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Emerging approaches and technologies in transplantation:
the potential game changers
Anil Dangi1, Shuangjin Yu1 and Xunrong Luo1,2

Newly emerging technologies are rapidly changing conventional approaches to organ transplantation. In the modern era, the key
challenges to transplantation include (1) how to best individualize and possibly eliminate the need for life-long
immunosuppression and (2) how to expand the donor pool suitable for human transplantation. This article aims to provide readers
with an updated review of three new technologies that address these challenges. First, single-cell RNA sequencing technology is
rapidly evolving and has recently been employed in settings related to transplantation. The new sequencing data indicate an
unprecedented cellular heterogeneity within organ transplants, as well as exciting new molecular signatures involved in
alloimmune responses. Second, sophisticated nanotechnology platforms provide a means of therapeutically delivering immune
modulating reagents to promote transplant tolerance. Tolerogenic nanoparticles with regulatory molecules and donor antigens are
capable of targeting host immune responses with tremendous precision, which, in some cases, results in donor-specific tolerance.
Third, CRISPR/Cas9 gene editing technology has the potential to precisely remove immunogenic molecules while inserting
desirable regulatory molecules. This technology is particularly useful in generating genetically modified pigs for
xenotransplantation to solve the issue of the shortage of human organs. Collectively, these new technologies are positioning the
transplant community for major breakthroughs that will significantly advance transplant medicine.
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INTRODUCTION
Transplantation has undoubtedly made substantial progress in the
past half a century. In the era of modern immunosuppression,
acute rejection is no longer an immediate threat to the
transplanted organs. In this setting, however, there are two new
challenges facing the transplantation community, namely, (1) how
best to individualize, minimize, and possibly eliminate indefinite
immunosuppression, as broad immunosuppression is associated
with powerful side effects in transplant patients, and (2) how to
expand the donor pool suitable for human transplantation to
resolve the growing shortage of human organs needed for
transplantation. Recent advances in single-cell sequencing,
nanotechnology, and CRISPR/Cas9 (Clustered Regularly Inter-
spaced Short Palindromic Repeats-CRISPR-associated protein 9)
have enabled these novel technologies to be used to effectively
address these issues in transplantation.1–3 Single-cell RNA
sequencing (scRNA-seq) in particular provides comprehensive
information about genetic variability and heterogeneity at a the
level of an individual cell.4 Such genetic and molecular profiling
can provide novel insights into ongoing alloimmune responses in
grafts, which can be explored for prognostic, diagnostic, or
therapeutic purposes. The development of strategies to promote
immunosuppression-free allograft survival via the induction of
donor-specific tolerance is a goal that has long been sought after

in transplantation.5 The recent development of highly sophisti-
cated nanotechnology platforms has shown promise with regard
to inducing transplantation tolerance. Nanotechnology platforms
can deliver specific therapeutics to targeted cell types and/or
tissue sites and thus have the potential to engineer immune
responses that are tailored to the particular organ type
transplanted.6 Lastly, the acute shortage of donor organs is a
growing problem in transplantation. Although the new organ
allocation system has resulted in a significant decrease in
disparities in organ allocation,7 an alternative source of donor
organs is urgently needed to address the fundamental issue of
organ shortage. Porcine organs are a potentially suitable
alternative for use in human transplantation. In this regard,
CRISPR/Cas9 gene editing technology has been an extremely
powerful tool used to generate pigs with improved compatibility
and greater potential for successful human transplantation.8

In the present review, we provide a comprehensive overview of
recent advances in these technologies and their potential
implications for transplantation.

SINGLE-CELL TRANSCRIPTOMICS
Despite having identical genetic material, each cell type in the
human body is distinct from each other in terms of size,
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morphology, phenotype, intracellular content, and metabolic
activity and functions. Much of this heterogeneity is induced by
external factors, which precisely regulate cellular gene expression
and subsequent cellular activation, proliferation, differentiation,
resulting in diverse cell types and distinct functional states.9 In
homeostatic conditions, each tissue or organ is capable of
performing a designated function as a consequence of the
collective effort of its cellular consortium. Impairments of the
contributions of one or more of the constituents can lead to a
diseased condition. Thus, a comprehensive and temporal assess-
ment of a tissue or organ in a diseased state at the level of a
single-cell can provide valuable information from which ther-
apeutic, diagnostic, or prognostic tools can be devised.
Several traditional approaches, such as flow cytometry, in situ

hybridization, and immunohistochemistry, can provide informa-
tion at a the level of a single cell. These approaches have
substantially expanded our understanding of the pathogenesis of
various diseases. However, a major limitation of these approaches
is that the expression of only a very limited number of genes can
be interrogated simultaneously. On the other hand, microarray
and next-generation sequencing techniques can provide informa-
tion about the expression of thousands of genes at once, but only
for pooled cell samples, thereby averaging and offsetting the
contributions of individual cells in the process. Thus, these
approaches all have fundamental limitations with regard to
providing comprehensive information about individual cells.10

With recent advances in scRNA-seq, profiling gene expression at
the individual cell level and describing the dynamic functions of a
single-cell based on its gene expression profile have now become
possible.11,12 This powerful technology has been rapidly adopted
for use in a broad range of biological specialties, including
neuroscience, cancer, and developmental biology.13–17 Only
recently has this approach been employed to study transplanta-
tion immunobiology. In this section, we will discuss the major
steps of this technique as they pertain to transplant research and
summarize recent landmark transplant studies employing this
technology.

