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Editorial on the Research Topic

The Immunology of Adverse Drug Reactions

INTRODUCTION

The immune system has evolved for both breadth and specificity of recognition to protect the body
against a wide array of infectious and oncogenic challenges. Unfortunately, this recognition can also
extend to certain therapeutic drugs causing drug hypersensitivity in affected individuals. These
unwanted responses range in both severity and pathways of immune activation, eliciting deleterious,
and in some cases potentially fatal, immune responses. Such adverse events place significant strain
on health care systems and prevent use (in susceptible individuals) of key medications that are well
tolerated by most patients at therapeutic doses. Here, we bring together experts in the field of
adverse drug reactions, incorporating both clinical and laboratory-based researchers, addressing
critical areas of prediction, diagnosis and mechanistic understanding of these reactions.
T CELL-MEDIATED DRUG HYPERSENSITIVITY

10 articles within this collection focus primarily on T cell-mediated drug hypersensitivity reactions
(DHRs), also termeddelayed-type drughypersensitivity or type IVdrughypersensitivity (under theGell
and Coombs classification) (1). T cell-mediated DHRs involve Human Leukocyte Antigen (HLA)-
dependent activation of T cells induced by the culprit drug and/or a metabolite via a range of
mechanisms including: i) generation and presentation of covalently drug modified peptides (i.e.
hapten/prohapten model) (2, 3), ii) labile interaction of the drug/metabolite with the HLA and/or
TCR to trigger T cell activation (i.e. p.i. concept) (4) and iii) interaction of the drug within the HLA
peptide-binding cleft to change the array and conformation ofHLA-bound peptides (i.e. altered peptide
repertoire) (5, 6). Furthermore, many of these reactions are associated with distinct HLA alleles,
suggesting specific interactions and that HLA screening could be used as a predictive tool to prevent
prescription to individuals carrying risk alleles. However, as discussed by Li et al., this is not an effective
solution for many HLA-associated adverse reactions due to negative predictive values less than 100%
and low positive predictive values, necessitating large numbers of individuals to be tested in order to
prevent a single adverse event. In light of this, Li et al. explore the evidence for further risk modifiers
org February 2022 | Volume 13 | Article 86341415
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within the HLA peptide presentation (Endoplasmic Reticulum
aminopeptidase 1 [ERAP1] polymorphism) and recognition
(T cell receptors [TCRs] and Killer-cell Immunoglobulin-like
Receptors [KIRs]) pathways. Furthermore, they examine the
concept of “dynamic risk” engendered by epigenetic changes,
infection, and medications such as checkpoint inhibitors.

Original research articles byPratoomwunet al., Puig et al.,Mifsud
et al., and Illing et al. focus on defining themolecular mechanisms of
HLA-associated adverse reactions to co-trimoxazole, flucloxacillin,
carbamazepine andabacavir, respectively.The studybyPratoomwun
et al. explores T cell responses in two HLA-B*13:01+ co-trimoxazole
(combination sulfamethoxazole [SMX] and trimethoprim)
hypersensitive patients. Surprisingly, HLA-B*13:01-restricted CD8+

T cells were not identified, instead themetabolite (nitroso-SMX) and
SMX responsive T cell clones were CD4+ andHLA class II restricted,
suggestingHLA-B*13:01 was not directly involved in presentation of
the immunogenic antigens.Alignedwithprevious studies (7, 8), there
were multiple modes of presentation observed, consistent with
covalent modification of presented peptides by nitroso-SMX (in
either antigen processing dependent or independent manners) and
recognition of soluble SMX. To precisely examine the presented
peptides at the cell surface, Puig et al., Mifsud et al., and Illing et al.
combine immunopeptidomics with functional analyses to define
immune activation via the presentation of covalently drug-modified
peptides (Puig et al.; HLA-B*57:01-mediated presentation of
flucloxacillin modified peptides), labile drug interaction (Mifsud
et al.; HLA-B*15:02 and carbamazepine) and an altered peptide
repertoire (Illing et al.; HLA-B*57:01 and abacavir) to extend
previous mechanistic studies of these reactions (5, 6, 9–11).

