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Autoimmune diseases evolve from complex interactions between the immune system and self-antigens and
involve several genetic attributes, environmental triggers and diverse cell types. Research using experimental
mouse models has contributed key knowledge on the mechanisms that underlie these diseases in humans, but

?ultommmmty differences between the mouse and human immune systems can and, at times, do undermine the translational
olerance . ope . . . . .1s
SCID mice significance of these findings. The use of human immune system (HIS) mice enables the utility of mouse models

with greater relevance for human diseases. As the name conveys, these mice are reconstituted with mature human
immune cells transferred directly from peripheral blood or via transplantation of human hematopoietic stem cells
that nucleate the generation of a complex human immune system. The function of the human immune system in
HIS mice has improved over the years with the stepwise development of better models. HIS mice exhibit key
benefits of the murine animal model, such as small size, robust and rapid reproduction and ease of experimental
manipulation. Importantly, HIS mice also provide an applicable in vivo setting that permit the investigation of the
physiological and pathological functions of the human immune system and its response to novel treatments. With
the gaining popularity of HIS mice in the last decade, the potential of this model has been exploited for research in
basic science, infectious diseases, cancer, and autoimmunity. In this review we focus on the use of HIS mice in
autoimmune studies to stimulate further development of these valuable models.

1. Introduction

The immune system has evolved to ensure the development and
maturation of functional lymphocytes able to recognize and quickly
respond to foreign antigens while maintaining tolerance to self. Despite
the presence of multiple tolerance checkpoints throughout lymphocyte
development, a small fraction of autoreactive B and T cells escape and
survive these mechanisms. These autoreactive lymphocytes are generally
short-lived and anergic, remaining incapable of attacking self. However,
under certain environmental and genetic settings, these clones are able to
proliferate and respond to self-antigens, the degree and target of these
responses determine the severity and tissue distribution of the clinical
manifestations. These autoimmune responses can evolve into full-fledged
chronic diseases for which there are no cures. Autoimmunity affects up to
5% of the human population, women predominantly, causing a variety of
debilitating illnesses and significantly shortening the lifespan. While
some autoimmune diseases have effective treatments, the administration
of insulin in type 1 diabetes (T1D) is an example, other diseases - e.g.,

systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA) — rely
mainly on broad anti-inflammatory and immunosuppressive drugs with
mixed responses and a variety of side effects. In addition to the sponta-
neous development of autoimmunity caused by the synergy of genetic
and environmental predisposing factors, recently we have been faced by
an additional challenge: the rise of autoimmune complications that
follow the use of novel immunotherapy protocols in cancer patients.
Autoimmune diseases have a complex origin and development.
Although our understanding of these diseases has vastly improved, their
complexity has hampered a concrete elucidation of their causes. The
biological mechanisms driving the onset of autoimmunity remain largely
undefined, also because they are multifaceted and diverse for different
patients. Moreover, the variability in the response of patients to a given
treatment is often unexplained. This fosters a great and unmet need to
better understand disease pathogenesis to find new ways to treat suc-
cessfully a higher number of patients, and also to develop protocols that
may altogether prevent disease onset in people at risk. Over time, the
escalation in scientific and technological exploration of human biology
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has been justifiably accompanied by a rise of ethical considerations and
regulations. For instance, testing whether a new vaccine works as Jenner
did at the end of the 18th century (i.e., inoculating an experimental
vaccine into a child who is then challenged with a deadly virus) is un-
thinkable nowadays. Small mammals, including rabbits, rats and mice
but also larger non-human primates, have become accepted systems to
model human diseases, understand mechanisms, and test new treat-
ments. Mice have been particularly useful in this regard: they can live in
small spaces, are easy to handle, reproduce robustly and, most impor-
tantly, their immune system and responses to infections and vaccines, as
well as the development of autoimmune responses, are remarkably
similar to those of humans. Mouse models exist that spontaneously
develop autoimmune diseases, such as the non-obese diabetic (NOD)
with T1D, and the MRL and the NZBXNZW that develop lupus. These
strains are still heavily used as models for basic and translational research
in autoimmunity. However, can we always be sure that mice faithfully
represent human biology? This is definitively a problem when dealing
with pathogens that do not infect mice, but it is also an issue when
considering developing and testing new treatments that target human
cells.

The desire to improve the modeling of human diseases and probing
their molecular mechanisms have led investigators to play with the idea
of “humanizing” mice. This is a loose term with different meanings, but
usually refers to the introduction of a human component, an individual
gene, a locus, a cell type, or even a tissue into the mouse, to generate
what we call humanized mice (hu-mice). Some of the alleles of the highly
polymorphic Human Leukocyte Antigen (HLA) locus, which encodes the
human MHC proteins, display the strongest association with autoim-
munity [1]. Their involvement in autoimmunity is based on the fact that
MHC proteins present host and foreign peptides to T cells, thus playing a
crucial role in T cell development and adaptive immune responses. For
these reasons, HLA transgenic mice were among the first “humanized”
animal models of autoimmune diseases [2-5]. These models have
become even more sophisticated by introducing additional genetic mu-
tations, such as a recent study that created C57BL/6 mice lacking mouse
MHC II and instead expressing human HLA-DR4, a high risk allele for
T1D development, and human CD80, for additional co-stimulation of T
cells [6]. Upon immunization with murine proinsulin-2, these mice
developed a disease similar to human T1D [6], with myeloid and
lymphoid murine cell infiltration into the pancreatic islets and the pro-
duction of insulin-reactive autoantibodies [6,7]. These and other studies
have considerably advanced our knowledge of autoimmunity develop-
ment and progression. Nevertheless, significant discoveries in mice on
the mechanisms and treatment of diseases do not often replicate in
human patients [8,9].

Despite the many similarities, there are also clearly significant dif-
ferences between the mouse and human immune systems, differences
that have not yet been all resolved. Moreover, laboratory mice belong to
inbred strains with limited genetic variation. Thus, discoveries made in
the mouse must be first verified and further investigated in humans
[10-13], particularly when considering using new drugs in patients
based on knowledge acquired in mice. Since testing mechanisms and
drugs in humans is hampered by ethical, practical, and safety reasons, the
pressure of improving the “humanization” of mice has steadily increased,
leading to the idea of transplanting these animals with cellular compo-
nents of the human immune system. In this review we focus on hu-mice
that carry a human immune system (HIS) either via transplantation of
human blood cells or of hematopoietic stem cells.

