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Abstract The thymus is the primary site for the generation of
a diverse repertoire of T cells that are essential to the efficient
function of adaptive immunity. Numerous factors varying
from aging, chemotherapy, radiation exposure, virus infection,
and inflammation contribute to thymus involution, a phenom-
enon manifested as loss of thymus cellularity, increased stro-
mal fibrosis, and diminished naive T cell output. Rejuvenating
thymus function is a challenging task since it has limited re-
generative capability and we still do not know how to success-
fully propagate thymic epithelial cells (TECs), the predomi-
nant population of the thymic stromal cells making up the
thymic microenvironment. Here, we will discuss recent ad-
vances in thymus regeneration and the prospects of applying
bioengineered artificial thymus organoids in regenerative
medicine and solid organ transplantation.
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Introduction

In response to selection pressure of evolution, multicellular
organisms develop various forms of defense mechanisms to
eliminate infectious microbes. Even the most primitive unicel-
lular organisms develop some basic phagocytic ability to neu-
tralize competing microbial agents in the surrounding envi-
ronment. An effective immune system can recognize a diverse
range of pathogens and eliminate them while sparing the or-
ganism’s own tissues. This, in the vertebrates, is achieved by
the coordinated actions of the two arms of the immune sys-
tems: the innate immunity and the adaptive immunity. All
metazoans (i.e., organisms with three distinct germ layers dur-
ing early development) develop sophisticated innate immune
systems, using germline-encoded innate receptors (commonly
referred as pattern recognition receptors, PRRs) to recognize
invariant molecular structures that are widely shared by a large
group of pathogens, but not produced by the host organisms.
These evolutionary conserved targets are called PAMPs for
pathogen-associated molecular patterns, presumably
representing molecules essential for the survival of the mi-
crobes. Such a strategy allows the host organisms to use only
a fixed number of germline-inherited PRRs to target diverse
populations of microbial pathogens, with low risks of self-
destruction and low “energy expenditure.” However, innate
immunity is ill equipped to fight against pathogens that are
either fast evolving or required specific response. Adaptive
system is evolved in Jawed vertebrates, which use somatic
mutagenic mechanisms to generate a diverse repertoire of an-
tigen receptors in B and T lymphocytes. In theory, between
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10" and 10%°, possible clonotypes of receptors can be gener-
ated through the actions of the recombinant activating genes
(RAGI and RAG?2) in human, which enables the immune sys-
tem to respond to almost all the possible microbial antigens
that might be encountered throughout one’s lifespan.

As an integral part of the adaptive immune system, the
thymus is the primary lymphoid organ responsible for gener-
ating a diverse population of T cells that can recognize and
remember the molecular features of invading pathogens [1].
The resulting memory cells can respond promptly to recurrent
infections for immune protection. The development of thymo-
cytes with &3 T cell receptors (TCRs) of high affinity to self-
molecules is effectively undermined within the thymus, where
key mechanisms to maintain immunological self-tolerance are
taking place. While a lot have been learned over the past
decades, the underlying mechanism of thymic “self/non-self”
recognition is not fully understood and remains as a major
challenge to immunologists.

Most of the solid organs that have a dedicated physiological
function(s) vital to the survival of the entire organism (e.g.,
kidney for filtering blood to remove metabolic waste and excess
organic molecules or heart for blood circulation). In contrast, the
primary role of the thymus is to promote the differentiation of
bone marrow (BM)-derived lymphocyte progenitors (LPs) into
mature T cells, which will subsequently exert their physiological
function in the periphery. Based on their origin and behavior,
cells within the thymus can be categorized into two major com-
partments: The residential thymic stromal cells (TSCs) which,
together with the three-dimensional (3-D) network of extracel-
lular matrix (ECM), constitute the thymic microenvironment
and the transient, migratory, and immature thymocytes originat-
ed from the BM [2].

After entering the thymus through the blood vessel network
at the corticomedullary junction (CMJ) [3, 4], LPs first travel
outbound to the subcapsular zone in the “cortex,” then mov-
ing inward to the “medullary” region, before egressing from
the CMJ. Through this journey, LPs follow a well-controlled
program of thymopoiesis, differentiating from the CD4—CDS8
— double negative (DN) cells, to the CD4+CD8+ double pos-
itive (DP) cells, and finally maturing as CD4+CD8— or CD4
—CDS8+ single positive (SP) naive T cells. Cross talk between
the developing thymocytes and the thymic stroma, especially
the predominant population of thymic epithelial cells (TECs),
is essential for the stagewise maturation of thymoctyes.