Platforms for scRNA-seq
In 2009, Tang et al.18 developed an mRNA sequencing assay with
single-cell sensitivity. Employing this new technique, they
revealed the expression profiles of thousands of genes at a
single-cell resolution. Since then, this technique has been
significantly improved. Figure 1 illustrates the schematic flow of
scRNA-seq technology. Generating single-cell preparations from
any tissue for scRNA-seq is one of the most critical steps for
achieving consistency between different experiments.19 Single-
cell suspensions from any tissue are generally prepared using
enzymatic digestion and mechanical dissociation. The composi-
tion of the extracellular matrix varies among different tissues;
therefore, protocols for cell dissociation require careful optimiza-
tion for different tissues with appropriate quality control steps that
must validate the viability of the cells and an accurate
representation of the individual cell populations from a given
tissue.
Individual cells often contain extremely low amounts of mRNA

(~10 pg),20 and the preparation of a cDNA library from such a
minute quantity of mRNA can be challenging. Originally, Tang
et al.18 developed a manual method to separate individual cells
into individual tubes that are then used for the construction of
single-cell cDNA libraries. Islam et al.21 used Single-Cell Tagged
Reverse Transcription sequencing (STRT-seq), which employs 96-
well plates wherein each individual well contains one cell along
with 6 base-pair oligos of known sequences (for barcoding mRNA
transcripts) that are then used for the preparation of cDNA
libraries. Barcoded libraries from individual cells can then be
pooled for multiplexed sequencing. More recently, automated
microfluidic droplet technology has been introduced for the

parallel processing of a large number of cells simultaneously for
single-cell encapsulation, mRNA transcript release, and barcoding
of the mRNA for reverse transcription. This platform uses an
extremely small volume of buffer (2 nL), thereby significantly
reducing the costs associated with scRNA-seq.22,23 Macosko
et al.23 developed a more streamlined DropSeq technique to
form droplets using microfluidic chips. The simultaneous flow of
oil, cells, and barcoded beads on the microfluidic chip facilitates
droplet formation. The beads used in this microfluidic chip system
contain the components essential for cDNA preparation, barcodes
to tag individual transcripts from the cells, a Unique Molecular
Identifier (UMI) to identify PCR duplicates, and primers for the PCR
amplification of cDNA in a later step. In 2015, Klein et al.22

introduced another microfluidic-based scRNA-seq platform called
InDrop. This platform utilizes deformable hydrogel beads contain-
ing barcode oligos. The major advantage of this platform, in
comparison to DropSeq, is a significant enhancement of the
encapsulation efficiency of the total input cells from ~5% in
DropSeq to 60–90% in InDrop.22

As mentioned above, the quantity of mRNA in individual cells is
minute. In addition, only 5–50% of the total mRNA can be reverse-
transcribed to cDNA.18 Therefore, all scRNA-seq platforms need to
amplify the cDNA by either PCR or in vitro transcription (IVT; the
amplification of mRNA transcripts prior to reverse transcription to
cDNA). A major drawback of amplifying extremely low amounts of
mRNA is the artificial overamplification of selective mRNAs that
inevitably occurs. These amplification-associated artifacts can be
minimized by adding a UMI.24 UMIs are random barcodes that tag
each transcript before the amplification of cDNA. This approach
has been integrated into the STRT-seq, CELL-Seq2, DropSeq,
InDrop, and SeqWell platforms. Following amplification and
sequencing, two or more reads that align at the same location
and have the same UMI are considered to be true PCR duplicates,
and only then will they be tracked and collapsed during
bioinformatics analysis. Consequently, reads with low quality
scores are removed using the Phred algorithm, and the remaining
sequencing reads are mapped against a reference genome data
set for gene identification purposes. The identified reads are then
counted and assigned to specific cells by their cell-specific
barcodes. The enormous data set generated in this way is a
digital expression matrix with extremely high dimensionalities. To
appropriately interpret such data in a meaningful way and to
detect relevant variables, dimensionality reduction and clustering
programs are needed.25–27 Furthermore, the use of machine
learning tools such as Wanderlust, Monocle, and Wishbone can
order various clustered cell populations along specific trajectories
corresponding to distinct biological processes present in the
sample studied.28–30 Such in-depth information at a single-cell
resolution has been revolutionary in advancing our understanding
of cellular heterogeneity and the regulatory mechanisms that
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Fig. 1 Schematic representation of steps involved in single-cell RNA
sequencing experiments. (1) Preparation of single-cell suspension,
(2) Reverse transcription-complementary DNA (cDNA) preparation
from individual cells either in 96-well-plate or microfluidic droplets,
(3) Amplification of cDNA libraries, (4) Sequencing of the cDNA
library, and (5) Bioinformatics data analysis
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operate in homeostatic conditions as well as during disease
progression.

