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The transplantation of cells and organs has an extensive history, with blood transfusion and
skin grafts described as some of the earliest medical interventions. The speed and efficiency
of the human immune system evolved to rapidly recognize and remove pathogens; the
human immune system also serves as a barrier against the transplant of cells and organs
from even highly related donors. Although this shows the remarkable effectiveness of the
immune system, the engineering of cells and organs that will survive in a host patient over the
long term remains a steep challenge. Progress in the understanding of host immune responses
to donor cells and organs, combined with the rapid advancement in synthetic biology
applications, allows the rational engineering of more effective solutions for transplantation.

The development of synthetic biology as a
discipline has greatly benefited the trans-

plantation field. If one accepts the definition of
synthetic biology as rational engineering of ex-
isting and novel biological pathways and mate-
rials, there are two broad areas of application
within transplantation: the generation of organ
structures from composite cells and matrices
and the engineering of cellular genomes for im-
proved survival and function in the host. The
former is more relevant to organs; the latter ap-
plies to both cells and organs in transplantation.

Generation of organ and other biological
structures in vitro, or tissue engineering, has
been an active area of research for many years
(Vacanti 2010). Application of more advanced
technologies has greatly accelerated the genera-
tion of a variety of tissues and organ-like struc-
tures (Mou et al. 2015). The use of novel matri-
ces and mechanical methods has allowed

increasingly complex structures containing
many different cell types (Murphy and Atala
2014). Hybrid approaches combining in vitro
and in vivo organ generation are also active ar-
eas of investigation.

Modification of mammalian and other
complex eukaryotic genomes has been a focus
of research for decades; however, outside of
mouse embryonic stem (ES) cells, most efforts
have been limited to random integration of con-
structs in the genome using transfection or viral
delivery. The application of more advanced syn-
thetic biology techniques to mammalian ge-
nomes faces both biological and practical chal-
lenges.

First, mammalian genomes are much larger
and encode substantially more genes, many of
unknown function, compared with microbial
genomes. Because the mammalian genome is
responsible for the generation of a large variety
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of divergent cell types, complex regulatory cir-
cuits for gene expression are required. There-
fore, predicting the effects of individual modi-
fications on development and function of a
multicellular organism is difficult.

Next, on a practical level, mammalian ge-
nomes are more difficult to modify than micro-
bial genomes. Aside from larger genome sizes,
mammalian DNA is more complex and repeti-
tive compared with microbial genomes mak-
ing synthesis and assembly more problematic.
Mammalian genome engineering has acceler-
ated as the efficiency and cost of DNA synthesis
has decreased, and the size of constructs that can
be produced has increased. More advanced as-
sembly methods (Casini et al. 2015) and the use
of intermediate cells such as yeast (Jakočiūnas
et al. 2015) further facilitate large genome frag-
ment construction. However, as DNA sizes in-
crease, the isolation of intact constructs and
methods for efficient delivery into cells remain
limiting. The delivery of large constructs by fu-
sion with yeast has been described, but they risk
contamination from the donor cell genome (Li
and Blankenstein 2013). Artificial mammalian
chromosomes have been constructed (Katona
2015), but their deployment in animals exhib-
ited inaccurate mitotic division and passage to
daughter cells and poor inheritance (Tomizuka
et al. 2000).

Synthesis and assembly of mammalian ge-
nomic DNA is only a part of the challenge. Once
novel DNA is introduced into the cell, it must be
inserted at the appropriate genomic site without
introducing inappropriate sequences. Engineer-
ing of mouse ES cells takes advantage of en-
dogenous homologous recombination activity;
however, other mammalian cells have required
creation of site-specific double-stranded breaks
in the genome and enhancement of recombi-
nation. Technologies including zinc-finger nu-
cleases (ZFNs), transcription activator-like ef-
fector nucleases (TALENs), and CRISPR-Cas9
have allowed more efficient double-stranded
DNA breaks at virtually any place in the genome
(Gaj et al. 2013). CRISPR-Cas9, in particular,
has created a large amount of excitement be-
cause of its ease of use compared with ZFNs
and TALENs; however, in all cases, the function

is limited to the creation of double-stranded
DNA breaks, which, although useful, does not
address the low rate of homologous recombina-
tion. Ongoing efforts seek to improve homolo-
gous recombination or circumvent these limi-
tations with sequence-specific recombination
technologies, such as recombinases and integra-
ses (Brown et al. 2011; Turan et al. 2013).