In line with the review by Li et al., these studies each
demonstrate the influence of antigen processing and presentation
including the HLA-TCR/KIR axis. In addition to the identification
of covalently modified peptides capable of eliciting T cell responses
in transgenic HLA-B*57:01+ mice, Puig et al. speculated that
broader changes in the immunopeptidome were due to altered
peptide processing, and that the location of identifiedmodifications
could alter KIR recognition. Mifsud et al. explored highly focused,
private TCR responses to carbamazepine in severe DHRs, and
Illing et al. assessed the influence of tapasin and abacavir on peptide
loading onto (and dissociation from) HLA-B*57:01, highlighting
the potential for antigen processing and presentation machinery to
shape the drug-induced immunopeptidome.

Moving beyond the mechanisms for T cell activation, reviews
by Schunkert et al. and Bechara et al. focus on the nature of the T
cells responding to drug/chemical stimulation. Bechara et al.
discuss the role of the naïve T cell repertoire in the recognition of
drugs and chemicals and the persisting unknowns of the drug-
responsive naïve T cell repertoire such as frequency, public vs
private TCRs and origin during thymic selection. Schunkert et al.
review the evidence for a role for skin resident memory T cells
(TRM) in delayed type hypersensitivity reactions, speculating on
the mechanisms by which drug-responsive TRM may be
generated and become lodged in the skin. They highlight
important challenges in phenotypic analysis which hinder
understanding of TRM in delayed type hypersensitivity and
posit that novel mouse models of delayed type hypersensitivity
Frontiers in Immunology | www.frontiersin.org 26
[e.g. (12)] provide a road forward for dissecting the contribution
of TRM by enabling exploration of rechallenge.

DHRs often clinically present as complex immunopathologies. To
address this, Thompson et al., Hammond et al., and Hertzman et al.
focus on tools and workflows for accurate diagnosis, prediction and
multi-omic analysis of DHRs. Through a series of case studies,
Thompson et al. present a diagnostic workflow (incorporating patch
and intradermal testing) for theassessmentofb-lactamcross-reactivity
or co-reactivity in non-Stevens-Johnson Syndrome/toxic epidermal
necrolysis (SJS/TEN) severe cutaneous adverse reactions to determine
whether broad b-lactam avoidance is necessary or careful testing of
alternative b-lactams may be tolerated. Hammond et al. explore the
utility of different in vitro diagnostic assays for the identification of
culprit drugs in T cell-mediated drug hypersensitivity as well as
preclinical assays to predict immunogenicity. Finally, Hertzman et al.
present a tool for the analysis and visualisation of single cell TCR-seq,
RNA-seq and Cellular Indexing of Transcriptomes and Epitopes by
Sequencing (CITE)-seq data to enable researchers to take advantage of
the exciting capacities of these technologies to reveal signatures of
distinct cell subsets involved in the pathogenesis and prevention
of different adverse reactions.
MAS-RELATED G PROTEIN-COUPLED
RECEPTOR X2

Two review articles (Mackay et al. and McNeil) focus on the
emerging role for Mas-related G protein-coupled receptor X2
(MRGPRX2) mediated mast cell activation in antibody-
independent immediate hypersensitivity reactions. With a focus
on anaphylaxis, Mackay et al. discuss strategies to pinpoint the role
of MRGPRX2 and isolate biomarkers, further considering roles for
MRGPRX2 agonists and antagonists in therapeutic applications.
Moreover, McNeil interrogates the relationship between peak
serum concentrations, as well as localised areas of increased
concentration in specific tissues/locations, and the EC50 of known
MRGPRX2 agonists in mild-moderate immediate hypersensitivity
reactions. Both studies highlight the need for further investigation
to understand the role of MRGPRX2 in adverse events and to
provide clear diagnostic criteria.