Three gatekeeping selection events are critical for the gen-
eration of the diverse, self-MHC restricted, self-antigen toler-
ant «f3 TCR repertoire: (1) 3-selection [i.e., the generation of
a functional pre-TCR in DN cells, by pairing a germline
encoded invariant pre-T with the TCR3 chain produced by
V(D)J recombination, followed by the TCR« rearrangement
and transformation of DN to DP cells], (2) positive selection
[the selection of DP cells carrying TCRs that can establish
stable TCR and peptide/MHC (pMHC) interactions], and (3)

negative selection (the process by which DP and SP cells
carrying TCRs with high affinity for self-antigens are elimi-
nated). All these events are dependent on the intimate interac-
tions between the developing thymocytes and TECs in the 3-
D thymic stromal microenvironment.

Moreover, TECs located at different geometrical regions in
the thymic stroma have different functions for T cell develop-
ment. The subset of TECs in the cortical region (cTECs) is the
sole population of TSCs responsible for the positive selection
of DP cells. Although the underlying mechanism is not fully
understood, recent studies have shown that ¢cTECs are
equipped with unique proteasome machineries, which can
process antigens differently from other antigen presenting
cells (APCs). For example, cTECs express the (35t catalytic
subunit of the proteasome, which has different substrate pref-
erence from other 35 subunits. These properties enable the
c¢TECs to possess and present a unique pMHC ligandome
for positive selecting a large variety of functional TCRs [5].

TECs in the thymic medulla (mTECs) are essential for the
negative selection of autoreactive T cells to induce T cell tol-
erance [6]. One of the most remarkable features of the mTECs
is their capability to ectopically express low levels of antigens
that are otherwise restricted to specific tissues and organs.
While its underlying mechanisms are not fully understood,
two transcription factors have been identified to date to regu-
late the “promiscuous” expression of a large pool of genes: the
autoimmune regulator (4ire) gene and the forebrain expressed
zinc finger 2 (Fezf2) gene [7+]. Aire was originally isolated as
the gene that is mutated in autoimmune polyendocrine syn-
drome 1 (APS1), a rare, monogenically inherited human au-
toimmune disease that affects multiple endocrine and exocrine
organs [8]. Unlike classical transcription factors that bind to
specific DNA sequences for controlling tissue-specific gene
expression, Aire binds to non-methylated histone 3 lysine 4
(H3K4) and facilitates the access of the transcriptional factor
complexes to otherwise closed chromatin regions in the pro-
moter elements of tissue restricted antigens (TRAs). Aire-
deficient mice display several similarities with human APS1
[9], indicating the existence of function correlation between
thymic TRA expression and the establishment of immune
tolerance of peripheral tissues. Indeed, mTEC-specific knock-
out of Ins2, one of the isoforms of the two mouse insulin genes
(Ins1 and Ins2) whose thymic expression is regulated by Aire,
results in autoimmune destruction of insulin-producing f3-
cells in the pancreata of Ins/-deficient mice. These mice (des-
ignated as ID-TEC for insulin-deletion in mTECs) develop
full-blown diabetes around 3—4 weeks after birth due to lack
of deletion of autoreactive T cells in the thymus [10, 11],
highlighting the indispensable role of insulin expression in
mTECs in negative selection of insulin-reactive T cells to
establish pancreatic (3-cell immune tolerance.

Notably, although the expression of many thymic TRA is
independent of Aire, their ectopic expression in the thymus is
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as important as the Aire-regulated ones in establishing central
tolerance of peripheral tissues. For example, islet autoantigen
69 (ICA69), a known {3-cell autoantigen in type 1 diabetes
(T1D), is expressed in a wide range of endocrine and exocrine
tissues (e.g., the thyroid, the salivary glands, the brain, the
stomach, and the testis), in addition to pancreatic (3-cells
[12]. ICA69 is expressed in mTECs in an Aire-independent
fashion. Mice with mTEC-specific ICA69 deletion spontane-
ously develop coincident autoimmune responses to the pan-
creas, the salivary glands, the thyroid, and the stomach, pri-
marily mediated by ICA69-reactive T cells [13]. These results
suggest the presence of a direct link between compromised
thymic ICA69 expression and autoimmunity against multiple
ICA69-expressing organs. Recently, Fezf2 is identified as a
transcription factor regulating the mTEC expression of a pool
of TRAs that are independent of Aire [7+¢]. Unlike Aire,
which acts to remodel chromatin configuration, Fezf2 directly
binds to promoter elements of TRAs to regulate their expres-
sion. Mice with TEC-specific deletion of Fezf2 also develop
multiple organ autoimmunity. Nevertheless, although the mo-
lecular mechanisms of TRA expression in mTECs remain
elusive, it is well established that TRA presentation by
mTECs is essential for the induction of immune self-tolerance.