2. Development and improvement of human immune system
mice

Mouse models of murine autoimmunity remain important tools for
investigating the immune system at the mechanistic level. On the other
hand, HIS hu-mice offer the additional potential to test whether these
mechanisms truly operate in the human immune system, to add genetic
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variation to the modeling of immune responses, and for testing the effect
of novel therapies on human cells [14]. HIS hu-mice are generated by
transplanting human hematopoietic cells, such as peripheral blood
monocytes (PBMCs), T cells, or hematopoietic stem cells (HSCs), into
immunodeficient mice. After cell transplantation and the establishment
of cell chimerism, these animals allow for experimentation on human
immune cells in vivo, within a small animal model setting. PBMCs are
typically injected intravenous (i.v.) in adult mice in the absence or after a
small irradiation dose. Transplant of HSCs, which are CD34" cells
generally isolated from umbilical cord blood after live births or from fetal
liver after voluntary termination of pregnancy, requires sublethal irra-
diation of the recipient animals. Chemical myeloablation (e.g., with
busulfan) has been sometimes used in place of radiation. HSC transplant
is performed by injecting cells either into newborn mice, i.v. into the
facial vein or directly into the liver, or into adult mice, typically by i.v.
tail vein injection. To distinguish HIS hu-mice made with different
sources of cells we use the term hu-PBL for mice generated by the transfer
of human PBMCs and hu-HSC for mice generated by the transfer of
human HSCs.

Improvement of the HIS hu-mouse model over the years followed the
introduction of genetic modifications in recipient mice that eventually
culminated in the development of more stringent immunodeficient host
animals. The first of these genetic modifications came from the discovery
of a natural mutation in the protein kinase DNA-activated catalytic
polypeptide (Prkdc) found in Severe Combined Immunodeficiency
(SCID) mice on the CB17 genetic background. Given the essential role of
Prkdc in non-homologous end joining DNA repair during V(D)J recom-
bination, the Prkdc“® mutation leads to a severe deficiency in B and T
lymphocytes, allowing for the engraftment of human cells in a mouse
host without the issue of rejection by the adaptive immune system
[15-17]. In one of the first autoimmune studies using SCID mice, injec-
tion of human PBMCs from autoimmune patients was performed to
determine whether this led to the development of autoantibodies and
disease symptoms similar to those of patients [18,19]. Indeed, autoan-
tibodies were occasionally observed. However, disease manifestations
did not develop, possibly because many of the human effector cells
transferred into the mice did not survive long enough to generate a
functional immune system. Furthermore, these studies were generally
hampered by the development of graft versus host disease (GVHD) that
arises in the context of MHC mismatch between donor and recipient cells.
As it turns out, GVHD per se can cause the production of autoantibodies,
confounding interpretations [20,21]. Other limitations observed in this
model were the high numbers of mouse NK cells, which can directly limit
human cell engraftment. Moreover, the Prkdc5¢®® mutation also affects
the ability of myeloid cells to repair DNA damage, a concern when
exposing mice to the ionizing radiations required for the engraftment of
human HSCs [22,23]. Finally, while most of the SCID mice lack lym-
phocytes, as they age some accumulate functional (mouse) T and B cells
due to a ‘leaky’ phenotype whereby alternate DNA repair mechanisms
are able to rescue defective V(D)J gene recombination [24,25]. These
issues significantly affected the ability to use SCID mice as recipients of a
transplanted human immune system.

Not long after the discovery of the Prkdc>™" mutation two different
groups used the recently developed technique of homologous gene
recombination to generate knock-out mice for the recombination acti-
vating genes Ragl and Rag2. These RAG-deficient animals completely
lacked mature B and T cells due to an absolute inability to perform B cell
receptor (BCR) and T cell receptor (TCR) V(D)J gene rearrangements,
events that are absolutely necessary for antigen receptor expression and
subsequent signaling [26,27]. Moreover, genetic deletion of Ragl or Rag2
genes had a permanent and specific impact on lymphocyte development
but not elsewhere, meaning it could overcome both the radio sensitivity
and the “leakiness” issues typical of SCID mice [26,27]. Nevertheless,
RAG knockout mice did not significantly improve the engraftment and
maintenance of human cells because of the presence of mouse NK cells,
the number of which expand to fill the void left by the absence of mature
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Band T cells [26,27].

In the meantime, to address the low human cell engraftment observed
in CB17-SCID hu-mice, the Prkdc®“® mutation was backcrossed onto
different genetic backgrounds including the NOD mouse strain. Human
cell engraftment was greatly improved in NOD-SCID mice, both in per-
centage and in kinetics [28]. In addition to developing diabetes, NOD
mice are appreciated to display poor NK cell activity, which likely
contributed to the improved human chimerism [29-31]. Nevertheless,
even in NOD-SCID hu-mice the establishment of a human immune system
maintained significant problems that restricted a wider use of this model
for human immunological studies. For instance, the NK cell population in
NOD-SCID hu-mice was only diminished but not abolished, still causing
some tissue rejection. Moreover, these mice displayed spontaneous
development of thymic lymphomas with increased mortality after 5
months of age [30]. In the mid 1990s, the realization that mutations in
the interleukin-2 (IL-2) receptor y-chain locus (IL2Ry or CD132) lead to
severe immunodeficiency [32-34] was finally instrumental for
improving HIS hu-mice. IL2ry is an essential component for the intra-
cellular signaling of IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21 cytokine re-
ceptors. Mutations in I2ry result in X-linked severe combined
immunodeficiency (XSCID) in humans and mice [32-37]. This is char-
acterized by a profound defect in T cell development but also an arrest of
NK cell development due to, at least in part, a decreased ability to
respond to IL-7 and IL-15, respectively [37-39]. IL-7 is also important for
B cell development in mice [40], further reducing the host lymphocyte
population and increasing the chances of human cell repopulation. The
targeted mutations of the Il2ry gene were introduced into the NOD-SCID
background creating the NOG strain first [41,42] and the NSG strain later
[43]. They were also introduced into the BALB/c-Rag2™" background
creating the BRG strain [44], and the NOD-RAG '~ background, creating
the NRG strain [45]. The inactivation of IL2Ry led to a crucial
improvement of human chimerism in HIS hu-mice, with superior human
cell engraftment and the development of a functional adaptive immune
system [42-45]. With the creation of NSG, BRG and NRG immunodefi-
cient mice, the use of HIS hu-mouse models became more widespread
and was paralleled by the range of areas investigated, including in-
fections, transplantation, tumor responses, autoimmunity, but also basic
immunological studies [46-48].