In summary, the application of synthetic
biology approaches to cell and organ genera-
tion, modification, and function has enhanced
the efficiency and complexity of tissue and ge-
nome engineering, rapidly advancing the field
of transplantation.

FOCUS AREAS TO IMPROVE CELL AND
ORGAN TRANSPLANTATION

Transplantation is an extremely well-researched
area of medicine, with many rejection mecha-
nisms defined at the cellular and molecular
level. Although this provides a broad set of path-
ways and targets for intervention, the scale and
complexity of the modifications required have
made engineering of cells and organs for trans-
plantation extremely difficult. Most efforts have
focused on either ablation of immunogenic epi-
topes or random integration of constitutively
expressed transgenes to control rejection re-
sponses. Recent improvements in synthetic bi-
ology toolsets now make large-scale mammali-
an genome modification feasible.

Although the immune mechanisms in-
volved are similar, overall rejection responses
to cells and organs differ. The ability to produce
and transplant relatively uniform cell popu-
lations using less-invasive technologies results
in less trauma and fewer immune stimuli com-
pared with organ transplantation involving
more damaging surgeries, which activates
more complex rejection responses. Therefore,
the engineering required to improve survival
of cells is somewhat different than for organs
in transplantation. There are several broad sys-
tems to be addressed for transplantation.

Reduction of Immunogenicity

Rejection responses in the absence of pharma-
cologic intervention can be extremely rapid,
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with complete destruction of donor tissue in
just minutes. Even syngeneic cells can be immu-
nogenic, as shown in experiments with induced
pluripotent stem cells (iPSCs) (Sackett et al.
2016). A significant number of effective phar-
macologic agents have been developed for the
prevention of rejection responses (Allison
2016). Although drug treatment has made kid-
ney, liver, and heart transplants almost routine
procedures, the risk of rejection is ever-present,
and long-term immunosuppression increases
the chance of infection and cancer. The removal
of immunogenic donor epitopes, or the preven-
tion of their recognition by the immune system,
reduces the risk of rejection of the donor tissue
while retaining normal immune surveillance
and function.

Elimination or Control of Rejection
Mechanisms

Nearly all aspects of the innate and adaptive
immune responses as well as related inflamma-
tion and coagulation pathways must be ad-
dressed in transplantation. Because these sys-
tems are interdependent and synergistic, the
control of key regulatory points may have
broader effects upon multiple responses. For
example, inflammation is linked to innate im-
munity and contributes to complement and
coagulation activation. The tissue damage in-
curred releases immune stimulators and anti-
gens, further activating innate and adaptive im-
munity. Improved control early in rejection
limits the damage of the donor cells and tissues,
and thus reduces the risk of synergistic activa-
tion of pathways that lead to rejection.

Induction of Durable Tolerance

Immunogenicity of cells and organs can be al-
tered depending on the form of antigen pre-
sentation, the microenvironment, and regulato-
ry molecules to induce or suppress responses
to a given antigen. In addition, specialized cell
populations, such as regulatory T cells (Tregs),
can reduce or eliminate inappropriate autoim-
mune reactions. Several approaches take advan-
tage of existing regulatory mechanisms to create

durable tolerance to donor tissues. The poten-
tial for tolerance is particularly attractive given
the undesirable side effects of long-term immu-
nosuppression and associated risks of infection
and tumorigenesis.

Enhancement of Function

The ability to carry out large-scale genome en-
gineering allows the possibility of improving
donor cell and organ functions beyond simple
replacement of defective host tissues. This could
be as simple as providing optimal genetic iso-
forms or as complex as novel engineered signal-
ing and response pathways. Desirable character-
istics such as cell activation, drug resistance, and
inducibility of gene expression are all possible.

