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Abstract

Adverse drug reactions (ADRs) are commonplace and occur when a drug binds to its intended
pharmacological target (Type A ADR) or an unintended target (Type B ADR). Immunologically
mediated Type B ADRs, such as drug hypersensitivity syndrome, drug reaction with eosinophilia
and systemic symptoms (DRESS), and Stevens-Johnson Syndrome/Toxic Epidermal Necrolysis
(SJS/TEN), can be severe and result in a diverse set of clinical manifestations that include fever
and rash as well as multiple organ failure (liver, kidney, lungs, and/or heart) in the case of drug
hypersensitivity syndrome. There is increasing evidence that specific HLA alleles influence the
risk of drug reactions. Several features of T cell-mediated ADRs are strikingly similar to those
displayed by autoimmune diseases like type | diabetes, such as strong HLA association, organ-
specific adaptive immune responses, viral involvement, and activation of innate immunity. There
is a need to better predict patient populations at risk for developing immunologically mediated
Type B ADRs. Since methods to predict type 1 diabetes using genetic and immunological
biomarkers have been developed to a high level of accuracy (predicting 100% of individuals likely
to progress), new research strategies based on these methods may also improve the ability to
predict drug hypersensitivity.
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Introduction

The intention of this review is to compare and contrast the features of T cell-mediated
adverse drug reactions (ADRs) with those of autoimmunity as they relate to disease
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progression, as understanding their similarities in pathogenesis will suggest future research
strategies for establishing rationales to improve ADR case workups.

ADRs and autoimmunity differ in that ADRs have a relatively higher complexity of
underlying immunological responses (e.g., drug reaction with eosinophilia and systemic
symptoms [DRESS], Stevens-Johnson Syndrome/Toxic Epidermal Necrolysis [SIS/TEN],
erythema multiforme), which varies greatly among the different drugs, and that the
pathologies underlying autoimmune diseases are better understood than those of ADRs. In
autoimmunity, the understanding that adaptive immune responses are often established
before the onset of disease has been taken advantage of in the clinic in terms of predicting
disease progression. In a similar fashion, ADRs that stimulate T cell-mediated immune
responses may benefit from new research investigating the rationale that utilizing specific
immunologic and genetic tests like those currently used to predict autoimmune diseases,
including HLA typing, can also predict ADR occurrences.

Similarities: Adaptive immune responses directed against self

Autoimmune diseases and drug hypersensitivity responses both involve stimulation of the
adaptive immune system against self-proteins (1-3). T cell-mediated ADRs involve
anatomically directed adaptive immune responses and/or systemic responses. For example,
allopurinol and carbamazepine trigger SIS/TEN in which cytotoxic CD8" T cells are
thought to destroy keratinocytes at the dermal-epidermal junction using the enzyme
granulysin (4), annexin (5), and FasL (6) as mechanisms for lysis. Amoxicillin clavulanate,
flucloxacillin, and ximelagatran cause drug-induced liver disease (DILI) in certain
individuals (7). Abacavir is an example of a drug capable of triggering systemic T cell-
mediated hypersensitivity responses in HLA-B57:01—-positive at-risk patients (8); these
systemic symptoms can be lethal and include fever, rash, vomiting, abdominal pain, and
multiple organ involvement (9). Carbamazepine stimulates both anatomically directed T cell
responses and systemic responses (10).

Many autoimmune disease pathologies also involve T cell responses against self. In
rheumatoid arthritis, there are self-directed autoimmune responses against connective tissue
components (11). T cell responses are directed against components of the dermis in psoriasis
(12). In celiac disease, exposure to gluten peptides initiates T cell-mediated autoimmune
responses against transglutaminase-modified peptides expressed in self-tissues (13, 14). In
type 1 diabetes, T cell-mediated autoimmune responses are thought to destroy insulin-
producing beta cells in the pancreas (15, 16). Autoimmune responses and drug responses
also frequently involve both T and B lymphocytes. In autoimmune diabetes, for example,
patients can generate T cell responses and autoantibodies directed against insulin, glutamic
acid decarboxylase (GAD), islet antigen 2, and a zinc transporter (17, 18). Systemic lupus
erythematosus (SLE), an autoimmune disease in which chronic inflammation is systemic,
often affects the heart, joints, skin, lungs, blood vessels, liver, kidneys, and nervous system
(19, 20).