The quest for a “better” humanized mouse model led to the simulta-
neous development of immunodeficient strains in different genetic
backgrounds. Among the mouse strains historically used to study im-
mune responses, it was found that the BALB/c genetic background, in
contrast to C57BL/6, allowed the establishment of human hematopoietic
chimerism [44,49]. Nevertheless, even when sharing the same genetic
modifications, NSG or NRG HIS mice still exhibited higher human cell
engraftment relative to BRG HIS mice. The basis for this difference was
subsequently demonstrated by an elegant study from Danska and col-
leagues showing that the NOD, but not the BALB/c (or C57BL/6) variant
of the Signal Regulatory Protein-a (SIRP-a), a protein expressed on the
surface of mouse macrophages, is able to bind human CD47 on human
cells. This binding, which represents a “don’t eat me” signal, inhibits
phagocytosis, leading to higher human chimerism in NOD immunodefi-
cient strains [50]. This discovery guided the development of BRG mice
harboring either the NOD or human SIRP-a variants (strains named
BRGS) and resulting in levels of human hematopoietic engraftment
similar to those of NOD strains [51,52]. This line of study also led to the
development of a BL/6-Rag2™'[L2ry™! strain that upon the deletion of
the CD47 locus allows the development of human hematopoietic cells
[53]. Despite these genetic manipulations, however, myeloablative
irradiation still remains a common limiting requirement for the devel-
opment of HIS mice. Such conditioning is necessary for opening niches in
bone marrow microenvironments in which human HSCs can engraft, but
it can also lead to tissue damage and other defects, particularly in SCID
strains. The need for irradiation was relieved when mutations in the Kit
gene (encoding c-Kit or CD117) were backcrossed into the BRG and NSG
strains [54,55]. C-Kit, the receptor for stem cell factor, is expressed on
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hematopoietic cells and is required for hematopoiesis. Defects in murine
HSCs caused by the KitW41 mutation allows engraftment of multilineage
human hematopoietic cells in intact NSGW41 mice at levels similar to
those achieved in irradiated NSG mice [54,55].

The response of conventional T cells relies on the ability of their TCRs
to recognize (and bind) a specific peptide in the context of an MHC
molecule that was expressed in the thymus during their initial develop-
ment. Recognition of these selective peptides occurs mostly on thymic
epithelial cells, although thymic dendritic cells and B cells also contribute
to some extent to the selection of the emerging T cell repertoire [56]. In
HIS mice generated by transplanting human HSCs, human T cells develop
in the mouse thymus where they simultaneously undergo maturation and
selection via recognition of mouse MHC molecules expressed by mouse
epithelial and dendritic cells. HIS mouse models in which the T cells are
educated, and therefore restricted, to mouse MHC are not ideal for
studies that require these cells to coordinate their response with human
antigen presenting cells (APCs), which express human MHC (i.e., HLA)
receptors. From the early implementation of hu-mice, investigators
interested in studying human T cell development and function collected
from the same human fetus fragments of thymus and liver tissues that
were then implanted beneath the kidney capsule of SCID mice. This
procedure led transplanted SCID mice to generate a transient wave of
human CD4 and CD8 T cells that had undergone selection within the
transplanted thymic fragments, on human HLA [16,57]. The human T
cells developing in these animals, however, were not functional due to
the lack of human APCs. To achieve a HIS hu-mouse model in which T
cells are HLA educated and able to coordinate a functional immune
response with human APCs, Lan and colleagues in 2006 transplanted
human CD347 cells isolated from human fetal liver into NOD-SCID mice
that were implanted with liver and thymus from the same fetus, a model
later named bone marrow-liver-thymus (BLT) [58]. In BLT hu-mice, the
human T cells develop within the human thymus (implanted under the
mouse kidney capsule), and are, therefore, HLA-restricted, while human
APCs mature within the human liver or in the mouse bone marrow.
Together, these cells can mount strong and coordinated immune re-
sponses [58,59]. Since then the BLT hu-mouse has become the model of
choice for certain studies, such as HIV infection, both because of the
robust production and more physiological MHC education of T cells, but
also due to the enhanced presence of T cells and other human cells in
mucosal tissue [60].

A shortcoming of early BLT models was that they were prone to
developing fatal GVHD [61], a major obstacle for studying long-term
immune responses such as autoimmunity. Methods that reduce number
and/or function of the human T cells that are endogenous to the donor
thymus, such as freezing and thawing the fetal thymus tissue before
implant and treating the thymus-implanted mice with anti-hCD2 anti-
bodies, are some of the strategies shown to attenuate or altogether
eliminate GVHD [62]. Deleting MHC class I and II in the recipient mice
has also been shown to greatly reduce GVHD, at least in hu-PBL animals
[62-64]. The generation of BLT hu-mice includes additional issues. One
is about the availability of fetal thymus, which is not often easy to pro-
cure. Other concerns are of ethical and legal nature. In some countries,
voluntary abortion and/or the use of related fetal tissue for research are
not legal. Even when legalized, some investigators do not approve the use
of this tissue for personal ethical reasons. In the USA, federal government
agencies have recently imposed additional oversight for approval of
grants proposing fetal tissue research, and federal researchers are
currently not allowed to work with this tissue altogether. An alternative
to fetal thymus is neonatal thymus. This tissue can be acquired from
pediatric cardiology units as it is often discarded during infant heart
surgery, and one recent study suggests it can function similar to fetal
thymus when implanted into mice, supporting the HLA education of
developing human thymocytes [65]. However, although neonatal
thymus does not possess the ethical problems associated with the use of
fetal tissue, it does bear the critical drawback of lacking a source of fully
HLA-matched hematopoietic stem cells, reducing the functionality of the
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immune system it supports. In these animals, in fact, HLA screening of
human cord blood or bone marrow HSCs must be performed to select
those with partial allele matches to available thymi.

In spite of the many improvements implemented over the years, HIS
hu-mice in NSG, NRG and BRGS strains retain important limitations. This
is because cytokines required for the development and maintenance of
leukocytes are often produced by non-hematopoietic cells, and some of
the mouse cytokines are not as functional on human cells as their human
orthologs due to sequence divergence in ligands and/or receptors [14,
66]. To improve the generation and function of human leukocytes,
different labs have generated recipient strains with transgenes encoding
relevant human cytokines. For instance, replacing the mouse II-6 gene
with human II-6 in BRGS mice, has led to enhanced human thymopoiesis
and peripheral T cell numbers, while also increasing the number of
class-switched memory B cells and IgG production [67]. Lymphocytes
aside, the human myeloid populations are even more significantly
impacted in HIS hu-mice. This is because, besides chemokine and re-
ceptor divergence, human myeloid cells have to compete during their
development with the mouse host myeloid populations. The generation
of NSG strains expressing human IL-3, GM-CSF and stem cell (or Steel)
factor (strains named NSG-SGM3 or NSGS) has led to great improvement
in the numbers of human neutrophils and monocytes, positively
impacting also the number of CD4 T cells and mature B cells [68-70].
Related genetic modifications (the introduction of human M-CSF, IL-3,
GM-CSF, and thrombopoietin) have been implemented in BRG/S mice
to generate strains named MSTRG and MISTRG, which perform similar to
NSGS mice upon transplantation with human HSCs [71]. Although these
strains greatly improve human monocyte development, they also have
some drawbacks such as the mobilization of bone marrow HSCs that
reduces their regeneration potential, and the development of anemia and
the consequent shortened lifespan [72,73]. An additional drawback is
that these animals develop a dendritic cell population that is greatly
skewed in favor of mouse instead of human cells. Deleting the mouse
receptor tyrosine kinase Flk2/FIt3 gene has led to the development of a
BRGS strain (named BRGSF) that, with the administration of human
FIt3L, significantly improves the numbers of human DCs and their
function [74], leading also to a better reconstitution and function of
human NK cells and innate lymphoid cells (ILCs) in lymphoid and
mucosal tissues [75]. Other studies have shown that transgenic expres-
sion of human IL-15, or injection of human IL-15 coupled to IL-15 re-
ceptor alpha, substantially improves NK cell development and function in
HIS mice generated in different genetic backgrounds [76-79]. Finally,
while the mutation of the Il2ry gene has tremendously improved the
generation of a human immune system in mice, the deficiency in
IL2Ry/CD132 signaling has the unfortunate drawback of preventing the
formation of secondary lymphoid tissue due to defective IL-7 responses
and the consequent lack of lymphoid tissue inducer cells [80]. A BRGS
strain (named BRGST) with a transgene-mediated overexpression of
murine thymic stromal cell derived lymphopoietin (TSLP) was recently
generated to obviate this defect [81]. In addition to developing lymph
nodes in larger numbers and size, BRGST HIS mice exhibit significantly
higher numbers of T follicular helper cells, a more organized distribution
of B and T cells in follicles, and improved IgG antibody responses.

3. Using HIS mice to study tolerance and autoimmunity

HIS mice represent an experimental in vivo model to study the com-
plex dynamics of the human immune system in a controlled setting, a
model in which extensive technical manipulations and analyses can be
performed in ways that are not tenable in human studies. Not only can
this animal model help elucidate human biological processes, it can also
provide an ideal setting for testing new therapies. The HIS mouse model
has been used to explore many diverse properties and functions of the
human immune system [14,82-85]. Here we discuss studies in which this
model was used to investigate properties related to immunological
tolerance and autoimmunity.
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3.1. Tolerance in HIS mice

Human T cells develop relatively well in HIS mice, but studies on T
cell function must rely on a model in which the T cell repertoire is not
only diverse but also tolerant to the host. Studies in mice have demon-
strated that the development and selection of thymocytes relies on a
regulated migration through distinct thymic microenvironments and the
local interaction with different cell types [56]. Moreover, T cell devel-
opment has been well characterized to progress through several pheno-
typically distinct stages defined by the expression of the co-receptors CD4
and CD8 and the rearrangement of their T cell receptor (TCR) genes [86,
87]. Within the thymic cortex, cells at the CD4/CD8 double negative
(DN) stage undergo V(D)J recombination of the f§ chain of the TCR genes
leading to the expression of the pre-TCR complex, an event followed by
the expression of both co-receptors CD4 and CD8. These double positive
(DP) cells, while still in the thymic cortex, undergo VJ recombination at
the TCR « chain genes leading to the expression of a mature TCR and the
first repertoire selection event, known as the positive selection [87-91].
DP thymocytes that are able to bind weakly to the MHC-peptide complex
present on the surface of cortical thymic epithelial cells (cTEC) receive
survival stimuli and are positively selected to continue their develop-
ment. After this event, DP thymocytes downregulate the expression of the
co-receptor that was not engaged in binding the MHC-peptide complex,
thus becoming (CD4 or CD8) single positive (SP) thymocytes. SP thy-
mocytes migrate to the medullary region where they are tested for
autoreactivity during the negative selection process. Negative selection is
promoted mostly by medullary thymic epithelial cells (mTEC), but also
by thymic conventional and plasmacytoid dendritic cells and by B cells.
This process leads to the deletion of self-reactive T cells, i.e., T cells that
bind too strongly to the MHC-peptide complex [56,92,93]. As we
described above, when human T cells develop in HIS mice transplanted
only with human HSCs, they undergo maturation in a mouse thymus and,
thus, they are mostly restricted by mouse MHC. In recipients that express
transgenic human HLA alleles, or that have been implanted with frag-
ments of a human thymus, the T cells are selected also, or entirely, on
human HLA, depending on whether mouse MHC molecules and/or the
mouse thymus are still present. Despite these differences, in all HIS
models the thymic maturation of human conventional T cells has been
found to be normal, resulting in the development of a peripheral T cell
population with a diverse repertoire [94-96]. On the other hand, the
development of regulatory T cells (Tregs) is greatest when a human
thymic organoid is present [96,97]. An important question is whether the
development of thymocytes in HIS mouse models includes the negative
selection of autoreactive T cells and the generation of a peripheral T cell
population tolerant to the host. In their seminal study, Traggiai and
colleagues used a mixed lymphocyte reaction to show that the peripheral
T cell population of hu-HSC HIS mice is tolerant to both mouse and
human MHC, indicating that in this model, the human T cells developing
in the mouse thymus undergo selection on MHC antigens of both species
[44]. Thus, their findings suggest that human APCs seeding the mouse
thymus present antigens to human thymocytes and are partly responsible
for the development of a tolerant T cell population. A recent study spe-
cifically investigated the ability of human thymic APCs to promote
negative selection of CD8 T cells. To do so, BLT hu-mice were trans-
planted with a mix of human CD34" HSCs: some were transduced with
vectors encoding either a MART1 or a control antigen, while others were
transduced with a TCR specific for a MART1 peptide in the context of
HLA-A2 [98]. In these animals, T cells expressing the MART1-specific
TCR developed among other T cells and in the presence of APCs that
either did or did not express the MART1 peptide. The mice with APCs
expressing the MART1 peptide displayed profound clonal deletion of
their developing MART1-reactive CD8 T cells, indicating an ability of
human APCs to populate the mouse thymus and participate in the process
of negative selection [98]. Another recent study utilized high-throughput
sequencing of TCRp Complementarity-Determining Region 3 (CDR3) and
single-cell TCR sequencing to demonstrate that NSG BLT hu-mice
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generate a very diverse T cell repertoire that develops via positive se-
lection mediated by weak interaction with self-peptides [99]. Overall,
these data indicate that whether in the mouse thymus or in a human
thymic organoid, human thymocytes developing in HIS mice are properly
selected by both thymic epithelial cells and thymic APCs.

In mammals after birth, B cells develop within the bone marrow tissue
through a stepwise differentiation process. This process is regulated
mostly in a cell-intrinsic manner by antigen receptors containing
immunoglobulin (Ig) heavy and light chain proteins expressed following
productive Ig V(D)J gene rearrangement events [100,101]. Similar to the
rearrangements that produce the TCR in T cells, these Ig gene rear-
rangements are random events, producing Ig genes encoding BCRs that
can potentially bind foreign antigens but also those that bind
self-antigens [102,103]. The mechanisms of tolerance that purge the B
cell population of autoreactive clones have been carefully investigated in
mice by employing Ig transgenic and knock-in animals with Igs of defined
antigen specificities. These studies have shown that newly generated
autoreactive B cells with medium to high avidity for self-antigen are
eliminated within the bone marrow by two mechanisms of central
tolerance: receptor editing, a process using secondary Ig light chain gene
rearrangements to edit the antigen receptor, or clonal deletion, which
leads to cell death [104-107]. In contrast, autoreactive B cells with low
avidity for self-antigens are able to leave the bone marrow, but for the
most part, they are anergic and short-lived, which promotes tolerance in
the peripheral B cell population [108]. Our group has spent significant
effort investigating the development and function of human B cells in HIS
hu-mice. Using the model generated by transplanting human HSCs from
umbilical cord blood into BRG and BRGS neonates, we have shown that
human B cells are robustly produced in these animals and that their bone
marrow development is largely normal [109,110]. Once exported outside
the bone marrow, however, newly generated human B cells are impaired
from developing into fully mature cells, and we have found that their
maturation is aided by the accumulation of T cells [109] but not by the
addition of human BAFF [110].

We were curious to understand whether human autoreactive B cells
are properly selected in HIS mice and, if so, to use this model to elucidate
the mechanisms of human B cell tolerance. Peripheral B cell tolerance is
implemented by both B cell-intrinsic and extrinsic mechanisms [104,
111], but extrinsic restraint (or lack thereof) may be less than optimal in
HIS hu-mice because of the suboptimal coordination of B and T cell re-
sponses. Given that central B cell tolerance is, to large extent, a B
cell-intrinsic process, we setup a HIS model to study the bone marrow
selection of human autoreactive immature B cells. To achieve this goal
we tailored a system established by Nemazee and colleagues to study
central tolerance of wild-type mouse B cells [112]. In this system,
transgenic mice ubiquitously express a synthetic membrane antigen that
serves as a ‘self” antigen by incorporating antibody variable region genes
specific for Ig constant regions. Thus, a recipient BRG strain expressing a
synthetic self-antigen specific for the constant region of human Igk would
be expected to censor all Igk+, but not Igh+, human B cells while they
develop in the bone marrow. Indeed, using this system we demonstrated
that central B cell tolerance is intact in HIS mice [113]. In this model,
developing human autoreactive (x-+) B cells undergo central tolerance by
both receptor editing and clonal deletion. This was shown by augmented
expression of RAG1/2 genes and increased extrusion of Igh excision DNA
circles in bone marrow k+ B cells, accompanied by a slightly reduced
number of B cells entering the spleen [113]. In these animals, the pe-
ripheral B cell population is almost exclusively composed of A+ B cells,
demonstrating that, similar to mouse B cell development, central toler-
ance for human B cells is extremely efficient. In agreement with our
findings, repertoire studies have shown that newly generated B cells in
the spleen of NSG HIS mice comprise only rare clones reacting with
common self-antigens such as DNA and those expressed by Hep2 cells.
This further suggests autoreactive human B cells developing in HIS mice
are generally eliminated in the bone marrow [114]. B cells in the spleen
of HIS hu-mice also display reduced frequency of autoreactive VH4-34"
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clones relative to their bone marrow counterpart [115]. These overall
findings demonstrate that central B cell tolerance is intact in HIS hu-mice.
Therefore, this model could also be used to elucidate the molecular
mechanisms that either drive or impair the negative selection of autor-
eactive B cells. In such a study, NSG mice were transplanted with
genetically altered human HSCs to demonstrate that central B cell
tolerance is either reinforced or diminished by the respective expression
of the AID gene or the PTPN22 autoimmune-associated variant, consis-
tent with observations in patients with relevant genetics [114,116].
Overall these studies show that HIS hu-mice are useful for investigating
mechanisms of central lymphoid tolerance and repertoire generation.

But can this model system be used to also study full-fledged auto-
immunity? Autoimmunity is a complex process involving multiple cell
types, genetic loci, and environmental drivers. Due to its complexity,
achieving the development of disease models that faithfully represent the
overall disease process requires the establishment of a sophisticated
human immune system that can also interact with non-hematopoietic cell
types and the environment. Though HIS hu-mice develop a human im-
mune system, the function of this system is imperfect due to many dif-
ferences in the biological environments of mice and humans. Thus, while
some aspects of autoimmunity can be recapitulated and studied in this
model, others are not yet attainable. Nevertheless, significant progress
has been made in understanding the use and limitations of HIS mice for
studying autoimmune diseases (Fig. 1, Table 1).

3.2. Systemic lupus erythematosus and IPEX in HIS mice

Systemic lupus erythematosus is one of the most studied autoimmune
diseases. This disease is highly complex and diverse but appears to be
generally dominated by pathogenic B cells and autoantibodies. While
there are mouse strains that due to their genetic makeup spontaneously
develop a lupus-like disease, it is also possible to trigger a similar
dysfunction in healthy mice by treating these animals with a single in-
jection of the long chain hydrocarbon pristane [117]. When pristane was
used in HIS hu-mice generated by transplanting fetal HSCs into NSG
animals, it led to the development of key SLE features similar to those
that develop in intact wild-type mice upon treatment. These features
manifested with an increased production of anti-nuclear autoantibodies
and pro-inflammatory cytokines, and also with the development of lupus
nephritis and pulmonary serositis [118].

While SLE is a multigenic disease where a diverse number of genetic
loci contribute to a lesser or larger extent, other autoimmune diseases are
caused by rare monogenic alterations. An example is Inmunodysregu-
lation Polyendocrinopathy Enteropathy X-linked (IPEX) syndrome, a
multi-organ and fatal autoimmune disease that is caused by mutations in
the FOXP3 gene and, thus, a defective generation of Tregs. A study by
Goettel et al. showed that this monogenic autoimmune syndrome can be
modeled in hu-HSC HIS mice by transplanting HSCs from a patient with
IPEX into an NSG strain deficient for MHC-II and transgenic for HLA-DR1
[119]. This model can also be used to test genetic therapies, such as the
transplantation of HSCs transduced with a lentivirus encoding a normal
FOXP3 gene [120].

3.3. Type 1 diabetes in HIS mice

With respect to type 1 diabetes and other autoimmune diseases, the
immune system produced by HIS and BLT hu-mice might not be suffi-
ciently functional to fully recapitulate all aspects of a disease, although it
may still mimic some key features. A study that focused on the tissue
recruitment of pancreas-specific human T cells showed that islet-reactive
human T cell clones that were primed in vitro by autologous APCs pulsed
with relevant peptides, home to the pancreas of NOD-SCID mice that
were pre-treated with streptozotocin to stress pancreatic p-cells. This
tissue recruitment was contingent on proper in vivo antigen stimulation
(i.e., the coinjection of antigen-pulsed APCs) and the pre-treatment of the
animals with streptozotocin [121]. These mice, however, did not develop
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Fig. 1. Human immune system mice development and use for autoimmune studies. Human hematopoietic cells used as source for the generation of HIS mice
vary according to the model. In the hu-HSC model, human hematopoietic stem cells (HSCs) usually in the form of CD34 ™ cells, are enriched from either umbilical cord
blood (CB) obtained after live births or from fetal livers (FT) that are collected subsequent elective and voluntary abortion procedures. These HSCs are then trans-
planted into either newborn or adult immunodeficient mice that have been preconditioned with a sub-lethal irradiation dose. HSCs are generally injected intra-
venously, but they can also be injected intra-hepatically in newborn mice. To setup the hu-BLT model, adult immunodeficient mice are transplanted with thymus
fragments obtained either from human fetal tissue or from infants undergoing heart surgery. The thymic fragments are engrafted under the kidney capsule of recipient
mice. In addition, these mice are sublethally irradiated and injected with human HSCs isolated from the liver of the same thymus donor fetal tissue (to achieve
complete HLA match), or from CB or adult bone marrow (BM) samples that have partial HLA match to the fetal thymus. Injection of the HSCs can occur at the same
time of the thymus engraftment or few days after this surgery. In addition to the hu-HSC and hu-BLT models, HIS mice can be generated in a less sophisticated way by
injecting immunodeficient mice with total human PBMCs (hu-PBL mice), or with T cells isolated from the blood or other tissues (e.g., the skin). These T cells can be
injected as naive or after culture with APCs (e.g., from the related blood) and specific antigens to enrich for antigen-reactive T cell clones. The figure depicts
autoimmune diseases that have been investigated so far using HIS mice: type 1 diabetes (T1D) which manifests in the pancreas, rheumatoid arthritis (RA) which
exhibits joint inflammation, experimental autoimmune encephalomyelitis (EAE), a model of multiple sclerosis (MS) which manifests in the central nervous system,
Sjogren’s syndrome (SjS) which displays dryness of eyes, mouth and tongue, alopecia areata which leads to partial or complete hair loss, and systemic lupus ery-
thematosus (SLE) which has multiple manifestations, skin rash and kidney disease being some of these. Alopecia, SjS, and EAE have only been investigated in HIS mice
transplanted with human PBMCs or T cells. In addition to the studies of these autoimmune diseases, HIS mice are also starting to be utilized to study the autoimmune
manifestations, or immune-related adverse events (irAEs), that arise following cancer immunotherapies with anti-PD1 and anti-CTLA4 antibodies.



T. Alves da Costa et al.

Table 1
Autoimmune studies with HIS hu-mice.
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Strain Additional genetic Model and human cell/tissue source Autoimmune studies
manipulation
cB175°id None Hu-(skin T cells) — skin T cells reactive with hair =~ Alopecia areata: hairless scalp biopsies regrew hair in few weeks after
follicles + hairless scalp biopsies from alopecia  engrafting into SCID mice. Intra-dermal injection of in vitro activated skin T
patients cells from patients reduced hair growth (132)
NODS¢id None Hu-(blood T cells&APCs) — islet-reactive T cell T1D: streptozotocin treatment before T cell adoptive transfer; islet-reactive T
clones + HLA-matched peptide-pulsed APCs cell clones homed to pancreas tissue in the presence of peptide-loaded APCs
from healthy PBMCs 121
None Hu-(synovium) - inflamed synovium from RA RA: Blocking BLyS and APRIL modulated B and T cell function in the

patients

NOD* 112ry™~  None

Hu-PBL - PBMCs from SjS patients

engrafted synovium. Stimulatory effects were observed when synovium
contained germinal center structures. (127)
SjS: local inflammation in salivary and lacrimal glands with increased

(NSG) production of inflammatory cytokines in mice transferred with patients
PBMCs (130)
None Hu-PBL - healthy PBMCs EAE/MS: adoptive transfer of PBMCs and myelin primed human DCs followed
by immunization with myelin peptides in CFA; observed subclinical CNS
inflammation (131)
HLA-DR4 transgene Hu-(blood T cells) — CD4 T cells from either TID ~ T1D: CD4 T cell stimulated with pancreas peptides; healthy and T1D T cells
or control patients with T1D associated HLA- homed to pancreas; reduced insulin production in pancreas of hu-mice that
DR4 received T1D T cells (123)
None Hu-HSCs (FL) SLE: pristane injection; observed lupus-like disease with ANA production and
lupus nephritis (118)
MHC II KO; HLA-DR1 Hu-HSCs (BM) — HSCs from IPEX patient IPEX: spontaneous multi-organ systemic and fatal autoimmunity (119)
transgene
None Hu-HSCs (CB) RA: CFA injection into joints; observed clinical and histological RA with
inflammatory infiltrate, swelling and bone erosion (129)
None Hu-HSCs (FL) Anti-CTLA4 immunotherapy: observed autoimmune hepatitis, liver
lymphocytic infiltration, ANA production, T cell activation, weight loss (144)
None Hu-HSCs (FL) Anti-CTLA4 or PD1 immunotherapy: observed massive lymphocytic
infiltration in many tissues and weight loss but only in mice treated with anti-
CTLA4 (143)
MHC II KO; HLA-DQS8 Hu-HSCs (CB) - HLA-DQ8" HSCs T1D vaccine study: infusion of insulin mimetopes induces functional Foxp3™
transgene Tregs that suppress insulin-reactive effector T cells (125)
None Hu-BLT — BM HSCs from T1D patients and T1ID-  T1D: observed increased proportion of activated and memory T cells with
relevant HLA-matched FT T1D-derived bone marrow HSCs (62)
MHC II KO; HLA-DQS8 Hu-BLT -HLA-DQ8™" FL HSCs and FT T1D: streptozotocin treatment before transfer of insulin-reactive CD4 T cells
transgene and insulin peptide immunization in CFA; observed insulitis and diabetes
124)
None or pig cytokine Hu-BLT - BM HSCs from T1D or RA patientsand ~ T1D and RA: observed increased frequency of autoreactive and polyreactive
transgenes (IL-3, GM-CSF, disease-relevant HLA-matched FT B cells (122)
SCF)
NOD/Shi-scid/ None Hu-HSCs (CB) RA: low dose of EBV infection; observed erosive arthritis closely related to RA
IL-2Ry™ ! with pannus formation and inflammatory infiltrate in the synovium (128)
(NOG) None or with human Hu-BLT - FL HSCs and FT Anti-PD1 immunotherapy: observed pneumonitis, hepatitis, nephritis,

cytokine transgenes (IL-3,
GM-CSF)

dermatitis, adrenalitis, T cell activation (145)

BM = bone marrow; CB = cord blood; FL = fetal liver; FT = fetal thymus; HSCs = hematopoietic stem cells; ANA = anti-nuclear antibodies.

diabetes, suggesting they lacked critical components of disease
development.

As mentioned earlier, the BLT model allows endogenous human T
cells to be educated by human HLA antigens. This model is most often
setup using thymic fragments and CD34" HSCs isolated from the same
fetus, which results in a complete match between the thymic “education”
of human T cells and the HLAs expressed by human APCs in the pe-
ripheral tissue (although not to the MHC of mouse APCs and the mouse
tissue itself). The BLT model can also be generated using fetal thymus
expressing HLA alleles that partially match those expressed by HSCs
isolated from the bone marrow of pediatric or adult individuals. This
enables the development of BLT mice bearing immune systems from
patients with distinct genetic characteristics, including those responsible
for the onset of autoimmunity. In a pioneering study from the group of
Megan Sykes, NSG animals received bone marrow HSCs from either T1D
or healthy donors and were also implanted with fetal thymus fragments
expressing the T1D-associated HLA*A201 and DRB*0302 and/or
DQB*0301 HLA alleles to match those expressed by the transplanted
HSCs. In these mice, while HSCs from T1D and control donors generated
similar numbers of Treg cells, the peripheral T cells of T1D hu-mice
showed increased proportion of activated and memory T cells
compared to controls, suggesting a decreased propensity for immune

regulation [62]. In addition to differences in T cell function, this group
also showed that BLT hu-mice generated with HSCs from T1D or RA
patients display B-cell abnormalities when compared to mice trans-
planted with HSCs from healthy controls [122]. This was demonstrated
by an increased frequency of autoreactive and polyreactive clones in the
peripheral B cell population, indicating HIS mice can be used to study the
contribution of genetic polymorphisms to autoimmune-related B cell
defects [122]. These animals, however, did not display the tissue damage
that is distinctive of T1D (e.g., insulitis) and RA (joint inflammation).
Thus, this model does not appear to reflect critical aspects of disease
pathogenesis.

A potential explanation for the lack of disease in the above model is
that their T cells do not react with peptides presented by mouse tissue
cells and mouse APCs because they are only educated on human HLAs. In
fact, insulitis was observed in a model in which CD4 T cells isolated from
DRB1*0401 (DR4) T1D patients or healthy controls were pulsed with
pancreatic peptides and then injected into NSG-DR4Tg mice in which
mouse cells express DR4 [123]. However, only the pancreas of
NSG-DR4Tg mice that received patient T cells displayed reduced insulin
production despite the fact that both T1D and control T cells infiltrated
the organ to a similar extent [123]. Moreover, the degree of lymphocytic
infiltration of the islets varied significantly depending on the donor and



T. Alves da Costa et al.

the peptide used to stimulate the T cells, suggesting the contribution of
additional genetic factors and/or individual variations in T cell reper-
toire. Nevertheless, these mice did not develop overt hyperglycemia,
indicating they were lacking cell types (e.g., CD8 T cells) that are
important for -cell destruction.

The establishment of full-fledged insulitis and T1D, in fact, appears to
require additional antigen-specific T cell interactions. This was demon-
strated in a recent study in which NSG-DQ8Tg recipients were trans-
planted with HLA-DQ8" human fetal thymus and HSCs to develop both
CD4 and CD8 T cells and other human leukocytes. These mice were
injected with streptozotocin to stress the pancreatic p-cells, adoptively
transferred with autologous human CD4 T cells transduced to express a
TCR reactive with the insulin B:9-23 peptide in the context of HLA-DQ8,
and finally immunized with the B:9-23 peptide in Freund’s complete
adjuvant [124]. While this represents a large amount of sophisticated
experimental manipulations to model the full pathologic state, it can
instead be viewed as an opportunity for learning what is required to
recapitulate whole human immune responses. In fact, it is because of
what is lacking in hu-mice that we can sometimes learn what are the
essential components needed to be added in order to establish physio-
logic and pathologic immunity. This humanized T1D preclinical model
can now be used to elucidate the immunopathogenesis of T1D and
furthermore to test novel therapies [124]. For instance, a recent trans-
lational study utilized NSG-DQ8Tg HIS mice generated by transplanting
HLA-DQ8" HSCs, to test the efficacy of T cell vaccines in promoting the
expansion of functional Tregs. A two-week infusion with
sub-immunogenic amounts of insulin mimetope peptides induced long
lasting and stable Foxp3™ Tregs that were efficient in suppressing the
response of insulin-reactive effector T cells [125].

3.4. Rheumatoid arthritis in HIS mice

Rheumatoid arthritis research groups have also taken advantage of
HIS hu-mice to investigate disease pathogenesis, environmental cues and
pre-clinical treatments [126]. Beside the study with BLT hu-mice
described above in the T1D section [122], most studies have used
either PBMCs or synovial tissue from RA patients as source of human
cells. As an example, Seyler and colleagues [127] transplanted human
inflamed synovium from RA patients into NOD-SCID mice to study how
the B cell growth factors B Lymphocyte Stimulator (BLyS) and A
Proliferation-Inducing Ligand (APRIL) contribute to B cell and T cell
functions in this disease. By blocking these cytokines with a decoy re-
ceptor (TACI:Fc), they found that BLyS and APRIL regulate both B and T
cell function but their effects varied depending on the presence or
absence of germinal center structures, with a strong immunostimulatory
effect on both types of lymphocytes only in germinal center-positive
synovium [127]. Similar studies providing important contributions for
disease treatment, have been described in a recent review of humanized
mouse models of RA [126].

Environmental factors play a crucial role in the development of
autoimmune diseases, chief among these are infections. An investigation
on the role of Epstein-Barr virus (EBV) in the development of RA, found
that NOG HIS hu-mice (hu-HSCs) develop erosive arthritis with pannus
formation and inflammatory cell infiltration when infected with EBV at a
dose not promoting lymphomagenesis [128]. In a different study, injec-
tion of Freund’s complete adjuvant into the ankle or knee joints was
sufficient to trigger acute inflammatory arthritis in NSG HIS hu-mice
[129]. The development of clinical and histological arthritis in these
animals manifested with human immune cell infiltration, swelling, and
bone erosion, symptoms that were decreased upon treatment with a
TNF-a inhibitor [129].

3.5. Other autoimmune diseases in HIS mice

While the development of sophisticated HIS mouse models for T1D,
RA and SLE has significantly progressed, those for other autoimmune
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diseases are lagging behind. For instance, Sjogren’s syndrome (SjS) and
multiple sclerosis (MS) have only been modeled in hu-PBL mice, and
alopecia areata has only been modeled by transplanting skin and T cells.

In a study using NSG mice injected with PBMCs from either SjS pa-
tients or healthy donors, recipients of SjS cells produced higher amounts
of inflammatory cytokines relative to mice with control cells [130].
Moreover, these mice displayed inflammation and lymphocyte infiltra-
tion specifically in salivary and lacrimal glands, the target organs of SjS
[130].

Hu-PBL mice were also used to induce experimental autoimmune
encephalomyelitis (EAE), a model of MS. In this study an NSG hu-PBL
mouse model was developed by injecting a mix of healthy PBMCs and
donor-matched dendritic cells (DCs) that were pulsed in vitro with myelin
antigens [131]. Animals were then boosted a week later by subcutaneous
injection of immature DCs and myelin peptides emulsified in Freund’s
complete adjuvant. These treatments led to the development of sub-
clinical inflammation in the central nervous system, as seen by the
presence of infiltrating CD4 and CD8 T cells expressing IFN-y and
GM-CSF [131]. In this model, the adoptive transfer of antigen-primed
DCs was necessary for this outcome. However, the mice did not
develop disease symptoms characteristic of EAE and MS, such as tail and
leg paralysis, indicating an absence of important immunopathogenic
mediators.

Alopecia areata, an autoimmune condition directed to hair follicles
and leading to the partial or even total loss of body hair, has been
investigated in a humanized animal model in which hairless scalp bi-
opsies from patients are engrafted in the skin of SCID mice. In the absence
of human or mouse lymphocytes the grafts were able to regrow some of
the hair within several weeks. However, this hair growth was hampered
if the grafts were injected with patient T cells isolated from affected skin
patches and activated first by culture with hair follicle homogenates and
peripheral blood APCs [132]. These studies show that effector T cells
reactive with hair follicles are present in the patients’ skin.

Although the SjS, EAE, and alopecia studies represent important
contributions for understanding how human immune cells respond to
self-antigens and cause tissue damage in vivo, there are significant limi-
tations due to the models used. Hu-PBL mice feature a poorly diverse
immune system, mainly composed of clones of mature and xenoreactive
T cells that expand to occupy the peripheral niches. These cells are by
nature not tolerant to the host antigens, causing the development of
GVHD that kills the mice around 4 weeks after transfer [133]. In the
alopecia studies in which only hair follicle-reactive T cells were trans-
ferred, this model lacks potential regulatory cells that can reduce T cells
effector functions [134]. When human CD34" HSCs are transplanted
instead of PBMCs or isolated cell fractions they lead to a more robust
reconstitution of an immune system that is more complex and sophisti-
cated, long-lived, self-replicating, functional, and also generally tolerant
to the host.

3.6. Autoimmune responses as a consequence of cancer inmunotherapy

In addition to the many autoimmune diseases that are driven by ge-
netics and environment, newly developed immunotherapy protocols that
are used nowadays in many cancer patients have as side-effects the
development of autoimmune responses [135,136]. These therapies use
antibodies that block the inhibitory receptors PD-1 (or PD-L1) and
CTLA-4, increasing (and at times unleashing) the response of T cells to
tumors, but also to other tissues. HIS hu-mice are becoming a model of
choice for preclinical investigation of tumor-specific immunotherapies in
combination or not with chemotherapies. These studies demonstrate that
HIS hu-mice develop an immune system capable of rejecting some but
not all tumors, and that this response can be enhanced by the use of
immune checkpoint inhibitors, and modulated by some chemotherapies
[137-143]. Importantly, these animals appear to replicate many of the
immune-related adverse events (irAEs) that have been observed in cancer
patients treated with immune checkpoint inhibitor drugs, such as
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hepatitis, nephritis, dermatitis, adrenalitis, and development of
anti-nuclear auto-antibodies [143-145]. In addition, and similar to pa-
tients, these irAEs are more severe in mice treated with anti-CTLA-4 than
anti-PD-1 antibodies. Thus, the ability of immunotherapy to trigger
aberrant autoimmune responses could be investigated through the use of
HIS hu-mice. These animals could also be useful for testing ways to
prevent irAEs following cancer therapy.

4. Conclusions

While many models of HIS hu-mice exist, that use diverse recipient
strains and human cell sources, none display a human immune system
that completely recapitulates all aspects of the “normal” human immune
system. Nonetheless, the human immune system that establishes in HIS
hu-mice can often replicate complex responses that mimic those observed
in human physiology and pathology. Several studies demonstrate that
HIS hu-mice can be used as models to study autoimmune diseases, in
their totality or in some of their components. The growing use of HIS
mice in immunological research in the last 10 years has demonstrated
that with empirical methods, this model can be successfully adapted to
virtually any study. The development of proper HIS hu-mouse models of
autoimmunity is important for closing the gap of knowledge on the
initiation and progression of these diseases, a gap caused by the problems
associated with accessing the disease target tissues in patients and in
establishing the mechanisms of disease. Moreover, human disease het-
erogeneity caused by genetic polymorphisms and contrasting environ-
mental exposure renders treatment inadequate for many patients. This
issue might find some answers in personalized medicine approach based
on the use of HIS hu-mice.
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