CELL TRANSPLANTATION

Transplantation of cells is more straightforward
than of organs, because of lower complexity and
simpler delivery. Blood transfusion has been
used for hundreds of years, and bone marrow
transplantation is an almost routine clinical
procedure. As protocols for production and
modification of therapeutic cell populations
have improved, the variety of potential applica-
tions has expanded and increased the need for
mechanisms to overcome rejection.

Hematopoietic Cells

Bone marrow and hematopoietic stem cell
transplantation has been extremely successful
creating durable functional replacement of
host immune system (Pagano and Lyon 2014).
Culture and modification of hematopoietic
stem cells (HSCs) in vitro allows rational engi-
neering of the immune system. A recent exam-
ple is the use of genome editing to eliminate the
expression of CCR5, a receptor for HIV, which
controls viral infection in animal models (Holt
et al. 2010). Other approaches seek to introduce
broadly neutralizing antibodies to HIV, or other
pathogens for which vaccination is ineffective,
into HSCs for expression by the immune system
(Luo et al. 2009). Because it is possible to use
patient-derived HSC for modification and rein-
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troduction, the risk of rejection is significantly
lower than with allogeneic HSCs.

b Islet Cells

The replacement of b islets in diabetes has been
a high-priority application of cell transplanta-
tion. Many protocols using human- and ani-
mal-derived islets have been developed for
transplant, albeit with limited success because
of allo- and xenogeneic rejection responses. En-
capsulation of b islets in matrices that allow
the passage of smaller molecules such as insulin
and glucagon, while limiting access to the im-
mune system, have been partially effective (Ichii
and Ricordi 2009). Recent data have shown
that conversion of patient-derived iPSC to cre-
ate syngeneic b islets may overcome rejection
responses (Quiskamp et al. 2015).

Stem Cells

Nonhematopoietic cell transplantation has
been more challenging to develop in part be-
cause many terminally differentiated cell types
are not easily obtained or cultured. Transdiffer-
entiation, direct conversion of one differentiat-
ed cell type into another, sought to overcome
these limitations (Wang et al. 2015); however,
not all cell types are amenable to this approach,
because the regulatory genes necessary for con-
version are not yet known.

The identification and development of hu-
man ES cells has enhanced the creation of a
number of functional cell types and organoids
(Girlovanu et al. 2015). Because the use of fetal
cells carries significant ethical concerns, adult
stem cells and, more recently, patient-derived
iPSCs have become a greater focus. Differentia-
tion of adult stem cells and iPSCs to heart, kid-
ney, liver, and lung tissue has been very success-
ful; however, the production of full-size human
organs has not yet been realized, because of the
lack of spatial cues and appropriate morpho-
genesis during embryonic development, and
the complexity of multicellular tissues.

Despite being syngeneic with the host,
iPSCs may still be immunogenic in vivo. Gen-
eration and culture of iPSCs leads to genomic

mutations and epigenetic changes that may con-
tribute to immunogenicity (Cao et al. 2014).
Immunization data show that even completely
conserved proteins can elicit a response; there-
fore, it may not be surprising that much more
complex albeit syngeneic cells may also do so.

Immunotherapy

One of the most exciting applications of cell
transplantation is in the area of cancer immu-
notherapy. Tumor studies show a significant in-
tratumoral infiltration of immune cells, includ-
ing T cells specific for tumor-derived peptides.
Early studies isolated, expanded, activated, and
reintroduced these tumor-infiltrating lympho-
cytes (TILs) into patients but met with limited
success (Schober and Busch 2016). An im-
provement to this approach targets patient-de-
rived cells with tumor-specific T-cell receptors
(TCRs) with enhanced activity to improve an-
titumor activities (Kessels et al. 2001). More
recently, chimeric antigen receptors (CARs),
consisting of high-affinity binding domains to
target tumor cell surface antigens linked to sig-
naling domains that activate T-cell antitumor
functions, have shown superior activity when
introduced into patient T cells and used to treat
tumors. The stunning successes of CAR-T cell
approaches have led to further variations, in-
cluding improved CAR-binding specificity and
signaling, enhancement of T-cell effector mech-
anisms as well as expansion to alternate cell
types, such as natural killer (NK) cells. The suc-
cesses of CAR-T cells have mainly been limited
to liquid tumors, such as leukemias and lym-
phomas, which possess highly specific surface
targets. Solid tumors present a greater challenge
because of the many immunosuppressive
mechanisms used and greater target heteroge-
neity. Although synthetic biology approaches
are being applied in many aspects of cancer im-
munotherapy, this topic has been extensively
reviewed elsewhere (Chakravarti et al. 2016).