Some drugs can even act as inducible triggers of autoimmunity in an HLA-associated
manner. Hydralazine and isoniazid trigger drug-induced SLE in association with HLA-DR4
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(21). D-penicillamine—induced myasthenia gravis associates with HLA-DR1 (22).
Thiopurines associate with pancreatitis in inflammatory bowel disease patients with the
HLA-DQA1*02:01/HLA-DRB1*07:01 haplotype, showing an odds ratio (OR) of 2.6 (23).

HLA associations

HLA associations have been found for nearly all autoimmune diseases (2). The strength of
association between HLA alleles and individual diseases varies significantly (24). Some
diseases including asthma (25), Crohn’s disease (26), and ulcerative colitis (27) show
significant but weak HLA associations (OR < 2). HLA alleles are moderately associated
(OR 2-4) with SLE (24), multiple sclerosis (28), and autoimmune thyroid diseases such as
Graves’ disease and Hashimoto’s disease (29). Ankylosing spondylitis (30), celiac disease
(31), rheumatoid arthritis (32), and type 1 diabetes (33) are strongly associated with HLA
alleles (OR > 4). Differences in the strength of association between HLA alleles and
individual diseases may reflect the variation in the role of T cell responsiveness in the
context of other environmental and genetic factors influencing the pathogenesis of a given
disease.

HLA alleles are also associated with an increasing number of drug hypersensitivity
responses. The strongest HLA-associated drug responses are between HLA-B*57:01 and
abacavir hypersensitivity syndrome in the Caucasian population, HLA-B*15:02 and
carbamazepine-induced SJS/TEN in Asian populations, and HLA-B*58:01 in allopurinol
hypersensitivity syndrome and SJS/TEN (OR > 500) (34). Similar to autoimmune disorders,
the strength of association between drug hypersensitivity and HLA alleles ranges from weak
to strong. Significant associations between drug hypersensitivity and HLA alleles suggest
their potential utility in predicting at-risk individuals. For abacavir, an HIV reverse-
transcriptase inhibitor, identification of the strong HLA association between abacavir
hypersensitivity and HLA-B*57:01 has led to a prevention strategy currently in use (8)
wherein a pharmacogenetic test is now routine in HIV clinical practice (35).

Drugs are thought to elicit ADRs in an HLA-associated manner because they may interact
with HLA molecules and form drug-HLA complexes capable of being recognized by T
cells. Drugs can bind HLA in at least 3 possible ways. First, drugs may act as haptens
forming covalent interactions with peptides that bind HLA molecules associated with ADRs
(e.g., penicilloyl-modified peptides) (36). Second, drugs may bind directly to the TCR or
HLA molecules outside of the antigen-binding cleft with rapid non-covalent interactions
(called the pharmacological interactions with immune receptors [pi] hypothesis) (37). Third,
drugs may bind within the antigen-binding cleft of the HLA molecule, altering the repertoire
of HLA-bound peptides; in this mechanism, the drug enables the presentation of self (and
possibly viral) T cell epitopes to which the host is not tolerant (38, 39).

Viral infection and heterologous immunity

A number of drug hypersensitivity reactions and HLA allele associations occur in virally
infected patients. The mechanistic roles of the viruses in the initiation or perpetuation of T
cell-mediated ADRs are complex and have been proposed to involve stimulation of virus-
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specific T cells that cross-react with the drug presented to T cells in the context of HLA (the
heterologous immunity model).

Evidence that viruses play a role in ADRs include ampicillin-induced exanthema in patients
with mononucleosis (expressing activated EBV). While exanthematous eruptions in
mononucleosis patients are relatively uncommon (rate: 10%), they are common among
ampicillin-treated patients (100% of children, 70% of adults) (40). Similarly, the incidence
of severe ADRs to co-trimoxazole is significantly lower in the general population compared
to HIV-infected patients (41).

Although virus infection likely influences T cell-mediated ADRs by a number of antigen
non-specific mechanisms (e.g., by stimulating innate immunity), some specific viruses
strongly correlate with adverse responses to certain drugs. For example, HHV-6 activation is
associated with carbamazepine-induced DRESS, and reactivation is associated with slow
recovery (42). Also, HIV-infected SJS patients exhibit viral reactivation (EBV, CMV) upon
drug exposure (43). The clinical effects of these virus-drug interactions range from mild
(EBV-linked ampicillin rash) to severe (HHV-6 reactivation and DRESS) (44). Collectively,
these observations demonstrate diversity in pathogenic mechanisms for ADRs.

