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HLA transgenic mice: application in reproducing idiosyncratic drug toxicity
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aLaboratory of Biopharmaceutics, Graduate School of Pharmaceutical Sciences, Chiba University, Chiba, Japan; bLaboratory of Cancer
Biology and Immunology, Section of Host Defenses, Institute of Natural Medicine, University of Toyama, Toyama, Japan

ABSTRACT
Various types of transgenic mice carrying either class I or II human leukocyte antigen (HLA) mol-
ecules are readily available, and reports describing their use in a variety of studies have been
published for more than 30 years. Examples of their use include the discovery of HLA-specific
antigens against viral infection as well as the reproduction of HLA-mediated autoimmune dis-
eases for the development of therapeutic strategies. Recently, HLA transgenic mice have been
used to reproduce HLA-mediated idiosyncratic drug toxicity (IDT), a rare and unpredictable
adverse drug reaction that can result in death. For example, abacavir-induced IDT has success-
fully been reproduced in HLA-B�57:01 transgenic mice. Several reports using HLA transgenic
mice for IDT have proven the utility of this concept for the evaluation of IDT using various HLA
allele combinations and drugs. It has become apparent that such models may be a valuable tool
to investigate the mechanisms underlying HLA-mediated IDT. This review summarizes the latest
findings in the area of HLA transgenic mouse models and discusses the current challenges that
must be overcome to maximize the potential of this unique animal model.
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Introduction

Human leukocyte antigens (HLAs) are essential mole-
cules ubiquitously expressed throughout the body.
They are responsible for regulating the adaptive
immune response by communicating with CD4þ or
CD8þ T cells using peptide fragments that identify mol-
ecules as self or non-self (i.e. abnormal). HLAs can be
roughly divided into 2 classes: class I molecules present
endogenously processed peptides that target CD8þ T
cells, while class II molecules are expressed on the sur-
face of antigen-presenting cells, such as dendritic cells,
macrophages, and B cells, which target CD4þ T cells
(Redwood et al. 2018). HLA-mediated T cell activation is
intended to protect our body from foreign substances,
such as viruses, bacteria, drugs, and graft cells; how-
ever, excessive immune responses, represented as
hypersensitivity reactions and autoimmune diseases,
can severely damage organs. For example, the major
histocompatibility complex (MHC) is associated with an
autoimmune disease comprising HLA-B27 and ankylos-
ing spondylitis, which was discovered in patients
(Brewerton et al. 1973). Although this landmark obser-
vation provided beneficial insights into understanding
onset risk, the fundamental mechanism of this

association remained undetermined. Thus, researchers
aimed to develop a novel approach to clarify the role of
HLA molecules in autoimmune diseases.

To systemically investigate and further understand
the underlying mechanism of HLA-related disorders,
transgenic mice carrying HLA-A2, the most frequent
HLA allele in human ethnic populations (Chen et al.
2012), were developed (Matsunaga et al. 1985). To date,
this approach has been used to generate several HLA-
related autoimmune disease models (Tables 1 and 2).
During the creation of these mouse models, researchers
aimed to achieve better recognition toward T cells and
more stable expression of the HLA molecule introduced
in mice. Therefore, various modifications have been
implemented mostly in the construction of HLA trans-
genes. For example, chimeric human-mouse HLA struc-
ture has been adopted in most HLA class I (Figure 1(a))
and HLA class II (DR1, DR2, and DR4; Figure 1(b,c))
transgenic mice, aiming for better recognition toward
murine T cells. To increase the expression level of HLA
molecules, introduction of human beta-2 microglobulin
(b2m) is critical for HLA class I (Khare et al. 1996),
whereas depletion of murine endogenous MHC class II
result in induction of HLA class II expression on T cells
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(Taneja et al. 2007). Murine b2m knockout is enough to
deplete endogenous murine MHC I, while the HLA
transgene itself was not affected (Khare et al. 1996).
Importantly, the success of the introduced HLA expres-
sion seems to be dependent on its allotype (for
example: HLA transgene was successful in both HLA-
A2/b2m

�/� and HLA-B39/b2m
�/� mice (Racine et al.

2018) but failed in HLA-B27/b2m
�/� mice (Khare et al.

1996)). DNA methyltransferase inhibitors were recently
explored as an inducer of MHC class I in a mouse tumor
model (Luo et al. 2018). Although this approach has not
been applied in HLA transgenic mice yet, it may pro-
vide an avenue to improve HLA expression in the
mouse models.

Idiosyncratic drug toxicity (IDT) is an unpredictable
and potentially life-threatening adverse event. To date,
several research groups have attempted to mimic IDT
and reveal its underlying mechanism using animal
models. As an immune-mediated IDT mouse model, a
halothane-induced acute liver injury model using BALB/
cByJ mice was established by injecting reactive metab-
olite of halothane, which forms a protein adduct (hap-
ten) recognized as a non-self-antigen, with an anti-
CD40 antibody and toll-like receptor (TLR) agonist (You
et al. 2010). Further, C57BL/6 CD4þ T cell deficiency
with a mutation in MHC class II could develop a mouse
model of flucloxacillin-induced liver injury (Nattrass
et al. 2015). Moreover, programed cell death protein 1
(PD-1)�/� mice (C57BL/6) treated with anti-cytotoxic T
lymphocyte-associated antigen 4 (CTLA-4) could repro-
duce troglitazone- and tolcapone-induced liver injury
(Mak et al. 2018). These observations indicated that
boosting the immune system in non-HLA transgenic
mice might be an effective strategy to reproduce IDT.