ORGAN TRANSPLANTATION

The transplantation of organs is more complex
than the transplantation of cells, and even indi-
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vidual organs vary in their complexity. Heart,
kidney, and liver transplantations are well devel-
oped clinically with extended survival times.
Organs such as the lung are more challenging
because of their greater sensitivity to trauma,
shorter survival time, and more frequent com-
plications. Although robustness is important to
transplantation success, availability is the more
critical unmet need. As clinical technologies
have steadily improved in the past decades, the
availability of donor organs has only slightly
increased. Therefore, the gap between need
and availability continues to widen.

Synthetic biology helps to address the criti-
cal lack of organs through both tissue-engineer-
ing strategies in vitro and in vivo to create
organs and the use of complex genome engi-
neering to address the host rejection mecha-
nisms. Because of the rapid advancements in
the synthetic biology tools available and better
understanding of key rejection mechanisms,
these approaches could not only meet the
need for organs but eventually surpass human
organs in function and survival.

Organ Differentiation

The ability to recreate embryonic development
in the laboratory has been a focus of biological
study for many years, leading to the possible
generation of organs suitable for transplanta-
tion entirely in vitro (Rustad et al. 2010).
Although a number of species can develop in
culture, the complexity of mammalian develop-
ment has been more difficult to reproduce.
Some progress has been made toward produc-
tion of functional artificial wombs, but applica-
tion to humans is unlikely for some time and
subject to significant ethical concerns (Lupton
1997). Relatively more progress has been made
in the creation of organoids and organ-like
structures in vitro, with the generation of in-
creasingly complex structures and functions
(Dye et al. 2016). The use of various natural
and synthetic matrices allows the assembly of
larger structures, which, combined with iPSC
technologies, would be compatible with pa-
tients. However, without the structural support
and cues provided by embryonic morphogene-

sis, the manufacture of functional adult organs
entirely in vitro may be problematic.

Organ Printing

The use of 3D-printing technologies allows the
deliberate printing of the final organ structure,
overcoming the slower process of embryonic
morphogenesis and thus creating organs tai-
lored specifically for the patient (Patra and
Young 2016). Combination of natural and syn-
thetic scaffolds with the desired cell types in one
process further improves the efficiency of pro-
duction. This approach has been remarkably
successful for more uniform and structural tis-
sues such as bone and trachea (Fedorovich et al.
2010; Fishman et al. 2014). Attempts at creating
more complex organ structures such as kidney
or lung have proven more challenging, requir-
ing accurate interactions between divergent cell
types for function. For some organs, such as the
lung, more than 40 cell types have been identi-
fied that require specific spatial positioning
and cell–cell interactions to function properly
(Nichols et al. 2014). As the sophistication and
precision of 3D-printing techniques improves,
organs of higher complexity will be possible.

Decellularization–Recellularization

An alternate approach to the generation of or-
gans and 3D printing in vitro is to rebuild the
organ structure from the genuine underlying
noncellular scaffold, using cells compatible
with the patient. This takes advantage of normal
mechanisms of organ regeneration observed in
recovery from injury, albeit at a larger scale and
complexity. Starting with an existing organ, all
of the cells are extracted using mild enzymatic
and detergent treatments, leaving the decellu-
larized structural elements (Song and Ott
2011). To this matrix are added new cells de-
rived from, or compatible with, the patient,
which are allowed to recellularize the structure,
recreating the functional organ. Although this
may allow the creation of compatible organs,
there is still a requirement for the underlying
matrix that needs to be addressed and presum-
ably could be resolved with the use of porcine
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organs. The advent of iPSC technology provides
an avenue to produce the cells necessary of re-
cellularization. However, as with 3D printing,
more complex organs require cells of many dif-
ferent types, not all of which are defined. In
addition, embryonic morphogenesis may be re-
quired for some facets of organ structure and
function that recellularization cannot effective-
ly reproduce.

