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ABSTRACT

Background: Type 1 diabetes (T1D) is an autoimmune disease in which pancreatic insulin-producing b cells are specifically destroyed by the
immune system. Understanding the initiation and progression of human T1D has been hampered by the lack of appropriate models that can
reproduce the complexity and heterogeneity of the disease. The development of platforms combining multiple human pluripotent stem cell (hPSC)
derived tissues to model distinct aspects of T1D has the potential to provide critical novel insights into the etiology and pathogenesis of the human
disease.
Scope of review: In this review, we summarize the state of hPSC differentiation approaches to generate cell types and tissues relevant to T1D,
with a particular focus on pancreatic islet cells, T cells, and thymic epithelium. We present current applications as well as limitations of using
these hPSC-derived cells for disease modeling and discuss efforts to optimize platforms combining multiple cell types to model human T1D.
Finally, we outline remaining challenges and emphasize future improvements needed to accelerate progress in this emerging field of research.
Major conclusions: Recent advances in reprogramming approaches to create patient-specific induced pluripotent stem cell lines (iPSCs),
genome engineering technologies to efficiently modify DNA of hPSCs, and protocols to direct their differentiation into mature cell types have
empowered the use of stem cell derivatives to accurately model human disease. While challenges remain before complex interactions occurring
in human T1D can be modeled with these derivatives, experiments combining hPSC-derived b cells and immune cells are already providing
exciting insight into how these cells interact in the context of T1D, supporting the viability of this approach.
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1. INTRODUCTION

Autoimmune diabetes, commonly known as type 1 diabetes (T1D), is
characterized by the erroneous destruction of pancreatic insulin-
producing b cells by an individual’s own immune system. Decades
of research have demonstrated that T1D is a progressive disease
initiated by a break in immune tolerance that leads to infiltration of
pancreatic islets by islet antigen-specific autoreactive T cells [1e4].
The disease then progresses towards overt diabetes, likely through
combined action of innate immune cells, autoreactive CD4þ and CD8þ

T cells, and autoantibody-producing B cells working synergistically to
destroy most of the b cells in the pancreas. More recent work has
provided increasing evidence for a previously underappreciated role for
the pancreatic b cell in triggering its own demise, arguing against a
bystander role for the cells targeted by the immune system (reviewed
in [5,6]). The contribution from other pancreatic cell types to disease
initiation and progression is also the subject of active investigation. The
accumulating evidence has thus led to the emerging concept that T1D
might not be accurately classified as a single disease, but comprises
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many different endotypes that involve different biological systems and
mechanisms that contribute to disease manifestation [7].

1.1. The need for stem cell-based models of human T1D
Animal models of spontaneous autoimmune diabetes have provided
considerable insights, leading to the formulation of interventions to
prevent, halt, and even reverse disease in these animals (see [8] for a
detailed review of current animal models of T1D). However, translating
these approaches to humans has fallen short. This is likely due to
species differences in biological responses [9], as well as failure to
understand which patient population would benefit the most from a
specific treatment based on their disease endotype. Better preclinical
research models are thus needed to gain specific insights into the
initiation and progression of the human disease. Critical information
can be obtained by studying primary immune cells and pancreatic
islets isolated from control donors and patients with T1D. However,
primary cells are difficult to obtain, and their availability is unpredict-
able. They also exhibit considerable variability between donors and
tend to lose their functional characteristics when cultured in vitro.
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Abbreviations

T1D Type 1 diabetes
HIRN Human Islet Research Network
hPSC Human pluripotent stem cell
iPSC Induced pluripotent stem cell
HLA Human leukocyte antigen
HSC Hematopoietic stem cell
TEC Thymic epithelial cell
SC Stem cell-derived
NOD Non-obese diabetic
HE Hemogenic endothelial cell

TCR T cell receptor
ATO Artificial thymic organoid
CAR Chimeric antigen receptor
Treg Regulatory T cell
TEP Thymic epithelial progenitor
hESC Human embryonic stem cell
SCID Severe combined immunodeficiency
FTOC Fetal thymus organ culture
RTOC Reaggregated thymic organ culture
MHC Major histocompatibility complex
PBMC Peripheral blood mononuclear cells
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These limitations reduce the speed and confidence with which
knowledge on specific biological processes can be obtained from
primary tissue. Additionally, modeling autoimmune interactions re-
quires appropriate matching of human leukocyte antigens (HLAs) be-
tween the different cell types to allow faithful communication between
cells while avoiding alloimmune responses. These restrictions hinder
the building of complex models that can provide critical insights into
autoimmune processes using primary cells.
Human pluripotent stem cells (hPSCs) offer an alternative source for
functional cell types to overcome some of these challenges. The ability of
hPSCs to self-renew while maintaining the capacity to differentiate into
virtually any cell type in the body provides the opportunity to generate
unlimited amounts of genetically identical disease-relevant cells. Ad-
vances in reprogramming methods to create iPSCs, including viral
integration-free approaches, have also facilitated modelling genetically
complex diseases involving multiple loci by enabling the generation of
patient-specific cell lines. In addition, genome engineering approaches
such as CRISPR/Cas9 and TALEN technologies make it possible to
effectively conduct genetic modification in hPSCs. These technologies
have facilitated the generation of gene knockouts and overexpression
models, fluorescence gene reporters, and implementation of distinct
SNP configurations, providing an unpreceded ability to interrogate the
role of specific human genes in disease onset and progression in an
isogenic manner [10]. Such emerging human and patient-specific model
systems are especially powerful when married to ever-improving stra-
tegies to direct hPSC differentiation toward functional cell types relevant
to T1D. For example, it is now possible to perform detailed phenotypical
analysis of pancreatic b cells generated by directed differentiation of
iPSCs from patients with T1D [11,12]. Thus, advances in iPSC reprog-
ramming, genome engineering, and directed differentiation offer the T1D
research field the unique opportunity to investigate distinct aspects of
the human disease, including interactions between genetically matched
cell types.

