation of cells, tissue, or organs to a recipient organism of a different species
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Figure 1. Current and Future Strategies for Tissue Replacement.
Traditional-tissue engineering approaches (Panel A) seed cells onto a three-dimensional 

biomaterial scaffold that serves as a framework for new tissue development (i). The scaffold 

degrades as new extracellular matrix is secreted (ii), resulting in the desired functional tissue 

(iii). Tissue-engineered grafts (Panel B) can induce endogenous tissue development. Cells 

from donor tissue are seeded onto a scaffold (i), and mature tissue is produced in bioreactors 

(ii). Cells are removed (iii), leaving an extracellular matrix that can be readily stored and 

available when needed. After implantation (iv), cells migrate into the matrix and new tissue 

develops (v). Future strategies (Panel C) may use either allograft or xenograft tissue sources 

for transplantable, viable (living) organs or use an acellular tissue extracellular matrix from 

tissue to mobilize endogenous repair mechanisms.
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Figure 2. Convergence of Tissue Transplantation and Repair.
Multiple immune cells contribute to tissue repair and transplant tolerance. T cells, 

highlighted here, contribute to both tissue repair and transplant tolerance through production 

of the immunosuppressive cytokines interleukin-10, transforming growth factor β (TGF-β), 

and interleukin-35 by regulatory T cells (Tregs) and in the context of a wound secrete 

growth factors specific to the tissue. Other T-cell types, such as type 2 helper T (Th2) cells, 

promote tissue repair through production of cytokines, including interleukin-4.
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Figure 3. Phylogenetic Relationships among Mammalian Species Germane to 
Xenotransplantation.
The relationships among the mammalian species cited in this article are shown in this 

unrooted phylogenetic tree. The branches were formed with the use of an algorithm 

available at phyloT (https://phylot.biobyte.de) and visualized using iTOL (Interactive Tree of 

Life; https://itol.embl.de).
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Figure 4. Xenotransplantation versus Exogenesis — Therapeutic Concepts.
Panel A shows xenotransplantation. (Human components are colored purple, and porcine 

components are colored green.) The genome of a pig is immunoengineered both by deleting 

porcine major antigens and by adding specific human transgenes expressing proteins that 

have been shown or hypothesized to improve the ability of “xeno organs” to persist (e.g., 

in animal models of xenotransplantation, such as nonhuman primates). Next, the result of 

the immunoengineering — a donor organism for xenotransplantation — produces an organ 

modified by immunoengineering. Here, the organ is a kidney, which is green because it 

has a mostly porcine genome but expresses certain human or humanized proteins (purple 

circles) intended to improve persistence in humans. Transplantation of the xeno kidney 

into the recipient restores function. Panel B shows exogenesis, in which a patient is the 

source of autologous human stem cells (e.g., patient-derived induced pluripotent stem cells 

[iPSCs]; purple cells). These are injected into a porcine blastocyst derived from a previously 

immune-engineered pig that has been “humanized” through the deletion of porcine genes 
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and the introduction of human transgenes, as shown in Panel A. The exogenic blastocyst 

gives rise to a chimera producing a kidney that has a human genome, which can now be 

transplanted into a recipient.
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