Nonhuman Blastocyst Complementation

A limitation for producing organs in vitro is the
challenge of creating the appropriate structures
and functions without following normal em-
bryonic morphogenesis. One route to overcome
this limitation is the use of human stem cells to
complement defective organ production in a
large animal species, such as pig (Nagashima
and Fukuzawa 2016). In this approach, pigs
are genetically modified to prevent production
of a particular organ, with human stem cells
introduced at the blastocyst stage. As the em-
bryo develops, the lineages that cannot be pro-
duced from host animal cells are replaced by the
human stem cells, with a goal of creating a fully
functional human organ in the animal using the
proper developmental pathways (Wu and Izpi-
sua Belmonte 2016). A potential limitation of
this approach is the difficulty in producing an
organ entirely derived from human cells to
avoid the xenogeneic rejection response to chi-
meric human–animal organs. Similarly, the use
of allogeneic human cells may contribute to re-
jection responses. Although patient-derived
iPSC may be used, the time it would take to
generate the functional organ may be limiting.
In addition, the risk of human cells contributing
to other lineages within the animal, such as
neurons, creates ethical concerns that need to
be addressed.

Hybrid Methods

Although the above approaches are described
separately, it is possible to combine technolo-
gies to arrive at more satisfactory solutions. For
example, 3D-printed or decellularized–recellu-
larized organs could be introduced into patients

at a heterotopic site for a period of time to allow
full regeneration, before orthotopic transplan-
tation. Although theoretically advantageous,
particularly if the organ was generated from pa-
tient-derived cells or iPSCs, the risk incurred by
multiple procedures as well as the immediacy of
the need of many patients makes the practical
application challenging.

TRANSPLANTATION REJECTION
MECHANISMS

Outside of transplantation between identical
twins, all cell and organ transplants are at risk
of immune rejection. The greater the number of
genetic differences, the greater the chance of a
host immune response, thus allogeneic organs
create less severe reactions than xenogeneic or-
gans.

The human immune response to porcine
organs starts with hyperacute rejection, because
of significant preexisting titers of antiporcine
antibodies inducing complement-mediated de-
struction of the tissue. This is followed by acute
cellular and vascular rejection, also unique to
xenotransplantation (Auchincloss and Sachs
1998). Chronic rejection is common to both
allo- and xenotransplant, and is more readily
controlled by existing pharmacological treat-
ments (Scherer et al. 2007).

The synergies among the various aspects of
the immune response lead to rapid amplifica-
tion; therefore, the treatment of rejection is ex-
tremely difficult once a response begins. The
goals for genome-engineering strategies are to
prevent the initiation of rejection while blunting
any amplification once it occurs. Synthetic bi-
ology approaches allow the modification of
multiple pathways simultaneously, including al-
tering immunogenicity, immune regulation,
and tolerance with rational design and multi-
genic changes. Examples of the systems that
must be addressed are described below.

Histocompatibility

The immune system efficiently recognizes dif-
ferences in protein sequence through the inter-
action of TCRs with peptides in complex with
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histocompatibility proteins (HLA). In trans-
plantation, TCR–HLA interactions play a role
in both direct and indirect antigen presentation.
Direct antigen presentation is host T-cell recog-
nition of donor HLA (or SLA in the case of
porcine cells) complexed with donor peptide
or donor HLA alone due to the lack of negative
thymic selection of host T cells against the for-
eign haplotypes. Indirect presentation is due to
the uptake of donor proteins by host antigen-
presenting cells and display by host HLA to host
T cells (Gould and Auchincloss 1999). The
combination of direct and indirect responses
results in cytolytic and helper T-cell activation
and destruction of the transplanted cells and
organs. Although the use of patient-derived
cells or iPSCs overcomes many of the challenges
of antigen presentation, use of allo- and xeno-
geneic cells provides increasingly large numbers
of immunogenic epitopes that generate T-cell
responses.