The Need to Rejuvenate Thymus Function

Paradoxically, the thymus itself inherits a transient nature during
the organism’s lifespan. For reasons largely unknown, thymus
precedes other organs in vertebrate animals displaying age-
related senescence. Thymus involution occurs as early as 1 year
ofage in human. In mouse, the number of TECs peaks at 4 weeks
postnatal, before undergoing a persistent decline, in conjunction
of gradual increase of thymic fibrosis and adipogenesis [14].
Consequently, the capacity of the thymus to support T
lymphogenesis decreases, resulting in significant decrease of
naive T cell output in middle age and aged individuals. Indeed,
the number of thymocytes decreases approximately 30-fold when
mice age from 6 weeks to 24 months [15]. In addition, percentage
of recent thymic emigrants (RTEs), the population of naive T cells
that egress the thymus for less than 5 days, drops from 20 to 30 %
at 6 weeks to 3 % at 6 months in the spleen, indicating decreased
capability of the thymus to generate new T cells to replenish the
periphery with age. Similar rapid regression of the thymus cellu-
larity and function is also found in humans beginning as early as
9months[16, 17]. Since peripheral T cell homeostasis is primarily
maintained by a balance of newly generated naive T cells and the
homeostatic proliferation of existing cells, diminished thymic
output in aged individuals results in numerous changes in the T
cell compartment. These include a decrease in naive T cell num-
bers, expansion of small subsets of memory cells, a global shift
from naive to memory phenotype, and a constricted TCR reper-
toire. Aged T cells also display a number of functional defects,
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such as reduced proliferation upon mitogen stimulation, altered
tonic signaling upon TCR engagement, and reduced IL-2 produc-
tion [18, 19]. All these changes contribute to the progressive de-
terioration of immune function (immunosenescence), resulting in
increased susceptibility to opportunistic infections, decreased re-
sponsiveness to vaccines, and increased incidence of autoimmu-
nity and cancer.

The thymus gland is also vulnerable to various envi-
ronmental or pathological insults, which irreversibly
compromise its function [20]. In fact, thymic atrophy
is a common feature under many acute infectious situa-
tions. For example, virus infection (e.g., HIV, rabies vi-
rus, measles virus) [21-24] leads to drastic depletion of
CD4+CD8+ DP thymocytes. The loss of thymocytes
could result either directly from killing by the viruses
or indirectly from the deleterious impacts of the elevated
proinflammatory cytokines [25]. High levels of gluco-
corticoid hormones in blood, in response to viral infec-
tions, can also trigger massive apoptosis of thymocytes
[26]. Other infectious agents (e.g., bacteria, fungus, and
helminths) can affect the thymus in a similar fashion. In
many cases, infection can also cause severe damage to
the TEC compartment, by either inducing apoptosis or
accelerating terminal differentiation of TECs. This aug-
mented differentiation results in depletion of the adult
TEC progenitor pool and permanent disruption of the
thymic stromal microenvironment. Chemotherapies and
irradiation treatment of cancers can also cause irrevers-
ible damage to the thymic epithelium.

Strategies to rejuvenate thymus function have been primar-
ily focused on treatment with cytokines and growth factors
that can promote the regeneration and proliferation of thymic
stroma. Aged mice injected with exogenous interleukin 7 (IL-
7), a vital cytokine for thymocyte development, show in-
creased thymic weight and cellularity [27]. Administration
of keratinocyte growth factor (KGF, also known as FGF7) to
either aged mice or bone marrow transplanted mice results in
increased numbers of early T lineage progenitors (ETPs) in
the thymus and restoration of the thymic architecture. The
mode of action of KGF appears to be a favored transient
expansion of TEC subsets [28, 29]. Recently, it was found
that interleukin 22 (IL-22), an IL-10 gene family member,
can act as an effective mediator for TEC regeneration after
total body irradiation [30]. Hormone therapies have also
been explored to treat age- or injury-related thymus in-
volution. Both growth factors (GH) and ghrelin have
been implicated in rejuvenating the thymic stromal mi-
croenvironment and improving thymopoiesis [31, 32].
While these approaches are promising for the develop-
ment of safe and effective clinical therapies for thymus
rejuvenation, most of their effects are transient and lim-
ited. Systemic administration of these factors can exert
unwanted side effects to other tissues/organs.
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Current Status of Thymus Engineering