Cytotoxic T lymphocytes specific for viral epitopes have been found to expand in patients
with drug hypersensitivity reactions (45), suggesting that the drug can stimulate T cells
previously primed by virus exposure through a cross-reaction/molecular mimicry
mechanism. The drug may also directly or indirectly stimulate virus reactivation and the
expression of viral proteins, thus resulting in increased presentation of viral epitopes and
expansion of virus-specific T cells that promote ADRs.

Data suggest that pathogen infections influence autoimmunity. In type 1 diabetes, there are
strong antibody responses to coxsackievirus infections, and a similarity between the
structure of the autoantigen GAD and the P2-C protein of Coxsackie B are implicated as a
potential cross-reaction mechanism (46). High titers of EBV-specific autoantibodies have
been reported in both multiple sclerosis (47) and SLE (48) patients. Rotavirus infections are
strongly associated with celiac disease (49). In addition to coxsackievirus infections,
intestinal microbiota may play a role in the development of autoimmune diabetes (50). Thus,
the combination approach of defining environmental triggers (e.g., viral infection status)
with identifying genetic susceptibility markers (e.g., HLA) is expected to improve the
prediction and prevention of T cell-mediated ADRs.

Susceptibility genes shared between drug hypersensitivity reactions and

autoimmunity

There are individuals susceptible to more than one autoimmune disease, and also individuals
susceptible to multiple ADRs. HLA alleles are associated with multiple autoimmune
diseases. For example, SLE (51), Adison’s disease (52), Graves’ disease 163 (53), and celiac
disease (54) were associated with HLA-DR3. Autoimmune diseases can occur
concomitantly in the same patient in a number of cases; for example, diabetes mellitus is
present in 11.6% of SLE patients (55). Since HLA alleles are strongly associated with
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multiple drug hypersensitivity reactions as well as with multiple autoimmune diseases
(examples of both are listed below), they too may help to inform pathological mechanisms
and biomarkers to predict disease. Adverse reactions to both abacavir and flucloxacillin
(drugs that are not similar in structure) strongly associate with HLA-B*57:01 (10). Adverse
reactions to lumiracoxib (56) and amoxicillin (57) both associate with HLA-DRB1*15:01.
For autoimmune diseases, SLE (54), Addison’s disease (55), Graves’ disease (56), and
celiac disease (57) are associated with HLA-DR3. Thus, a set of HLA alleles may confer
high risk for drug hypersensitivity reactions, and a partially overlapping set of alleles may
confer high risk for autoimmune-related diseases. These similarities suggest shared
mechanisms and potentially useful shared biomarkers for disease prediction (24).

Genes encoding proteins involved in drug metabolism have been associated with more than
one ADR, including the P450 genes (CYP34A (58), CYP2C9 (59)), myel operoxidase (60),
and the glutamate-cysteine ligase catalytic subunit gene GCLC (61). For DILI, polymorphic
variants of genes involved in the mitochondrial anti-defense pathway, such as Nrf-2, may
play particularly informative roles (62).

Predicting autoimmunity

In contrast to autoimmune diseases in which the inciting agents are not well characterized,
the triggering agents for ADRs are known. This suggests that the severity of ADRs may be
lessened by early prediction of susceptible individuals based on patient biomarkers as a
guide to treatment options.

Using type 1 diabetes as an example of an autoimmune disease in which susceptible
individuals can reliably be identified, prediction can be achieved with a high level of
sensitivity and specificity by interpreting genetic, metabolic, and immunological assays (63).
The Diabetes Prevention Trial Type 1 Risk Score (DPT1RS) measures several metabolic
parameters along with age and body mass index (64). When taking into account the
DPT1RS score in combination with the Autoantibody Risk Score, type 1 diabetes is more
accurately predicted then using either score alone (65). Among the risk factors, production
of autoantibodies specific for the self-proteins GADA, 1A-2A, insulin, and/or ZnT8A
appears to be the most significant factor in predicting type 1 diabetes progression; indeed,
generation of at least 2 of these autoantibodies has been found to correlate precisely with
type 1 diabetes progression (63, 66).