Implications for transplantation
The power of scRNA-seq analysis can be exemplified by a recent
study performed by Villani et al.11 that revealed heterogeneity
among circulating dendritic cells and monocytes. The authors
investigated the gene expression profiles of ~2400 cells isolated
from human blood. Using unbiased clustering analysis, they
identified six different dendritic cell (DC) subtypes and four
different monocyte subtypes. Most intriguingly, a new subtype
of DCs that are double positive for AXL and SIGLEC6 was
discovered and named ‘AS DCs’. These cells closely resembled
plasmacytoid DCs and were found to be potent stimulators of
allogeneic T cells in vitro.11 Owing to their potent T-cell
stimulation capability, it is conceivable that circulating AS DCs
may promote or be indicative of allograft rejection in transplant
recipients. Therefore, monitoring these cells in circulation may
have a predictive value for detecting ongoing or pending allograft
rejection.
Recently, Park et al.31 performed scRNA-seq analysis of cells

from murine kidneys and identified 18 previously defined kidney
and resident immune cells and 3 previously unidentified cell
types. This study reveals that the collecting ducts in the kidneys of
adult mice contain a previously unidentified transitional cell
population that can differentiate into two different cell types,
namely, intercalated cells and principal cells. Interestingly, in
chronic kidney diseases, increased Notch signaling skews this
transition towards principal cells, resulting in metabolic acidosis.31

These data provide a comprehensive resource for the future
understanding of normal kidney function and kidney disease
development. Humphreys and colleagues recently performed
scRNA-seq analysis on kidney allograft biopsies from a recipient
experiencing mixed cellular and antibody-mediated rejection.32

Cell clustering identified two monocyte populations (FCGR3A+ and
FCGR3A−) with distinct gene expression profiles. Interestingly,
despite their distinct phenotypes, both monocyte populations
were found to be associated with mixed cellular and antibody-
mediated allograft rejection. Cell trajectory analysis revealed a pro-
inflammatory gene signature of proximal tubule cells. Although
this study only included one healthy control and one allograft
biopsy sample, the authors were able to identify 16 different
kidney and infiltrating immune cell types, thus demonstrating the
power and feasibility of this approach to comprehensively
characterize cell-specific gene expression profiles from kidney
allograft biopsy samples.32 However, fresh kidney biopsy samples
may not be routinely available for such analyses. Considering this
constraint, the researchers then compared scRNA-seq with single
nuclear RNA sequencing (snRNA-seq) of frozen rather than fresh
specimens. Their studies revealed the following important
findings: (i) the cell types identified on the basis of gene
expression by snRNA-seq were comparable to those identified
by scRNA-seq analysis; (ii) the snRNA-seq and scRNA-seq platforms
show equivalent sensitivity for gene detection; (iii) snRNA-seq
analysis does not include stress-response genes, which are
routinely present in scRNA-seq due to tissue processing at 37 °C;
and (iv) snRNA-seq analysis allows the detection of more cell
clusters than scRNA-seq. These findings were reproducible on all
three platforms used in their studies. These data thus support the
qualitative superiority of using the snRNA-seq approach over
the scRNA-seq technique, a finding that will undoubtedly enhance
the feasibility and clinical relevance of this technology.1

Recently, Gladka et al.33 employed scRNA-seq to investigate the
gene expression profiles of FACS-sorted cells (SORT-seq) from
injured mouse hearts after ischemia reperfusion injury (IRI). Using
cluster analysis, the authors identified 17 different cell types in
injured hearts. Two fibroblast-specific clusters post-IRI had
activation-related differential gene expression. Of the genes with

changed expression levels, cytoskeleton-associated protein 4
(CKAP4) has been identified as being a novel marker of activated
cardiac fibroblasts; CKAP4, in turn, suppresses a set of genes in this
population implicated in their differentiation to myofibroblasts
post-IRI.33 More recently, another scRNA-seq analysis of murine
hearts revealed 11 transcriptionally distinct macrophage and DC
populations.34 Among these, the authors identified one popula-
tion of self-renewing tissue-resident macrophages characterized
as TIMD4+LYVE1+MHC-IIloCCR2− cells. Post-ischemic injury, these
unique tissue-resident macrophages play a nonredundant cardi-
oprotective role.34

Despite technical challenges, scRNA-seq technology has been
rapidly adopted by several other fields, including cancer,
developmental biology, and neuroscience. scRNA-seq analysis
allows unbiased transcriptional comparisons at a single-cell
resolution. Such in-depth investigation allows unraveling of the
dynamic processes (functional or related to differentiation stages)
of individual cells. The major impact of scRNA-seq has been to
elucidate functional heterogeneity among cells conventionally
assumed to be homogeneous based on traditional
approaches.12,35 Similarly, transcriptional differences between
individual cells also allow the identification of rare and/or novel
cell types that would otherwise escape detection in analyses of
pooled cells.36 Therefore, this technology is the best tool we
currently have for building a dynamic cell atlas of kidney biopsy
samples that can be used to elucidate the evolving immune
responses to the kidney allograft in a given transplant patient.
Looming over its multitude of alluring benefits are several