Over the years, numerous efforts have been made to use
tissue-engineering techniques to develop artificial thymus
organoids or grow thymus tissues in vivo as a means to reju-
venate thymus function. One of the major challenges is to
recapitulate the unique 3-D architecture of the thymic stroma
that is essential for the survival and function of TECs [33, 34].
This is in striking contrast to epithelial cells of other visceral
organs, which form a 2-D sheet-like structure on the basement
membrane. The expression of genes critical for the specifica-
tion, proliferation, and function of TECs (e.g., FoxN1, DLL-4,
Tbata, MHC II) is dependent on the 3-D configuration of
TECs within the thymic stroma [35-39]. When TECs are sep-
arated from their thymic microenvironment and placed on
irradiated 3T3 cells or other mesenchymal feeders as 2-D cul-
ture, most of the TECs start to express markers of terminally
differentiated, senescent epithelial cells [40, 41] or even
transdifferentiate into skin cells [42]. Until recently, the lack
of a culture system to properly grow and propagate TECs in
vitro has hampered the application of modern gene editing
techniques to genetically modified TECs for therapeutics.
Reaggregate thymus organ culture (RTOC) is one success-
ful way to generate 3-D culture of thymus organoids. TSCs
are isolated from day 14.5-16.5 mouse embryos, mixed with
LPs or developing thymocytes as aggregates and cultured on
0.8-um filters placed on top of dental sponges in petri dish
[43, 44]. Similar approach has been used to culture postnatal
human thymic reaggregate units comprised of TECs, isolated
thymic mesenchymal cells and CD34+ cord blood progenitors
[45¢]. In both cases, the microenvironments of these thymic
reaggregates can support limited thymopoiesis both in vitro
and in vivo. Seeding isolated TECs into matrigel or other
collagen-based 3-D metrical systems has also been explored
and shown to be able to achieve limited success [46]. Artificial
3-D matrix can also support TEC survival and thymocyte
development to certain extent [47]. Moreover, it has been
shown recently that supplementing 3-D artificial matrix with
dermal fibroblasts derived from the human skin can support
the culture of mTECs and retain some of their key molecular
features for negative selection (e.g., expression of TRAs) [48].
The major difficulty to reproduce the microenvironment of
the thymus is the complexity of'its extracellular matrix (ECM)
composition and organization. It is now recognized that ECM
is not merely a passive support structure but a dynamic system
that programs cellular functions through physicochemical
means [49-51]. Epithelial cells polarize and migrate by an-
choring to fibronectin via integrin receptors [52]. The
resulting mechanotransduction alters cellular phenotypes via
ERK, Rho, and other signaling pathways. ECM also serves as
a reservoir for chemokines, growth factors, and cytokines that
make up the unique stromal microenvironment essential for
controlling the physiology of a given organ [53]. These ECM

properties are fundamental to organ development. Moreover,
precise spatiotemporal integration of physicochemical cues is
necessary for the colonization, survival, and differentiation of
stem/progenitor cells. While significant advances have been
made in recent years in the development of both synthetic/
natural biomaterials and 3-D fabricating/printing techniques,
it remains difficult to artificially replicate the ECM microen-
vironments and the complex molecular events within [54].

Using biologic scaffolds prepared from decellularized tis-
sues and organs is an alternative, effective shortcut to repro-
duce the genuine ECM microenvironment of a particular tis-
sue or organ [55-57]. Numerous physical (e.g., mechanical
agitation and snap freezing), chemical (e.g., non-ionic deter-
gents and SDS), and enzymatic (e.g., trypsin and DNase)
methods have been developed for induction of cell lysis, re-
moval cellular debris, and renaturation of the protein matrix.
With a combination of these approaches, biologic scaffolds
have been successfully prepared from various organs and tis-
sues, such as the heart, liver, kidney, pancreas, lung, skeletal
muscles, and trachea. Some of these have even been
engineered further in bioreactors to support the tissue regen-
eration from the seeded parenchymal cells, and limited but
encouraging function recovery was achieved in preclinical
studies [58—64]. Similar technology has already been applied
to manufacture and implant relatively simple tissues, such as
tissue engineered vascular graft and trachea, in patients with
limited success [65, 66].

Recently, functional thymus organoids have been suc-
cessfully constructed by repopulating decellularized thy-
mus scaffolds with TSCs (including TECs, thymic fibro-
blasts, and endothelial cells) isolated from young adult
mice, in conjunction with bone marrow progenitors
[67¢¢]. The microenvironments of the thymus scaffolds
can support the survival and function of adult TECs in
vitro, without changing their unique molecular properties.
When transplanted into T cell-deficient athymic nude
mice, the bioengineered thymus organoid can effectively
attract the homing of LPs from the host’s bone marrow and
supports the generation of a complex T cell repertoire. B
cells in the treated mice can undergo affinity maturation
and class switching upon immunization with model anti-
gens, indicating assistance from helper T cells. When chal-
lenged with allogeneic skin grafts, the treated mice can
effectively mobilize cytotoxic T cells for rapid rejection.
In addition, nude mice transplanted with thymus
organoids constructed with donor MHC-expressing TECs
display donor-specific tolerance to skin grafts but can
promptly reject third-party allogeneic skin grafts. This
study shows that the bioengineering approach to regener-
ate thymus can not only generate a functional T cell com-
partment but also serve as an immunomodulating tool to
modify the identity of “immunological self” and introduce
donor-specific immune tolerance [67¢¢].
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Major Obstacles to be Circumvented