The predictive value of HLA is already known for several drug hypersensitivity reactions,
and both high positive predictive values and low negative predictive values have been
identified. In the Han Chinese population, both the carbamazepine/HLA-B*15:02 and
allopurinol/HLA-B*58:01 associations have a positive predictive value of 100% and a
negative predictive value of 3% (67).

Predictive values of HLA for some autoimmune diseases are similarly high for positive
predictive values and low for negative predictive values. For example, approximately 60%
of type 1 diabetes patients express HLA-DQA1*0301/DQB1*0302 (DQ8) (Figure 1); in
other words, the positive predictive value is 60% (63, 68—71). Since 1 out of 20 individuals
expressing HLA-DQ8 progress to type 1 diabetes, the negative predictive value of HLA-
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DQ8is 5% (70, 71). Despite a low level of negative predictive value, type 1 diabetes can be
accurately predicted based on immunological markers (e.g., islet autoantibodies). Thus,
using these data from autoimmune diseases as a rationale, the combined predictive power of
several different factors, including HLA and drug recognition by B and T lymphocytes, may
more accurately predict T cell-mediated ADR occurrences.

Challenges in predicting T cell-mediated ADRs

The successful prediction of autoimmune diabetes relies in part on repository and database
collections such as the Network for Pancreatic Organ Donors with Diabetes. These resources
have enabled the use of a variety of genetic, biochemical, and cellular studies for prediction,
including those focused on predictive biomarkers (72). Since many ADRs are rare, the most
significant problem in predicting and preventing ADRs is the lack of large, relatively
homogenous populations of patients to study. Thus, an international repository of ADR
patient samples and a database of clinical information would be expected to facilitate
significant advances in not only understanding the basic mechanisms that regulate ADRs but
also developing new strategies to predict and prevent T cell-mediated pathogenesis. Indeed,
ADR researchers will likely benefit from such an international repository and database that
includes a sufficient number of samples in homogenous patient populations for such ADRs
as DRESS, SJS/TEN, erythema multiforme, and DILI, among others. There are already
several consortia focused on ADRs that currently bank clinical samples. RegiSCAR collects
sample from SJS/TEN patients in Europe (73). The NIH NIDDK Drug-Induced Liver Injury
Network (DILIN) collects and analyzes cases of drug-induced severe liver injury (74), and
their resources allow prospective and retrospective studies of predictive biomarkers and
causality. DILIN may thus serve as a model repository/database that can expand
internationally to include additional patient populations, which can increase the statistical
power of the data and allow researchers to gain additional insight into the ethnic differences
in susceptibility to ADRs. Thorough analysis of data collected from assays relevant for
understanding the pathogenesis of ADRs and autoimmunity would be expected to provide a
rationale for the use of specific tests (e.g., immunological tests and HLA typing) at onset to
better manage ADRs in the future.

Table I shows a list of factors associated with T cell-mediated ADRs or autoimmunity that
may be assayed from patient ADR samples for research purposes. An international ADR
repository with samples that permits analysis of genomic DNA can allow for the
characterization of associations between factors, including HLA and other genes associated
with immune disease. Based on methods established for autoimmune diseases,
immunological workups that may prove informative in characterizing new ADR risk-
associated factors include measurement of inducible heat shock protein 70 (HSP70i), which
is associated with precipitation of vitiligo (75), and ribosomal protein L23a (RPL2A), an
autoantigen recognized by B and T cells from rheumatoid arthritis patients (76).

The significance of virus activation and how it may relate to specific ADRs can potentially
be addressed with sufficiently large patient sample sizes. Data from assays measuring T cell
responses to a given drug in vitro using peripheral blood mononuclear cells (PBMCs) are
expected to generate rationales that can inform the development of new treatment options. In

J Allergy Clin Immunol. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Michels and Ostrov Page 7

standard assays, suspected drugs are incubated with PBMCs (up to 14 days), and
proliferation (e.g., by 3H-thymidine incorporation) is measured to detect T cell
responsiveness (77) and is expressed as the stimulation index (ratio between cells incubated
with and without the drug). Functional characteristics of the responding T cell population
can be assayed utilizing flow cytometry (e.g., using antibodies specific for CD4 and CD8)
and ELISPOT to characterize the responding T cells (e.g., by measuring the production of
cytokines including IFN-vy, IL-2, and IL-4) (78).

Clinical classification of Type IV delayed-type hypersensitivity (DTH) reactions is based on
the type of drug-responsive T cell: T helper 1 (Th1) for Type 1Va, Th2 for Type IVb,
cytotoxic T cells for Type I\Vc, and IL-8—producing T cells for Type 1VVd. Based on the
similarities between ADRs and autoimmunity discussed above, new studies examining the
characteristics of drug-responsive T cells may reveal additional DTH categories. For
example, drugs may cause ADRs by modulating regulatory T cell (Treg) activity. Indeed,
deficient Treg activity is thought to promote autoimmunity (79, 80), and drugs that inhibit
Treg activity would thus be expected to increase self-reactive T cell activity and ADRs.

Overall, establishment of an international repository/database of ADRs will likely provide
the necessary set of homogenous samples to study the significance of associations between
ADRs against specific drugs and a diverse set of risk factors, a strategy similar to what is
already successfully used to find significant associations between some autoimmune
diseases and their risk factors.

Conclusions

Autoimmune diseases and T cell-mediated ADRs are similar in the genetic and
environmental factors thought to influence the onset and severity of disease progression.
HLA is a prominent genetic risk factor with positive and negative predictive value.
Although the roles of environmental factors are far from clear, drugs that trigger adverse
immune-mediated reactions act as exogenous factors that can initiate and/or perpetuate self-
destructive adaptive immune responses. The ability to predict T cell-mediated ADRSs is
expected to improve by combining standardized information on known variables. Thus,
multivariate analysis of the following factors will likely increase the sensitivity and
specificity of assays to predict drug hypersensitivity reactions: 1) factors that influence T
cell immunobiology, including innate immune system activation markers; 2) metabolic
markers; 3) measurement of T cell reactivity against suspected drugs; and 4) measurement
of drug-specific antibody production in HLA-predisposed individuals.
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FIG 1. HLA genes strongly associated with an increasing number of ADRs encoding antigen-
binding clefts with specific ligand-binding properties, a common feature of HLA molecules
associated with autoimmunity

Panel A shows a ribbon diagram of HLA-DQ8 (Protein Data Bank code 1JK8) associated
with autoimmune diabetes, which is bound to the insulin peptide B:9-23 (shown as sticks;
yellow represents carbon, blue represents nitrogen, red represents oxygen). Panel B shows a
ribbon diagram of HLA-B*57:01 (PDB 3UPR) associated with abacavir hypersensitivity
syndrome. The ADR in response to abacavir (shown as spheres; white represents carbon,
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blue represents nitrogen, red represents oxygen) is the result of the drug binding to the
unique portion of the HLA-B*57:01 antigen-binding cleft, facilitating presentation of
peptides to which the host is not tolerant. The figure was generated with the PyMOL
Molecular Graphics System, Version 1.7.4, Schrodinger, LLC.
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Genetic assays

HLA-A (81)

HLA-B (82)

HLA-C (83)

HLA-DR (84)

HLA-DQ (85)

Immune-disease associated genes

T cell differentiation
IL2-1L21 (86)

Signaling
CTLA-4(87)

Innate immunity
IFIH1 (88)

Cytokines
IL7R (24)

Drug metabolism genes

CYP34A (58)

CTP2C9 (59)

GCLC (61)

Nrf-2 (62)

Immunological assays

HSP70i (75)

RPL2A (76)

Invitro T cell-stimulation assays (77)

ELISPOT (78, 89)

Subset analysis
Thi: IL-2
Th2: IL-4
CD8: IFN-y
CD4/CDS8: IL-8
Treg: IL-10

Flow cytometry (90, 91)

Subset analysis
CD4
CD8
CTLA-4
Foxp3
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In vitro assays for research examining the rationale of using specific tests at the onset of ADR.
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Viral assays (detection/activation)

HHV-4
Epstein-Barr virus (EBV) (40)

HHV-5 Cytomegalovirus (CMV) (43)

HHV-6 Roseolovirus, Herpes lymphotropic virus (42)

HIV Human Immunodeficiency virus (41)
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