Recently, specific alleles of HLA were found to be
strongly related to the onset of risks of IDTs, likely due
to specific immune interactions between HLA mole-
cules and the causative drug (Illing et al. 2016). For
instance, abacavir, a nucleoside reverse-transcriptase
inhibitor used for the treatment of human immunodefi-
ciency virus, induced hypersensitivity reactions associ-
ated with the HLA-B�57:01 allele with a high odds ratio
(>900) (Martin et al. 2004; Mallal et al. 2008; Saag et al.
2008). In these studies, researchers examined peripheral
blood mononuclear cells (PBMCs) from IDT patients and
attempted to identify the fundamental mechanism
underlying HLA-mediated IDT (Bell et al. 2013; Thomson
et al. 2020). However, research using PBMCs is limited
with respect to identifying factors related to drug or
organ specificity that contribute to the occurrence
of IDT.Ta
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To overcome this, unique HLA transgenic mouse
lines carrying either HLA-B�57:01 or HLA-B�57:03 were
generated for the evaluation of IDTs. These mice
proved useful as a model for the assessment of abaca-
vir-induced immune-mediated IDT, which was revealed
as either skin hypersensitivity (Susukida et al. 2018) or
liver injury (Song et al. 2018). Physiologically relevant
HLA transgenic mice would be a powerful IDT model to
overcome all problems that neither non-HLA transgenic
mice nor human PBMCs samples could. Although previ-
ous studies showed that IDT based on hapten concept
could be mimicked in non-HLA transgenic mice, the
model is insufficient for investigating either pharmaco-
logic interaction (p-i) concept or altered-peptide con-
cept, which are considered as other underlying
mechanisms of HLA-mediated IDT (Usui and Naisbitt
2017). Particularly, the expression of abnormal peptide-
deficient HLA class I molecule, which transports mis-
folded proteins to the cell surface (Yorifuji et al. 2019)
and nonspecifically promotes the interaction between
antigen presenting cells and CD8þ T cells (Geng et al.
2018), was increased by exposure to an IDT-causing
drug (Shirayanagi et al. 2020). This finding highlights
the importance of HLA transgene evoking IDT in animal
models.

Given that thousands of studies using HLA trans-
genic mice have been published to date, the gener-
ation of these transgenic mice represents an important
step toward enhancing our understanding of the func-
tion of HLA molecules in hypersensitivity reactions and
autoimmune diseases. This review focuses on recent
studies and provides an outlook on the application of
HLA transgenic mice in reproducing IDT in preclinical
studies.

The use of HLA transgenic mice as an
autoimmune disease model

HLA-Class I (HLA-A)

HLA-A2.1 (HLA-A�02:01)
The clinically observed association between type 1 dia-
betes mellitus and the HLA-A2.1 (HLA-A�02:01) mol-
ecule was shown by demonstrating high glycosuric
values in HLA-A�02:01/non-obese diabetic (NOD) trans-
genic mice (Marron et al. 2002; Takaki et al. 2006;
Serreze et al. 2007; Calvi~no-Sampedro et al. 2019). A
separate study revealed that targeting HLA-A�02:01-
restricted proinsulin epitopes, such as islet-specific
glucose-6-phosphatase catalytic subunit-related protein
(IGRP), inhibited type 1 diabetes development in HLA-
A�02:01/NOD transgenic mice (Jarchum et al. 2007;
Niens et al. 2011). Meanwhile, using non-NOD HLA-
A�02:01 transgenic mice, another group demonstrated
that zinc transporter 8-derived peptides promoted the
development of type 1 diabetes (Li et al. 2013; Zhang
et al. 2016).

To mimic type 1 diabetes under more physiologic-
ally relevant conditions, one group established HLA-
A�02:01/NOD/severe combined immunodeficiency
(SCID) IL2rcnull mice engrafted with human b cell-
specific T cells (Babad et al. 2015). Another group
generated Ins2-deficient NOD/b2m

�/� transgenic
mice expressing HLA-A�02:01 to obtain a more rapid
onset of the disease (Jarchum and DiLorenzo 2010;
Babad et al. 2016). The concept of NOD/b2m

�/�

transgenic mice was also applied to other HLA allo-
types (e.g. HLA-A�11:01) for developing a type 1 dia-
betes model, including human b2m (Antal
et al. 2012).

Figure 1. Schematic representation of the human-murine chimeric HLA structure. Schematic representation of the chimeric
HLA (a) class I and (b and c) class II molecule. In this figure, CD4 is depicted as binding only to the b2 domain; however, it also
binds to the gap formed by the a2 and b2 domains.
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In contrast, HLA-A�02:01/NOD transgenic mice, lack-
ing classical murine MHC expression (cMHCI-/-), were
generated as next-generation HLA-A�02:01/NOD mod-
els to retain non-classical MHC I molecule expression
and neonatal Fc receptor (FcRn; a receptor for maintain-
ing IgG and albumin in the circulation, and also
required for antigen presentation (Pyzik et al. 2019))
activity (Racine et al. 2018). HLA-A�02:01/NOD/
cMHCI�/� transgenic mice have greater potential for
the induction of type 1 diabetes in comparison to HLA-
A�02:01/NOD/b2m�/� transgenic mice (Babad et al.
2016; Schloss et al. 2018). The most recently developed
model, called “YES mice”, lack the expression of murine
MHC class I/II and insulin genes, and instead express
HLA-A�02:01, HLA-DQ8, and human insulin transgenes
(Luce et al. 2018).