While successful to a certain extent in preclinical mouse
models, major challenges remain. One of the major caveats
is that TECs are isolated and injected into the thymus scaffold
as single cells, resulting in loss of cell-cell contact and geo-
metrical organization of TECs in the bioengineered thymus
organoids. In contrast, cTECs and mTECs are compartmen-
talized into distinct geometrical regions in an intact thymus to
support specific stages of thymopoiesis. To improve the orga-
nization of TEC subsets in the bioengineered thymus, 3-D
biofabrication tools to promote the aggregation of TECs can
be utilized. Recently, we incorporated TEC-specific antibod-
ies in a polypeptide-based, self-assembling hydrogel system
and have successfully generated mini aggregates of TECs
[68]. When these 3-D aggregates of TECs were transplanted
into athymic nude mice, they could efficiently support T-
lymphogenesis. Thus, by either self-assembling or 3-D print-
ing, biocompatible hydrogel systems can serve as versatile
tools to further improve the design and organization of the
bioengineered thymus organoids.

Another advantage for incorporating biomaterials into thy-
mus bioengineering is that it provides a means to further im-
prove the vasculature of the organoid. Similar to situations in
transplantation of solid organs, bioengineered organoids need
to be connected to the vascular system to prevent ischemia-
induced massive cell death [69]. While the ECM of the vas-
cular framework is well preserved in the decellularized scaf-
fold, significant loss of factors essential for angiogenesis
might occur. Previous studies have shown that VEGF pro-
duced by the thymic stroma induces robust angiogenesis and
is critical for thymic growth in neonatal mice [70, 71].
Moreover, aggregates of human thymic TECs and VEGF-
expressing thymic mesenchyme can recruit postnatal human
hematopoietic progenitor cells and promote their differentia-
tion into T cells in NSG (NOD scid gamma) humanized mice
[45¢]. Promoting vascularization with factors essential for an-
giogenesis embedded in biomaterials could be an effective
way to improve the survival and function of the bioengineered
thymus organoid engraftment.

Novel Sources of TECs

Another big challenge facing thymus bioengineering is the
limited number of TECs that can be harvested from the adult
thymus, together with our incapability to efficiently expand
them ex vivo to combat this shortage. For reasons largely
unknown, the total numbers of TECs start to decrease at very
young age (about 4 weeks postnatal in mouse and 1 year after
birth in human), and such declines accelerate at puberty.
Recently, a number of studies have shown independently that
the numbers of clonogenic units, which presumably represent
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the proliferative thymic epithelial progenitor cells (TEPCs),
drop drastically within the first week after birth [72, 73,
74+]. How to prevent such early loss of TEPCs and expand
them either in vitro or in vivo remains a challenging task.

What hampers the advance of the field is the elusive nature
of postnatal TEPCs. On the contrary, much more have been
learned regarding the existence and identity of fetal TEPCs,
which possess the capability to regenerate the entire TEC
compartment. A single mouse TEC isolated at embryonic
day 12.5 (E12.5) is able to generate both mTECs and cTECs
when injected into fetal thymus lobes, indicating that all TEC
subsets have one common origin [75]. Results from fetal tis-
sue transplantation experiments demonstrate that a few
placenta-expressed transcript-1 (Plet-1)-expressing E15.5 fe-
tal TECs are sufficient to generate a fully functional thymus in
athymic nude mice [76]. Furthermore, when a conditional
mutant allele of Foxnl is converted to a functional wild-type
allele in vivo, a single TEC can form a small thymic lobule
that is comprised of both cortical and medullary regions and is
able to support normal thymopoiesis [77, 78]. These remark-
able findings conclusively demonstrate the existence of
Foxnl-expressing, fetal TEPCs that can give rise to a com-
plete and functional thymic microenvironment.

However, it is not known how embryonic TEPCs are related
to the putative adult TEPCs. To date, the mechanisms underly-
ing TEC homeostasis in postnatal/adult thymus remain largely
unclear. To search for the putative progenitors of the adult thy-
mic epithelium, investigators have turned to some of the well-
established, self-renewal systems (e.g., bone marrow, intestinal
stem cell crypts, hair follicles and dermis), and modeled TEC
regeneration accordingly [79]. All these systems can effectively
maintain long-term homeostasis and are able to promptly
regenerate/repair damaged tissues from pathological insults.
Two prominent features are common to the stem cells/
progenitors in these systems: (1) their capability to undergo fast
division upon stimulation and (2) their capability to stay quies-
cent and retain labeling of nucleoside analogues (e.g., BrdU) for
long-term. These properties not only enable them to quickly
replenish the lost cells and maintain tissue homeostasis but also
prevent precocious depletion of the stem cell pools.