Modification of donor HLA to match host
haplotypes is a potential route to eliminating
peptide-independent direct responses of allo-
and xenogeneic HLA. This would require rapid
production of organs with patient-specific HLA
haplotypes, which would not be practical for
xenotransplantation but could be contemplated
for in vitro organ production. However, this
may have the unintended effect of enhancing
the display of the immunogenic donor peptides
by the modified donor cells, actually increasing
host T-cell activity against the donor tissue. A
complementary approach uses genome engi-
neering to eliminate or reduce the expression
of donor HLA and preventing antigen presenta-
tion (Hara et al. 2013). Although this approach
reduces immunogenicity of donor cells, it in-
creases the risk of infection and leads to “missing
self” recognition by NK cells (van Bergen et al.
2009). Inhibitory receptors expressed by NK
cells interact with cell surface HLA, preventing
NK cells from targeting the cells. Therefore, ab-
lation of donor HLA expression activates host
NK cells causing donor cell destruction. Expres-
sion of ligands for NK inhibitory receptors, such
as HLA-E or -G, will preclude NK cell activation
(Crew 2007) and offset the elimination of anti-
gen-presenting HLA from donor cells.

Eliminating antigen presentation also risks
the inability to detect infection; therefore, a bet-
ter option may be to edit immunogenic epi-
topes. Although CRISPR-Cas9 editing is useful
for making small changes at multiple loci, the
number of genetic changes required to target
immunogenic loci in allotransplant is immense,
with an even greater number for xenotrans-
plant. The increased number of targets also in-
creases risk of off-target mutations potentially
creating unpredictable mutations.

Alteration of immunogenic sequences to
match host sequences may be preferred over
eliminating the expression of immunogenic
loci, to avoid the loss of essential functional
genes. However, changing coding sequences in
simultaneous multiplexed CRISPR-Cas9 pro-
tocols is much less efficient than simply ablating
expression, limiting the utility of this approach.
Better prediction of immunogenicity through
in silico modeling and in vitro assays could
help prioritize required changes by focusing
on the most highly reactive sequences. Unfor-
tunately, the reliability of current prediction
methods is insufficient for this task (Luo et al.
2015).

Donor-Specific Antibodies

The recognition of donor antigens by preexist-
ing antibodies in host serum leads to hyperacute
rejection via complement-mediated cell de-
struction of donor cells. One simple approach
to reducing antibody-mediated mechanisms of
rejection is to ablate the antigenic genes, or the
pathways that create the antigens, in the case of
glycan or other nonproteinaceous epitopes.
Elimination of porcine xenoantigens has been
successfully demonstrated with the “Gal” epi-
tope (Gal a1–3Gal b1–(3)4GlcNAc-R), a por-
cine glycan residue that is one of the most reac-
tive xenoantigens in humans (Galili 1999).
Ablation of the transferase gene responsible
for adding the Gal epitope to proteins signifi-
cantly reduces the recognition of porcine cells
by human serum (Sandrin et al. 1994). Several
additional human-reactive porcine xenoanti-
gens have been defined, such as Neu5Gc and
B4GALNT2 (Byrne et al. 2015). It is likely
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that the elimination of additional xenoantigens
may further reduce human antibody-mediated
destruction of porcine cells; however, with
each modification, there is a risk of eliminating
key functions in porcine development or phys-
iology.

Complement

Antibody-dependent cell-mediated cytotoxici-
ty (ADCC) is due to the recognition of donor
cell epitopes by natural and induced antibodies,
resulting in the activation of the complement
cascade and cell death (Sheen and Heeger
2015). The large diversity of antibody specific-
ities can lead to inadvertent autoreactivity
with cells in vivo; therefore, complement regu-
latory proteins (CRPs) are expressed that set a
threshold for activation of ADCC to prevent
accidental targeting (Mathern and Heeger
2015).