1.2. Modeling different stages of T1D
Given the complexity of the disease, optimizing platforms to model
human T1D demands combining different cell types to recapitulate
their intricate interactions. In this review, we will focus on hemato-
poietic stem cells (HSCs), which give rise to T lymphocytes and other
immune cells, thymic epithelial cells (TECs), which are required to
support T cell development, and pancreatic islet cells (Figure 1A).
While reproducing all disease features is not currently possible, we
envision modeling specific disease stages by integrating different
stem cell-derived (SC-) cell types in the same model platform (Figure
1B). For example, modeling defects in central immune tolerance,
likely involving deficiencies in thymic selection [13], requires
combining HSCs or T cell progenitors with TECs to assess T cell
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development. Alternatively, modeling the initial destruction of b cells
likely necessitates combining pancreatic b cells with a subset of
immune cells (T cells and/or innate cells such as macrophages,
dendritic cells, NK cells), while modeling disease progression might
require other pancreatic cell types combined with a broader range of
immune cells (Figure 1B).
These different cell types can then be combined in the appropriate
platform to model distinct disease aspects. For example, hPSC-derived
islets (SC-islets) can be cultured in vitro with cytokines to assess the
effect of inflammation on b cells, or they can be combined with im-
mune cells to measure T cell activation in different conditions (Figure
1C). SC-islets can also be incorporated into microfluidic devices,
designed to recreate a normal flow of nutrients and cells through the
islet-like clusters, to assess cell migration and immune cell activation
(Figure 1C). Alternatively, these different cell types can be combined in
vivo within humanized mice. For example, SC-islets can be trans-
planted into immunodeficient mice that have been injected with human
peripheral blood mononuclear cells (PBMCs) to assess T cell migration
and selective destruction of human b cells within SC-islet grafts
(Figure 1D). HSCs, TECs, and pancreatic cells can also be engrafted in
irradiated and thymectomized immunodeficient mice to study thymic
selection and subsequent immune attack of SC-islet grafts by human T
cells and other immune cells (Figure 1D). More details on these in vitro
and in vivo models are provided in a separate issue of the Human Islet
Research Network (HIRN) review series [8].
Here, we summarize the current state of hPSC differentiation ap-
proaches to generate T1D relevant cell types with a particular focus on
pancreatic islet cells, HSCs, T cells, and TECs. The progress in dif-
ferentiation methods for other relevant cell types, such as innate im-
mune cells, is reviewed elsewhere [14]. We also discuss applications
and limitations of using each cell type for disease modeling and review
current and emergent multi-tissue in vitro and in vivo models. Finally,
we outline outstanding challenges in the field and highlight future
improvements needed to advance this exciting research frontier.

2. PANCREATIC ISLET CELLS

As both the targets of the autoimmune attack and potential key in-
stigators of the immune response leading to their demise [6], b cells
are an integral part of T1D models. Over the past two decades,
extensive effort has been put into developing and optimizing protocols
to generate an abundant source of functional human SC-b cells for cell
replacement therapy (see [15e18] for review). Importantly, this work
has considerably accelerated our ability to model aspects of human b
cell physiology and T1D disease development. While knowledge of
some forms of diabetes will advance using only SC-b cells, other
discoveries, especially in autoimmune T1D, may require SC-islets or
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even whole-pancreas models in conjugation with immune cells. The
role of a cells in the development of multiple forms of diabetes has
been appreciated in recent years, including an emerging emphasis on
the role of a cell dysfunction in T1D (reviewed in [19]). However, their
impact on human b cell function and immunogenicity in models of T1D
is still unknown. Similarly, more work is needed to determine how non-
endocrine islet niche cells, including vascular and extracellular matrix
components (see [20,21] for review), would impact the utility of SC-
islets for T1D modeling.

2.1. Current state of pancreatic islet cell differentiation

2.1.1. b cells
The pathways driving pancreas development and endogenous b cell
generation have been carefully delineated through decades of mostly
model organism research (reviewed in [22e24]). This foundation
Figure 1: Stem cell-based platforms to model different stages of human T1D. (A) Hum
initiation and progression of T1D pathogenesis. (B) Modeling of specific stages of diseas
combined in vitro using co-culture platforms or microphysiological systems (C), or in vivo
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enabled developing in vitro differentiation protocols that generated
immature but glucose responsive SC-b cells [25e27]. These early SC-b
cells selectively responded to glucose challenges with increased insulin
secretion, but also presented phenotypical features akin to immature
fetal-like cells. Transcriptional [28e32], epigenomic [33e35], proteo-
mic [36], and metabolomic [37,38] profiling of early SC-b cells indeed
revealed that they more closely resemble fetal rather than adult human b
cells, indicating a need for further optimization of the differentiation
process. Multiple approaches have since been taken to improve SC-b
cell physiology with the goal of achieving insulin secretion in response to
fuel, typically glucose, with the precision, magnitude, and kinetics of
native mature b cells. The generation of SC-b cells and their maturation
has been improved by refining the timing of chemical manipulation of
known pathways such as TGFb [39,40], ROCK [41], and non-canonical
WNT [42]. Alternatively, modulating the circadian clock or cell cycle can
also impact b cell functional maturation [33,43]. Finally, dissociation and
an pluripotent stem cells (hPSCs) can be used to generate isogenic cells relevant to the
e requires combining different SC-derivatives. (CeD) Relevant SC-derivatives can be
using humanized mouse models (D).
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Figure 2: SC-islets can be used to model different forms of diabetes. Reprogramming of somatic cells from healthy donors and patients with diabetes or genetic engineering
of control hPSCs enables the generation of disease-relevant SC-b cells. Comparing the physiological and immunogenic properties between control and genetically modified
isogenic or diabetic SC-b cells has the potential to reveal new insights into different forms of human diabetes. In some cases, exposure of SC-b cells to stress and/or immune cells
might be required to reveal alterations in the phenotype of disease-relevant cells.
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cell sorting strategies to enrich for SC-b cells can improve specification
and subsequent maturation, while allowing simultaneous resizing to
more physiologic islet-like structures [30,39,40,44e51]. Despite these
advantages, reaggregation techniques also have disadvantages such as
cell loss during the labor process and requirements for complex
workflows, which may decrease reproducibility across different cell lines
or laboratories. Taken together, these decades-long efforts to optimize
differentiation and maturation steps have laid the foundations for using
SC-b cells to model diabetes. While there is still ongoing work focused
on further refining SC-b function, it is indeed now possible to produce
vast numbers of glucose responsive human b cells for disease
modeling, or for genetic/drug screens to identify and validate new
therapeutic targets.

2.1.2. Other endocrine cell types
While other endocrine cells such as a and d cells are induced with
current b cell differentiation protocols, it remains to be seen if in vitro
differentiation strategies can be adapted to selectively generate these
hormone-expressing cell types independently. A few protocols exist for
generating SC-a cells capable of secreting glucagon in response to
secretagogues [52e55]. These protocols involve inhibiting BMP and
activating retinoic acid signaling at early stages of endodermal
patterning, before NKX6.1 is expressed, to drive pancreatic cells to an
a-like fate. Alternatively, controlled generation of multiple endocrine
cells under the same culture conditions may also be possible, as
peninsular structures budding during endocrine differentiation from
stem cells contain insulin-, glucagon-, and somatostatin-expressing
cells, mimicking the formation of native islets [56].
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2.2. Applications of SC-islets in disease modeling
Recent advances in SC-b cell differentiation, combined with reprog-
ramming and genome editing tools, have enabled the development of a
first generation of diabetes disease models (Figure 2).
Genome engineering has been used to model monogenic diabetes by
knocking out genes critical for pancreatic and b cell development in
hPSCs (PDX1, NEUROG3, ARX, GLIS3, NEUROD1) (reviewed in [57,58]).
Correcting mutations in patient-derived iPSCs has led to a better un-
derstanding of disease mechanisms in rare cases of neonatal diabetes
[59e61]. Multiple iPSC lines have also been successfully generated
from patients with T1D and their ability to differentiate into b cells has
been validated [11,12,62e65]. The function of SC-b cells derived from
T1D iPSCs is not significantly different from that of cells derived from
control lines, as indicated by in vitro and in vivo characterization
available so far. Since T1D is a heterogenous disease, it is unclear if
these results are representative of most patients, or if cells from more
donors need to be assessed to uncover significant differences. Alter-
natively, assays currently employed might not be able to detect minor
differences between SC-b cells from control and T1D patients.
Exposing T1D SC-b cells to stress and/or immune cells might also be
required to reveal alterations in their phenotype (Figure 2).

2.3. Limitations of SC-islets in disease modeling
Despite rapid progress in differentiating pancreatic cells from hPSCs,
challenges remain that affect our ability to broadly use these cells for
T1D modeling. In this section, we summarize outstanding bio-
processing and physiologic challenges, and discuss how they may be
addressed to optimize the use of SC-b cells for disease modeling.
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2.3.1. Consistency of differentiation between cell lines
Modeling an heterogenous disease like T1D requires differentiation of
various hPSC lines, including many patient-derived iPSC lines. How-
ever, the variability in gene expression, insulin production, and glucose
responsiveness in SC-islets derived from distinct lines makes it
challenging to compare across different genetic backgrounds [66,67].
In addition, heterogeneity of materials (chemicals, small molecules,
growth factors, and biologics such as antibodies) used by researchers
may yield differential results in different laboratories across the globe.
Finally, differentiation protocols involve specialized techniques that are
difficult to define accurately in publications, contributing to a lack of
reproducibility between groups. Rigorous characterization of SC-b
cells generated from different cells lines is thus recommended,
particularly for b cell functional studies (see [68] for a detailed dis-
cussion on characteristics that should be met to qualify as a func-
tionally mature b cell). However, how functionality of SC-b cells
impacts their immunogenicity is incompletely understood, highlighting
the importance of characterizing expression, processing, and pre-
sentation of T1D-relevant antigens when studying interactions be-
tween SC-b cells and immune cells. As we gain more information on
immunogenic properties of healthy and diseased b cells, establishing a
more rigorous set of immunological characteristics will be important to
increase consistency among SC-based models of T1D.

2.3.2. SC-islet cellular composition and organization
In vitro differentiation of hPSCs into pancreatic b cells yields an heter-
ogenous mixture of pancreatic endocrine cells (b, a and d cells) and, to
varying degrees, other cell types such as pancreatic progenitors, ductal-,
acinar-, and enteroendocrine-like cells [39,56]. As efforts to optimize
differentiation protocols continue, better control over the types, pro-
portions, and arrangement of cells formed is likely to be achieved by
refining the timing, efficacy, or types of signaling cues directing differ-
entiation, most of which emerged from studies in mice rather than in
humans. Islet architecture, in fact, varies greatly between humans and
mice, with notable differences in the type and distribution of endocrine
cells and their electrophysiology [69]. Deeper knowledge of human
embryonic islet development will thus be necessary to further improve
the efficiency of differentiation, and may be greatly informed by recent
progress in single-cell profiling technologies [70e72]. Although the
presence of a non-physiological proportion or arrangement of b cells
may hinder b cell functional fine-tuning, it is not clear if it affects
immunogenicity in the context of T1D models. If cell purification be-
comes necessary to form islet-like clusters with defined compositions,
endocrine cells could be enriched using different methods such as
simple dissociation and reaggregation [39,40], dyes for insulin or zinc
content [51], purification using cell surface markers [33,50,65,73], or
fluorescent reporters [49,74]. The optimization of enrichment methods
opens the door for assembling “designer” islets with defined a to b cell
ratios [73]. In the future, it may also be possible to integrate marker-free
purification into designer islet assembly [75]. Refining the different cell
ratios and parameters for the reproducible generation of SC-islets may
also improve their cellular architecture to resemble native islets of
Langerhans more closely. Such efforts may also be enhanced by the
addition of other cell types typically found within primary islets, including
endothelial and mesenchymal cells, that are currently largely absent
from SC-islets clusters.

2.3.3. Maturity of SC-b cells
Immature physiology is a common challenge for SC-derived products
[76]. Despite recent progress, SC-islets produced in vitro still resemble
fetal or neonatal rather than adult islets. Although this immature
MOLECULAR METABOLISM 66 (2022) 101610 � 2022 The Authors. Published by Elsevier GmbH. This is an open a
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phenotype affects the ability of b cells to properly secrete insulin in
response to glucose, it is unknown how this functional impairment
affects the antigen repertoire presented to immune cells, and how this
compares to mature native islets. Interactions with immune cells
recreated using immature SC-islets may indeed reflect distinct
immunomodulatory and survival properties of immature endocrine
cells when compared to mature cells. The immaturity of in vitro islets
may nevertheless offer beneficial applications. Immature b cells
engraft better upon transplant [77,78], which is desirable for in vivo
models. They might also enable modeling of immuneeislet in-
teractions that occur during the juvenile maturation period, when early-
arising autoimmunity strongly predisposes towards overt T1D [79].
Alternatively, a better knowledge of the maturational cues leading to in
vitro maturation of b cells could enable longitudinal studies of T1D
pathogenesis. For example, comparing immunogenicity of immature
and adult b cells could give us insight into whether islet autoimmunity
and susceptibility to inflammation is linked to physiologic maturation.

2.3.4. Stability of SC-b cells
Like primary human islets, SC-b cells intrinsically lose their ability to
properly respond to glucose during long-term culture [38e40]. Why
this occurs is unclear, but these studies suggest that it is not due to de-
differentiation or cell death. It is possible that support from vasculature,
nerves, extracellular matrix, or other tissues is needed for phenotypic
durability. While this functional instability is a major challenge for
physiological assays, the impact on modeling studies is unclear since
changes in b cell immunogenicity during long-term culture have not
been characterized. For example, how does processing and antigen
presentation of autoimmune targets such as insulin change over time,
and how does it compare to native and T1D human islets? As an
alternative to in vitro culture, in vivo transplantation of SC-b cells might
be better suited for modeling aspects of T1D that require more time
and more mature cells. However, phenotypic stability, namely glucose
responsiveness, has only been assessed within months of transplant in
vivo, and informative courses of diabetic autoimmunity may demand
longer windows of observation. Information on how immunogenicity of
the cells evolves after transplantation is also lacking.

2.3.5. b cell heterogeneity
Another challenge of using SC-b cells to model T1D will be to deter-
mine if in vitro differentiation can replicate b cell heterogeneity
observed in human islets. Many groups have reported different b cell
subpopulations with distinct gene expression profiles, proliferative
capacity, and functional characteristics (reviewed in [80]). A subpop-
ulation of b cells with an immature phenotype that evades immune-
mediated damage in non-obese diabetic (NOD) mice has also been
reported [81]. This is credited to a combination of lower gene
expression of T1D relevant antigens (insulin, IGRP, ZnT8, IA-2, and
GAD1), and increased expression of the immunomodulatory protein
PD-L1 in this b cell subpopulation. Whether a similar hypoimmuno-
genic b cell subpopulation exists in humans remains to be determined
and will be of particular interest when generating SC-b cells for
modeling T1D. Assuming that some of these subtypes reflect an
adaptive response to the environment, heterogeneity may be fostered
in a controlled manner by recreating the right chemical or physical
triggers in SC-islet cultures. The proportions of each subtype might
also be adjusted using cell surface markers or traits like size and
granularity to more faithfully recreate the ratio found in human islets.
Finally, while b cell subtypes have been mainly defined by transcrip-
tional or functional differences, it will be important to assess differ-
ences in expression of immunomodulatory molecules, as well as in the
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antigen repertoire, to understand the contribution of each subtype to
disease.

3. HSCS AND T CELLS

A major component to modeling human autoimmune disease is the
hematopoietic system. Efforts are currently ongoing to establish bona
fide HSCs from hPSCs that can give rise to all differentiated blood cell
types, especially immune cells relevant to T1D (T and B cells, innate
immune cells) to study their interactions with the target tissue, eg. the
pancreas and its insulin-producing b cells. Given that T cells have been
shown to play a central role in the development of autoimmune dia-
betes [1], the ability to generate these lymphoid cells efficiently from
hPSCs is of paramount importance to model immune dysfunction
during T1D pathogenesis.

3.1. Current state of HSC and T cell differentiation
In vitro differentiation protocols for HSCs from hPSCs (SCeHSCs) have
largely been biased towards primitive hematopoiesis (the first develop-
mental wave of hematopoiesis, which gives rise mostly to erythromyeloid
innate cells and few lymphoid cells) [82e85]. This restricted hemato-
poietic potential was found to be constrained in part by the Polycomb
group protein EZH1, and downregulation of this epigenic regulator pro-
motes multilineage potential from restricted progenitors [86]. However,
the discovery that definitive HSCs, which can give rise to all mature blood
cells, are born from hemogenic endothelial cells (HE) during embryo-
genesis has prompted groups to recapitulate this development in vitro
[87]. Wnt/b-catenin signaling has been used to promote HE development
during mesoderm specification in vitro, and defined a resulting popula-
tion of CD34þCD43- HE progenitors from hPSCs that can give rise to T
lymphoid cells, in addition to myeloid and erythroid lineages [88].
As an alternative to SC-HSC generation, it is also possible to differ-
entiate hPSCs directly into T cells in vitro [89e93]. Current protocols
progress through intermediate CD34þ hematopoietic progenitors, and
invariably transfer CD34þ progenitors to mouse stromal lines that
overexpress signals critical for T cell specification, such as the NOTCH
ligands Delta-like 1 (DLL1) or Delta-like 4 (DLL4) [85e89] (Figure 3). In
two-dimensional (2D) co-culture methods using these stromal cells,
there is limited positive selection of thymocytes and the cells generated
are usually immature CD4þCD8þ T cell progenitors or mature CD8þ

effector T cells with very few CD4þ T cells [94e96]. Furthermore, T
cell development is biased towards unconventional T cells that express
the CD8aaþ homodimer, an inefficient T cell receptor (TCR)
Figure 3: Applications of SC-HSCs and SC-T cells in disease modeling. Differentiatio
introduction of CARs or TCRs enables modeling of antigen-specific interactions in cancer
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coreceptor, instead of the HLA class I-restricted CD8abþ that is
expressed on conventional T cells [86,92,97]. To circumvent this issue,
a three-dimensional (3D) artificial thymic organoid (ATO) system has
been developed, which promotes positive selection and can support
the development of functional conventional CD8abþ T cells [94e96].
High efficiency differentiation of CD4þ T cells as well as negative
selection, the intra-thymic process of eliminating thymocytes that
express T cell receptors with high affinity for self-antigens, is none-
theless still lacking in this xenogeneic culture system.

3.2. Applications of SC-HSCs and SC-T cells in disease modeling
SC-HSCs are currently used to model myeloid or erythroid disorders
(reviewed in [98]), while modeling diseases involving T cells is
impeded by a lack of robust lymphoid development from SC-HSCs in
vivo. SC-T cells differentiated in vitro are therefore currently better
suited to model diseases driven by T lymphocytes. For example, iPSC-
based models have led to a better understanding of the mechanisms
behind some primary immunodeficiencies, enabling testing of strate-
gies to correct them [99e103]. In addition to modeling primary im-
munodeficiencies, SC-T cells have been used to explore antigen-
specific interactions in the context of cancer immunotherapy (Figure
3). For example, SC-T cells have been engineered to target human
tumor cells by introducing a chimeric antigen receptor (CAR) specific
for the CD19 antigen in iPSCs. CD34þ hematopoietic progenitors were
generated from these modified iPSCs using a serum- and feeder-free
protocol, followed by transfer of CD34þ cells to OP9-DL1 feeder cells
to induce T cell differentiation [92]. While these SC-T cells possessed
an innate-like gd T cell signature, they effectively lysed CD19þ target
tumor cells in vitro and controlled tumor growth in vivo. These ex-
periments confirmed the functionality and ability of SC-T cells to
interact with target cells expressing a specific antigen. In addition,
iPSC-derived ab T cells generated using the 3D ATO culture system
can target tumor cells in an antigen-specific manner after introducing a
TCR or a CAR [95,96]. Most recently, knockdown of the epigenetic
regulator EZH1 enabled the generation of mature ab CAR T cells using
a stroma-free system that exhibited potent antitumor activity in vivo
[104]. While functionality of SC-T cells has been tracked up to 7
weeks, it remains to be determined how long SC-T cells persist in vivo
[104]. Taken together, these cancer immunotherapy models provide
important proof-of-concept data showing that SC-T cells can reca-
pitulate antigen-specific interactions between cytotoxic T cells and
target cells, paving the way for the development of platforms to model
autoimmune diseases like T1D.
n of SC-HSCs into SC-T cells can be used to model primary immunodeficiencies while
immunotherapies and autoimmune settings.
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3.3. Limitations of SC-HSCs and SC-T cells in disease modeling

3.3.1. In vivo engraftment of SC-HSCs
A major limitation of SC-HSCs for disease modeling is the lack of
robust long-term, multilineage engraftment in vivo. HE cells lack
engraftment capability in irradiated mice, a common bottle neck for the
HSC differentiation field [88,90]. Enforced expression of seven tran-
scription factors imparts low-level engraftment with multilineage po-
tential in iPSC-derived HE cells [105]. However, a robust method to
generate SC-HSCs with long-term, multilineage potential in vitro and/
or in vivo remains to be established. For this reason, in vivo disease
modeling of hematological diseases have been limited to myelo-
erythroid disorders (reviewed in [93]) or in vitro modeling of immu-
nodeficiencies [94e98]. Robust engraftment from SC-HSCs would
further enable modeling of diseases affecting multiple blood lineages.

3.3.2. Bioprocessing challenges
Similar to what has been discussed for SC-islets, there are bio-
processing challenges limiting the widespread use of SC-HSCs and
SC-T cells in disease modeling. For example, the use of serum as well
as the choice of cell of origin for reprogramming (e.g. T cells, which
have a pre-arranged TCR, vs other cell types) can cause variability in T
cell differentiation potential [106,107]. The yield of T cells produced
from pluripotent stem cells is also lower than when using cord blood
cells as starting material [107] while requirement for stromal feeders
complicates our ability to produce large amounts of SC-T cells.
However, recent studies have described alternative approaches using
microbeads or immobilized Notch ligands that supports the develop-
ment of SC-T cells, avoiding the need for stromal cells [106,108].

3.3.3. Positive and negative selection of SC-T cells
A few key challenges related to in vitro differentiation of SC-T cells
remain. For example, it is still difficult to generate robust populations
of functional CD4þ T cell subsets, including regulatory T cells (Tregs).
This limitation is likely due to co-cultures of SC-T cells and stromal
cells being deficient in signals such as HLA class II, which are
required for endogenous positive selection of CD4þ T cells. To
address this issue, T cell differentiation platforms could incorporate
additional cell types such as TECs, which are critical for the formation
of both CD8 and CD4 T cells in the thymus, or cells engineered to
express HLA class II, to support the development of CD4 T cells.
Alternatively, a better understanding of the cell intrinsic and extrinsic
mechanisms that control T cell subset differentiation might enable
derivation of CD4þ T cells using small molecules or other ap-
proaches, independently of interaction with HLA class II. However,
while these alternative approaches might facilitate positive selection,
proper negative selection of autoreactive T cells will likely require the
presence of functional TECs, which have the unique ability to express
a vast array of tissue-specific antigens, such as insulin [109]. Finally,
while the functionality of SC-T cells has been shown in the context of
tumor cells, it remains to be seen if SC-CD8þ T cells engineered to
express an autoreactive TCR can target SC-b cells in an antigen-
specific manner, to mimic how primary T cells and b cells interact
in T1D patients.

4. THYMIC EPITHELIAL CELLS (TECS)

Given the critical role of the thymus in supporting the development of
naive T cells, generating functional TECs from hPSCs has the potential
to alleviate two key bottlenecks in modeling autoimmune diseases like
T1D. First, distinct subpopulations of native TECs express HLA class II
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molecules on their surface, thereby facilitating positive selection of
developing CD4þ T cells. Second, TECs can mediate negative selection
of developing T cells by presenting self-antigens normally found only in
specialized tissues. Negative selection, which is paramount for
establishing a diverse, functional, and self-tolerant T cell repertoire, is
central to the development of autoimmune disease.

4.1. Current state of TEC differentiation
In vitro differentiation methods have been developed to produce thymic
epithelial progenitors (TEPs) from human embryonic stem cells (hESCs)
[110e114] and iPSCs [113,115e117] (SC-TEPs). These protocols
recapitulate the multi-step development of the thymus and can
generate immature SC-TEPs within w2 weeks (reviewed in
[118,119]). However, these protocols have variable and relatively low
efficiency, likely due to low expression of the key thymic transcription
factor FOXN1. SC-TEPs also lack expression of important late-stage
TEC markers associated with functional maturation. Notably, some
groups have shown a modest improvement in efficiency of TEP in-
duction, as well as an increase in the expression of functional mole-
cules such as CCL25 and DLL4, following overexpression of FOXN1
using recombinant proteins [112] or a lentivirus [120]. However, these
strategies did not lead to upregulation of other functional proteins, like
HLA class II, which are likely induced in vivo by crosstalk with thy-
mocytes or with other stromal cells present in the thymus. A better
understanding of signals regulating FOXN1 expression and activity is
thus needed to improve in vitro differentiation methods. Recent studies
analyzing pharyngeal endoderm development [121] and thymic tissue
composition at different stages of life [122,123] may provide critical
information on the regulatory programs driving human thymic differ-
entiation. This information should also help expand the limited toolbox
currently available to assess differentiation efficiencies into the thymic
lineage. The lack of robust antibodies against critical transcription
factors, such as PAX1 and FOXN1, has indeed made it challenging to
optimize SC-TEP differentiation. Reporter lines tracking expression of
PAX9 [124] and FOXN1 [113] have been developed, but require tar-
geting of the reporter to be repeated for each new cell line and can lead
to haploinsufficiency of the gene of interest. Cell surface markers have
also been used to quantify differentiation efficiency [113,117],
although they are not entirely specific to TEPs. Identifying and char-
acterizing additional markers, including benchmarks that should be
met to qualify as functional SC-TECs, would accelerate optimization of
differentiation for multiple hPSC lines.
While SC-TEPs have not yet been reported to differentiate into func-
tional TECs in vitro, they can further mature in vivo to support the
development of murine T cells in athymic nude mice [110e
112,115,117], or of human T cells in humanized mice
[111,112,114] (Figure 4). These in vivo models provide hematopoietic
cells and other stromal cells important for further TEC maturation.
Although nude mice do not have a functional thymus due to a mutation
in the Foxn1 gene, they maintain a pool of hematopoietic stem and
progenitor cells, which can give rise to T cells after transplantation of
exogenous functional thymic tissue [125]. Importantly, thymopoiesis
has been observed upon transplantation of human thymic tissue,
demonstrating that human TECs can partially support the development
of mouse thymocytes. This model is easier to establish since nude
mice do not require irradiation and engraftment of HSCs prior to
transplantation of SC-TEPs, but has limitations due to cross-species
barriers. The limited ability of some murine cytokines and growth
factors to signal through their human cognate receptors can indeed
impair the crosstalk with thymocytes that is required for generating
functionally mature TECs. Humanized mouse models (where human
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Figure 4: In vivo models to generate mature SC-TECs. SC-TEPs can currently be matured into functional SC-TECs that support the development of murine T cells using athymic
nude mice or human T cells in irradiated athymic immunodeficient humanized mice. These established models will further knowledge of TEC maturation, which can be applied to
improve in vitro differentiation of TECs to be incorporated in T1D disease platforms.

Review
HSCs are engrafted in irradiated immunodeficient hosts) address some
of these issues by incorporating human T cell progenitors. In these
models (discussed in greater detail in a separate article of the HIRN
review series [8]), mice are first thymectomized to prevent formation of
T cells in the endogenous thymus, followed by irradiation and injection
of allogeneic HSCs for long-term engraftment of human immune cells.
Mice are then transplanted with SC-TEPs and assessed for engraft-
ment of human immune cells and the formation of human T cells over
months. While these humanized models are useful to study SC-TEP
function, one caveat is that they do not generate isogenic T cells
since the HSCs and TEPs are from different sources. Further optimi-
zation of differentiation methods to produce SC-HSCs capable of stable
engraftment in vivo is thus required to generate isogenic T cells in such
in vivo models.