The labeling-retaining approaches have been used in many
studies to identify the subsets of quiescent TECs in postnatal
mouse, which are presumably TEPCs [80, 81+, 82]. Using Ki67
and BrdU labeling approach, Gray et al. demonstrated that
TECs were highly proliferative at early postnatal stage, to sup-
port the rapid expansion of the TEC compartment [83]. The
turnover of the TECs is rapid, with an estimation about 10—
14 days at 4 weeks but drastically diminishes soon after the
initiation of thymic involution. Further experiments showed that
after an initial pulse of nucleus label agents at young age, a small
fraction of the quiescent label-retaining cells (LRCs) persisted
for months in the TEC compartment. Based on the differential
expression of common TEC surface markers (e.g., MHC 1I,
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Ly51, and UEA-1), Wong et al. grouped the adult TECs into
different subsets and found that LRCs preferentially reside with-
in the MHCII®Ly51 UEA-1"" subset (designated as cTEC™)
[84¢]. Interestingly, these cells have high levels of cell-surface
expression of both Sca-1 and o6 integrin, a feature shared by
stem cell/progenitors in many epithelial tissues, including the
epidermis. Furthermore, when mixed with fetal thymus cells
in RTOC and transplanted into the athymic nude mice, cTEC'
cells form small, isolated colonies distributed throughout the
thymus grafts, indicating their potential to proliferate and differ-
entiate into various TEC subsets.

While these studies clearly indicate the existence of LRCs
in the postnatal thymus, whether they are responsible for
maintaining TEC homeostasis is not clear. The postnatal
TEC compartment undergoes a chronic decay from early age
even under normal physiological conditions, and the thymus
gland requires continuous LP input to maintain thymopoiesis
and thymic stromal homeostasis. Perinatal loss of thymic tis-
sue is not compensated for in later life, suggesting that the
regenerative capacity of the postnatal thymic epithelium is
rather limited. In a recent perspective review, Boehm and col-
leagues suggest that thymus involution is an evolutionarily
conserved, natural defense mechanism to prevent the overpro-
duction of T cells [85]. Thus, lessons learned from homeostat-
ic model systems (e.g., hematopoietic stem cells and intestinal
stem cells) might not necessarily be translatable to the main-
tenance of postnatal TEPCs. An alternative, but not mutual
exclusive, mechanism is that the size of the thymic microen-
vironment is primarily maintained by proliferating the existing
TECs, like liver and pancreatic islets.

Recent studies have shed light on the molecular mecha-
nisms underlying postnatal TEC proliferation. Mice overex-
pressing Cyclin D1 under the regulatory control of a keratin 5
(K5) promoter display continuous growth of the thymus and
are protected from thymus involution [86]. In contrast,
knocking out p63, a member of P53 family of tumor suppres-
sors, in TECs leads to thymus hypoplasia, presumably due to
the loss of TEPCs [87, 88]. Foxnl is another key regulator of
adult TEC regeneration. In normal thymus, the expression of
Foxnl is highly heterogeneous, and the numbers of TEC with
low levels of Foxnl increase with age [89]. Mice with in-
creased levels of Foxnl expression in TECs are resistant from
thymic involution [90]. These studies highlight the possibili-
ties of targeting these molecules to expand TEPCs from aged
donors.

Alternative sources of TECs for therapeutics have also
been actively explored. These include controlled differentia-
tion from embryonic stem cells (hESCs) [91¢, 92+, 93], induc-
tion of differentiation from induced pluripotent stem cells
(iPSCs) [72, 94, 95], or transdifferentiation from mouse em-
bryonic fibroblasts (MEF) [96¢+, 97]. When these TEC-like
cells are transplanted into nude mice or NSG humanized
mice, functional T cells can be generated in vivo. While

promising, none of these approaches have been able to
so far differentiate the stem cells into a defined popu-
lation of TEPCs in vitro or in vivo.

The Prospect of Thymus Bioengineering
in Therapeutics

Until today, thymus transplantation is primarily used as an
investigational treatment for infants with congenital athymic
anomalies, such as “complete” DiGeorge syndrome, a genetic
disorder resulting from microdeletion on chromosome 22 at
band 22q11.2 (also known as the DGS region), or Foxnl
deficiency [98]. Without intervention, these conditions are
fatal. Most of the affected children die before 2 years of age
due to opportunistic infections. Typically, donor thymic tis-
sues can be obtained from infants undergoing surgeries for
treatment of congenital heart diseases, during which the pedi-
atric cardiac surgeons routinely remove the thymic tissue to
gain access to the surgical field. Only thymic tissues obtained
from donors under 9 months of age are normally used for
transplantation, as the chances for donors to experience viral
infections (e.g., cytomegalovirus and human herpes virus) in-
crease significantly with age, which, if passed over to the
immune deficient recipients, will be detrimental. In addition,
the thymus drastically loses its capability to regenerate 1 year
after birth. Successful thymopoiesis is observed in more than
70 % of treated DGS patients, and many of them have been
successfully weaned off the immunoglobulin replacement
therapy. These encouraging results indicate the clinical feasi-
bility of the protocol and highlight the potential of the thymus
transplantation approach in regenerating adaptive immunity. It
is conceivable that in the future, with further optimization,
patients with thymus agenesis can be transplanted with
bioengineered thymus organoids constructed from either cryo-
preserved donor TECs expanded ex vivo or even TEC-like
cells derived from the patient’s own cells (e.g., induced from
iPSCs or transdifferentiated from dermal fibroblasts).