HLA-A29 (HLA-A�29:02)
To develop an animal model of HLA-A29-associated
birdshot chorioretinopathy, HLA-A�29:02 transgenic
mice were developed such that aging mice spontan-
eously developed the desired retinopathy (Szpak et al.
2001; de Kozak et al. 2008). However, neither the pres-
ence of human b2m nor the level of HLA-A�29:02 sur-
face expression has any consequence on the frequency
of retinopathy observed (Szpak et al. 2001), and there-
fore it is doubtful that these observations were based
on a true HLA-mediated immune response.

HLA-Class I (HLA-B)

HLA-B27 (HLA-B�27:02, HLA-B�27:05)
HLA-B27 is a classic MHC class I allotype identified as a
risk factor associated with the induction of ankylosing
spondylitis in humans. The symptom of ankylosing
enthesopathy (i.e. naturally occurring joint disease),
including an increase in serum IL-6 levels, was predom-
inantly observed in male HLA-B27 mice supplemented
with human b2m (Weinreich et al. 1995; Khare et al.
1996; Eulderink et al. 1998). In conflict with clinical
observations in HLA-B27 positive patients (Cauli et al.
2002), spontaneous inflammatory arthritis was also
observed in male HLA-B27 mice lacking both murine
b2m and HLA cell surface expression (Khare et al. 1995).
However, this phenotype was clearly refuted as a HLA
class I-independent mechanism in a subsequent study
(Kingsbury et al. 2000). More common symptoms based
on a HLA class I mechanism were observed when either
the human b2m or murine a3 domain were introduced
in the mouse lines (Khare et al. 1999). Studies using this
mouse model have become less common over that last
20 years, as transgenic rat models are more versatile

than mice in reproducing ankylosing enthesopathy for
this HLA allotype.

HLA-B39 (HLA-B�39:06)
HLA-mediated type 1 diabetes can be reproducibly
generated using HLA-B39 (HLA-B�39:06) transgenic
mice. Although the integration of HLA-B�39:06 did not
alter type 1 diabetes development in NOD mice, HLA-
B�39:06/NOD/b2m�/�/Ins2KO mice displayed a signifi-
cant increase in diabetes development (Schloss et al.
2018). Similar to HLA-A�02:01, HLA-A�39:06/NOD/
cMHCI�/� transgenic mice were found to have compar-
able levels of type 1 diabetes development (Racine
et al. 2018), but weaker disease development was
observed in comparison to HLA-B�39:06/NOD/b2m�/

�/Ins2KO mice.

HLA-B51 (HLA-B�51:01)
HLA-B51 (HLA-B�51:01) transgenic mice were generated
to examine the direct involvement of HLA-B51 in
Behçet’s disease in vivo, and neutrophil hyperfunction
was successfully observed using this mouse model
(Takeno et al. 1995). Despite this, HLA-B�51:01 trans-
genic mice have not been used recently to mimic and
investigate the underlying mechanism of Behçet’s
disease.

HLA-Class II (HLA-DP)

HLA-DP2 (DPB1�17:01)
Chronic beryllium disease-mediated ear swelling was
observed by introducing BeSO4 to the right ear of HLA-
DP2 (DPB1�17:01) transgenic mice (Tarantino-Hutchison
et al. 2009). Using BeO-exposed HLA-DP2 transgenic
mice, IFN-c/IL-2þCD4þ T cells were expanded in the
lung leading to inflammation (Mack et al. 2014). The
authors further reported that B cells recruited to the
lungs played a protective role against chronic beryllium
disease in BeO-inhaled HLA-DP2 transgenic mice, inde-
pendent of the HLA-DP2 restricted CD4þ T cell
responses (Atif et al. 2019). In a single dose, BeO failed
to sensitize HLA-DP2 transgenic mice; however, the
same mouse model was rapidly sensitized using both
BeSO4 and Be(OH)2 (Wade et al. 2018). Taken together,
BeSO4 can be assumed as an exogenous antigen to
induce disease phenotype.

HLA-Class II (HLA-DQ)

HLA-DQ2 (DQA1�05:01/DQB1�02:01)
HLA-DQ2 (DQA1�05:01 and DQB1�02:01) transgenic
mice were generated, in the absence of endogenous
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murine class II molecules, to investigate how these
alleles contribute to the pathogenesis of associated
immune disorders. These mice were found to be a use-
ful model for lupus-like autoimmune disease (Rashtak
et al. 2010).