CONCLUDING REMARKS

Collectively these articles highlight that, as for many fields,
phenotypic, diagnostic, predictive and mechanistic studies
traversing the clinic to the laboratory bench (and computer) and
back are critical to understanding the complex biological
interactions that characterise drug hypersensitivity. Future genetic
andmechanistic analyseswill build upon clinical observations, with
the capacity to identify new biomarkers and signatures of disease
that feedback to improve diagnosis, prediction, and prevention.
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Neoantigen formation due to the interaction of drug molecules with human leukocyte
antigen (HLA)-peptide complexes can lead to severe hypersensitivity reactions.
Flucloxacillin (FLX), a b-lactam antibiotic for narrow-spectrum gram-positive bacterial
infections, has been associated with severe immune-mediated drug-induced liver injury
caused by an influx of T-lymphocytes targeting liver cells potentially recognizing drug-
haptenated peptides in the context of HLA-B*57:01. To identify immunopeptidome
changes that could lead to drug-driven immunogenicity, we used mass spectrometry
to characterize the proteome and immunopeptidome of B-lymphoblastoid cells solely
expressing HLA-B*57:01 as MHC-I molecules. Selected drug-conjugated peptides
identified in these cells were synthesized and tested for their immunogenicity in HLA-
B*57:01-transgenic mice. T cell responses were evaluated in vitro by immune assays. The
immunopeptidome of FLX-treated cells was more diverse than that of untreated cells,
enriched with peptides containing carboxy-terminal tryptophan and FLX-haptenated
lysine residues on peptides. Selected FLX-modified peptides with drug on P4 and P6
induced drug-specific CD8+ T cells in vivo. FLX was also found directly linked to the HLA
K146 that could interfere with KIR-3DL or peptide interactions. These studies identify a
novel effect of antibiotics to alter anchor residue frequencies in HLA-presented peptides
which may impact drug-induced inflammation. Covalent FLX-modified lysines on peptides
mapped drug-specific immunogenicity primarily at P4 and P6 suggesting these
peptide sites as drivers of off-target adverse reactions mediated by FLX. FLX
org February 2021 | Volume 11 | Article 62939918
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modifications on HLA-B*57:01-exposed lysines may also impact interactions with KIR or
TCR and subsequent NK and T cell function.
Keywords: flucloxacillin, HLA-B*57:01, drug hypersensitivity, hapten, immunogenicity, transgenic mice
INTRODUCTION

Idiosyncratic drug-induced liver injury (DILI) is a rare but
potentially fatal adverse drug reaction and a major obstacle in
the development of pharmaceuticals. Understanding the
biochemistry and immune pathways that mediate severe
adverse drug reactions is critical for identifying treatment and
prevention strategies to minimize unwanted off-target drug
effects. Although liver injury can result from expected toxicities
based on the chemical nature of a drug, idiosyncratic reactions
may also manifest in susceptible patients. These reactions are
complex and many are considered to be immune-mediated based
on (i) the presence of mononuclear cells, including effector CD8+

T cells, in liver biopsies of patients experiencing DILI (1, 2), and
(ii) the reactivity of these patients’ T cells to drug stimulation in
vitro, often observed to be dependent on the expression of
specific HLA Class-I and II alleles (3–5). Genome-wide
association studies in patients with FLX-induced DILI found
this adverse reaction to be significantly associated with the
expression of HLA-B*57:01 (6) and HLA-B*57:03 (7),
allelomorphs that differ by only two amino acid residues. T cell
reactivity to FLX was demonstrated in vitro to be elicited by both
soluble drug and drug-pulsed presenting cells, the latter
suggested to be mediated by covalently-linked FLX on protein
epitopes (4, 5, 8). FLX-stimulated peripheral blood CD8+ and
CD4+ T cells from HLA-B*57:01+ DILI patients primarily in an
antigen-processing dependent manner (4). However, T cells
from HLA-B*57:01+ drug-naïve healthy individuals required
soluble FLX in the cultures and rarely responded to drug-
pulsed targets (5, 8). Of note, T cell clones from the HLA-
B*57:01+ patients responded to soluble FLX presented by non-
B*57:01 HLA alleles (8).

While there is an accepted association between the immune
system and drug-mediated liver injury, the mechanisms by
which drugs cause immune cell activation are still poorly
understood. Proposed molecular mechanisms to explain drug
hypersensitivity are based on drug-peptide interactions. T cell
responses to non-covalent drug-peptide complexes are known as
the pharmaceutical interaction mechanism, while antigen
processing-dependent responses are thought to be driven by
drug covalently linked to peptides presented by HLA molecules
(9–12). In addition, we and others have described a non-covalent
mechanism by which abacavir facilitates the loading of novel
self-peptides with changes in the consensus C-terminal anchor
residues into HLA-B*57:01, inducing autoimmune-like reactions
to the drug-altered antigens (13–15). In this report, using
immunoproteomics, we show that FLX treatment of antigen
presenting cells expressing HLA-B*57:01 effects changes in the
immunoproteome by mechanisms different from those of
abacavir. Instead, without affecting the cellular proteome, FLX
org 29
increased the diversity of the peptide repertoire of sampled
proteins favoring the presence of tryptophan in the F-pocket
anchor motif. We also identified several peptides on the HLA-
B*57:01 immunopeptidome pool with FLX-conjugated in lysine
residues (FLX-peptides). These were subsequently characterized
by mass spectrometry and chemically synthesized for
immunogenicity evaluation in an HLA-B*57:01+ transgenic
mouse. The immunogenic potential of the FLX-peptides was
found to depend on both the peptide sequence as well as the
position at which FLX was conjugated.
METHODS