Human serum has significant titers of anti-
bodies directed against porcine antigens and
thus xenotransplanted cells are at high risk
of antibody recognition and ADCC compared
with allogeneic human cells (Schroeder et al.
2005). Furthermore, incompatibilities between
porcine CRPs and their human counterparts in
the complement cascade prevent appropriate
regulation of complement activation leading
to ADCC-derived damage to porcine tissues.
The overexpression of human CRPs helps to
regulate ADCC activity and has been a focus
of transgenic animals for xenotransplantation
(Miyagawa et al. 2010). The elimination of high-
ly reactive antigens as described above, in com-
bination with the expression of human CRPs,
further reduces the risk of tissue destruction.

More precise methods of targeting in por-
cine cells allow the insertion of human CRPs
under the control of the homologous porcine
genes; however, normal levels of expression may
be insufficient in xenotransplantation. Given
the relatively greater number of antigens recog-
nized by human antibodies, a higher level of
CRP expression may be required compared
with normal human tissue, and thus more dy-
namic methods of control of CRP expression
may be required. One caution, which applies

to manipulation of any porcine pathways, is
that the endogenous porcine complement
must be preserved to allow proper development
and function of the porcine organ before re-
moval for xenotransplantation; therefore, any
engineering must take into account improve-
ments transplantation in humans as well as
maintaining proper function while in the pig.

Ischemia/Reperfusion Injury

Even before an organ is transplanted, it is sub-
ject to trauma during removal, preservation,
and transport to the donor and subsequent sur-
gery, leading to ischemia/reperfusion injury (I/
RI). Initially, the loss of oxygenation causes in-
terruption of metabolism and accumulation of
metabolic intermediates. Later reintroduction
of oxygenated blood can be even more damag-
ing, overwhelming the antioxidant system and
injuring the endothelium (Lutz et al. 2010).
This induces expression of proinflammatory
mediators and chemokines, followed by recruit-
ment of neutrophils, macrophages, and other
innate immune cells, rapidly causing tissue de-
struction and necrosis. The widespread inflam-
mation also causes activation of the coagulation
cascade and related thrombosis events.

Inflammation

In addition to I/RI mechanisms described
above, the inflammatory process is reinforced
by host innate immune responses. Damaged
cells release innate immune activators, attract-
ing cells to the site of the transplanted organ
(Goldstein 2006). The influx of neutrophils,
monocytes, macrophages, and other cells into
the organ causes the release of additional proin-
flammatory mediators, resulting in further am-
plification of inflammation. Without resolu-
tion, the inflammation continues to damage
tissue, continuing the cycle of activation and
amplification, and inducing adaptive immune
responses (Klose and Artis 2016). Unlike in-
flammation caused by infectious diseases,
which can be resolved once the infectious agent
is eliminated, the cells of the organ provide on-
going stimuli to the inflammatory response.
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Inflammation is a major challenge in allo-
and xenotransplantation regardless of source.
Although transgenes have been introduced
into the porcine genome to offset inflammatory
responses, a greater number and variety of
mechanisms need to be addressed (Ezzelarab
and Cooper 2015a). Because a general reduc-
tion or elimination of inflammatory responses
can create a risk of infection, a better solution is
to tailor the engineering to limit the overreac-
tion of rejection responses, while maintaining
appropriate infectious disease responses. Creat-
ing genetic circuits to respond to inflammation
in an inducible, self-limited manner will mimic
the kinetics of a normal response, reducing
pathogenic inflammation while maintaining in-
fectious disease surveillance.

Coagulation

Activation of the coagulation cascade is a con-
sequence of the inflammatory responses de-
scribed above, leading to disseminated intravas-
cular coagulation and thrombosis, rapid loss of
platelet and clotting factors, decreased blood
flow and ischemia/infarction (Schmelzle et al.
2010; Ezzelarab et al. 2015b). As with inflam-
mation, coagulation is rapidly amplified after
initiation and difficult to regulate once wide-
spread. Similar to the complement cascade,
there are a number of regulatory points in co-
agulation that, like CRPs, are not completely
conserved between porcine and human systems
and contribute to uncontrolled coagulation
(Lin and Cooper 2009).