HLA-DQ6 (DQA1�01:03/DQB1�01:04, DQA1�01:03/
DQB1�06:01)
HLA-DQ6 (DQA1�01:03 and DQB1�01:04)/NOD trans-
genic mice were generated to examine the reproduci-
bility of resistance to insulin-dependent diabetes
mellitus (Fukui et al. 1989). The mice displayed a
delayed onset of glycosuria, but failed to exhibit a pro-
tective effect against glycosuria and insulitis (Fukui
et al. 1989). Subsequently, these mice were found to
develop cardiac myosin-induced autoimmune myocar-
ditis when used in the presence of human CD4þ T cells
(Bachmaier et al. 1999).

Allergic phenotype was also observed with a similar
mouse HLA construct. HLA-DQ6 transgenic mouse line
(DQA1�01:03 and DQB1�06:01) was generated to estab-
lish a model for allergic asthma. When human CD4þ T
cells were present, HLA-DQ6 transgenic mice developed
short ragweed-induced pulmonary eosinophilia and
lung tissue damage (Chapoval et al. 1999; Chapoval
et al. 2001). Even in human CD4-deficient models,
strong eosinophilic infiltration into the bronchoalveolar
lavage and lung tissue developed upon short treatment
with ragweed (Chapoval et al. 2001; Chapoval et al.
2002). Given that IDT is a kind of overt immune
response against exogenous drug, these allergic mouse
model studies with specific HLA class genotype would
provide a clue to understanding how to reproduce HLA
class II-mediated IDT.

HLA-DQ8 (DQA1�03:01/DQB1�03:02)
HLA-DQ8 transgenic mice were developed to reproduce
a variety of diseases including arthritis, myasthenia
gravis, autoimmune enteropathy, and insulitis.

In the case of autoimmune enteropathy, HLA-DQ8
transgenic mice with human CD4þ T cells showed glu-
ten (gliadin) sensitivity, which is considered to be an
inducer of celiac disease (Black et al. 2002; Verdu et al.
2008; Silva et al. 2012). In the absence of the human
CD4 gene, this disease model can be reproduced using
either an intranasal (Bonavita et al. 2015) or intragastric
administration of the inducer (Senger et al. 2005;
D’Arienzo et al. 2008; D’Arienzo, Maurano, et al. 2009;
D’Arienzo, Stefanile, et al. 2009; Bergamo et al. 2011;
D’Arienzo et al. 2011; Mazzarella et al. 2014; Ogita et al.
2015; Moon et al. 2016; Maurano et al. 2020). Notably,
gluten-induced blistering pathology, moderate

enteropathy, intraepithelial lymphocytosis, and barrier
dysfunction were all observed in HLA-DQ8/NOD mice
(Marietta et al. 2004; Galipeau et al. 2011).

Insulitis was induced in HLA-DQ8 transgenic mice
upon immunization with glutamic acid decarboxylase
(GAD) 65, a diabetes-associated peptide (Wen et al.
1998). Since spontaneous diabetes was not developed
without such treatments (Kudva et al. 2002;
Rajagopalan et al. 2007), a new HLA-DQ8 transgenic
mouse line was generated, which included RIP-B7
(human CD80/B7.1 under the control of rat insulin pro-
moter (RIP)) (Wen et al. 2000; Wen et al. 2001;
Rajagopalan et al. 2003; Havari et al. 2004). This double
transgenic mouse line was observed to develop dia-
betes spontaneously, but exhibited a reduced diabeto-
genic effect (Wen et al. 2001). Without the RIP-B7
modification, spontaneous insulitis was observed in
HLA-DQ8/HLA-DR3 transgenic mice, but they did not
progress to overt diabetes (Abraham et al. 2000). HLA-
DQ8 transgenic mice with RIP-B7 were further devel-
oped to carry human GAD65, and upon immunization
with cDNA encoding hGAD65, these mice developed
severe insulitis (Elagin et al. 2009).

HLA-Class II (HLA-DR)

HLA-DR1 (DRA�01:01/DRB1�01:01)
Transgenic mice possessing chimeric human-mouse
HLA-DR1 (DRB1�01:01) constructs developed severe
autoimmune arthritis upon immunization with type II
collagen, whereas limited digital erythema and swelling
was observed upon immunization with rat type IX colla-
gen (Rosloniec et al. 1997; Myers, Pihlajamaa, et al.
2002; Myers, Sakurai, et al. 2002; Myers et al. 2004; von
Delwig et al. 2007; Kimata et al. 2012; Tang et al. 2014).
Further studies revealed that co-injection of analogous
type II collagen peptides was effective in down-regulat-
ing the immune response to both type II collagen and
arthritis (Myers, Sakurai, et al. 2002; Myers et al. 2004;
Kimata et al. 2012; Tang et al. 2014; Miller et al. 2016;
Kim et al. 2017). On the other hand, autoimmune
encephalomyelitis was induced using the myelin basic
protein in HLA-DR1 transgenic mice in the presence of
human CD4 transgene (Sireci et al. 2003).