Reagents
Flucloxacillin (FLX) was obtained from Apotex, UK or Sigma-
Aldrich, USA. FLX-conjugated lysine residues were prepared
according to the method of Scornet et al. (16) (Figure S1 and
Supplementary Methods) and used to synthesize FLX-modified
peptides by solid-phase Fmoc chemistry.

B-Lymphoblastoid Cell Lines
The HLA-B*57:01 full-length sequence for membrane bound
HLA (mHLA) was transduced using a lentiviral expression
system. From here on, HLA-B*57:01-expressing cells are
referred as B721-5701. The expression of soluble HLA-B*57:01
(sHLA) in the HLA class I-negative EBV-transformed B-
lymphoblastoid 721.221 cell line was described elsewhere (14).

Proteomics and LC-MS/MS Analysis
Proteomic characterization of B721-5701 cells is presented in
Supplementary Methods. Cells were grown in the absence or
presence of FLX for 5 days in duplicate cultures. Cells were
harvested and proteins extracted and trypsinized. After ion
exchange fractionation, peptides were analyzed by LC-MS on a
Q-Exactive MS with nano-LC. Data was processed with the
PEAKS 8.5 software using Uniprot non-redundant human
database (https://www.uniprot.org).

Generation, Isolation, and Identification of
HLA-Bound Peptides
B721.5701 cells expressing mHLA were grown without
antibiotics in G-Rex 6-Well Plates to high density for 5 days
with or without 150 µg/ml FLX as described in Supplementary
Methods. Cell lysates were immune-affinity purified using anti-
HLA class-I antibody W6/32. Acid-eluted peptides were
analyzed using nano-LC-MS/MS with a ThermoFisher
Ultimate LC and Fusion Orbitrap MS. Soluble HLA from
untreated or FLX-treated cultures was collected from
continuous cultures as described in Supplementary Methods.
February 2021 | Volume 11 | Article 629399
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Peptides were purified from sHLA/peptide complexes by
immuno-affinity purification followed by acid elution and
filtration. Peptide identity was determined as detailed in
Supplementary Methods.

Peptide Docking Modeling
Details of the protocols applied to modeling peptide interactions
with drug, HLA and TCR are described in Supplementary
Methods. Images were generated using PyMOL (The PyMOL
Molecular Graphics System, Version 2.0 Schrödinger, LLC).

Treatment of Mice
HLA-B*57:01 transgenic/H2-KbDb knockout (Tg/KO) mice were
generated by backcrossing HLA-B*57:01/H2-Dd Tg (17) to H2-
KbDb KO C57BL/6 (B6.129P2-H2-Kbtm1H2-Dbtm1 N12) mice
(18) (Taconic Biosciences, Hudson, NY). Tg/KO mice were
immunized with 100 µg of FLX-haptenated peptide (FLX-
peptide) containing immune adjuvants as detailed in
Supplementary Methods. At day 14, spleens were processed
for in vitro testing.

Cell Culture
Splenocytes from Tg/KO mice were cultured for 5 days in
complete RPMI supplemented with 0.5% heat-inactivated,
Frontiers in Immunology | www.frontiersin.org 310
normal mouse serum (days 0-2) and 10% fetal bovine serum
(days 3-5) in the absence or presence of 10 mg/ml of FLX-
peptides or unmodified peptide. Secretion of IFN-g was
measured in cell culture supernatants by ELISA.