One route to improve coagulation regula-
tion in xenotransplantation has been the over-
expression of human coagulation regulators.
Although there have been reports of improved
coagulation regulation (Cowan et al. 2015),
overexpression of the regulators can cause dys-
functions and death of modified pigs due to
bleeding disorders. Improved expression con-
structs and integration of human regulator
genes in place of the porcine genes may improve
the defective phenotypes. Better regulation of
expression through improved promoters and
enhancers may be required. One challenge will
be to implement appropriate post-xenotrans-

plantation regulation while not disrupting en-
dogenous porcine coagulation during pig devel-
opment and growth.

Hematopoietic Chimerism

A particularly exciting approach to overcome
transplant rejection is hematopoietic chime-
rism, the functional transplantation of donor
hematopoietic cells, with or without secondary
lymphoid tissues, to create durable immuno-
logical tolerance of the host to the donor anti-
gens (Sykes 2007). This could significantly re-
duce, or even bypass, much of the rejection
response and eliminate the requirement for
long-term immunosuppression. Animal studies
support the effectiveness of hematopoietic chi-
merism in allo- and xenotransplant tolerance
(Vagefi et al. 2015). A key question is whether
chimeric immune systems require central toler-
ance, peripheral tolerance, or both to be effec-
tive. In the former case, it may be essential to
incorporate donor thymus tissue to allow re-
ciprocal education of host and donor T cells
(Barth et al. 2003). In the latter case, the ongo-
ing production of potentially reactive T cells
may require pharmacologic or other therapeu-
tic treatments. A better understanding of the
immunological mechanisms critical to establish
and maintain tolerance will help establish pro-
tocols for clinical applications.

FUTURE CHALLENGES

The application of synthetic biology tools re-
quires a better understanding of the genes
affecting rejection to be fully effective. For ex-
ample, recently published data regarding the
engineering of a cell with a minimized genome
shows that many of the genes required for life
are of unknown function (Hutchison et al.
2016). The number of genes of unknown func-
tion will be much greater in mammalian cells
and more challenging to define. More complex
analytical tools are required for more precise
definition of genetic mechanisms and cellular
pathways. Similarly, understanding the regula-
tion of the large number of interrelated genes
must also improve to allow better prediction of
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effects of genome modification upon gene net-
works. Significant progress in genomics, tran-
scriptomics, proteomics, metabolomics, immu-
nomics, and other systems biology approaches is
accelerating the development of essential data
sets and predictive algorithms for more rational
engineering of cells.

Thus far, much of the focus of genome
engineering in transplantation has been primar-
ily devoted to ablation and humanization of
existing genes. The advancement of synthetic
biology tools now allows design and imple-
mentation of completely novel genes and path-
ways to improve cell functions. Orthogonal
signaling systems, unique metabolic pathways,
engineered proteins, and many other novel so-
lutions can now be applied in mammalian cells
to enhance transplant survival and function.

Although mammalian genome engineering
has accelerated greatly, new and better tools are
still required to make further improvements.
More efficient, sequence-specific DNA recombi-
nation, more uniform and higher editing rates,
and reduced off-target editing are all highly de-
sirable.

At the cell and tissue levels, more effective in
vitro methods for functional in vitro organ pro-
duction could overcome the need for in vivo
methods such as blastocyst complementation
or porcine organ engineering, and greatly speed
production. The combination of patient-specif-
ic cells and in vitro organ production could
avoid the need for sophisticated genome engi-
neering entirely.

CONCLUSIONS

Synthetic biology is opening the door to ap-
proaches for cell and organ transplantation
that would have been impossible even just a
few years ago. Methods to produce compatible
cells and organs in vitro and in vivo combined
with increasingly rapid and precise methods for
genome engineering have rapidly advanced
(Mou et al. 2015). Synthetic biology technolo-
gies not only allow the large-scale changes nec-
essary to address the many issues critical donor
acceptance and tolerance but could lead to or-
gans superior in function to human organs.
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