HLA-DR2 (DRA�01:01/DRB1�15:01, DRB1�15:02 (2b);
DRB5�01:01 (2a))
A study challenging HLA-DR2b (DRB1�15:01)/human T
cell receptor (TCR) transgenic mice (expressing HLA-
DR2b molecules and TCR, recognizing HLA-DR2b/myelin
basic protein peptide complex) with the myelin basic
protein peptide was capable of mediating both induced
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and spontaneous autoimmune encephalomyelitis, which
resembles multiple sclerosis symptoms (Madsen et al.
1999). Spontaneous autoimmune encephalomyelitis
symptoms were observed in 4% of those mice; however,
its incidence was increased when crossed with Rag2–/–

mice (Madsen et al. 1999; Gregersen et al. 2006).
Furthermore, both mouse and human myelin oligo-
dendrocyte glycoprotein peptide could induce auto-
immune encephalomyelitis in HLA-DR2b transgenic mice
(Vandenbark et al. 2003; Rich et al. 2004; Link et al. 2007;
Adamus et al. 2012; Ji et al. 2013; Meza-Romero et al.
2014; Nalawade et al. 2018; Raphael et al. 2019).
Immunization with an epitope peptide from the a3 chain
of type IV collagen-induced albuminuria, and transfer of
CD4þ T cells induced Goodpasture’s like disease (Ooi
et al. 2013). These studies highlight the importance of
proper interactions between introduced TCR and T cells
to boost HLA-mediated immune response in HLA trans-
genic mice models.

The severity of autoimmune encephalomyelitis was
increased in myelin basic protein-immunized HLA-DR2a
(DRB5�01:01) transgenic mice in the presence of DR2a-
restricted TCR (Quandt et al. 2012). Moreover, this
mouse model proved that the induction of gut dysbio-
sis triggered the development of spontaneous auto-
immune encephalomyelitis (Yadav et al. 2017). For the
development of better IDT mouse models, the effect of
gut microbiota might be an additional environmental
factor that need to be considered.

HLA-DR3 (DRA�01:01/DRB1�03:01)
Using HLA-DR3 (DRB1�03:01) transgenic mice, an ani-
mal model for Hashimoto’s thyroiditis was established
via immunization with thyroglobulin, which induces
autoimmune thyroiditis (Kong et al. 1996; Flynn et al.
2002; Wan et al. 2002; Karras et al. 2005; Jacob et al.
2007). Likewise, severe thyroiditis was developed in
human thyroglobulin-immunized HLA-DR3/NOD mice
(Flynn et al. 2001). Both HLA-DR3 and HLA-DR3/NOD
mice can serve as model systems for Graves’ hyperthy-
roid disease, when immunized with plasmid DNA
encoding the human thyrotropin receptor (Pichurin
et al. 2003; Flynn, Rao, et al. 2004) or thyroid peroxid-
ase, with the addition of either IL-12 or GM-CSF (Flynn,
Gardas, et al. 2004). Moreover, HLA-DR3/NOD mice
could be developed as a novel model of autoimmune
hepatitis (Yuksel et al. 2015).

HLA-DR4 (DRA�01:01/DRB1�04:01, DRB1�04:02,
DRB1�04:04, DRB1�04:05)
Type II collagen-immunized HLA-DR4 (DRB1�04:01)
transgenic mice (Rosloniec et al. 1998; Pan et al. 1999;

Wang et al. 2002; Taneja et al. 2003; Sakurai et al. 2006)
and those with human CD4þ T cells (Andersson et al.
1998; Svendsen et al. 2004; Batsalova et al. 2010) were
highly susceptible to arthritis. Moreover, immunization
with citrullinated fibrinogen was found to induce arth-
ritis in the absence of human CD4þ T cells (Hill et al.
2008; Yue et al. 2010; Walker et al. 2012). Furthermore,
immunization with enolase caused arthritis, independ-
ent from citrullination (Kinloch et al. 2011); however,
reproducibility was not demonstrated (Haag et al.
2012). To increase the susceptibility to arthritis, HLA-
DR4/AEo mice lacking all classic murine chains (Aa, Ab,
Ea, and Eb) were generated (Taneja et al. 2007; Taneja
et al. 2008; Behrens et al. 2010). Remarkably, this model
was capable of mimicking the sex bias of rheumatoid
arthritis, which facilitated our understanding regarding
increased autoimmunity in women. Notably, the gen-
etic background controls arthritis susceptibility in HLA-
DR4 transgenic mice; for example C3H mice were found
to be more susceptible than B10 in one study
(Batsalova et al. 2010).

HLA-DR4 transgenic mice were also susceptible to
autoimmune encephalomyelitis when immunized with
either a PLP peptide (Ito et al. 1996) or myelin oligo-
dendrocyte glycoprotein peptide (Forsthuber et al.
2001; Klehmet et al. 2004; Nalawade et al. 2018).
Moreover, human cardiac a-myosin immunization was
found to induce autoimmune myocarditis (Şelli et al.
2017). Finally, another transgenic mouse model, HLA-
DR4 (DRB1�04:05), spontaneously developed severe col-
itis (Irie et al. 2017).

HLA-DR15 (DQA1�01:02/DQB1�06:02/DRA�01:01/
DRB1�15:01)
HLA-DR15 is newly classified as part of the older
nomenclature HLA-DR2. HLA-DR15 transgenic mice that
co-express a human TCR specific for the HLA-DR15/
myelin basic protein developed either spontaneous
(Ellmerich et al. 2005; Lowther et al. 2013), or myelin
basic protein-induced paralysis as a part of auto-
immune encephalomyelitis (Ellmerich et al. 2004; Kim
YC et al. 2018). In particular, the HLA-DQB1�06:02 allele
might be the element in HLA-DR15 that determines the
susceptibility of multiple sclerosis-like disease
(Kaushansky et al. 2009; Kaushansky et al. 2012;
Kaushansky et al. 2015).