Flow Cytometry
Flow cytometry was used for mouse phenotyping (Figure S2) and
to analyze immune cell subsets by intracellular and/or surface
marker staining as detailed in the Supplementary Methods.
RESULTS

Effect of FLX Treatment on the Proteome
and Immunopeptidome of B721-5701 Cells
We hypothesized that FLX-driven changes in the protein content
of the cell could impact the quality and quantity of antigen
processing and presentation, including FLX-haptenated
epitopes. B721-5701 cells were treated with subtoxic
concentrations of FLX for 5 days (Figure S3). On average,
3,401 proteins were identified per sample by LC-MS/MS
(Figure 1A and Table S1). A high Spearman correlation
(>0.943) was obtained for all samples, independent of the
A B

C

FIGURE 1 | Flucloxacillin (FLX) does not significantly alter the B721-5701 cell proteome. Protein lysates were obtained from ten million B721-5701 cells treated with
FLX at 150 mg/ml (low) or 453 mg/ml (high) for 5 days, or from untreated cultures (Unt), in duplicate. Samples were processed by LC-MS/MS and analyzed by Peaks
8.5 software. (A) Correlation among biological replicates. Protein abundance is represented in arbitrary units of intensity. (B, C) Increased (log2 fold change ≥ 1) and
decreased (log2 fold change ≤ -1) abundance of proteins in the proteome of cells treated with low-FLX (B) or high-FLX concentration (C) compared to Unt,
considering the average abundance of the two biological replicates per treatment. Percent values indicate divergence in abundance. Statistical differences were
calculated by Spearman correlation. Proteome datasets are included in Table S1.
February 2021 | Volume 11 | Article 629399
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treatment, indicating that overall, FLX treatment did not change
the proteome of the cell. Changes in the relative counts
(intensity) of <7% of proteins of the proteome of cells treated
with drug vs untreated cells (Figures 1B, C) were not associated
with any particular pathway when assessed by ingenuity pathway
analysis (data not shown).

In parallel, cells were treated with FLX at 150 µg/ml for 5 days
(FLX-cells) or left untreated (Unt-cells) in two biological
replicates for immunopeptidome analysis. Among all four
samples, LC-MS/MS analysis identified a total of 3,610
peptides of 8–15 amino acids in length, from which 1142 were
detected only in FLX-cells and 226 peptides were only found in
Unt-cells. The remaining 1121 peptides were common in both
treatment groups (Figure 2A and Tables S2A, B). The peptide
length distribution within each one of these subgroups was
similar (Figures 2B, C), with dominance of sequences of 9–11
amino acids (89 ± 4%), from which 50% were 9-mers.
Approximately 12% of the peptides in both datasets presented
Frontiers in Immunology | www.frontiersin.org 411
PTMs (Figures 2D, E). Cysteinylated peptides were twice as
abundant in the FLX-cells as compared to the Unt-cells.

A total of 1,603 different protein sequences represented by the
identified 3,610 peptides (Tables S2A, B). Of those, 874 proteins
were identified in both treatment conditions, represented by
1238 peptides of the Unt-cells and 1511 peptides of FLX-cells
peptide repertoire. The remaining protein sequences were
unique to each treatment (Figure 2F). Overall, most of the
proteins were represented by a single peptide (75.7% in Unt-
cells and 70.8% in FLX-cells). Only 16.5% and 18% of the
proteins were represented by two peptides (Unt-cells and FLX-
cells, respectively), while 7.5% and 10% were proteins with three
to five peptides (Unt-cells and FLX-cells, respectively) (Figure
2G). Of note, FLX-cells had a larger number of proteins with
higher peptide representation than the Unt-cells.

In agreement with others (19, 20), only a fraction of the
identified proteins in the proteome were represented in the HLA
peptidome of Unt-cells (13%) and FLX-cells (21.8%),
A B C