technical limitations of scRNA-seq technology. Due to the
extremely small quantity of mRNA present and the dynamic
states of individual cells, biological noise is challenging to avoid in
this highly sensitive technology.37 Furthermore, as only 5–50% of
the mRNA can be reverse-transcribed,38 the data obtained by this
technology may only represent a partial picture of the biological
processes of a single cell. The process of generating single-cell
preparations from different tissues is of critical importance to
data quality and should therefore be carefully optimized for each
tissue studied. Furthermore, caution should be exerted when
interpreting reads related to cellular stress responses, which may
be artificially generated during the process of samples, rather than
being innate to the cells examined, although these can be
carefully removed by bioinformatics analyses. Encouragingly,
Wu et al.1 demonstrated that it may be advantageous to replace
scRNA-seq with snRNA-seq, which allows the preparation of
samples from frozen tissues, thereby significantly minimizing
this issue. Although applying scRNA-seq to investigating immune
responses and dissecting the potential mechanisms of graft injury
in transplantation has only just begun, recent landmark
studies have formed a solid foundation for rapid advances in
this field.

NANOTECHNOLOGY FOR PROMOTING LONG-TERM
TRANSPLANT SURVIVAL
The use of nanotechnology, especially micro- and nanoparticles,
has been investigated for decades for the therapeutic purposes of
delivering various drugs and vaccines. In recent years, a number of
nanoplatforms have been integrated into medical practice
(“nanomedicine”) for tissue imaging, immune monitoring and
immunomodulation. Nanomedicine is a rapidly advancing
research field with promising applications in cancer therapies,
neuroscience, vaccination, autoimmunity, and transplantation.39 In
transplantation in particular, these approaches have been
employed to modulate alloimmune responses by treating
allografts pre- and post-transplantation to prevent graft injury
and induce donor-specific tolerance (Fig. 2). In this section, we
highlight and discuss recent applications of nanoplatforms in
transplantation.
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Pre-transplant targeting to reduce ischemic reperfusion injuries
Endothelial cells form the innermost layer of all vascularized
organs. Following the implantation and reperfusion of a donor
organ in the recipient, endothelial cells constitute the first
interface between self and nonself that is encountered by the
recipient lymphocytes.40 The endothelial cells of donor organs
express several nonself molecules (predominantly donor MHC
molecules); thus, they are a preferential trigger for allorecognition
and immune responses.41 Furthermore, endothelial cells also
express intercellular adhesion molecule (ICAM)-1 and vascular cell
adhesion molecule (VCAM)-1,42 which are significantly upregu-
lated following IRI and function to potentiate the antigen-
presenting capacity of endothelial cells, as well as to
recruit leukocytes to further exacerbate immune-mediated
injuries.43 These parallel mechanisms by which endothelial cells
can initiate allograft injury are therefore also potential therapeutic
targets.44,45

Vascular endothelial cells are highly accessible through ex vivo
perfusion; therefore, they are a good target for nanotherapeutics.
ICAM-1 expressed by vascular endothelial cells during inflamma-
tion plays an important role in leukocyte recruitment and the
activation of innate and adaptive immunity. Therefore, targeting
endothelial cells with anti-ICAM-1 conjugated poly(lactic-co-
glycolic acid) (PLGA) nanoparticles (NPs) through ex vivo perfusion
could antagonize ICAM-1 and prevent leukocyte recruitment.46

Similarly, the expression of major histocompatibility complex
(MHC) II on allograft endothelial cells can activate circulating
memory T cells and initiate rejection.40 NPs (poly (amine-co-ester))
loaded with MHC II-specific siRNA delivered through ex vivo
perfusion was found to attenuate MHC II expression on
endothelial cells for up to 6 weeks,47 correlating with reduced T
cell infiltration and activation in the graft, and, subsequently, with
improved allograft histology. Therefore, it has been proposed that
NP-based targeting of endothelial cells can potentially be adapted
for use in human transplantation via ex vivo normothermic
machine perfusion of harvested human organs.47 Employing
normothermic machine perfusion of human kidneys, Tietjen
et al.48 demonstrated that endothelial cells could be targeted by
an anti-CD31 antibody conjugated to poly(lactic acid)–poly
(ethylene) glycol NPs. In another recent study, Zhu et al.49

demonstrated that incubating mouse tracheal and aortic allografts
with rapamycin-loaded polyethylene glycol micelles (10 nM in

size) in standard hypothermic University of Wisconsin (UW)
solution significantly prevents the chronic rejection of these
allografts post-transplantation. This study further demonstrated
that during cold preservation for 4–6 h, receptor-mediated
endocytosis of rapamycin-loaded micelles can potentially reduce
the secretion of inflammatory cytokines.49 Collectively, these
studies demonstrate that during standard allograft procurement
procedures, endothelial cells of the allografts can be readily
targeted by NPs to reduce post-transplant allograft injury and
potentially promote long-term allograft survival.