Insights from studies of autoimmune disease
models

To date, a variety of autoimmune diseases have been
mimicked in both HLA class I and II transgenic mice.
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Not limited to benefits, overall studies of autoimmune
disease models using HLA transgenic mice have also
highlighted what should be carefully considered when
these mice are used as IDT models. For instance, HLA
gene structure (human-mouse chimera; Figure 1),
mouse genetic background (e.g. NOD), and endogen-
ous factors (e.g. TCR) to evoke idiosyncratic immune
response are seemingly important in designing a new
IDT model using HLA transgenic mice. Moreover,
immunization with exogenous antigens is likely essen-
tial for HLA class II-mediated autoimmune diseases
(Table 2), whereas most are spontaneously developed
in HLA class I transgenic mice (Table 1). Given that anti-
gen presentation mechanism depends on the structural
differences between HLA class I and II (Blum et al.
2013), it would be necessary to speculate the underly-
ing mechanism of the selected IDTs and use appropri-
ate strategies before constructing HLA transgenic IDT
mouse models.

Idiosyncratic drug toxicity in HLA transgenic
mouse models

Current observations

IDTs are rare adverse drug reactions that can result in
death. To date, numerous genome-wide association
studies suggest that the occurrence of IDT is strongly
associated with specific HLA allotypes (Illing et al.
2016). Nevertheless, these studies suffered from limita-
tions, including sampling of healthy individuals only
and the use of in silico docking techniques to evaluate
and predict the onset risk of HLA-mediated IDTs at the
preclinical stage. Thus, a more accurate evaluation
model for immune specific IDT is needed.

To address this need, HLA transgenic mouse lines
carrying either human-mouse chimeric HLA-B�57:01 or
HLA-B�57:03 (negative control) were generated by our
group to evaluate abacavir-induced hypersensitivity
(Song et al. 2018; Susukida et al. 2018). Using this
mouse model, immune-mediated skin toxicity was suc-
cessfully demonstrated with abacavir in HLA-B�57:01
transgenic mouse, but not in HLA-B�57:03 transgenic
mouse. Moreover, abacavir-induced liver injury was
observed when mice were treated with CpG-oligodeox-
ynucleotides (ODN), a TLR9 agonist. A similar transgenic
mouse model was recently developed in another
laboratory, with minor genetic differences from our
model (Cardone et al. 2018). Similar to our mouse line,
the authors were able to achieve abacavir-induced skin
toxicity in their human-mouse chimeric HLA-B�57:01
transgenic mice after depletion of CD4þ T cells. In add-
ition, the HLA-B�57:01 mouse line also allows for the

evaluation of flucloxacillin (FLUX)-induced liver injury,
an area that is currently under investigation in our
group.

In the case of carbamazepine-induced severe cutane-
ous adverse reactions, including Stevens–Johnson syn-
drome (SJS)/toxic epidermal necrolysis (TEN), liver and
kidney impairment were successfully mimicked in HLA-
B�15:02 (fully human) transgenic mice when cytotoxic T
cells expressing human public abTCR were adoptively
transferred (Pan RY et al. 2019).

So far, IDT has been successfully reproduced using
only the HLA transgenic mouse models described
above; however, the success of such studies will sup-
port the development of more diverse models using
different combinations of the HLA allele to evaluate
other IDT-causing drugs.

Current disadvantages in HLA transgenic mouse
models

The use of HLA transgenic mice to investigate the
mechanisms underlying HLA-mediated IDT has recently
been recognized by researchers worldwide. However,
these model systems are not ideal, as IDT is not realized
in each individual of a given HLA model population. For
example, only 1 in every 500 to 1000 individuals with
the HLA-B�57:01 genotype will develop FLUX-associ-
ated drug-induced liver injury (DILI) (Daly et al. 2009).
Thus, factors other than the HLA-allotype, such as the
impact of the immune tolerance system, should be con-
sidered as we strive to make these models more toxico-
logically relevant. Since liver tissue contains specialized
cells that mediate the tolerogenic properties of the
organ toward exposure to various exogenous substan-
ces, the immune tolerance system in the liver may influ-
ence the development of HLA-mediated DILI. In fact,
co-administration of CpG-ODN was essential to develop
abacavir-induced liver injury in HLA-B�57:01 transgenic
mice (Song et al. 2018). Another group attempted to
reproduce ximelagatran-induced liver injury using
either HLA-DR7 (DRA�01:02/DRB1�07:01; fully human)
or HLA-DQ2 (DQA1�02:01/DQB1�02:02; fully human)
transgenic mice; however, there was no indication of
DILI development upon evaluation using biomarkers for
liver toxicity or via histopathology (Lundgren et al.
2017). This issue may not be limited to liver injury, as
several reports have indicated that it might be difficult
to reproduce IDT in HLA transgenic mice without apply-
ing additives. A previous study has shown that elimin-
ation of the immune tolerance system, which mainly
consists of PD-1 and CTLA-4, resulted in a significant
increase in the inflammatory response leading to IDT
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(Metushi et al. 2015). In a separate study, the depletion
of CD4þ T cells, including CTLA-4þ　Treg, was essential
to trigger severe abacavir-induced skin toxicity in HLA-
B�57:01 transgenic mice (Cardone et al. 2018).
Furthermore, PD-1 was suggested to be required for
the immune checkpoint blockade in abacavir-induced
IDT. Indeed, a gradual up-regulation of PD-1 expression
in memory CD8þ T cells was found in HLA-B�57:01
transgenic mice after abacavir administration (Susukida
et al. 2018). These observations highlight the import-
ance of breaking the immune tolerance system to
reproducibly generate IDT in HLA transgenic mice.
Alternatively, adoptive transfer of human abTCR was
necessary to induce measurable carbamazepine-
induced skin toxicity in HLA-B�15:02 transgenic mice
(Pan RY et al. 2019); however, the HLA gene used in this
study was not a human-murine chimera, which may
result in poor recognition by endogenous mouse CD8þ