D E

F G

FIGURE 2 | Flucloxacillin (FLX) treatment induces diversity in the peptide repertoire of B721-5701 cells. Common and unique peptides eluted from human leukocyte
antigen (HLA)/peptide complexes obtained from two independent cultures of untreated B721-5701 cells (Unt) and of cells treated with 150 mg/ml of FLX (FLX) for
5 days were combined for the analysis (A). Absolute counts (B) or frequency (C) of 8–15 amino acid peptides. Frequency of peptides with post-translational
modification (PTM) within the peptide repertoire (D) or among modified peptides (E). Common and unique proteins represented by immunopeptidome-contained
sequences (in Figure 2A) (F). Protein distribution showing the number of peptides per protein (G). Data analysis was performed using Peaks 8.5 and X software.
The datasets of peptides in the B721-5701 peptidomes are provided in Table S2A, B.
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corresponding to a total of 435 and 699 proteins, respectively. As
expected, longer or more abundant proteins contributed to more
peptides in the immunopeptidome (Figures 3A, B), although the
peptide number/protein was significantly higher in both sampled
unique and common proteins of FLX-cells (Figure S4 and Table
S3). We then calculated the HLA class-I sampling density (D) as
described previously (19, 20), a normalization score that takes
into account the number of observed HLA peptides of a given
protein as a function of its length, and used D to identify proteins
that were presented at a higher rate than what was expected for
their abundance (represented by D’). Most of the proteins with
high over-presentation scores (D/D ’>3) had roles in
transcription, translation or mitochondrial-related pathways
(Table S3). Ribosomal subunits had the highest scores (D/
D’>5) in both treatment conditions. Interestingly, b2-
microglobulin epitopes were found in the FLX-cell
immunopeptidome but not in the Unt-cell (D/D’>6). In
general, the FLX-cell proteome had more over-presented
proteins (D/D’>2) than the Unt-cell proteome (86 vs 47,
respectively) (Figure 3C and Table S3). This trend did not
correlate with protein abundance (r2<0.00230 and 0.00196 for
the control and FLX-treated group, respectively) (Figure 3C).
These results suggest a qualitative and quantitative impact of the
drug in the cell immunopeptidome, which is not associated with
a change of the cellular proteome but most likely to an effect on
antigen processing and presentation.
Frontiers in Immunology | www.frontiersin.org 512
FLX Treatment Increases HLA-B*57:01-
Presented Peptides Containing
Tryptophan in the PΩ Position
The peptide repertoire presented by HLA-B*57:01 molecules is
determined by the presence of specific amino acids in the anchor
positions of its binding motif. Unlike peptides identified from
abacavir-treated cells (13–15), 9-mers in the immunopeptidome
of FLX-cells exhibit consensus amino acids for the HLA-B*57:01
peptide anchor motif at position P2 and P9 (Figure 4A).
However, FLX-cells presented a higher frequency of peptides
with tryptophan at PW than those untreated, mainly in unique
peptides (3.7% in Unt vs 79.8% in FLX) (Tables S2A, B and
Figure 4A for 9-mers). Common peptides with C-terminal
tryptophan were also more abundant in the FLX-cells (Figure
4B). This phenomenon was also observed in two additional
independent experiments (Figure S5). Interestingly, peptides
with C-terminal tryptophan had the highest predicted HLA-
binding affinity (<50 nM). Although arginine was dominant at
P7 [a secondary anchor residue (21)] of high-affinity peptides,
glutamic acid was significantly increased in peptides of FLX-cells
(Figure 4C and Tables S2A, B). These findings suggest that, in
contrast to the ability of abacavir to alter the anchor motif of the
neoepitopes from phenylalanine, tryptophan or tyrosine to
leucine or isoleucine at PΩ, FLX increases the presentation of
self-epitopes with predominantly tryptophan at the C-
terminal position.
A B