Post-transplant targeting to induce donor-specific tolerance
The induction of donor-specific tolerance is the ‘holy grail’’ of
transplantation research.50 In recent years, NP-based platforms
have been developed to induce antigen-specific tolerance. These
platforms are called tolerogenic NPs.51 Typically, tolerogenic NPs
carry specific antigens or peptides along with additional
immunomodulatory therapeutics. Generally, myeloid cells are
the primary target of tolerogenic NPs due to their capacity for
antigen uptake and presentation and their activity in regulating
innate and adaptive immune responses.52 However, diverse
tolerogenic NPs have also been developed to target cell types
other than myeloid cells via the conjugation of NPs with the
ligands for cell-specific receptors.
An example of NP-mediated cell-specific targeting is the

treatment for Hemophilia A. Hemophilia A is an inherited bleeding
disorder, and patients with this disorder lack blood clotting factor
VIII (FVIII). An effective therapy for hemophilia A is to provide the
missing FVIII. However, a major obstacle to the long-term efficacy
of this therapy is the development of antibodies against
exogenous FVIII. Employing hemophilia A mice, Zhang et al.53

demonstrated that multiple injections of tolerogenic PLGA NPs
containing rapamycin and FVIII protein induce stable antigen-
specific tolerance and effectively prevent the generation of FVIII-
specific antibodies. These data suggest the potential utility and
efficacy of this approach for targeting B-cell antibody responses.
Later, Pang et al.54 developed a sophisticated liposomal platform
to specifically target B cells. In their approach, the investigators
fabricated liposomal carriers carrying an antigen (OVA) and the B
cell targeting ligand CD22 (Siglec-G), with rapamycin trapped in
the lipid layer, and they demonstrated that stable B-cell tolerance
to OVA can be achieved by treatment with this liposome
formulation.54 In another study, Stead et al.55 developed porous
silicon-based NPs targeting dendritic cells (DCs). These NPs were
conjugated with DC-specific intercellular adhesion molecule-3-
grabbing nonintegrin (DC-SIGN), CD11c monoclonal antibodies
and rapamycin. The authors showed that injecting this formula-
tion into mice specifically targets the NPs to DCs in the spleen as
well as in the kidney, liver, and lungs and significantly promotes
the generation of Tregs in the spleens of the treated animals.
Though the results have not been demonstrated in transplant
models, these studies provide a useful toolbox for constructing
various tolerogenic NPs that can induce donor-specific transplan-
tation tolerance.
Employing a fully MHC-mismatched mouse pancreatic islet

transplant model, we previously tested the efficacy of PLGA NPs
conjugated with donor cell lysate for the induction of donor-
specific tolerance.56 We demonstrated that this strategy is
effective at preventing the activation of donor-specific CD4
T cells and partially protects the islet allograft. Furthermore,
combining the NP treatment with a short course of rapamycin
results in a significant synergy in terms of the prolongation of
islet allograft survival.56 In another study, Shahzad et al.57

developed PLGA NPs conjugated with H-2Kb-Ig dimer, CD47-Fc,
and PD-L1-Fc, with encapsulated recombinant TGF-β, to specifi-
cally target and silence antigen-specific CD8 T cells. The authors
applied this formulation in a single MHC-mismatched murine
model of skin transplantation and demonstrated that three

Fig. 2 Immune-modulation by nanoparticles to promote allograft
survival in transplantation. a Pre-transplant targeting of endothelial
cells (ECs) by nanoparticles during organ preservation prevents
allograft injury post-transplant by inhibiting recipient leukocyte
recruitment. Post-transplant targeting by tolerogenic nanoparticles
regulates alloimmune responses and promotes allograft tolerance.
b Representation of the essential components of tolerogenic
nanoparticle for induction of antigen-specific tolerance
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injections of this formulation on days 9, 11, and 13 post-transplant
significantly reduced the numbers of antigen-specific CD8 T cells
in the graft, blood, and spleen by inducing their apoptosis;
consequently, the survival of the skin allograft was significantly
prolonged.57

Currently, the only experimental protocols that have success-
fully achieved transplantation tolerance in human kidney recipi-
ents require donor bone marrow transplantation (BMT) and the
induction of recipient mixed chimerism.58–60 Using a minor
histocompatibility antigen (Hy)-mismatched C57BL/6 model of
BMT, Hlavaty et al.61 tested the efficacy of a nanoparticle-based
approach for the induction of mixed chimerism. In this model, the
peptide antigens Dby and Uty of the Hy protein readily mediate
the rejection of male bone marrow cells by female CD4 and CD8
T cells, respectively. Investigators have shown that a single
injection of Dby-conjugated PLGA NPs on day+ 1 post-transplant
without any immunosuppressive therapy is sufficient to establish
mixed chimerism and prevent rejection of the male bone marrow
cells up to 20 weeks post-transplantation. In that study, the
induction of mixed chimerism was found to be partially
dependent on the PD1-PD-L1 interaction. The authors suggest
that such a platform has promising potential to be applied to the
development of translatable donor-specific tolerance strategies.61

Recently, Braza et al.62 showed that targeting the innate immune
system at the time of transplantation can promote the acceptance
of fully MHC-mismatched murine cardiac allografts. In their study,
the authors demonstrated that high-density lipoprotein (HDL)
nanobiologics made of natural phospholipids and apolipoprotein
specifically target recipient macrophages. The delivery of rapa-
mycin and TNF receptor-associated factor 6 (TRAF6) inhibitors via
these nanobiologics blunts the inflammatory cytokine responses
of macrophages. Mechanistically, such nanobiologics are capable
of inducing Ly6Clo regulatory macrophages, which promote
allograft acceptance via inhibiting T-cell activation.62

Collectively, these studies provide promising evidence that
tailored tolerogenic NPs can be manufactured for the purpose of
inducing transplantation tolerance. These studies further reveal
the following essential components of efficient tolerogenic NP
formulations (Fig. 2): (1) a biocompatible carrier; (2) the conjuga-
tion of ligand(s) for targeted delivery; (3) the inclusion of immune
modulatory therapeutics such as rapamycin; and (4) the inclusion
of the antigens of interest. The timing and frequency of the
treatment are additional important variables that will require
careful optimization. Furthermore, the propensity for tolerance
induction will likely also depend on the type of organ
transplanted.63 Therefore, future studies will be needed to
examine each individual factor to optimize the therapeutic
efficacy of NP formulations for inducing transplantation tolerance
with specific transplanted organ types.

CRISPR/CAS9 TECHNOLOGY
CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic
Repeats-CRISPR-associated protein 9) technology is a revolution-
ary gene editing technology developed in 2012.64 CRISPR/Cas9 is
an enzyme complex derived from bacteria that can be harnessed
to precisely and efficiently remove or insert genes in a large range
of organisms from yeasts to mammals.64,65 Due to its simplicity,
efficiency, and accuracy, it has been widely used to generate
genetically modified animal models that are used in the study of
many diseases including cancers, viral infections, and neurologic
disorders.66 In the field of transplantation, this technology has
mainly been explored for its potential to facilitate the creation of
genetically modified pigs with an increased compatibility with
humans to improve porcine xenograft survival in humans.8,67 In
this section, we aim to briefly summarize the gene modification
mechanism of CRISPR/Cas9 and introduce current gene modifica-
tion strategies by CRISPR/Cas9 used in xenotransplantation.

Overview of CRISPR/Cas9 applications in xenotransplantation
Xenotransplantation using porcine organs is a promising means of
overcoming the constant shortages of human organs for an ever-
growing waitlist of patients in need of organ transplantation.
Porcine organs are ideal for xenotransplantation in humans
because pigs are physiologically similar to humans, are easily
modified and cloned and have a large number of offspring, as well
as a relatively short reproduction cycle.68 The main barrier to
successful transplantation of porcine organs into human recipients
is aggressive graft rejection caused by both humoral and cellular
immune responses triggered by xenoantigens on porcine cells.8 In
addition, the risk of the transmission of zoonotic pathogens from
pigs to humans also poses a potential threat to public health.69–71

Recent advances in CRISPR/Cas9 hold great promise for over-
coming these barriers by decreasing the xenogenicity of porcine
organs and increasing their physiological compatibility with
humans.67,72

The CRISPR/Cas family was identified as an RNA-guided defense
system protecting bacteria and archaea from invading viruses and
plasmids; of the members of the CRISPR/Cas family, CRISPR/Cas9
has been the most widely studied due to its simple structure and
high degree of specificity.64,73 Guided by RNA, CRISPR/Cas9 can
bind to and cleave DNA sequences at specific locations and thus
can be used to make precise gene modifications.66 The CRISPR/
Cas9 system consists of the following three main components: the
endonuclease Cas9 protein, the CRISPR RNA (crRNA), and a trans-
activating crRNA (tracrRNA). The 5ʹ end of the crRNA is a 20-
nucleotide guide sequence, which is complementary and can bind
to the target DNA sequence (also known as a protospacer); the
invariant tracrRNA sequence, partially complementary to the 3ʹ
end of crRNA, is required for targeted DNA binding and the
activation of Cas9. In addition to complementary binding between
the target DNA sequence and the guide crRNA sequence, the
target DNA must contain a protospacer adjacent motif (PAM)
consisting of the 3-nucleotide sequence NGG, which is recognized
by the PAM-interacting domain of Cas9 before executing the
cleavage.64 The activation of Cas9 induces the cleavage of the
target DNA sequence and generates a double-strand DNA break
(DSB), which can then be repaired by either nonhomologous end
joining (NHEJ) or homology-directed repair (HDR), resulting in
targeted gene editing.74 Originally, NHEJ was thought to be error-
prone, leading to insertion and deletion mutations. HDR is an
alternative DNA repair mechanism, and in the presence of a repair
template, precise and defined modifications can be generated at
the DNA target sites.2 Later, research discovered that NHEJ is,
however, the primary pathway by which CRISPR-induced lesions
are repaired even in the presence of template DNA,75,76 and that
NHEJ is in fact inherently accurate in the repair of Cas9-induced
DSBs, leading to a high frequency of accurate modifications.77

Owing to further improvements, it is currently possible to make
multiple gene modifications at several specific sites in the
mammalian genome simultaneously, leading to the easy pro-
grammability and wide applicability of this RNA-guided gene
editing technology.76

The discovery and development of CRISPR/Cas9 technology
have allowed important breakthroughs in xenotransplantation.
Transferring the nucleus from a genetically modified cell into an
enucleated oocyte can create genetically modified embryos,
which can then be surgically implanted into the oviducts of
hormonally synchronized recipients to eventually produce piglets
with the desired gene modifications.78 Bjoern further streamlined
the process, directly injecting the components of CRISPR/Cas9 into
porcine zygotes to create genetically modified embryos, thereby
obviating the need for somatic cell nuclear transfer (SCNT)
altogether. This advance significantly facilitates the production
of genetically modified pigs suitable for xenotransplantation
(Fig. 3).79 Employing this technology, researchers can now
precisely inactivate or insert multiple genes in the porcine
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genome, generating pigs that are potential organ donors with
multiple xenoantigen knockouts, as well as the simultaneous
expression of multiple protective human transgenes.76,80 Here, we
will also review current porcine genome modification strategies
for the prevention of the transmission of PERV (Porcine
Endogenous Retrovirus) during xenotransplantation.

Deletion of carbohydrate xenoantigens
Early graft failure due to hyperacute rejection (HAR) has always
been a major challenge in xenotransplantation, particularly before
the introduction of genetic modification technologies.81 Pre-
formed human natural antibodies against specific porcine
carbohydrate xenoantigens are the initiators of HAR. These
antibodies activate the complement system, leading to the
formation of a membrane attack complex that results in rapid
graft destruction.2,8,82 The main carbohydrate xenoantigens
expressed on porcine cells are alpha-1,3-galactose (α-Gal)
produced by α-1,3-galactosyl-transferase, N-glycolylneuraminic
acid (Neu5Gc) produced by cytidine monophosphate-N-
acetylneuraminic acid hydroxylase, and non-gal glycan produced
by β-1,4-N-acetylgalactosaminyltransferase. The genes encoding
these three key enzymes are GGTA1, CMAH and B4GALNT2,
respectively.83 GGTA1 gene deletion in porcine cells by CRISPR/
Cas9 was first reported in 2014 by Sato et al.84 Porcine embryonic
fibroblasts were transfected with a Cas9 expression vector and
guide RNA specifically designed to target the GGTA1 gene, and
GGTA1 biallelic knockout (KO) cells were successfully generated by
this technique with high efficiency.84 In 2015, pigs lacking single
GGTA1 (GTKO), dual GGTA1/CMAH (DKO), or triple GGTA1/CMAH/
B4GALNT2 (TKO) genes were generated using CRISPR/Cas9 in a
study by Estrada.78 Peripheral blood mononuclear cells (PBMCs)
were isolated from these pigs and examined for binding with IgM
and IgG from humans, rhesus macaques, and baboons. As
expected, PBMCs from GGTA1−/−CMAH−/−B4GALNT2−/− TKO
pigs showed diminished xenoantigenicity with both human and
monkey sera. Interestingly, when incubated with monkey sera,
GGTA1−/−CMAH−/− DKO PBMCs had a higher degree of
xenoantigenicity than GGTA1−/− GTKO PBMCs.78 However, in

the study by Gao et al.85 published in 2017 using human sera,
antibody binding and antibody-mediated complement-depen-
dent cytotoxicity were significantly reduced in cells from DKO pigs
compared to cells from GTKO pigs. These studies suggest that
antibody barriers to xenotransplantation can be minimized by
CRISPR/Cas9 genetic modifications; however, the use of nonhu-
man primate models for examining certain genetic modifications
may have limitations. Later, Zhang et al.86 also demonstrated that
TKO pigs could be an ideal source of bioprosthetic heart valves
(BHVs), as the BHVs from TKO pigs show minimal human IgG/IgM
binding activity and no discernable differences in valvular
properties compared with wild-type BHVs. Most recently, a
preclinical study of pig-to-monkey kidney xenotransplantation
using CRISPR/Cas9-modified pigs as donors and rhesus macaques
as recipients was published in which long-term renal xenograft
survival (435 days) was observed using pig donors with double
xenoantigen (Gal and Sda) knockout.87 In their study, however, in
addition to the xenoantigen deletion, T-cell depletion with anti-
CD4 and anti-CD8, as well as anti-CD154, mycophenolic acid and
steroids were also employed.87 Nonetheless, these findings
collectively underscore the promising potential of the application
of CRISPR/Cas9 technology to xenotransplantation.

MHC class-I deletion
Swine Leukocyte Antigen (SLA)-null pigs were created using
CRISPR/Cas9 in 2014 by Reyes et al.88 Seven alleles of classic MHC
class-I SLA genes were disrupted simultaneously to remove all
MHC class I molecules. Though there was a decrease in the
number of peripheral CD8 cells, these pigs otherwise appeared
healthy and developed normally.88 In clinical transplantation, it is
well known that antibody-mediated rejection can be particularly
aggressive if patients are presensitized to the donor; presensitiza-
tion means that the sera of the recipient will contain preformed
antibodies towards donor human leukocyte antigens (HLAs).89

Interestingly, a study evaluating the ability of antibodies from
waitlisted renal transplant patients to bind pig cells from TKO
donors or from class I SLA-null donors revealed that many
waitlisted patients have minimal xenoreactive antibodies to TKO

Fig. 3 Schematic representation of employing CRISPR/Cas9 gene editing to generate genetically modified piglets for xenotransplantation.
Genetically modified embryos can be obtained by either injecting the components of CRISPR/Cas9 into somatic cells followed by transferring
the gene-edited somatic nucleus into enucleated oocytes through SCNT or by directly injecting the components of CRISPR/Cas9 into zygotes.
Such embryos can then be surgically implanted into the oviduct of hormonally synchronized recipients to eventually produce piglets with the
desired gene modifications for xenotransplantation
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pig cells, but some anti-HLA antibodies in sensitized patients can
cross-react with class I SLAs.90 Moreover, human T-cell receptors
can directly bind to SLA complexes, triggering human T-cell
activation.91 Therefore, class I SLA deletion in addition to TKO will
potentially be beneficial in xenotransplantation.

Complement C3 deletion
C3 is a pivotal component of the complement system that plays
essential roles in xenograft rejection.92 Activation of the comple-
ment system leads to the formation of the membrane attack
complex and, consequent, to xenograft damage; complement
system activation is required for both hyperacute rejection (HAR)
and acute vascular rejection (AVR) of the xenograft.82 Pig donors
transgenically expressing human complement regulatory protein
CD46 (hCD46) were generated to regulate complement activation
in the porcine xenograft after xenotransplantation. This gene
modification, combined with GGTA1 knockout, human thrombo-
modulin transgene and immunosuppression treatment, has
achieved the longest survival so far of heterotopic cardiac
xenografts (945 days) and kidney xenografts (> 310 days).93,94

Therefore, C3 deletion could be beneficial for xenograft survival.
C3-deficient pigs have now been created by CRISPR/Cas9 by
Zhang et al.92 In their study, the C3 gene in porcine fetal
fibroblasts was cleaved by CRISPR/Cas9, and the biallelic knockout
nuclei were then used for somatic cell nuclear transfer to generate
C3KO piglets. In total, 19 C3KO piglets were produced, and their
plasma C3 protein level was confirmed to be undetectable by
Western blot and ELISA.92 These pigs are now available to be
tested as potential donors for xenotransplantation.

Inactivation of porcine endogenous retroviruses (PERVs)
In addition to xenograft rejection, the risk of the transmission of
infectious pathogens from pig donors to humans has been a
concern in the xenotransplantation field. Porcine endogenous
retroviruses (PERVs) are potentially infectious pathogens that
could be transmitted to humans through pig xenografts. PERVs
released from normal pig cells remain active in vivo, which is
different from inactive human endogenous retroviruses. PERV-A
and PERV-B are polytropic viruses that can infect cells of several
species, including humans, posing a risk for xenotransplant
recipients; in contrast, PERV-C is an ecotropic virus infecting only
pig cells.95,96 Although PERV transmission to nonhuman primate
or human recipients of porcine xenografts has not been reported,
it has been shown that PERVs can infect human cells in vitro.97

Yang et al.98 reported using CRISPR/Cas9 to inactivate PERVs by
targeting the retroviral gene pol, a reverse transcriptase universal
to all PERVs. This approach led to a 1000-fold decrease in the
ability of PERVs in porcine kidney cells to infect human kidney
cells in vitro. However, in their study, the maximal efficiency of
PERV inactivation in cell lines targeted by CRISPR/Cas9 was
~35–40%; within a given cell, the degree of pol inactivation also
varied greatly, from < 10 to 100%. Furthermore, cell clones with
> 90% pol inactivation grew poorly. Thus, simultaneous DNA
cleavage by Cas9 at multiple pol sites of various PERV genes in a
single cell may trigger DNA damage-induced cell senescence or
apoptosis. To circumvent this issue, investigators used a cocktail
containing a p53 inhibitor, pifithrin alpha (PFTa), and basic
fibroblast growth factor (bFGF) to counter this effect during gene
editing and have successfully grown cells with 100% PERV
inactivation. Following SCNT, PERV-inactivated pig fetuses with
100% inactivated PERVs were generated.70,98 These PERV-
inactivated pigs will now eliminate potential concerns of PERV
transmission from pigs to humans during xenotransplantation.

Limitations and perspectives
The development of CRISPR/Cas9 is undoubtedly a seminal
breakthrough that has ushered in an era of new progress in
xenotransplantation. Previous studies in xenotransplantation have

already identified numerous valuable target genes implicated in
xenogeneic immune responses. With CRISPR/Cas9, it is now
possible to accurately and efficiently modify those targets to
promote long-term xenograft survival. However, although the
specificity and efficiency of CRISPR/Cas9 have significantly
improved compared with previous gene editing technologies,
such as zinc finger nucleases and transcription activator-like
effector nucleases, it is of paramount importance to ensure its
absolute safety by eliminating off-target effects from unexpected
genomic rearrangements, which may have detrimental conse-
quences in humans. Further advancements in this powerful
technology are still needed.

CONCLUSIONS
The past decade has seen tremendous advances in new
technologies, such as single-cell RNA sequencing, nanobiotech-
nology, and CRISPR-Cas9 gene editing. However, creative applica-
tions of such novel and powerful technologies to improve clinical
transplantation have only just begun. Armed with such tools, we
are now well positioned to make major breakthroughs in defining
and providing optimized and personalized care for all transplant
recipients.
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