T cells.
Another important factor that determines suscepti-

bility to immune-mediated drug toxicity is the mouse
genetic background. In terms of immune cells, the
dominant helper T cell subset, either Th1 or Th2, is
clearly classified by strains. Specifically, B10.D2, C57BL/6
(B6), and C3H mice have Th1-dominant immune system,
whereas BALB background has Th2-dominant immune
system (Guery et al. 1997). It is interesting to note that
hepatic mRNA levels of inflammatory cytokines and
number of neutrophils recruited into the liver were
higher in halothane-treated BALB/c mice compared to
DBA/1 and B6 mice, in case of halothane-induced liver
injury (You et al. 2006). Moreover, this sensitive order
between BALB/c and B6 strains was likewise observed
in acetaminophen-induced liver injury (Harrill et al.
2009). These observations indicated that drug-induced
immunotoxicity in the liver might be dependent on
Th1/Th2 lineages of each mouse genetic strain. At pre-
sent, all reported IDT models of HLA transgenic mice
have used the B6 congenic line, and therefore adopting
HLA transgenic mice in BALB/c strain might be a better
choice to reproduce liver IDT in an animal model.

Interestingly, some studies have pointed toward
other genetic factors involved in the development of
IDT. For instance, CD14 variation and endoplasmic
reticulum aminopeptidase 1 (ERAP1) functional haplo-
types were identified as factors that determine the sus-
ceptibility of HLA-B�57:01 to abacavir hypersensitivity
in humans (Pavlos et al. 2020). Moreover, a SNP
(rs2476601) in the PTPN22 (gene encodes a substitution
of tryptophan with arginine in the protein tyrosine
phosphatase, non-receptor type 22 gene) doubled the
risk of HLA-A�02:01 and DRB1�15:01-related

amoxicillin-clavulanate-induced DILI risk (Cirulli et al.
2019). As factors other than HLA, FLUX-induced liver
injury was found to be associated with females and a
history of kidney stones (Lindh et al. 2018). In addition,
aging populations (>70 years old) receiving consecutive
prescriptions had a particularly high risk of FLUX-
induced liver injury (Wing et al. 2017). These observa-
tions imply that more sensitive HLA transgenic mouse
models may be obtained when risk-related genes, sex
and age are taken into consideration.

Tips to improve the HLA-mediated immune
response in transgenic mice

Previous studies using HLA transgenic mice for auto-
immune disease models revealed that the HLA gene
structure is another factor that may be improved to
achieve higher sensitivity and reproducibility in the
generation of IDT. As the HLA class I molecule consists
of both the a1-3 and b2m complex, several reports have
highlighted the importance of modifying these compo-
nents to maintain both stable expression and recogni-
tion by murine CD8þ T cells, which ultimately
determines the susceptibility of an immune response in
transgenic mice. Kievits et al. reported that the mouse T
cell repertoire is perfectly capable of capturing the
human HLA-B27 antigen in virus-infected cells from
HLA-B27/human b2m double transgenic mice (Kievits
et al. 1987), and it was not recognizing self H-2 region
but introduced HLA-B27 molecule (Kievits et al. 1989).
In contrast, the cell surface expression level of HLA-B27
differed among various H-2 haplotypes in the graft
mouse population (Nickerson et al. 1990). The authors
determined that this was due to the ability of HLA-B27
to associate with endogenous mouse b2m, as the intro-
duction of human b2m into the transgenic mouse
caused a marked enhancement of HLA-B27 expression
on the cell surface (Nickerson-Nutter et al. 1992). This
feature was further investigated to reveal that HLA-B27
and human b2m was the best genetic combination for
developing spontaneous inflammatory disease (Khare
et al. 1996). In fact, human b2m enhanced the transpor-
tation of misfolded proteins to the cell surface, together
with increased expression of HLA-B27 molecule (Yorifuji
et al. 2019). Furthermore, as the murine T cell response
toward the HLA-B27 molecule was much weaker than
its human counterparts, Kalinke et al. improved it by
replacing the a3 domain of HLA-B27 with the murine a3
domain (Kalinke et al. 1990). From these observations, it
should be noted that a human-murine chimeric a3
domain should be employed to improve recognition by
murine CD8þ T cells and the introduction of stably
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expressed human b2m is recommended to achieve
optimal function of HLA class I molecules in transgenic
mice (Figure 1(a)).