C

FIGURE 3 | Flucloxacillin (FLX) treatment promotes a higher peptide sampling rate of proteins, independently of the length and abundance of the polypeptide.
Abundance of human leukocyte antigen (HLA) peptides from 435 and 699 proteins in the proteome of B721-5701 cells untreated or FLX-treated, respectively,
as a function of the protein amino acid length (A) or abundance (log2) (B). Individual proteins and trendlines are represented in the graphs. (C) Protein fold over-
presentation was calculated based on the ratio between observed (D) and expected (D’) peptide density, and represented as function of protein abundance.
The dataset of the represented proteins is provided in Table S3.
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Identification of FLX-Haptenated Self-
Peptides Derived From sHLA in B721-5701
Cells
Drug conjugation to self-peptides has been proposed as a
molecular mechansim by which FLX leads to the generation of
Frontiers in Immunology | www.frontiersin.org 613
neoepitopes and T cell reactivity (4, 5, 12). Thus, we focused on
identifying FLX-haptenated peptides (FLX-peptides) in our
peptide dataset. Initial experiments with small scale cultures
did not identify FLX-peptides, suggesting that haptenated
peptides were in low concentration. In an attempt to increase
the amount of HLA and thus the frequency of FLX-sequences,
we cultured B721-5701 producing a soluble form of HLA (sHLA)
in high density biopharms as described previously (14). We
identified several peptides containing FLX on lysines (K) as well
as the corresponding unmodified sequences: TAAQITQRKW
(TAA) from HLA, KAAKLKEKY (KAA) from the high mobility
group HMGB-1 protein and RTKKVGIVGKY (RTKK) from a
60S ribosomal protein. The latter two peptides revealed multiple
possible lysine-drug conjugation sites (Table 1). Collision-
induced dissociation MS2 resulted in complex spectra with
peptide fragments along with drug ions +160, +295, and +454
as labelled on the TAA peptide spectrum in Figure 5A, even
though intact drug was not found on fragmented sequences.
However, drug-modified peptides did retain diagnostic
fragments containing K+294 FLX, the residual portion of FLX
covalently linked to the peptides as illustrated in Figure 5A. We
identified b4-K+294 in FLX-RTKK_K4 and FLX-KAA-K4, and
y2-K+294 in FLX-TAA_K9. Interestingly, the modified lysine in
TAA corresponded to K146 of the HLA, an interaction site with
KIR-3DL immuno-regulatory receptor of NK cells. Peptides were
further validated by chemical syntheses using FLX-coupled Fmoc
lysines as described in Methods (Figure S6A). In addition,
we synthesized two KAA peptides with FLX in lysine 6 or 8
(FLX-KAA_K6 and FLX-KAA_K8) and RTKK with drug in the
lysine in position 10 (FLX-RTKK_K10), as controls for
immunogenicity studies, although these were not identified in
the peptide repertoire. Quality control runs of the synthesized
FLX-peptides surprisingly showed RP-HPLC chromatograms
with two peaks by retention time (RT) each with the same
mass by LC-MS (Figures S6B, C). FLX-RTKK_K4 isomeric
forms differing in RT were later confirmed in the B721-5701
immunopeptidome (Figure 5B). We hypothesized that the
difference in RP-HPLC RT was secondary to conformational
differences between the FLX adducts. For these reasons, the two
RP-HPLC peaks of the FLX-RTKK peptides were purified
separately and tested independently in in vivo experiments.

The Immunogenic Potential of FLX-
Peptides Depends on the Peptide
Sequence and the Drug-Conjugated
Amino Acid Position
To evaluate the immunogenicity potential of the FLX-peptides,
we immunized Tg mice expressing only the chimeric HLA-
B*57:01/H2-Dd(a3) and not classical mouse MHC-class I (H2-
Kb and H2-Db) molecules (Tg/KO). Peptide-specific T cell
responses were observed in animals treated with several FLX-
peptides upon splenocyte in vitro restimulation (Figures 6A, B).
FLX-RTKK_K4 induced higher levels of IFN-g secretion than
FLX-RTKK_K10 in cells of animals immunized with the same
peptides, and did not cross-react with either the parent, unlike
cells from some of the FLX-RTKK_K10-immunized mice, or the
A

B

C

FIGURE 4 | Flucloxacillin (FLX) treatment does not alter consensus peptide
binding motif of HLA-B*57:01 peptides but favors peptides with tryptophan in
P9/PW. (A) Unsupervised analysis of the sequence motif from 9-mer sequences
in the immunopeptidome of B721-5701 cells, untreated (Unt) or treated with FLX
for 5 days (FLX), using Gibbs Cluster 2.0 software (peptide sequence details
provided in Table S2A-B). Peptides with PTMs were excluded from this analysis.
(B) Ratio of the abundance of the common peptides in the FLX vs Unt
immunopeptidome samples, including total and C-terminal tryptophan (W)
peptides. Ratios are represented as FLX : Unt lower than two-fold, between two-
and four-fold or higher than four-fold. Abundance values were calculated using
Quant analysis of common peptide quantifiable IDs (<1% FDR). (C) Frequency of
the different amino acid residues at P7 of 9-mers with predicted binding affinity
<50 nM (by NetMHC 4.0 software).
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other modified counterpart. (Figures 6A, C). