
Review
Modeling human T1D-associated autoimmune
processes
Mohsen Khosravi-Maharlooei 1, Rachel Madley 1, Chiara Borsotti 2, Leonardo M.R. Ferreira 3, Robert C. Sharp 4,
Michael A. Brehm 5, Dale L. Greiner 5, Audrey V. Parent 6, Mark S. Anderson 6, Megan Sykes 1,
Remi J. Creusot 1,*
ABSTRACT

Background: Type 1 diabetes (T1D) is an autoimmune disease characterized by impaired immune tolerance to b-cell antigens and progressive
destruction of insulin-producing b-cells. Animal models have provided valuable insights for understanding the etiology and pathogenesis of this
disease, but they fall short of reflecting the extensive heterogeneity of the disease in humans, which is contributed by various combinations of risk
gene alleles and unique environmental factors. Collectively, these factors have been used to define subgroups of patients, termed endotypes, with
distinct predominating disease characteristics.
Scope of review: Here, we review the gaps filled by these models in understanding the intricate involvement and regulation of the immune
system in human T1D pathogenesis. We describe the various models developed so far and the scientific questions that have been addressed
using them. Finally, we discuss the limitations of these models, primarily ascribed to hosting a human immune system (HIS) in a xenogeneic
recipient, and what remains to be done to improve their physiological relevance.
Major conclusions: To understand the role of genetic and environmental factors or evaluate immune-modifying therapies in humans, it is critical
to develop and apply models in which human cells can be manipulated and their functions studied under conditions that recapitulate as closely as
possible the physiological conditions of the human body. While microphysiological systems and living tissue slices provide some of these
conditions, HIS mice enable more extensive analyses using in vivo systems.
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1. INTRODUCTION

Type 1 diabetes (T1D) is an autoimmune disease mediated by
autoreactive T cells targeting b-cell antigens and resulting from
defective immune processes. Genetic polymorphisms contribute
substantially, mainly affecting immune processes, leading to loss of
tolerance and the emergence of autoreactive responses [1]. The
greatest risk to developing T1D is conferred by the human leukocyte
antigen (HLA) haplotype, which influences antigen presentation to T
cells, and additional polymorphisms at other gene loci increase that
risk. The manifestation of these genetic predispositions is modulated
by environmental factors that have contributed to an overall increase
in T1D disease incidence [2]. A large proportion of T1D individuals
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become overtly diabetic at a young age from a rapidly progressing
disease, while others have a slow progression with onset during
adulthood. The T1D patient population is heterogeneous, and even
people with similar age and genetic risk factors may be exposed to
different environments and potential triggers, leading to different
disease characteristics and immune profiles and enabling their
stratification as “endotypes” [3,4]. Understanding how these com-
bined factors influence immune processes, the development of dis-
ease and responsiveness to treatment requires personalized models.
In this section, we first introduce the immune processes that are
likely involved and that need to be modeled and then explain why the
in vitro and in vivo personalized models described in this review are
needed.
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Review
1.1. Defective immune processes leading to autoimmunity and
T1D

1.1.1. Central tolerance
Autoreactive T-cell receptor (TCR) and B-cell receptors (BCR) are
generated by random genomic recombination processes theoretically
producing billions of unique receptors capable of recognizing a wide
array of antigens, including self-antigens [5]. T cells acquire their TCR
during the CD4-CD8 double-positive (DP) development stage in the
thymic cortex. Negative selection is the process upon which the
recognition of the antigen with sufficiently high avidity leads to death
by apoptosis. This process may already occur during the DP stage in
the cortex, but most of the exposure to self-antigens takes place at the
corticomedullary junction, which is rich in dendritic cells (DCs), and in
the thymic medulla as the T cells become single positive (SP) for CD4
or CD8. Deletion results both from the presentation of ubiquitous/he-
matopoietic cell antigens by DCs and from the presentation of a broad
array of peripheral tissue self-antigens produced by medullary thymic
epithelial cells (mTECs) whose expression is enabled by the function of
transcriptional regulators, such as AIRE and FEZF2 [6] and that may
also be presented by DCs. This process purges a large fraction of
autoreactive cells from the developing T-cell pool. Human mTECs
express several key b-cell antigens, including insulin and islet antigen
2 (IA-2) [7] but do not appear to express others, such as GAD65 [7] or
ZNT8 [8]. However, self-antigens that are not ectopically expressed in
the thymus might possibly be presented by peripheral DCs following
acquisition in the periphery and migration to the thymus [9]. Reduced
thymic expression of insulin is thought to be associated with poly-
morphism at the INS gene promoter [10,11] and this may contribute to
the enhanced escape of insulin-reactive T cells. Diabetogenic T cells
(autoreactive T cells causing the destruction of b-cells) that are found
in the periphery may either originate from the defective negative se-
lection (if their antigens are normally presented in the thymus) or may
never undergo negative selection (if their antigens are not presented in
the thymus), in which case, peripheral tolerance is critical to prevent
their unwanted reactivity.

1.1.2. Peripheral tolerance
Presentation of self-antigens to CD4þ T cells in the thymus can also
result in their selection as Foxp3þ regulatory T cells (Tregs) in lieu of
apoptosis. These suppressive Tregs circulate throughout the body and
operate at sites where their antigen is presented. For example, if an
antigen-presenting cell (APC) presents multiple b-cell antigens in the
pancreatic lymph nodes and Tregs recognize one of them, they can
suppress the activation of any T cell recognizing any antigen presented
by that APC. Tregs function by stripping APCs of their immunogenic
potential, depleting the local environment of T-cell growth factors (IL-
2), and/or causing the release of immunosuppressive molecules (IL-
10, IL-35, TGF-b, adenosine) [12]. Patients and mice with FOXP3 or
IL2RA mutations that lead to defective Tregs frequently develop T1D
[13], and it appears that Tregs are functionally impaired in a large
proportion of T1D patients [14,15], but the extent to which these de-
fects contribute to the disease is not clear. Chronic peripheral antigen
exposure may also cause autoreactive T cells to be deleted or, alter-
natively, to become functionally inactive due to anergy or exhaustion.
The phenotype and fate of these T cells likely depend on the type of
APC involved in chronic antigen presentation and/or the site of expo-
sure, but little is known in humans.
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1.1.3. B cells and autoantibodies
B cells develop in the bone marrow, and similar to T cells, some may
randomly acquire an autoreactive BCR. Upon encountering their anti-
gen during development, these B cells may be deleted or adopt an
alternative BCR. In the periphery, continuous recognition of self-
antigen causes them to become anergic. In T1D, autoreactive B
cells likely receive help from activated diabetogenic CD4þ T cells and
produce autoantibodies, most prominently against insulin, GAD65, IA-
2, and ZNT8 [16]. While not thought to be pathogenic, these autoan-
tibodies are useful as biomarkers to estimate the risk and imminence
of disease onset and to obtain an idea of the patient’s immune profile
(based on the antigens targeted) [17]. Little is known about the
contribution of autoreactive B cells in human T1D; insulin-reactive B
cells lose their anergic phenotype [18], and B-cell depletion treatment
can significantly delay the onset of disease [19]. Defects in the
negative selection of developing B cells have been identified in T1D
[20].

1.1.4. Antigen-presenting cells
There are a wide variety of APC types involved in presenting b-cell
antigens in the thymus, bone marrow, and peripheral lymphoid tissues,
each equipped with its unique set of signals that will dictate the
outcome of the T-cell response. Presentation of self-antigens, when
not performed by tolerogenic APCs, can lead to autoreactive T-cell
stimulation, unless Tregs are simultaneously engaged. However, in
addition to impaired Treg functions, there are numerous examples of
human immune populations (DCs, monocytes, macrophages) exhibit-
ing abnormal/excessive activation and/or hindered tolerogenic signals
in the context of T1D [21]. Most observations on human APCs are
phenotypic, and how these translate into functional impairments has
been difficult to assess thus far.

1.1.5. Tissue compartmentalization and cell trafficking
Finally, the processes of tolerance and pathogenesis require the traf-
ficking of the above immune populations between the immune com-
partments within tissues (e.g. from the thymic cortex to the medulla) or
between tissues (e.g. migration of DCs from inflamed tissue to draining
lymph nodes or of activated T cells from lymph nodes to the target
tissue). These processes have been the most difficult to study for
human immune cells because they cannot easily be recapitulated
using in vitro systems.

1.2. Animal models and their limitations
The nonobese diabetic (NOD) mouse model has been the most widely
used T1D model, and unlike many other autoimmune disease models
[22,23], the disease is spontaneous. Importantly, disease risk is
associated with numerous gene polymorphisms, many of them also
found in T1D patients (MHC-II, PTPN22, PTPN2, CTLA4, IL10, CTSH,
CD226, IL2, RGS1, TAGAP). The disease develops with high incidence
in females, with an age of onset typically starting around 12 weeks of
age but variable, as in humans, with mice developing disease much
later [24,25]. The lower incidence in males is not reflected in the
human T1D patient population, but it is worth noting that among hu-
man children, males have a significantly slower progression of disease
than females [26]. NOD mice develop extensive islet immune in-
filtrates, consisting of the same immune populations as humans,
although the latter have substantially more CD8þ T cells than CD4þ T
cells. NOD mice produce autoantibodies only against insulin, which is
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known to be the driver antigen in this model [27]. B cells are also
required for disease to develop in NOD mice [28], and the successful
prevention of diabetes by depletion of B cells in NOD mice [29,30] was
consistent with the significant effect of B-cell depletion in T1D patients
[19]. The NOD model has been useful to document the pathogenesis of
the disease and how it is influenced by candidate genes (using
knockout and transgenic mice) and environmental factors including
diet, microbiome, and infections. The NOD mouse also enabled the
identification of a vast array of b-cell antigens targeted by T cells, most
of which were later confirmed in T1D patients, and the isolation of b-
cell antigen-reactive T- and B-cell clones, some of which were used to
produce mice transgenic for their TCRs (e.g. BDC2.5, NY8.3) [31,32] or
BCRs (e.g. VH125) [33]. These TCR-transgenic mice have been
commonly used by the T1D research community, as they greatly
facilitated the tracking and phenotyping of antigen-specific T- and B-
cell clones that were otherwise very rare. Using adoptive transfer
models, the trafficking of these lymphocytes between tissues can be
easily assessed. The NOD.SCID mouse has been another popular
model, which rapidly developed T1D upon the transfer of splenocytes
from diabetic NOD mice or some of the aforementioned TCR-
transgenic T cells [34,35].
Other animal models have been sparsely used because they involve
larger animals that are costlier to maintain, more difficult to genetically
modify, and for which research reagents are more limited. The Bio-
Breeding rat develops T1D (and thyroiditis) spontaneously with high
incidence. Genetic studies in this model revealed risk-conferring
polymorphisms at several gene loci also implicated in humans
(MHC-II, INS, PTPN22, PTPN2, IL27, SKAP2, and IL7R) [36]. The
LEW.1WR1 rat strain also develops T1D, but at a low incidence, and it
is susceptible to other autoimmune diseases [37]. Both rat strains
develop T1D following environmental perturbation or infection with
specific viruses [37e39]. Finally, T1D occurs in some breeds of dogs
at a prevalence similar to humans, which allows the study of this
disease in larger animals [40]. The pathology resembles that of human
patients more closely, making the canine model valuable, particularly if
inbred lines can be established for late preclinical studies.
The existing animal models have provided insightful knowledge on the
contribution of specific genes and environmental factors on the initi-
ation, progression, and severity of autoimmune diabetes, particularly
on the development and function of b-cell antigen-reactive lympho-
cytes. However, the heterogeneity of the human disease is such that,
even collectively, these inbred animal models, which represent only a
single genotype, are not able to serve as reliable models for the entire
T1D patient population. This is best evidenced by the fact that most
disease-modifying therapies that prevented or reverted disease in NOD
mice and other animal models were generally not successful when
tested in the general human T1D populations, although some in-
dividuals have shown responsiveness. Moreover, significant differ-
ences in ontology, phenotype, and function exist between human
immune populations and their rodent counterparts. Thus, modeling the
disease with human cells is necessary to understand the complexity of
the human disease and more reliably predict the response of patients
to immunotherapy.