On the other hand, the endogenous murine MHC
class II molecule (Abo　or AEo) was deleted in most HLA
class II transgenic mice in order to promote the expres-
sion of the introduced HLA class II molecules on T cells,
which is a feature similar to that observed in humans
(Taneja et al. 2007). The developers hypothesized that
the expression of the human class II molecule, in the
absence of mouse class II gene products, leads to the
preferential development of a population of human
class II-restricted T cells (Nabozny et al. 1996). However,
it should be noted that there are disadvantages associ-
ated with MHC class II manipulation. For example, the
absence of endogenous MHC class II in HLA transgenic
mice (HLA–DR2 (C57BL/10), DR4 (B10.RQB3), DQ6
(B10.M), and DQ8 (B10.M)) appears to be related to the
development of severe toe inflammation, resembling
psoriatic arthritis, at ages of 6months or older (Bardos
et al. 2002). To avoid this issue, human-murine chimeric
HLA class II constructs may be used as an alternative
method to improve murine CD4þ T cell recognition.
Transgenic mice expressing recombinant MHC class II
molecules, in which the a2 and b2 domains are derived
from mouse MHC class II and the peptide-binding a1
and b1 domains are derived from HLA counterparts
(Figure 1(b)), exhibited a HLA-DR4-restricted immune
response (Woods et al. 1994). Otherwise, human-murine
chimeric HLA-DR4 genes, where mutations are intro-
duced within the b2 chain at residues 110 and 139 to
resemble the mouse counterpart (Figure 1(c)), are bene-
ficial with respect to interactions with mouse CD4þ T
cells (Pan et al. 1999). Indeed, this human-murine chi-
meric HLA-DR4 transgenic mouse line was also highly
susceptible to collagen-induced arthritis upon immun-
ization with human type II collagen (Pan et al. 1999;
Taneja et al. 2003). These observations implied that
either deletion of the endogenous murine MHC class II
molecule or inclusion of a human-murine chimeric HLA
structure would be necessary to develop a new func-
tional HLA class II transgenic mouse model.

Recently, a series of single chain human-mouse chi-
meric HLA knock-in mice were established and showed
similar CD8þ T cell responses against various viral epito-
pes in comparison to conventional HLA transgenic mice
(Harada et al. 2017). This new genome-editing technol-
ogy may reduce the time and effort required to
improve mouse models, as crossbreeding between
transgenic mice is easier (Harada et al. 2017). Although
these HLA knock-in mice have not been thoroughly
examined, their combination with conventional

transgenic mice may provide an avenue to generate
more physiological relevant models for future studies.

Association of IDT with drug metabolism

Last but not least, evidence suggests that IDT is pre-
dominantly associated with drug metabolism
(Thompson et al. 2016). Occasionally, drug metabolites
covalently bind to proteins, a process named adduct
formation. The adduct degrades into small peptide
fragments that are presented by MHC molecule as
haptens, resulting in the activation of specific T cell
clones. Interestingly, amodiaquine-induced immune-
mediated liver injury can be reproduced in wild type
mice with immune checkpoint inhibitors co-treatment,
which is independent of any HLA transgene (Metushi
et al. 2015). This phenomenon might be evoked by the
formation of haptens derived from amodiaquine
metabolites, of which some are presented by endogen-
ous murine MHC to activate T cell clones. Similarly,
immune-mediated liver injury, induced by either isonia-
zid or nevirapine has been reproduced in mice regard-
less of the absence of HLA transgenes (Mak and
Uetrecht 2017). Notably, these drugs are extensively
metabolized by the specific drug-metabolizing enzyme
in both humans and mice. Indeed, empirical analyses
have revealed that the amount of formed reactive
metabolites correlates with the onset of IDT (Nakayama
et al. 2009; Usui et al. 2009). Moreover, a clinical study
suggested that CYP-mediated metabolism of an IDT-
causing drug would be an important factor to deter-
mine the odds ratio of HLA-mediated IDT (Ariyoshi
et al. 2010). Thus, it may be necessary to introduce CYP-
metabolism system in HLA-IDT mouse models for com-
prehensive evaluations including reactive metabolites.
In contrast, in case of FLUX-induced liver injury, drug-
modified specific protein (such as albumin) is proposed
as candidate hapten presented by HLA-B�57:01 (Monshi
et al. 2013); however, whether nonspecific but large
amount of adduct formation is enough, or a little but
specific adduct formation is required in HLA allotype-
dependent IDTs has not been elucidated yet. In light of
these observations, it is important to note that the bet-
ter use of HLA transgene mouse models requires quan-
titative and qualitative conquest of species differences
in drug-metabolizing enzymes.

Summary and conclusion

Recent studies have provided ample evidence to sup-
port the use HLA transgenic mice to mimic IDT, thus
demonstrating their potential in the evaluation of the
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associated mechanism. Given that IDT is an extremely
rare and unpredictable adverse event in clinical situa-
tions, it is clear that the model based solely on the
introduction of HLAs is not sufficient to evaluate all IDT
types. Thus, modifications should be adopted to
achieve higher sensitivity and capability in mimicking
IDT in HLA transgenic mouse populations. It is clear
that HLA transgenic mouse models represent useful
tools in the evaluation of HLA-related IDT in preclinical
studies. Future development will facilitate their use in
identifying factors related to drug or organ specificity
that contribute to the occurrence of IDT.
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