The long-term immunological impact of complete or partial
thymectomy in infants undergoing cardiac surgery to treat heart
congenital disorders remains a matter of hot debate [99, 100].
While systemic review of previous studies has confirmed that
the procedure cause permanent changes in the T cell compart-
ments (e.g., decreased CD4+ and CD8+ naive T cell populations
and constricted TCR repertoire) as well as T cell-related immu-
nity, their clinical relevance in terms of increased risk of infec-
tious diseases or malignancy has yet to be determined and needs
further investigation [101]. Nevertheless, successful auto-
transplantation of bioengineered thymus organoids con-
structed from TECs isolated from the surgically re-
moved thymus glands can help to maintain long-term
T-lymphopoiesis, prevent early immunosenescence and
improve T cell-mediated adaptive immunity.
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From a futuristic point of view, the field that will benefit
most from thymus engineering will be solid organ transplan-
tation. Despite advances in modern medicine and increased
awareness of organ donation in the general population, the
gap between demand and supply continues to widen rapidly
over the years. In 2015, more than 120,000 patients need a
lifesaving organ transplant, and in average, 22 people die each
day while on the active waiting list (http://optn.transplant.hrsa.
gov). While advances in regeneration medicine and stem cell
therapy can potentially fill the gap of organ shortage in the
future, most of the patients are still required to undergo
systemic immunosuppression throughout their life to prevent
graft rejection. In addition to infection and drug-related side
effects (e.g., nephrotoxicity and hypertension), patients are at
much higher risk for developing a broad spectrum of cancers,
compared with the general population [102]. Modulating the
adaptive immune system of the recipients through thymus
bioengineering might be a promising novel approach to estab-
lish immunosuppressive drug-free, donor-specific immune
tolerance of allogeneic graft [67¢¢].

The idea is based on the preclinical findings that transplanta-
tion of bioengineered thymus organoids constructed with TECs
co-expressing both donor- and recipient-MHCs can support the
development of a T cell repertoire that is tolerant to both donor

Single cell suspension

Thymus
Scaffold @

and recipient cells [67+¢]. Thymus gland will be harvested to-
gether with the needed organ from the cadaver donor and dis-
sociated into single cell suspension via collagenase digestion.
TECs and other thymic mesenchymal cells will be enriched by
FACS and used to populate the decellularized scaffolds, which
can be prepared from surrogate thymus glands of allogeneic or
even xenogeneic origins, as components of ECM are highly
conserved evolutionarily [103] and normally not antigenic
(Fig. 1). The bioengineered thymus organoids will be cultured
for TEC colonization and expansion ex vivo. In addition, gene
expression cassettes expressing the most relevant recipient’s
MHC molecules will be introduced to the donor TECs via
lentiviral particle transduction [104]. Meanwhile, the grafts
(e.g., kidney or pancreatic islets) will be transplanted into recip-
ients preconditioned with T cell depletion immunosuppressive
regimen [e.g., anti-thymocyte immunoglobulin (ATG) or anti-
CD52 monoclonal antibody (CAMPATH)]. The bioengineered
thymus organoids can be engrafted into the thoracic cavity, ei-
ther by directly connecting to the internal thoracic artery to
replace the endogenous thymus gland in aged recipient, which
should have already shrunk and degenerated significantly, or as
addition to the existing thymus in younger recipient. Once
engrafted, the bioengineered thymus organoids will facilitate
the generation of a new repertoire of naive T cells that can exert

e
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Fig. 1 Induction of donor-specific allograft tolerance by thymus
bioengineering. Thymus gland is harvested from a cadaver donor in
conjunction with the organ to be transplanted (e.g., kidney or pancreatic
islets). Recipient, preconditioned with lymphocyte-depletion regimen
[e.g., Campath (anti-CD52) or ATG (anti-thymocyte immunoglobulin)],
will receive the transplant. Donor thymic epithelial cells (TECs) will be
isolated from the dissociated thymus, transduced with lentiviral particles
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expressing the recipient’s MHC molecules, and used to reconstruct the
thymus organoids with surrogate thymus scaffolds. The bioengineered
thymus organoid will be transplanted into the recipient, either as an
additional thymus lobe (in young patients) or as a replacement (in older
patients) at the time of organ transplantation. Representative images of a
decellularized thymus scaffold (mouse) and a bioengineered thymus
organoid (mouse) are shown
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adaptive immune function but remain unresponsiveness to do-
nor cells, to ensure long-term survival of the transplant without
the need of immunosuppression.

Another area that can potentially benefit enormously from
the thymus bioengineering is to reverse immunosenescence in
aged individuals. Thanks to the advances of medical sciences
and modern technology, life expectancy in developed coun-
tries has increased dramatically in the past century. It is
projected that by the year 2030, more than 20 % of US pop-
ulation will be aged 65 or older. Aging is associated with
progressive deterioration of immune function that leads to
increased susceptibility to opportunistic infections, decreased
responsiveness to vaccines, and increased incidence of auto-
immunity and cancer [105, 106]. How to prevent/reverse
immunosenescence in aged individuals to ensure a healthy,
quality life and to cut down societal health care-related cost
remains a major challenge to medical research [107, 108].

Mechanistically, many of these age-related adverse events
are attributed to changes in the T cell compartment, including
a decrease in naive T cells, expansion of small subsets of
memory cells, and a global shift from naive to memory phe-
notype. In addition, aged T cells display a number of function-
al defects, such as reduced proliferation, altered tonic signal-
ing upon TCR-engagement, and reduced IL-2 production [18,
109]. Central to these age-related dysfunctions in the T cell
compartment is age-related thymus involution [19].
Transplantation of artificial thymus organoids engineered with
host MHC-expressing TEPCs derived either from multipotent
stem cells (e.g., iPSCs, genetically modified hESCs) or from
Foxnl-overexpressing transdifferentiated skin fibroblasts into
elders can be used as an effective way to rejuvenate T cell
immunity and treat age-related immune disorders.

Potential Health Care Cost-Savings of Thymus
Organoid Transplantation

Health care spending in the USA has increased dramatically
over the past 50 years, reaching 3.0 trillion dollars in 2014 that
is accounted for 17.5 % of the US economy. The major chal-
lenge to medical professionals and researchers is to improve
the quality of medical care while decreasing its costs. While
still in its infancy, recent advancements in the biomedical en-
gineering field have demonstrated its potential not just provid-
ing novel strategies and devices to fight life-threatening dis-
eases but also actually decreasing the cost of patient treatment
while improving its outcome. For example, in patients with
coronary artery disease (CAD) who undergo percutaneous
coronary intervention (PCI), bioresorbable vascular scaffold
(BVS) has shown short-term cost-savings and the potential to
improve long-term clinical outcomes, compared with the tra-
ditional metallic drug-eluting stents [110, 111].

While the cost for thymus reconstruction and transplanta-
tion is not known at present, we estimated that its total cost is
around $25,000 to $30,000, based on our experience with
human islet isolation for treatment of patients with severe
pancreatitis [112, 113]. Notably, this is similar to the annual
cost of immunosuppressive drugs for patients with solid organ
transplantation (e.g., liver or kidney), but the procedure will be
needed only once. If, as previously discussed, donor-specific
immune tolerance might be achieved by co-transplantation of
the bioengineered thymus organoids, the recipients will need
minimum immunosuppression, resulting in substantial
healthcare savings and significant relief of patients’ financial
burden. For example, Medicare coverage of immunosuppres-
sive drugs for recipients less than 65 years of age lasts only
3 years after kidney transplantation. This leaves many recipi-
ents unable to afford the necessary medication, leading to
allograft rejection and premature graft failure, and the patients
go back to the costly dialysis treatment, with an annual cost of
more than $74,000 [114]. With more than 15,000 patients
undergo kidney transplantation each year, hundreds of mil-
lions of dollars can be saved annually if the usage of immu-
nosuppressive drugs can be substantially reduced in this group
alone.

Recently, Habka et al. performed a prospective financial
analysis of transplanting bioengineered autologous liver grafts
constructed with hepatocytes derived from iPSCs [115]. They
estimated that constructing a liver graft with 1 x 10'" hepato-
cytes (about 35 % of the normal liver size) would cost 9.7
million US dollars, a number too high for clinical applications.
On the contrary, a human thymus gland at puberty contains
about 1 —2 % 10® TECs [116]. If the costs for generating TECs
from autologous iPSCs are similar to those of hepatocytes, the
estimated cost for bioengineering a fully functional thymus
organoid will be around 10,000-20,000 dollars, which is more
clinically applicable. Thus, transplanting bioengineered thy-
mus organoids might be an effective way to decrease the
healthcare cost in treatment of various medical conditions,
such as decreased immune protection in the elders and allo-
graft rejection.

Conclusion

While thymus bioengineering is still at its infancy and more
research is needed to further advance the technology for clin-
ical application, preclinical studies have clearly demonstrated
the proof-of-principle that it is an effective approach to reju-
venate the function of the adaptive immune system. Recent
advances in stem cell research and regenerative medicine
make it possible to repair and/or regenerate various tissues
and/or organs in human bodies in the foreseeable future.
However, immune incompatibility remains as one of the ma-
jor obstacles to render the artificial organoids as integral parts
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of the hosts. Thymus bioengineering is a promising approach
to modulate the adaptive immunity of the patient and achieve
immunosuppression-free tissue/organ replacement.
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