1.3. Studies using human tissues and their limitations
Peripheral blood has been widely used as a source of human immune
cells from many T1D patients of all ages and backgrounds, and a variety
of phenotypic, transcriptomic and functional alterations have been re-
ported in T cells [15,41], B cells [42], NK cells [43], and monocytes/APCs
[21]. These analyses have been useful to identify “signatures” and
biomarkers of disease progression and responsiveness to therapy
MOLECULAR METABOLISM 56 (2022) 101417 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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[44,45]. Blood samples have enabled longitudinal and retrospective
studies but provided a narrow spatial window into the pathology of T1D.
Moreover, the relevance of circulating antigen-specific T cells has
sometimes been questioned, as these T cells may differ in specificity
and phenotype from the most relevant (diabetogenic) T cells found in
islets [8]. However, many b-cell antigen-specific T-cell clones first
identified from the blood of T1D patients have demonstrated meaningful
reactivity [46e49]. Thus, while patient blood samples may potentially
misrepresent processes taking place around islets, they remain the most
abundant and accessible source of cells and circulating molecules to
study the disease on a large scale across the heterogeneous patient
population. The mechanisms underlying these alterations affecting the
immune cells are still being investigated for the most part, often
requiring more sophisticated and/or reductionist models to simplify the
biology for clearer answers.
Over the last 15 years, tissue procurement programs, most promi-
nently the Network for Pancreatic Organ Donors with Diabetes and the
Human Pancreas Analysis Program complemented with existing col-
lections from patients, have helped widen the spatial window by
facilitating the acquisition and study of other tissues of relevance,
primarily pancreas, islets, spleen, pancreatic lymph nodes, and other
lymphoid tissues from deceased T1D patients and control donors [50e
52]. These studies have contributed informative snapshots into the
pathology of T1D and insights into how the disease manifests itself
across various tissues, helping us establish important hallmarks of
human T1D. Among them, lobular insulitis distribution across the
whole pancreas with predominant CD8þ T-cell presence [53e55],
reduced pancreatic weight [56], increased B-cell infiltration in younger
T1D donors [57], and evidence of possible viral infections in many
cases [58,59] are features that were not expected based on the NOD
mouse model. Importantly, these tissues enabled not only the
phenotypical characterization of the various immune cell populations
that infiltrate islets and the surrounding exocrine tissue during T1D
[53,60,61] but also the isolation of antigen-specific T-cell clones that
infiltrate islets [62e64]. Ex vivo testing of such clones, combined with
peptidome studies [52,65,66], helps us decipher the T-cell epitopes
most commonly targeted [67] and the sequence of these TCRs.
Comparison of multiple tissues from the same donors has been useful
to assess the distribution of relevant immune-cell populations across
these tissues, but the lack of longitudinal analysis precludes inferences
about migration and redistribution between tissues over time. This
cannot be done by analyzing multiple donors across ages, because the
disease progresses at a different rate in different individuals. Cells and
tissues from a particular T1D donor come in limited amounts and are
requested by many investigators. In addition, issues of cell recovery
and viability inherent to the logistics of tissue distribution (drugs
administered to the donor, transportation, cryopreservation) can
potentially confound the results. Important disease-relevant informa-
tion can be obtained from these donors (e.g., autoantibodies, genotype
of risk alleles, including MHC haplotype), which can be correlated with
specific immune phenotypes. However, understanding the contribution
of specific genes, for example, has been challenging because of the
limited quantity and quality of the tissues to perform functional assays.

1.4. The need for models of human T1D
The succession of events that lead to T1D remain poorly understood.
Failure of central and/or peripheral tolerance, diabetogenic T-cell
activation and migration, antigen presentation by permissive versus
protective MHC molecules, and the effects of immune cells and their
secreted products on b-cells are all key processes that need to be
recapitulated using adequate models. Doing so in the context of
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Figure 1: In vitro systems to study immune responses in T1D. Thymic organ culture systems (A) allow the study of the selection of T1D autoreactive TCRs in an in vitro system
in human fetal thymus or HLA transgenic fetal mouse thymus using TCR-transduced HSCs from a fetal donor or T1D versus healthy control adult donors. The other three models
presented, the inflammation- and/or islet-based microphysiological systems (B), iPSC-derived co-culture systems (C) and living pancreas slices (D), are suitable for functional
assays to study the interactions of human b-cells and immune cells.

Review
individual patients or groups of patients (endotypes) is critical to un-
derstand the heterogeneity of the disease, evident in the rate of dis-
ease progression and in responsiveness to immunotherapy. The
immense progress made in recent years in the generation of immune
cells, tissue cells, and organoids from a common induced pluripotent
stem cell (iPSC) has paved the way to creating individualized models.
Assessing the role of specific gene polymorphisms in the disease
process and responsiveness to therapy may require a large iPSC
collection from patients who typically carry multiple combinations of
risk alleles; however, this may now be facilitated by performing loss-
of-function or gain-of-function mutations in iPSCs. Modeling the actual
disease processes requires approaches that combine the appropriate
cell types, context, and environment.
Models that recapitulate the complex human in vivo environment are
needed to obtain accurate biological and pathological insights. To this
end, in vitro models using microphysiological systems (MPS, aka
‘tissue-on-a-chip’) have improved significantly, adding endothelial or
epithelial layers between the compartments, adjustable cell flow, and
controlled environment (temperature, oxygenation, etc.). On the other
hand, human immune system (HIS) mice provide an environment with
some degree of physiological compartmentalization of immune cells
and normal blood circulation. Both types of models allow the cells of
interest to be visualized and/or sampled over time for analysis, which
is critical to evaluate the dynamics of the immune processes outside of
peripheral blood. Both in vitro and in vivo models allow genetic and
pharmacological manipulation of biological processes, which would
not otherwise be possible in human individuals. HIS mice are better
suited to study the migration of cells between tissues (or between
compartments within tissues), although there remains a species bar-
rier that prevent some cellecell interactions from taking place. Models
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in which the frequency of antigen-reactive T or B cells can be
increased are also needed to facilitate the study of their development,
trafficking, and reactivity to naturally present or administered auto-
antigens. Finally, models are needed to recreate (and manipulate) the
conditions in which b-celleimmune cell interactions occur to better
understand the contribution of specific immune-cell populations to b-
cell death. As part of a series on the research conducted within the
Human Islet Research Network [68], we review here in vitro and in vivo
systems used to model and analyze the human immune processes
related to T1D etiology, pathogenesis, and immunotherapy.

2. IN VITRO MODELS FOR HUMAN IMMUNE PROCESSES

2.1. Thymic organ cultures to investigate the development of
human T cells
Due to the anatomical location and the age-related involution of the
thymus, it is impractical to study the thymic development of human T
cells in healthy and diseased individuals. To study this process in vitro,
fetal thymic organ culture (TOC) assays were developed, in which a
small fragment of human or mouse fetal thymus is cultured with pre-
existing thymocyte progenitors, or the tissue is stripped of hemato-
poietic cells and reconstituted with hematopoietic stem cells (HSCs)
[69,70] (Figure 1A). The thymic fragment containing these progenitor
cells is cultured in vitro for several days and allows thymocyte
development and selection to occur. TOC studies performed using
thymus and HSCs from NOD mice demonstrated that the NOD back-
ground had deficient negative selection of insulin-reactive thymocytes
along with anti-apoptotic and pro-survival gene expression changes
[71] and that differences in thymic Treg diversion exist between the
NOD and B6 backgrounds [72]. More in-depth fetal TOC studies
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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demonstrated that lentivirally transduced human fetal and cord-blood
HSCs and progenitors can differentiate into T cells using mouse fetal or
human fetal and post-natal thymus tissue [69,70], allowing for the
study of genetically altered thymocyte development to track the
development of T cells with particular mutations or specific TCRs. Adult
bone marrow-derived transduced HSCs cultured with fetal or adult
human thymus can also be used in TOC assays, enabling further study
of the impact of T1D genetic background on thymocyte development
and selection by using HSCs and thymus tissue from T1D individuals.
TOC studies focused on the thymic selection of a transduced insulin-
reactive TCR in TOC using human fetal thymus and transduced
HSCs from control or T1D donors demonstrated decreased negative
selection and Treg diversion of insulin-reactive thymocytes in condi-
tions with T1D HSCs compared to HC HSCs (R Madley et al., manu-
script under review). These TOC systems present an alternative
method of studying thymocyte development in T1D requiring less cells,
tissue, and time than HIS mice.

2.2. Microphysiological systems with primary and iPSC-derived
cells
The development of environments that mimic conditions in the human
tissues would be helpful to assess immune processes longitudinally.
To achieve such environment, microfluidic devices have been designed
to artificially create a normal flow of nutrients (and immune cells in
some cases) and to facilitate the detection of any molecule that is
expressed from the target tissue [52,73,74]. Microphysiological sys-
tems (MPS) enable the assessment of how the target tissue reacts to
autoreactive immune cells in the body. MPS featuring pancreas
[75,76], endocrine tissues [77] and pancreatic islets and liver spher-
oids [78] are of particular relevance to T1D research, and so are
inflammation-based MPS, which allow the analysis of the activation of
isolated neutrophils, monocytes, and lymphocytes in a proin-
flammatory environment affecting specific organ targets [73,74,78e
82]. Altogether, inflammation- and islet-based MPS models
(Figure 1B) could provide insight on how b-celleimmune cell in-
teractions differ when using cells from T1D donors versus controls
[52]. These interactions have been examined in vitro in culture wells
using either b-cell lines or isolated islets co-cultured with “T-cell
avatars” [83,84]. The islet-immune chip (iiChip) was subsequently
developed as another system incorporating b-cells and autologous
T1D autoantigen-specific T cells to allow the exploration of these in-
teractions [85,86]. It includes various innate and adaptive immune
cells implicated in T1D pathogenesis in a controlled environment.
The iiChip and other MPS also have the capability to use iPSCs from
donors with or without T1D to generate endothelial/endocrine tissues
along with immune cells. Importantly, iPSC-derived systems provide
the most flexibility in producing isogenic systems with a variety of cell
types (b-cells, endothelial cells, mesenchymal cells, monocytes,
macrophages, DCs) from the same iPSC line [87] (Figure 1C). What
makes iPSCs particularly attractive is the fact that they can be pro-
duced from any living donor with a desired genotype/endotype (pre-
serving the genetics of the disease) without requiring invasive
procedures or treatments, and they can be genetically engineered to
dissect the role of specific genes. Using multiple isogenic cell types
ensures that the interactions observed are devoid of confounding
background such as allogeneic reactivity. When the use of primary T
cells is needed, it is possible to use autologous cells (from the iPSC
donor) or to selectively remove specific HLA molecules in order to
prevent alloreactivity while retaining the HLA/peptideeTCR interaction
of interest [88e90]. The possibility of using primary T cells is
particularly important, as the differentiation of T cells from iPSCs is not
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yet possible until these T cells can undergo selection in the presence of
TECs. Current systems of T-cell differentiation from iPSCs, which rely
on Notch signaling for T lymphopoiesis [91,92], do not recapitulate full
thymic selection, and efforts to develop TEC co-culture systems are
underway. Major challenges thus remain as the function of these
human differentiated cells is still not on par with their freshly isolated
counterparts, and for some cell types (e.g. TECs), it has not yet been
possible to differentiate them in vitro such that they sufficiently
resemble the native cell phenotypically and functionally. Current in vitro
studies using multiple iPSC-derived cell types are focusing on the
interaction between iPSC-derived b-cells and primary T cells [93],
although iPSC-derived myeloid cells have also been used [87]. The use
of MPS and iPSCs to produce complex isogenic systems and its
challenges will be the subject of a dedicated review in the series.

2.3. Studying immune processes in living tissue slices
Living pancreas slices are produced using fresh donor tissue blocks
sectioned with a semiautomatic vibratome, which preserves the
morphology and the activity of the various pancreatic cell types [94e
96] (Figure 1D). They can be used to assess the responses of various
pancreatic cell types to stimuli and to conduct multifluorescent 3D
imaging [94e96]. Furthermore, the procedure avoids fixatives and
other chemicals that could damage the islets [94], but it is not without
challenges. The speed at which the tissue is processed after extraction
from the donor is extremely important, as it determines the quality of
the results [94,96]. The thickness of the slice is also critical, as it
affects the level of oxygen and nutrient intake for the duration of the
in vitro studies [94]. As these are not reductionist systems, the com-
plex crosstalk between the cell type of interest and other pancreatic
cell types may complicate data interpretation [94]. Immune cells in and
around islets have been studied in the living pancreatic slice models.
Infiltration, phenotype, and functionality of immune cells can be
determined through imaging methods [95,96], for example to assess
islet macrophages for function and calcium flux [97,98]. Thus, these
models preserve the natural conformation and functionality of islets
during processing and can be used to observe the behavior of infil-
trating autoimmune cells during T1D pathogenesis.
Living tissue slices for T1D research have so far only involved
pancreatic tissue. Other tissue slices made from human lymph nodes
and tonsils [99e101] or thymus [102] have been used for studies in
which preserving the tissue’s structural organization and integrity is
critical. They allowed the investigation of the regulation of T-cell re-
sponses by lymph node stroma [101] and the migration of thymocytes
between the cortex and medulla [102]. Studies using thymic slices
have been conducted primarily with tissue from young mice, while
human studies, challenged by thymic involution, have focused on fetal
and pediatric thymus [103e105]. In T1D, this approach could be
useful to compare the behavior of TCR-transgenic T cells in pancreatic
versus non-pancreatic lymph nodes or the migration of TCR-transgenic
T cells, provided that the modified and/or labeled cells can be intro-
duced into the tissue and monitored. The detection of antigen-specific
T cells in thymic and lymph nodes is a major challenge that has not yet
been achieved.

3. MODELS SUPPORTING HUMAN IMMUNE SYSTEMS IN VIVO

3.1. Different types of recipient mice to host human immune
systems
The most common immunodeficient recipient mice are built upon the
NOD background, in which multiple genetic modifications have been
applied throughout the years to improve human cell engraftment and
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Table 1e Mouse strains used to host human immune systems with alterations preventing host-vs-graft and graft-vs-host rejection. Sources: Jax: The Jackson
Laboratory; Tac: Taconic; CRL: Charles River Laboratories; Inq: Inquire with original investigator for availability. Note: this is not an exhaustive list of suppliers for
most common strains.

Strain (and source) Mutations Advantages Refs

NOD background Reduced NK cells and C5a function, increased binding of
NOD SIRPa to human CD47, which reduces macrophage
phagocytosis

[106e108]

NOD.scid (Jax 001303,
Tac NODSC, CRL 394)

Prkdcnull (scid) T- and B-cell deficiency [106]

NOD.RagKO (Jax
003729)

Rag1null

NSG (Jax 005557) Prkdcnull (scid)
Il2rgnull

Eliminates any residual NK and lymphocyte activity [109]
NOG (Tac NOG)
NCG (CRL 572)
NRG (Jax 007799) Rag1null Il2rgnull [110]
NRG-NFA2 (Jax 033127) Rag1null Il2rgnull

Flt3null
Impaired murine myeloid cell development [111]

NBSGW (Jax 026622) Prkdcnull (scid)
Il2rgnull KitW41

Mutation in the mouse Kit gene limits hematopoiesis,
providing an advantage to donor cells, and circumvents the
need for irradiation

[112]
NSGW41 (Inq) [113]

NSG.MHC-I/II�/- (Jax
030547)

Prkdcnull (scid)
Il2rgnull B2mnull (IA IE)null

Prevention of xenogeneic reactivity of human immune cells [114]

NOG.MHC-I/II�/- (Inq) [115]
BALB/c background
BRG (Tac 11503) Rag2null Il2rgnull Same as NSG, but less frequently used. [116]
BRGS (GenOway) Rag2null Il2rgnull

SirpaNOD
Same as BRG, with reduced murine macrophage
phagocytosis

[117]

BRGSF (GenOway) Rag2null Il2rgnull

SirpaNOD Flk2null
Same as BRGS, with reduced myeloid cell compartment [118]

C57BL/6 background
B6RGS (Inq) Rag2null Il2rgnull

SirpaNOD
Same as BRG, with reduced murine macrophage
phagocytosis

[119]

BRAGG47 (Jax 032088) Rag1null Il2rgnull

CD47null
Phagocytes developing in this strain are more tolerant to
transplanted human cells (B6 mice)

[120]

Table 2 e Strains used to improve the development of human immune populations using cytokine- or HLA-expressing transgenes (listed are HLA haplotypes
that are most commonly studied in T1D research). Sources: Jax: The Jackson Laboratory; Tac: Taconic; Inq: Inquire with original investigator for availability.

Strain (and source) Transgene products Advantages Refs

NOD
NSG.SGM3 (Jax 013062) SCF, GM-CSF, IL-3 Improvement of human myeloid cell development [121]
NOG.EXL (Tac 13395) GM-CSF, IL-3 [122]
NOG.hIL-6 (Tac 13686) IL-6 [123]
NOG.hIL-15 (Tac 13683) IL-15 Improved human NK cell development [124]
NSG.HLA-A2.HHD (Jax 014570) H2-D and B2m (HLA-A2

haplotype)
Positive selection of human T cells restricted to human
HLA; identification of T-cell clones reactive to specific
HLA/peptide complexes; reactivity of human T cells
against mouse tissues expressing specific antigens

[125]

NSG.HLA-DQ8 (Jax 026561) HLA-DQA1 and DQB1
(HLA-DQ8 haplotype)

[126]

NSG.Ab0.HLA-DR4 (Jax 017637) HLA-DRB1 (HLA-DR4)
haplotype), H2-Ab1null

[127]

BALB/c
MISTRG (Jax 017712, discontinued) Rag2null and Il2rgnull BALB/

c with 5 human cytokines
(SIRPA, M-CSF, GM-CSF,
IL-3 and TPO).

Better differentiation of monocytes, macrophages, and
NK cells

[128]

BRGST (Inq) BRGS mice expressing
mouse Tslp

Improved lymph node and thymic structures
(correction of tissue disruptions caused by the
pleiotropic effect of the Il2rgnull mutation), better
immune responses

[129]

Review
minimize graft-versus-host reactivity (Table 1). Less frequently utilized
are strains on the BALB/c and B6 backgrounds.
Further modifications have been made to improve the development of
human immune cells from HSCs and their homeostasis. These typically
consist of human cytokines expressed as transgenes to compensate
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for the lack of activity of their mouse counterparts on human cells or
human HLA transgenes to improve the positive selection of human T
cells (Table 2). Modifications of recipient mice for human immune
systems are summarized in Figure 2. Additional strains are reported
elsewhere [120].
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Figure 2: Mice as hosts of human immune systems. Engineering approaches and methodologies to make mice better hosts for human immune systems by improving human
HSC and immune cell engraftment and facilitating the development of a diverse human immune system are shown.

Figure 3: Human immune system mouse models to study immune responses in T1D. Different sources of cells and tissues for generating HIS mice are shown. In order to
study the interaction of islet b-cells with human immune cells, grafted human islets, grafted iPSC-derived b-cells or endogenous HLA transgenic (Tg) mouse pancreas can be used
as the targets of the human immune system. Grafted human fetal thymus, grafted iPSC-derived thymic epithelial cells, or endogenous HLA Tg mouse thymus can support human
thymopoiesis. HIS mice can be reconstituted with genetically-modified or non-modified HSCs from human fetal liver, cord blood, adult (e.g. T1D vs healthy controls) HSCs, and
potential iPSC-derived HSCs. Autoreactive TCR-transduced T cells from human PBMCs or other HIS mice in the same cohort generated with autologous tissues can be adoptively
transferred to recipient HIS mice to study the interaction of autoreactive T cells and b-cells. Adoptive transfer of different APCs (loaded or transduced with T1D autoantigens) from
other HIS mice or differentiated from fetal liver HSCs and iPSC cell sources can be used to study the role of these cells in T1D development. Of note, iPSCs can themselves be
generated from multiple sources, including not only fibroblasts but also PBMCs.
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3.2. Different models based on the type of donor human cells
Multiple models exist based on the type of cells used to reconstitute
recipient mice: peripheral blood mononuclear cells (PBMCs) or spe-
cific populations of antigen-specific T cells or APCs, or HSCs with or
without human thymic tissue (Figure 3). For T1D studies, in addition
to the use of specific TCRs or antigens, target cells such as b-cells
from various sources may be incorporated into these models as well.

3.2.1. Models using human PBMCs
The Hu-PBMC-SCID model, in which human PBMCs are engrafted into
immunodeficient C.B-17-scid mice, was first described in 1988 [130]
and initially used to study HIV [131] but was soon recognized as a
model of EpsteineBarr virus-induced human B-lymphoproliferative
disease [132]. With the development of the NOD-scid mouse in 1995
[106], higher levels of human PBMC engraftment were achieved
[133,134] and increased engraftment in human CD8þ T cells pre-
vented the development of the EpsteineBarr virus-induced human B-
lymphoproliferation disease, but at the expense of severe xenogeneic
graft-versus-host disease (xGvHD) [135]. Using NSG mice as the
recipient greatly improved PBMC engraftment but the mice rapidly
developed an acute xGvHD, accelerated with low-dose irradiation
[109]. Confirming the hypothesis that lethal xGvHD was directed
against the murine MHC class I and class II molecules, human PBMCs
engrafted into MHC class I/II-deficient NSG mice did not induce acute
xGvHD [90,114,136] and the engrafted T cells retained their function
and were able to reject primary and stem cell-derived islet allografts
[90,114]. However, the development of acute xGvHD, even in the
absence of murine MHC class I and class II molecules, occurs upon the
administration of high levels of human IL-2, which indicates that
murine MHC class I and II are not the only molecules controlling the
reactivity of xenogeneic human T cells [114]. This model is highly
accessible, as it can be implemented at a relatively low cost with
minimum difficulty.

3.2.2. Models using fetal liver HSCs with or without grafted fetal
thymus
The first HIS mouse model with durable T-cell development was
developed by the McCune team through implantation of the human
fetal thymus and liver fragments under the renal capsule in CB17-scid
mice [137]. However, T cells were detected only in the thymus, with
little to no peripheral immune reconstitution. Provision of human APCs
in the periphery via intravenous injections of HSCs could greatly
improve the human peripheral T-cell reconstitution and function in
these animals [138,139]. This model was later termed the bone
marroweliverethymus (BLT) model, despite the absence of any bone
marrow in most versions of the model [140]. Later, the fetal liver
fragment was found to be dispensable for sustained human hemato-
poiesis [141]. As NOD.scid mice have functional murine NK cells,
engraftment of human HSCs and human immune cell reconstitution in
these mice is lower compared with that in NSG mice that lack NK cells
[142]. Moreover, NOD.scid mice (but not NSG mice) develop thymic
lymphoma [143], which limits the experimental window. While the NSG
mouse has its own drawbacks (most of them discussed further below),
including the eventual development of xGvHD at later times [144], it
remains the preferred recipient to date for engrafting human fetal
tissues and cells.
This model is ideal for long-term studies, because as the human T cells
develop in a grafted human thymus that is seeded by mouse APCs
[145], they can be tolerized to many mouse antigens, thus limiting
xGvH reactivity. Eventually, an autoimmune/GVH-like syndrome occurs
in a timeframe that is dependent on multiple factors, including the
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degree to which the original fetal thymus graft was thymocyte-
depleted. While this disease develops much later in animals with
thymocyte-depleted human fetal thymus grafts than in animals with a
non-depleted thymus or with a native mouse thymus, the eventual
development of this syndrome under these “optimal” conditions may
reflect the inability to tolerize to mouse tissue-restricted antigens that
require mouse TECs for their production [146]. Because human donor-
derived APCs are also present in the human thymic graft, the human T
cells developing in this model are also tolerant to the human donor
[145,147]. While hyporesponsiveness to human pluripotent stem cell
(hPSC)-derived allografts has been reported in such animals [148],
robust rejection of human and pig skin grafts [149] and of allogeneic
hematopoietic cells is seen in these animals (HW Li and M Sykes,
unpublished data).

3.2.3. Models using postnatal HSCs with or without a grafted
thymus
The engraftment of human HSCs into immunodeficient mice was
originally described by Dick and colleagues [150,151]. Because of the
initial uncertainty of the identity of the human cells responsible for
repopulating the hematopoietic system of the mouse, these were
originally defined as “scid-repopulating cells” (SRC), which are now
known to be CD34þ HSCs [152]. Human CD34þ HSCs can be
engrafted into immunodeficient mice by various routes: intrahepatic or
intracardiac (newborn), intrafemoral, or intravenous (adult) [153]. In
contrast with PBMC-engrafted mice that predominantly maintain CD3þ

T cells after injection, HSC-engrafted mice develop a complete human
hematopoietic system, including B cells, myeloid cells, and other APCs,
and the size of the T-cell compartment depends on the type of thymus
available for their development. Although human granulocytes, plate-
lets, and red blood cells (RBCs) are present in the bone marrow, there
are only very low levels of these cell populations in the blood [120],
due, in part, to macrophage-mediated destruction of RBCs and
platelets and to cytokine incompatibilities [154,155]. The Hu-SRC-SCID
model has been used extensively for the study of human hematopoi-
esis and cell-mediated immunity as well as infectious diseases
[120,156e158].
Cord blood CD34þ HSCs have a similar or slightly lower immune
reconstitution capacity compared with fetal HSCs, while their adult
counterparts show substantially reduced immune reconstitution ca-
pacity [116,159,160]. As a major drawback, unlike fetal HSCs, these
HSCs do not come with autologous thymic tissue. Of note, when mice
are reconstituted with HSCs, regardless of the source (fetal, cord-
blood, adult, iPSC), human thymopoiesis may be supported to a very
limited extent by the NSG and NOG mouse thymus, despite its primitive
and unorganized structure [144,156,161], and the resulting T cells are
primarily restricted to mouse MHC [156]. The NeoThy model uses
thymic tissue retrieved from neonatal cardiac surgeries, combined with
cord blood from the same or unrelated (matched) donors [162].
However, neonatal thymic tissue grows significantly less than fetal
thymic tissue after renal subcapsular grafting [162]. Whether it can
support robust thymopoiesis would have to be demonstrated in the
absence of the native mouse thymus [163]. For this reason, non-
autologous fetal thymic tissue grafts, which have some of the HLA
class I and II haplotypes shared with the donor HSCs, continue to be
used to support the selection of human thymocytes [145,164]. Alter-
natively, fetal swine thymus can be used to support human thymo-
poiesis [147,165,166], although with subtle immunological defects
related to the MHC disparity of TECs and human APCs in the periphery
[149]. Transgenic pigs expressing common HLA alleles are being
generated in an effort to overcome this disparity.
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For modeling autoimmune disorders, reconstituting mice with HSCs
from adult individuals confirmed as having developed the disease is
preferable to ascertain the effects of genetic risk factors on these
reconstituted immune systems. The only accessible tissue to evaluate
the immune system of human patients is usually peripheral blood,
which might not reflect immunity in the target organs. Personalized
immune (PI) HIS mouse models overcome these limitations by allowing
synchronized de novo development, in cohorts of immunodeficient
mice, of functional immune systems from HSCs isolated from patients
and healthy controls from bone marrow aspirations [145] or GeCSFe
mobilized peripheral blood samples [159,167]. Genetic drivers of im-
mune dysregulation affecting the hematopoietic cell lineage can be
transferred to these mice by HSC transplantation [164]. A considerable
limitation of the PI model is the reduced reconstitution levels of B cells
and myeloid cells as compared to the model using fetal HSCs [164].

3.2.4. Models using iPSC-derived HSCs
Developing functional hPSC-derived HSCs is a goal for several groups.
iPSC-derived HSCs would be especially valuable, as they allow the
modeling of different diseases, including T1D, using patients’ own de
novo-generated immune cells. Combined with the development of
iPSC-derived thymus and pancreatic b-cells, this could be an ideal
model for studying T1D pathogenesis. Two major approaches have
been used to develop hPSC-derived HSCs: (1) directed differentiation
by applying extrinsic factors to the culture media at different time
points to mimic the different stages of HSC development [168e171]
and (2) forced differentiation by overexpressing transcription factors
known to contribute to this process in pluripotent stem cells or partially
differentiated intermediate cells, such as hemogenic endothelium
[172e176]. Despite successes in generating iPSC-derived HSCs
in vitro, it remains challenging to develop functional HSCs that can
generate all hematopoietic lineages in vivo [177]. A forced differenti-
ation based on the overexpression of seven transcription factors (ERG,
HOXA5, HOXA9, HOXA10, LCOR, RUNX1, and SPI1) in embryonic stem
cell- and iPSC-derived hemogenic endothelium led to the engraftment
of myeloid, B, and T cells in primary and secondary NSG mouse re-
cipients [174], but this approach is yet to be reproduced and adopted
by other groups.

4. APPLICATIONS OF HIS MODELS TO STUDY IMMUNE
TOLERANCE AND AUTOIMMUNE PROCESSES

4.1. Thymic development of autoreactive T cells

4.1.1. TCR-transgenic models for thymic selection
Insufficient presentation of specific autoantigens by mTECs or DCs in
the thymus limits both the deletion of autoreactive thymocytes and the
selection of Tregs. Depending on whether the corresponding antigens
are presented or not in a ‘normal’ thymus (see section 1.1), it is ex-
pected that some T-cell clones never undergo negative selection and
are therefore completely dependent on peripheral tolerance, whereas
other T-cell clones may normally be deleted, but this process is hy-
pothesized to fail in individuals with T1D. While T cells with specificity
to several epitopes of b-cell antigens have been found in similar fre-
quencies in the blood of T1D vs control [8,65,178], T1D individuals
differ in their islet-infiltrating T cells [8], which may have higher TCR
affinity and are allowed to develop due to defective negative selection,
and those found in the blood may also have a different cytokine profile
[179]. HIS mouse models with grafted human thymus can be leveraged
MOLECULAR METABOLISM 56 (2022) 101417 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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to test whether islet-infiltrating T cells, from which an increasing
number of TCRs have been sequenced, exist as a result of defective
thymic selection or peripheral regulation. Specific TCRs can be intro-
duced in a fraction of HSCs by lentiviral transduction to produce
antigen-specific TCR-transgenic T cells at sufficiently high frequency
to enable tracking and reliable analysis [47,180], as in mouse models.
Once the HSC-derived cells start to express CD3, the TCR is expressed
on the cell surface, allowing interaction with MHC/peptide complexes
for selection. One study investigated the thymic selection of an insulin-
reactive T-cell clone (clone 5, InsB9-23-reactive, HLA-DQ8-restricted) in
HIS mice grafted with HLA-DQ8þ thymus and reported that this clone
was indeed negatively selected starting at the double positive stage
[47], as expected from the natural expression of insulin in mTECs.
Interestingly, this negative selection was incomplete if only the grafted
thymus (mTECs) and not the HSCs (DCs) were HLA-DQ8þ, indicating a
possible requirement for antigen transfer from mTECs to DCs to
achieve efficient engagement of these insulin-specific developing
thymocytes [47]. Another study illustrates the case of an autoreactive
T-cell clone that does not undergo negative selection (clone DMF5,
MART1-reactive, HLA-A2-restricted), due to lack of epitope presen-
tation [181]. In one experimental group, the corresponding epitope was
overexpressed in another fraction of HSCs, and this resulted in the
efficient deletion of the specific T cells [180]. Comparison of groups
with and without the transduced antigen revealed major phenotypic
differences (e.g. PD-1 vs. CCR7) between developing thymocytes that
encounter their cognate antigen and those that do not. Thus, HIS
mouse models with grafted human thymus are useful to ascertain the
development of diabetogenic T cells that contribute to human T1D. HIS
mouse models without a human thymic graft but instead with HLA
transgenes to facilitate positive selection in the mouse thymus can be
used to produce TCR-transgenic T cells. However, the NSG mouse
thymus structure remains abnormal, even if human HSCs are given
early in life [144], making murine thymi unsuitable for the analysis of
normal human T-cell negative selection.

4.1.2. Influence of the genetics of HSCs on thymocyte development
The PI mouse model can be a powerful tool for studying the thymic
development of diabetogenic T cells of T1D individuals, as this can help
us understand the initiation and pathogenesis of T1D. Studying the
thymic development of T cells derived from HSCs from adult T1D and
healthy control (HC) donors in PI mice revealed multiple phenotypic and
functional differences that could lead to or contribute to T1D devel-
opment (R Madley et al., manuscript under review). For example,
multiple populations of thymocytes in ‘T1D mice’ have increased levels
of negative selection and TCR signaling markers PD-1 and CD69 on the
cell surface, yet CD4 SP thymocytes from PI mice derived from some
T1D individuals in the study were more resistant to apoptosis than
those from ‘HC mice’. Gene expression analysis comparing post-
positive selection thymocytes from T1D and HC HSCs demonstrated
decreased expression of T-cell signaling and apoptotic genes and
increased expression of anti-apoptotic genes associated with T1D.
This PI mouse model may be useful for identifying the abnormalities in
T-cell thymic selection associated with T1D. To assess the selection of
specific diabetogenic T cells, an insulin-reactive TCR (clone 5, see
above) was introduced in the HSCs prior to transplantation into the
mice. In this TCR-transgenic PI mouse model, the insulin-reactive T
cells were less efficiently negatively selected or diverted to Tregs in
mice with T1D HSCs than in mice with HC HSCs (R Madley et al.,
manuscript under review).
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4.1.3. The role of thymic stromal cells in the selection of
autoreactive TCRs
Genetic susceptibility to T1D can also manifest itself in the function of
non-hematopoietic lineages that contribute to the shaping and regu-
lating of immune cells, such as the thymic epithelium [10,11,182e
184]. Our ability to model and understand the role of TECs in human
T1D is, however, lacking. T-cell selection in current humanized mouse
models relies on human fetal thymus due to the limited ability of
postnatal tissue to grow and support thymopoiesis in these models
[163]. These restrictions preclude the use of thymic tissue from T1D
patients who are not diagnosed until later in life. In addition, primary
TECs can be isolated from thymic tissue but they are not amenable to
genetic modifications, thus impeding mechanistic studies.
To circumvent these issues, approaches focused on using hPSC-
derived TECs to generate a functional thymus are being explored.
Directed differentiation methods have been developed to produce TECs
from human embryonic stem cells [185e188] and iPSCs [189,190].
Transplantation of hPSC-derived TECs in nude [185,186,188,189] and
humanized mice [186,188] have demonstrated that they can sustain
low levels of thymopoiesis from mouse and human hematopoietic
progenitors. However, the complex structure of the thymus has not yet
been recapitulated, and there is no direct evidence of functional AIRE-
expressing mTECs in these grafts, raising questions about their ability
to mediate T-cell-negative selection. For further optimizing the function
of hPSC-derived TECs, it will therefore be important to understand the
microenvironment required for the proper development of different
subsets of TECs. This microenvironment is likely to be complex, since
TECs interact with many hematopoietic and stromal components,
including mesenchyme, endothelial cells, and pericytes [191]. Incor-
poration of hPSC-derived TECs into porcine thymic tissue in humanized
mice has produced promising results [192], making use of the sup-
porting structure and stromal cells as well as crosstalk with human
immune cells that are necessary for complete maturation of TECs, to
allow hPSC-derived TECs to survive and function. Once the models
demonstrating the ability of hPSC-derived TECs to fully support the
development and the proper selection of human T cells through all
stages have been achieved, it will become possible to test the mu-
tations and polymorphisms that are suspected to affect the thymic
epithelium in its ability to shape the T-cell repertoire and purge/redirect
autoreactive T cells.

4.2. Regulatory T cells (in the thymus and periphery)

4.2.1. Thymic selection of Tregs
Apart from death by negative selection, autoreactive thymocytes can
also undergo conversion to Treg cells during thymic selection. Studies
in mice have demonstrated that the differentiation of a Treg from an
autoreactive thymocyte depends on the pattern of antigen expression
in the thymus and the affinity of the TCR for the cognate antigen. More
specifically, self-antigens expressed in an mTEC-restricted fashion in
the thymus, such as insulin, result in a combination of negative se-
lection and Treg induction to induce tolerance to the antigen [193]. The
innovative PI and TOC models discussed above have been helpful in
studying the thymic development and selection of Tregs in T1D and HC
immune systems. FOXP3þ HELIOSþ “natural” Tregs develop normally
in human fetal thymic grafts [194]. Thymic Tregs in grafted human
thymus have a highly diverse TCR repertoire [195]. PI mice produced
from T1D or HC HSC donors produce similar percentages of Tregs
among thymocytes [145]. However, the percentage of insulin-reactive
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TCR-transgenic thymic Tregs in T1D TOCs and some T1D PI mice was
lower than that in HC, indicating a deficiency in antigen-specific Treg
diversion in T1D (R Madley et al., manuscript under review). Once a
sufficient number of HLA class II-restricted TCRs have been tested in
TCR-transgenic models and compared for relative affinity to their
respective epitopes, it will be possible to study and better understand
the factors that control the decision of CD4þ T cells to undergo
apoptosis or become a Treg (or neither) upon encountering their an-
tigen in the thymus and determine how these factors may be influ-
enced by genetic susceptibility. An alternative model would be to use
HSCs transduced to express epitope variants (as described in 4.1.1.)
that are recognized by a given TCR with varying affinities.

4.2.2. Treg functionality and stability
Deficiencies in Treg function and stability, investigated in NODmice and
patient samples, have not been easy to pinpoint due to biological vari-
ation and, in some cases, evidence of effector T cell resistance to
regulation rather than Treg dysfunction [14,15]. Specific single nucle-
otide polymorphisms (SNPs) likely contribute to altered Treg function-
ality in some patients. Seminal studies in purified peripheral blood bulk
CD4þ T cells and Tregs from T1D patients and healthy controls
harboring mutations in the IL-2 signaling pathway (IL2RA, PTPN2 )
revealed that these mutations lead to lower STAT5 phosphorylation,
lower FOXP3 levels, and poorer in vitro suppression by Tregs [196e
198], indicating that, at least in a subset of T1D patients, there are
some intrinsic deficiencies in Treg stability and function detectable
in vitro. However, despite well-established molecular and functional
assays to assess Treg suppressive function in vitro [199], in vivomodels
are required to assess survival, trafficking, and longer-term suppression
by human Tregs.
The suppressive function of Tregs was demonstrated in several allo-
geneic islet rejection models (section 4.3.2) [200,201]. However, such
models have limited utility to study the function of Tregs in a T1D pa-
tient’s immune system and/or under normal autoimmune settings (i.e.,
outside the context of allo/xenoreactivity). These Tregs migrate to the
peripheral organs and exhibit normal suppressive functions [194]. The
suppressive functions of the peripheral Tregs are needed to prevent
autoimmunity in HIS mice, as HIS mice reconstituted with HSCs from a
patient with immune dysregulation, polyendocrinopathy, enteropathy,
X-linked (IPEX) syndrome, associated with aberrant FOXP3 function,
developed a lethal inflammatory disorder [202]. Similarly, in a HIS
mouse model in which HSCs were stably knocked down or knocked out
for the FOXP3 gene, effector T cells were expanded and showed signs of
homeostatic proliferation, such as a significantly contracted TCR
repertoire and a reduced naive compartment [203]. Conversely, the
overexpression of FOXP3 in HSCs improved T-cell engraftment but
reduced T-cell responsiveness overall [204]. A HIS model using adult
HSCs without human thymus in an HLA-DQ8 transgenic NSG recipient
was used to verify in vivo that blocking of miRNA181a or NFAT5 can
increase Treg induction, consistent with the overstimulated
miRNA181a-NFAT5 axis in children with T1D [205].
Modeling the function of immune populations in HIS mice requires a
better understanding of the possible differences from the same pop-
ulations freshly isolated from humans. In HIS mice in which human T
cells develop in the disordered murine thymus [144], Tregs are func-
tional and in fact have a more pronounced Treg-like phenotype with
increased suppression compared with PBMC-derived Tregs [206], yet
they fail to protect mice from autoimmune-like disease [144]. HIS mice
can also be used to track engineered Tregs and document their stability
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in vivo to model what happens to these cells in cell-based immuno-
therapy. Finally, the issue of resistance to Treg suppression in human
T1D is one that remains poorly understood [207] but may be in part
associated with enhanced responsiveness to IL-6 [208]. Interestingly, in
HIS mice made with PBMCs from multiple sclerosis patients, an exac-
erbated GvHD that was resistant to prevention by HC Tregs could be
improved using IL-6 blockade [209], illustrating the possibility of also
evaluating resistance to regulation in T1D in vivo models.

4.3. Peripheral reactivity of T cells against islets and b-cell
antigens

4.3.1. Mouse immune systems with human components
Multiple studies in mice with human components, but with mouse
immune systems, have been performed to study the interactions of
human b-cell-reactive TCRs and HLAs presenting human islet auto-
antigens. In the YES mouse model, knocked out for mouse MHC class I
and II and double transgenic for HLA-A2/DQ8, murine T cells that
developed on transgenic HLAs showed a significant response to human
insulin peptides after immunization [210]. In a more recent version,
human insulin and B7.1 molecules were also expressed in b-cells, and
the mice (both males and females) spontaneously developed diabetes
between 10 and 30 weeks of age [211]. In another mouse model with
transgenic expression of human GAD65 in murine pancreatic b-cells
and HLA-DQ8 on murine APCs, the mouse immune system was able to
destroy b-cells and induce spontaneous diabetes [212]. In an HLA-A2þ
NOD-based model, dysfunction of one allele of the murine Ins2 gene,
which is also expressed in the thymus, led to accelerated diabetes
development and HLA-A2-restricted T-cell responses [213]. Finally,
HLA-DR4 transgenic mice have been used to generate retrogenic mice
with chimeric (mouse-human) TCR constructs to study the responses
against GAD peptides presented on HLA-DR4 [214].

4.3.2. Human T-cell responses against allogeneic islet grafts
Studies investigating b-cell allograft rejection by human T cells in vivo
have been helpful to understand islet transplant rejection in T1D pa-
tients and evaluate ways to prevent it. Several PBMC-based HIS mouse
studies have been reported using allogenic islets [200,215,216] and
hPSC-derived b-cells [217,218], demonstrating protection by ex vivo
expanded human CD4þ Tregs [200], CTLA4-Ig and CD40L blockade
[217], or PD-L1 overexpression [218]. Models based on human HSCs
have also been used with variable results in the rejection rate and
composition of the islet infiltrates, which were influenced by the
recipient strain and HSC dose used [201,219,220].

4.3.3. Human T-cell responses against mouse islets
Other models focused on the rejection of mouse b-cells that can be
targeted by human T cells by expressing HLA transgenes. In one such
model, human CD4þ T cells from HLA-DR4þ T1D and HC individuals
stimulated in vitro with HLA-DR4-restricted b-cell antigenic peptides
were transferred into HLA-DR4 transgenic NSG mice, which then
developed insulitis, but not overt diabetes, and T cells from T1D donors
induced amore severe insulitis [221]. In a similar study, HLA-A2þ PBMCs
from T1D donors induced insulitis more readily than those from HC when
transferred into HLA-A2 transgenic NSG mice [222]. Although the
contribution of xGvHD in such models cannot be excluded (use of mouse
MHC class I and II deficient recipients might improve these models), the
increased ability of T cells from T1D to induce insulitis in both models is
noteworthy. In another study, adoptive transfer of a single clone of HLA-
A2-restricted IGRP-specific CD8þ T cell derived from a T1D donor to HLA-
A2 transgenic NSG mice led to destructive insulitis [48].
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One method to generate HIS mice harboring antigen-specific T cells
capable of attacking islet b-cells and induce diabetes without mounting a
xenogeneic response is to conduct an adoptive transfer of TCR-
transduced T cells wherein the donor T cells come from the same
cohort of mice as the recipient mice. Since the transferred T cells went
through selection in grafted human thymic tissue in the presence of both
human and mouse APCs, they are largely tolerant to both species and do
not easily induce acute GvHD after adoptive transfer. As an added benefit
to this system, TCR transgenes that are otherwise susceptible to be
negatively selected can be introduced in these T cells, because the T cells
used have already undergone thymic education and are injected into the
periphery. These human T cells can target mouse islet b-cells expressing
the same HLA they are restricted to. In one such system, mature T cells
harvested from one HIS mouse were transduced to express the InsB:9-
23-specific Clone 5 TCR and then adoptively transferred into multiple
recipient mice of the same cohort, all made with HLA-DQ8þ HSCs and
thymic graft in HLA-DQ8 transgenic NSG mice, which enable both the
positive selection of the above TCR and the presentation of this peptide on
HLA-DQ8 by mouse b-cells (the sequence of mouse and human InsB:9e
23 is identical) [223]. Upon treatment with low-dose streptozotocin to
induce islet inflammation and immunization with InsB:9e23 peptide and
adjuvant, these mice developed insulitis and hyperglycemia [223].
Mouse/human epitope cross-reactivity may limit the responses of other
b-cell-reactive TCRs, and this could be improved by expressing humanb-
cell autoantigens in mouse b-cells [224,225]. Removal of endogenous
TCR chains upon transduction might improve the response of TCR
transgenic T cells, as transgenic TCRmispairing (more problematic when
transducing mature T cells than HSCs) may hinder the autoimmune
destruction of the host’s b-cells.

4.3.4. Evaluation of T-cell responses to immunotherapies
HIS mouse models may also be used to evaluate the response of
antigen-specific (e.g. TCR transgenic) T cells to antigen-specific
immunotherapy, for example by tolerogenic APCs (see 4.4.2 below),
and inform on the phenotype and fate of autoreactive T cells following
antigen encounter. Assessment of the potential clinical benefits of such
therapies will require the development of models that demonstrate
robust and reproducible destruction of autologous human grafts or, by
cross-reactivity, of mouse b-cells (i.e., not allogeneic or xenogeneic
destruction). HIS mice have been used to evaluate immunotherapy in
other autoimmune models [226]. HIS mouse models have tested the
induction and expansion of human Tregs in vivo in several settings,
including: induction of antigen-specific HLA-DQ8-restricted Tregs by
insulin mimotopes [126]; induction of CD4þ and CD8þ Tregs by
artificial APC nanoparticles [227]; and expansion of Tregs by low-dose
IL-2 treatment in a model of colitis, resulting in reduced disease
severity [228]. HIS mouse models were also leveraged to evaluate the
persistence, stability, and efficacy of human chimeric antigen receptor
(CAR) Tregs, first in the protection against xGvHD by HLA-A2þ PBMCs
and against HLA-A2þ skin rejection using HLA-A2-specific CAR Tregs
[229e231], and later in the protection of HLA-A2þ islet allografts
[232]. Of note, CAR Tregs tested in the NOD model provided limited
efficacy in blocking disease development [233,234].
Recently, T1D occurring as a result of immune checkpoint blockade-
based cancer therapy [235,236] has generated interest among im-
munologists. Of note, HIS mice treated with an anti-CTLA-4 antibody
used in the clinic (ipilimumab) developed infiltration of the liver, ad-
renals and salivary glands [237]. Although this could simply reflect
accelerated GvHD in these mice, T1D-prone HIS models could
potentially be useful in understanding the adverse effects of these
treatments.
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4.4. Other immune cells

4.4.1. Development of autoreactive B cells
Central B-cell tolerance has been shown to be impaired in T1D, as well
as in other autoimmune patients [20], often associated with the
presence of the human PTPN22 R620W allele variant, which correlates
with diminished autoreactive B-cell deletion [238]. Establishment of
central B tolerance is defective in HIS mice produced with HSCs from
donors with PTPN22 T alleles, resulting in a large proportion of poly-
reactive B cells, including insulin-reactive B cells [239]. Thus, HIS mice
represent a useful tool to investigate altered tolerogenic mechanisms,
which is facilitated by the high frequency of human B cells generated in
almost all HIS models and by the relatively easy access to key organs
where tolerance is promoted (e.g. bone marrow). Despite the general
low specific humoral response normally generated in HIS mice [240],
two recent reports support the feasibility of reproducing some of the
intrinsic defects associated with impaired B-cell tolerance. Consistent
with the PTPN22 studies [239] and the fact that PTPN22 is the third
highest risk allele in T1D, autoreactive and polyreactive human B cells
were higher in PI mice produced with HSCs obtained from the bone
marrow of T1D or rheumatoid arthritis patients compared with those
from healthy donors [164]. Moreover, human B cells that developed in
BRGS (BALB/c Rag2null Il2rgnull SirpaNOD) mice injected with HSCs
isolated from the cord blood of newborns born from mothers with T1D,
rheumatoid arthritis, or systemic lupus erythematosus showed altered
expression of markers linked to B-cell tolerance [241]. The differential
development of autoreactive (kþ) versus nonautoreactive (lþ) B cells
was studied by the same group employing a humanized mouse model
in which all the human kþ B cells recognize a synthetic membrane-
bound self-antigen (Hck) and therefore undergo central tolerance
during their development in the mouse bone marrow [242]. Using a
similar approach, it should be possible to further investigate and
elucidate specific tolerance mechanisms as it pertains to T1D by
transferring HSCs from T1D patients into immunodeficient recipient
mice that have been genetically engineered to express human insulin
[224,225]. Such models can help to elucidate how insulin-reactive B
cells escape deletion/editing, the mechanisms involved in rendering
them anergic in the periphery and the events that relieve them from
this anergic state [42]. Finally, the role of insulin-reactive transgenic B
cells might be further investigated in HIS mice by generating BCR-
transgenic B cells, using a similar strategy to that described above
for testing human TCR-transgenic T cells. This would allow easier
characterization due to increased frequency (contingent on defective
deletion), easier identification and tracing, and evaluation of their
response to autoantigen and contribution to promoting T1D
development.

4.4.2. Role of different APCs presenting T1D autoantigens in the
development of T1D
DCs and macrophages are present in pancreatic islets, and some
have been shown to present b-cell antigens directly to diabetogenic T
cells, at least in animal models [243,244]. Other APC populations are
present in pancreatic lymph nodes, some resident that acquire an-
tigens draining from islets, others draining directly from islets loaded
with antigens. Little is known about the contribution of these different
APC subsets and their function as tolerogenic or immunogenic cells in
steady-state conditions and in the context of T1D. Particular T1D-
associated gene polymorphisms, environmental factors (microbiome
in particular), and disease-related inflammation can cause alterations
in the phenotype and function of these APCs, potentially playing a
causative or exacerbating role in the disease process [21]. However,
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the mechanisms by which these APCs might play a role in the dis-
ease has not been deciphered, primarily due to the lack of suitable
modeling systems. In vivo models may be utilized to assess the
immunogenic potential or tolerogenic properties of various types of
APCs, either for the purpose of dissecting the pathogenesis of T1D or
to evaluate the tolerogenic strategies for treatment. Relevant antigens
may be provided by engineering HSCs to express them [180] or may
be ‘pulsed’ in the form of proteins or peptides ex vivo using autol-
ogous APCs. For the simplest models, PBMCs transferred into MHC-
deficient NSG mice could be used, whereby some of the T cells can
be modified to express transgenic TCRs while antigen-pulsed APCs
(monocytes or monocyte-derived DCs or macrophages, or even B
cells) from the same donor are subsequently transferred. For more
sophisticated models, HIS mice capable of generating a full immune
system can be produced, whereby some of the mice from the cohort
can be used as donors for specific APCs of interest. Alternatively, APC
populations may be differentiated in vitro from the same HSCs used
to produce the HIS mice according to optimized differentiation pro-
tocols [245]. Comparing the function of APCs from control vs T1D
donors may help ascertain whether APCs from T1D donors are
inherently impaired in transmitting tolerogenic signals or more easily
become immunogenic under specific conditions. These studies may
also help to distinguish APCs that are functionally impaired from
those that preserved their function, thereby informing on APC pop-
ulations to preferentially target in antigen-specific immunotherapies.

5. LIMITATIONS OF HUMANIZED MOUSE MODELS AND RECENT
IMPROVEMENTS

Current in vivo models address many of the shortcomings of in vitro
models, including the production of a diverse and representative immune
system capable of circulating between tissues. Most of the modifications
have been made to these models with the purpose of improving HIS
engraftmentwithminimal reactivity against the host (i.e., no host-vs-graft
or graftevsehost reaction). While challenges remain to be overcome, it is
expected that mouse-based HIS models will remain the preferred in vivo
system for years to come even though it will always be a chimeric system.

5.1. Immunodeficient status of the host
The common cytokine receptor g chain (gc), encoded by Il2rg, constitutes
a receptor signaling component shared by the IL-2, IL-4, IL-7, IL-9, IL-15,
and IL-21 cytokine receptors [246]. The lack of gc in the NSG, NRG, NOG,
and NCG strains (Il2rgnull mutation) causes a profound deficiency in many
cell types that are dependent on these cytokines for their development,
extending beyond the lymphocytes that need to be removed to prevent
human cell rejection. For example, lymphoid tissue inducer (LTi) cells, a
subset of innate lymphoid cells, depend on IL-7 normally produced by
lymphoid tissue organizer (LTo) cells. In response, LTi cells provide ligands
such as RANKL and lymphotoxin that stimulate the differentiation and
organization of LTo cells to form the lymphoid tissue stroma and com-
partments during organogenesis, including germinal centers [247].
Therefore, models based on gc-deficient host strains have poorly devel-
oped lymphoid tissues and lymphatics [248], which can also limit the
propermigration of T cells. It is unclear whether human HSCs can give rise
to LTi cells capable of communicating with mouse LTo cells, but lymph
nodes can develop, to some extent, several weeks after human HSC
engraftment and accumulation of human T cells, although they remain
abnormally small and disorganized. The absence of organized germinal
centers limits the complete differentiation of human B cells, particularly in
response to antigen (ineffective class switching), whichmay in part be due
to the lack of proper interactionwith follicular T-helper cells. Human T cells
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also do not elicit strong recall responses to vaccination [111] and adaptive
responses to infection [249,250], possibly in part due to improper posi-
tioning of APCs and T cells, which is normally facilitated by the stroma.
In the developing thymus, TECs are an additional source of IL-7 required
for the proliferation, survival, and maturation of thymocytes [251]. The
lack of IL-7R signaling and LTi is also responsible for poormurine thymic
tissue development, resulting in small size tissue and ill-defined corti-
comedullary junction [248]. Human T cells can develop to a limited
extent through this vestigial tissue, and this may be facilitated by the
expression of HLA transgenes that support human T-cell-positive se-
lection [252]. However, using TCR-transduced HSCs with and without
the presentation of cognate antigen for the TCR in APCs, it was shown
that this lack of a well-organized thymic structure leads to impaired
positive and negative selection processes, unlike in the grafted human
thymus [144]. Moreover, in models in which human thymic tissue is
implanted, this rudimentary mouse thymus may be unable to delete
specific T-cell clones that the human thymus would otherwise purge,
which may complicate data interpretation. In this case, the use of thy-
mectomized [163] or athymic (Foxn1null) [120] mice would be required.
Human thymic tissue, if not from fetal tissue, may be generated from
iPSCs, but thymic epithelial populations and LTo cells are diverse,
complex, and compartmentalized, and reconstituting a basic human
thymus from iPSCs has been extremely challenging.
Interestingly, besides pairing with gc, the IL-7Ra chain can alternatively
associate with the thymic stromal lymphopoietin receptor (TSLPR) chain
to form a receptor for the cytokine TSLP, which has structural and
functional similarity to IL-7 [253]. Transgenic TSLP expression in IL7�/�

mice restores thymic cellularity and structure [254]. Based upon this
work, the overexpression of TSLP under the Keratin 14 promoter in a
BRGS HIS mouse model restores both lymph node and thymus size and
structure [129]. Thus, the development of TSLP-transgenic NSG mice
would likely improve the lymphoid tissue structure and at least partially
overcome some of the aforementioned challenges.
Upon hematopoietic reconstitution, the HIS develops in a lymphopenic
environment caused by the immunodeficient nature of the host strain
and exacerbated by the irradiation process. This lymphopenia can
cause human lymphocytes to undergo extensive proliferation to
repopulate the host. During this process, naïve T cells can acquire
effector and memory markers [255]. Of particular concern are the
lymphocytes present in the fetal thymic tissue at the time of grafting
and those potentially contaminating the injected HSCs, which are
enriched for CD34þ cells but not pure. These lymphocytes do not get
tolerized against mouse tissues and likely contribute to a T-cell-
dependent autoimmune-like GvHD in NSG mice [144]. By generating
HIS mice with fetal liver HSCs and transplanting allogeneic fresh fetal
thymus, it was possible to show that pre-existing thymocytes can
repopulate the periphery very quickly and constitute the dominant T-
cell population in the periphery until the mice developed GvHD [144].
Thus, protocols had to be modified to deplete the pre-existing T cells,
including freezing and thawing of fetal thymus fragments prior to
transplantation, mechanical release of excess thymocytes, and treat-
ment with a T-cell-depleting anti-human CD2 antibody to remove
recent thymic emigrants and HSC-contaminating T cells. With these
measures applied, the level of pre-existing grafted thymus-derived T
cells significantly decreased, and the HSC-derived T cells constituted
the dominant T-cell population in HIS mice [144].
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5.2. Cross-species barriers
The ability of the murine host to support the development and ho-
meostasis of human immune cells is limited by the ability of mouse
cytokines and growth factors to signal through their counterpart human
receptors. This limited cross-reactivity is responsible for the impaired
development of a variety of human immune cell populations. Most
notably, myeloid cells reconstitute poorly from HSCs and constitute 5e
15% of circulating CD45þ cells in the blood (versus>50% in humans)
[180,256]. Myeloid cells encompass a vast array of highly specialized
cells that differentiate within specific niches in each tissue. The
stromal cells that constitute this niche in HIS mice are of mouse origin
and communication is for the most part broken. Hydrodynamic injec-
tion of plasmid DNA encoding human cytokines can improve the
development of human DCs, monocytes, and macrophages in HIS mice
[257]; however, the transient expression of cytokines, the high mor-
tality rate of the injected mice, and the technical difficulties of this
method has limited its utilization. The use of transgenes expressing
human growth factors and cytokines (as in NSG-SGM3 and NOG-EXL
mice; Table 2) support better myeloid cell development [256,258],
but their expression is not restricted to specific niches and not regu-
lated in level and in time, and excessive and/or continuous production
of some of these cytokines can eventually lead to lethal adverse effects
[258,259]. NSG-SGM3 mice are most susceptible, possibly because
they express 25e100 times higher levels of transgenic cytokines than
NOG-EXL mice [256,259]. Ideally, future modifications should attempt
to replace mouse genes by human genes instead of relying on
transgenes to achieve better spatial, temporal, and quantitative
regulation of gene expression. In the absence of these transgenes,
NSG mice humanized with human CD34þ HSCs are still capable of
producing diverse populations of immune cells that commonly act as
APCs (plasmacytoid and conventional DC subsets) albeit at low levels
[180]. The use of HLA transgenes allows mouse APCs to participate in
antigen presentation to human T cells; however, potential in-
compatibilities in the binding of costimulatory and adhesion molecules
and in cytokine interactions (e.g. IFN-g) can potentially limit the
response [260].
Like T cells, B cells are not maintained for long term, regardless of
whether they are produced from adult HSCs [145] or from PBMCs
[114]. B cells derived from fetal liver cells persist longer but are
eventually diluted by increasing T-cell populations in HIS mice with
human fetal thymus grafts, resulting in reduced B cells as a percentage
of human leukocytes over time. T-cell reconstitution is needed to
support maximal human B-cell and myeloid reconstitution in such
animals [163], indicating cross-talk resulting from human T-celleAPC
interactions. Moreover, human B cells have impaired maturation,
although this is less severe when T cells are present [261]. However,
the improved long-term engraftment of peripheral T cells did not seem
to help with the maintenance of PBMC-derived B cells [114]. Moreover,
the replacement of mouse BAFF by human BAFF failed to improve B-
cell maturation [262]. This underscores the need to better understand
the minimum ligands required to support the differentiation, matura-
tion, and maintenance of human immune populations and the cross-
reactivity potential of the corresponding mouse ligands.
Also limited is the development of human NK cells, which has in large
part been overcome by the transgenic expression of IL-15 [124].
Although granulocytes, erythrocytes, and platelets develop from
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HSCs in the bone marrow, very few are present in the circulation
[263], in large part due to the previously mentioned macrophage
activity. Very high levels of human chimerism may be detrimental,
because recipient mice depend on sufficient amounts of mouse bone
marrow surviving irradiation to produce the circulating erythrocytes
they need to survive. NSG mice also lack C5a and are unable to
support hemolytic complement activity, although this has been
recently remedied by the development of NSG mice with an intact
C5a [264]. Human IL-15 knock-in HIS mice support the development
and functional maturation of circulating and tissue-resident human
NK cells that elicit antitumor responses [265e267]. Recently, the
Flavell group has introduced a model based on the MISTRG back-
ground, in which combined human liver and cytokine humanization
confer enhanced human erythropoiesis and RBC survival in the cir-
culation [268].
5.3. Practical limitations
Long-term maintenance of human immune cells in mice requires the
self-renewal capacity of HSCs, yet these early progenitors are rare and
difficult to obtain in large quantities. Cord blood is advantageous, as it
does not require human subject direct intervention. Isolation of HSCs
following blood mobilization is expensive and laborious and has po-
tential toxicity for the donor. Bone marrow aspiration is momentarily
painful but relatively harmless, and it requires an appropriate team to
consent patients and perform the procedure. However, these are
currently the only options when donors with known active disease or
disease predisposition are needed (e.g. T1D patient or first-degree
relatives). Fetal liver HSCs have the advantage of allowing reconsti-
tution from an autologous fetal thymus, which is superior at supporting
T-cell development compared with post-natal thymus [162,163]. Fetal
tissue, however, is fraught with ethical/political controversies. When
immune systems are reconstituted de novo from HSCs, they may not
recapitulate the age of disease onset of the donor. Progress in the
differentiation of patient-derived iPSCs into HSCs and TECs will be
critical in overcoming these limitations as this approach can provide
greater quantities of cells that can be better characterized and
modified for experimental purposes. Similarly, iPSC-derived b-cells or
islet organoids will have to be sufficiently similar to native b-cells to be
killed by activated T cells and not aberrantly tolerogenic.
As recipient mice are increasingly genetically modified to improve the
engraftment, differentiation, and function of human immune cells, they
may be more difficult to breed, particularly when different lines of mice
are crossed and a large number of mutations and transgenes have to
be genotyped as a result. As new modifications created by different
groups and centers demonstrate substantial improvement of models,
issues of intellectual property can complicate and delay the use of
multiple modifications in combination.
6. FUTURE DEVELOPMENT AND APPLICATIONS

Mice lacking gc have been essential for enabling the engraftment of
human immune cells by blocking hostevsegraft reactions. However,
when modeling autoimmune processes such as those leading to T1D, it
is crucial to prevent xenogeneic GvH reactions by the human immune
cells against mouse tissues to not only extend the timeline of studies
before mice develop GvHD but also exclude tissue damage and
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inflammation that is not a direct result of and could mask autoimmune
reactions. Mice in which MHC class I and II molecules are replaced by
common HLA haplotypes may prove ideal HIS recipients. Transgenic
expression of mouse TSLP could compensate for some of the detri-
mental effects of gc deficiency by supporting better lymphoid structure
development. Addition of transgenes expressing human cytokines and
ligands will continue to improve the engraftment, differentiation, and
function of human immune cell populations; however, better control of
their expression is important to minimize adverse effects and achieve
more physiological frequencies of these cells. In particular, more work is
needed to promote or sustain other human cell populations such as
macrophages, eosinophils, and megakaryocytes. With major strides
recently been made in cell engineering fueled by the CRISPR/Cas9
technology, it will become easier and more common in the future to
humanize mouse genes instead of relying on transgenes to achieve a
quasi-normal spatiotemporal regulation of the expression of the desired
genes.
While the above improvements will produce more reliable in vivo
models to study human immune processes in general, better under-
standing of autoimmune diseases and how to cure them will come
from personalized HIS models [269]. The PI mouse was the first model
to enable the comparison of control and diseased patients; however, it
is difficult to implement it on a large scale because of high costs and
invasive procedures involved. Models based on iPSC-derived cells are
expected to transform the whole biomedical field for the study of a
broad range of diseases. While deriving multiple cell types and orga-
noids from iPSCs remains a lengthy, onerous, and expensive process,
these iPSCs constitute an almost unlimited source of cells, which in
some cases can be produced from unique and interesting cases. For
in vitro models to be physiologically relevant, multiple cell types will
have to be generated, combined together in the right proportions and
maintained under appropriate conditions for the duration of the
experiment. For example, modeling infiltrated islets in T1D will require
islet organoids containing not only b-cells but other endocrine cells,
macrophages, endothelial cells, fibroblasts, T and B lymphocytes, and
possibly other populations such as neural cells [87]. For in vivomodels,
on the other hand, improved humanized recipient mice will provide the
stromal infrastructure and many of the signals required for human
immune cells to develop, and in this case, most efforts should be
focused on producing iPSC-derived HSCs with comparable differenti-
ation potential as bona fide HSCs. In addition, these HIS models will not
be complete without TECs derived from the same iPSCs, which may be
introduced into a ‘reconstituted’ thymus produced on a scaffold with
other supporting cells, into neonatal thymic tissue or into swine fetal
thymus tissue. Only this kind of system will ensure that the human
lymphocytes will be tolerant to their host and should be favored over
attempts to differentiate T and B cells in vitro and transfer them in vivo.
However, certain types of iPSC-derived organoids remain infiltrated
(and rejected) by autologous T cells, while other types are well toler-
ated [270].
Once such a model is established with demonstrated physiological
relevance and lack of teratoma formation, incorporating mutations into
iPSCs, to either disable a particular gene or introduce a SNP of interest
(to be compared with the original unmodified iPSC line), can follow at a
larger scale to assess the mechanisms and responses. For example,
TECs from T1D patient-derived iPSCs might reveal the thymic
epithelium-intrinsic defects that allow the escape of autoreactive T
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Box 2. Potential applications of models to evaluate treatments for
human T1D.

1) Testing of islet encapsulation devices not only for the persis-

tence of b-cell numbers and function but also for their resistance

to autoimmune attacks or immune-mediated factors.

2) Testing of iPSC modifications conferring certain immune

evasion capabilities to iPSC-derived b-cells for long-term

in vivo persistence.

3) Testing the effect of new biologicals on human immune cells

in vivo by assessing the phenotype of targeted cells across

multiple key tissues, not just blood.
cells from negative selection in T1D individuals. Alternatively, the
expression of specific genes such as AIRE or insulin could be modified
to study their role in shaping the human (auto)immune TCR repertoire.
Another ideal feature of such models is the ability to observe the killing
of HLA-matched transplanted iPSC-derived islets or mouse b-cells (in
mice transgenic for HLA and human antigens) by human immune cells,
whereby any xeno- or alloreactivity can be ruled out. If spontaneous
insulitis and b-cell destruction can be observed, it would be interesting
to identify the factors that influence the aggressiveness of the disease
and whether this correlates with the age of onset of the donor. Box 1
lists the major fundamental and mechanistic questions that could be
addressed with HIS models to better understand human T1D.
4) Determining the mode of action of tolerogenic antigen-specific

immunotherapies by following the fate of antigen-specific T

cells in multiple key tissues.

5) Testing the potential of linked and bystander suppression by

induced Tregs when using a limited number of antigens/

peptides.

6) Testing the efficacy and specificity of cellular therapies such as

CAR Tregs as well as determining the biodistribution of those

cells and their persistence in vivo.

7) Development of optimized and streamlined in vitro systems

allowing the high-throughput generation of multiple cell types

from multiple patients with subsequent testing of multiple

treatments to assess the suitability for specific types of treat-

ments. If the cost of such a system can be reduced sufficiently, it

can subsequently save money on implementing expensive

therapies that are doomed to fail.

Box 1. Potential applications of models to understand the immune
processes leading to human T1D.

1) Role of specific gene polymorphisms in altering the normal

thymic selection of autoreactive T cells, resulting in skewed T-

cell repertoires; increased numbers of T cells reactive to specific

autoantigens; and reduced numbers or functionality of thymic-

derived T cells. Influence of high-risk versus protective HLA

haplotypes on T-cell repertoire and T-cell differentiation (con-

ventional vs regulatory T cell).

2) Role of gene polymorphisms (or specific environmental factors)

in:

a) altering the function of peripheral APCs, their acquisition

and presentation of b-cell antigens and their phenotype.

b) altering the threshold of activation of T cells, their resistance

to regulation, their ability or not to undergo apoptosis,

anergy, or senescence.

c) affecting the function of Tregs, their plasticity, and their

ability to co-localize with their target effector T cells.

d) the selection of autoreactive B cells, their stimulation to

secrete autoantibodies against specific b-cell antigens, and
the resulting autoantibody profile.

3) Recapitulation of the unique disease characteristics (endotype)

of a particular donor in the corresponding in vivo model (e.g.

same predominant autoantibodies, comparable T-cell repertoire,

circulating antigen-specific T cells, etc.).

4) Achieving spontaneous insulitis and b-cell killing without

resorting to b-cell-damaging treatments and/or immunizations

and determining whether this requires the coordinated action of

multiple immune cell subsets?

5) Determining the factors that control the immunogenicity of b-
cells and the relative contribution of infection (role of specific

enteroviruses (e.g. Coxsackie) or other viruses), different types

of stress, and local inflammation.
Another major application that is increasingly sought after in both
academic and industrial research settings is the evaluation of immune
responses to treatments. Beyond establishing the mode of action of
drugs on human cells, one may leverage personalized models to un-
derstand the differences in responsiveness between groups of patients
to a specific treatment. These models will allow more in-depth
mechanistic studies to pinpoint the cells or pathways that control
responsiveness and identify new and reliable biomarkers that will
facilitate the selection of suitable patients to achieve a greater rate of
success using precision medicine. Box 2 lists the potential applications
of in vitro or in vivo models to evaluate the efficacy and safety of
therapies as an additional preclinical stage to reduce risk and poten-
tially avert costly clinical trial failures.
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www.molecularmetabolism.com
While the incidence of T1D continues to increase in most parts of the
world and many promising therapeutic approaches are in development
or being clinically evaluated, there is still no single treatment that
efficiently prevents or reverses disease. Recognizing and documenting
the vast heterogeneity of T1D patients has considerably changed our
way of mechanistically deciphering and treating this disease. Both
in vitro and in vivomodels presented here will benefit from the efforts of
creating personalized systems. One must not forget similar efforts to
model other autoimmune diseases with commonalities with T1D, from
which useful insights may be gained as far as immune processes are
concerned. Conversely, knowledge gained on the defective mecha-
nisms of tolerance with T1D models may be applicable to other auto-
immune diseases. While focus is expected to be on making iPSC-
derived human immune systems as physiologically relevant and ac-
curate as possible, efforts are equally needed to make these models
more accessible and affordable, so that once outstanding scientific
questions are addressed, these models can be used on a larger scale
for evaluating and accelerating the development of multiple drugs and
therapies that will be most suitable to groups of patients.
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