4.2. Applications of SC-TECs in disease modeling
SC-TECs derived from iPSCs have been used to model disease in
patients with severe combined immunodeficiencies (SCID). For
example, Yamazaki and colleagues used iPSC-TEPs to show that loss-
of-function mutations in the PAX1 gene can cause a form of SCID due
to altered thymus development [116]. A recent study also demon-
strated that SC-TEPs can improve thymocyte development in hu-
manized mice after integration in a supportive swine thymic structure
[114]. While this study focused on control SC-TEPs, efforts are un-
derway to generate SC-TEPs from T1D iPSCs or genetically modified
hPSCs to gain insight into potential thymic defects in patients with T1D.

4.3. Limitations of SC-TECs in disease modeling
Generating isogenic systems using SC-TECs and SC-HSCs from the
same cell line remains a highly sought-after goal. However, consid-
erable challenges need to be addressed before these systems can be
widely used to model human T1D.

4.3.1. SC-TECs maturation
One major issue is the complexity and timeline of current in vivo
models for generating functional TECs. Nude mice are inherently
limited due to cross-species barriers, while humanized mice are
technically complex, requiring specialized techniques and reagents.
Both nude and humanized mice are also impractical due to the
extended timeline required to detect T cells. It is thus critical to
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optimize in vitro models to alleviate some of these issues. It has,
however, been challenging to identify culture conditions that can
promote and maintain TECs in a functional state in vitro. Primary TECs
grown in monolayer culture lose expression of functional molecules
important to support T cell development, such as Notch ligands,
FOXN1, and AIRE during in vitro expansion [126]. Alternatively, primary
TECs and other stromal and lymphoid components assembled to form
3D organ cultures retain the ability to support T cell development in
vitro [127], suggesting that a 3D environment is critical for TEC
functionality. Directly exposing TECs to air, such as via air-liquid
interface culture systems, also seems to be critical since fetal
thymus lobes placed in low oxygen submersion FTOCs fail to support
thymocyte development [128]. It is thus likely that a 3D air-liquid
interface platform (similar to what has been described for primary
TECs) will be necessary to support the generation and long-term
culture of functional SC-TECs.

4.3.2. SC-TECs heterogeneity and organization
Another open question is whether reconstructing the complex structure
of the thymus will be necessary to properly support the development
and function of SC-TECs. The thymus is indeed organized into areas in
which distinct TEC subsets support specific stages of T cell develop-
ment [129]. In addition to TECs and immune cells, this complex 3D
architecture includes other stromal cell types, which are likely
important for the development and function of TECs [130]. Notably,
platforms that can successfully support T cell maturation include a
combination of stromal cells and hematopoietic cells [127]. The
maturation and function of SC-TEPs could thus potentially be improved
by reaggregation with support cells such as mesenchymal cells,
endothelial cells, and pericytes, which are normally found in the human
thymus [122]. Alternatively, SC-TEPs could be seeded in thymic
scaffolds to enable their differentiation into functional TECs
[114,131,132].
Finally, another limitation is the paucity of information on the repertoire
of self-antigens expressed by SC-TECs. Given the critical role of AIRE-
dependent antigens in shaping the T cell repertoire [109] as well as the
more recent concept that TECs can modulate immune tolerance
through the generation of heterogenous mimetic cell types [122,133],
it will be important to characterize how expression of these antigens
differs between SC-TECs and primary TECs.
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 5: Development of stem cell-based multi-tissue platforms to model interactions between human b cells and immune cells. Different strategies combining
isogenic or HLA-matched stem cell derivatives and primary immune cells have enabled assessment of autoimmune interactions between human SC-b cells and human immune
cells.
5. DEVELOPMENT OF STEM CELL-BASED MULTI-TISSUE
PLATFORMS

Given the complexity of T1D, next-generation models need to combine
multiple cell types to gain deeper insight into the human disease. T1D
is polygenic, with about 50% of disease heritability linked to HLA genes
involved in antigen presentation. Genome-wide disease association
studies have also identified >60 additional (non-HLA) genetic loci
conferring T1D risk. Most of these map to DNA regulatory regions, but
how they contribute mechanistically to the development of disease
remains unknown (reviewed in [134]). Genes controlled by these loci
could in principle act in b cells, T cells, innate immune cells, TECs, or
in a combination of multiple cell types. Dissecting the role of each of
these loci will thus require complex models wherein different combi-
nations of control and genetically modified or patient-derived cells can
be assessed in detail, with each specific question likely necessitating a
discrete experimental set-up.
Models incorporating patient-derived and gene-modified SC de-
rivatives in vitro and in vivo have started to emerge. For example,
Castro-Gutierrez and colleagues demonstrated that genetically
manipulating HLA or PD-L1 expression in SC-b cells reduced in vitro
stimulation of autoreactive CD8 T cell transductants in a HLA-peptide-
TCR dependent manner [135]. Genetically modified SC-islets have also
been transplanted together with human primary T cells to enable
assessment of allogeneic interactions between human SC-b cells and
immune cells. Yoshihara et al. used NSG-SGM3 mice (NSG mice
MOLECULAR METABOLISM 66 (2022) 101610 � 2022 The Authors. Published by Elsevier GmbH. This is an open a
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expressing human IL3, GM-CSF, and SCF to support the stable
engraftment of myeloid lineages and regulatory T cell populations)
engrafted with human PBMCs to demonstrate that increased expres-
sion of the immune checkpoint protein PD-L1 can protect SC-islets
from allogeneic rejection in this model [136]. Parent and colleagues
also showed reduced allogeneic rejection of SC-b cells modified to
express only one HLA allele in humanized NSG-MHCnull mice (NSG
mice lacking major histocompatibility complex class I and II engrafted
with human PBMCs) [137]. Although these multi-cellular systems have
successfully been used to study allogeneic interactions, they are still
limited in their ability to model autoimmune interactions due to the
need to HLA-match immune cells with their target cells.
Whilst platforms combining isogenic SC-islets and SC-HSCs or SC-T
cells are still in development, alternative isogenic models for autoim-
mune interactions use primary T cells together with iPSC-derived b
cells generated from the same donor (Figure 5). For example, Leite and
colleagues co-cultured enriched iPSC-derived a and b cells with
donor-matched PBMCs, demonstrating in vitro T cell activation by
autologous b cells when exposed to an ER stress inducer. However,
activation of T cells occurred with cells from both healthy and T1D
patients, suggesting additional steps are warranted to accurately
model autoimmunity using this approach [64]. Genetic manipulation of
stress- and immune-interaction-related genes can then protect the
SC-b cells from autologous T cell-mediated apoptosis [138]. This il-
lustrates the key advantage of amenability to genetic manipulation of
SC-b cells, which is less tractable in primary cadaveric b cells.
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Review
Armitage and colleagues have also co-cultured genetically engineered
primary T cells transduced with specific TCRs with donor-matched
dendritic, macrophage, endothelial, and b cells generated from the
same iPSC line [139]. Using this system, they showed that CD8þ T
cells can be expanded by isogenic DC and macrophages. They also
successfully modeled antigen-specific binding to endothelial cells, and
lysis of isogenic SC-b cells by the transduced CD8þ T cells. The
development of these isogenic models combining SC-b cells and
primary T cells is critical, since it lays the foundation for assessing
autoimmune interactions between T cells and SC-b cells. However,
one limitation of this approach is the requirement to regularly obtain
blood from the same patient who supplied somatic cells for iPSC
reprogramming. This limits the number of immune cells available for
each experiment and can complicate coordination when generating
multiple cell types. The rarity of autoreactive T cells in the blood of
patients is also problematic, but this caveat can be partially addressed
by engineering T cells to express autoreactive TCRs to increase their
frequency.
As an alternative to using iPSCs and PBMCs from the same donor,
selective deletion of HLA genes using genome engineering can also
enable assessment of autoimmune interactions (Figure 5). In this
approach, HLA genes causing allogeneic responses in hPSCs are
inactivated while antigen presentation capability is conserved through
retention of HLA alleles relevant to T1D [137,140]. This strategy fa-
cilitates matching between SC-b cells and primary T cells from un-
related donors, since SC-b cells only express one HLA molecule that
needs to be matched with PBMC donors. It also enables incorporating
HLA-edited SC-b cells into humanized mice reconstituted with a
combination of non-isogenic primary HSCs and thymus, which only
need to be matched for the single HLA allele retained in SC-b cells
(reviewed in detail in [8]) (Figure 1D). Taken together, different ap-
proaches have opened multiple paths to developing stem cell-based
multi-tissue models to assess human autoimmune interactions.

6. REMAINING CHALLENGES AND FUTURE DIRECTIONS

Developing isogenic multi-tissue platforms to model human T1D that are
fully stem cell-based entails differentiating a single hPSC line into
multiple cell types relevant to the disease. This approach is not currently
available, as it faces the limitations regarding differentiation into HSCs, T
cells, and TECs described above. Some of these challenges are shared
between different cell types, including issues with consistency of dif-
ferentiation between cell lines and maturation in vitro. Whether directed
differentiation can reproduce the heterogeneity of functional subsets
seen with primary cells also remains to be seen. Overcoming these
limitations will require synchronized efforts from many laboratories.
Given that differentiation protocols currently need to be optimized for
each cell line, the development of multicellular platforms would be
accelerated by coordinating the choice of cell lines used by each group
early in the process. This choice should take into consideration the ability
of the cells to differentiate into the relevant lineages, the relevance of
their HLA typing for T1D, and intellectual property matters. Additionally,
methods for shipping and storing the cells that are compatible with long-
distance collaborations need to be established, similar to what has
recently been described for pancreatic islets [141]. There are indeed
very few institutions that can generate all relevant cell types in the same
location. While primary human islets and immune cells can be shipped
across different locations, it remains to be determined if the same
shipping conditions can be applied to stem cell derivatives.
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When building models of human autoimmune diabetes, it is also
critical to establish appropriate controls, including defining what is a
physiologically relevant number of immune cells to include. It is indeed
important to keep in mind that islet-reactive T cells are already present
in healthy individuals, although they do not accumulate in islets to the
same extent as in T1D patients [142,143]. In addition to defining T1D
relevant T cell specificities, models should thus focus on under-
standing what attracts T cells to pancreatic islets, and what drives their
local activation and proliferation in T1D but not healthy individuals.
Finally, as the field continues to optimize methods to produce and
characterize mature SC-b cells, SC-HSCs, SC-T cells, and SC-TECs,
assays need to be developed to better understand the factors driving
pathogenic interactions between b cells and the immune system. For
SC-b cells, most studies have compared transcriptome or functional
properties to their native counterparts, but very little attention has been
focused on characterizing the expression of molecules critical for the
immune response. For example, quantifying expression of immuno-
modulatory molecules, such as PD-L1, or developing assays to define
the antigen repertoire associated with different HLAs in SC-b cells, will
be critical to better understand how b cell-intrinsic factors influence
autoimmune responses.

7. CONCLUSION

Recent technological advancements in hPSC differentiation, reprog-
ramming, and genome engineering have unlocked new opportunities
to model complex human diseases like T1D. While challenges remain
to be overcome before entirely stem cell-based multi-tissue platforms
are widely available, the value of developing them is undeniable. Ef-
forts to model monogenic diabetes using SC-b cells, as well as recent
progress in the development of multi-tissue platforms to assess allo-
geneic and autoimmune interactions, are already providing exciting
insights that support the feasibility of this approach. New platforms
combining SC-b cells with immune cells have the potential to provide
critical information on the initiation and progression of human T1D and
will also enable testing the effects of new therapeutics on multiple cell
types relevant to the disease. Stem cell-based multi-tissue platforms
are thus poised to accelerate the development and preclinical testing of
immune-protective strategies that can be readily translated for the
benefits of patients with diabetes.
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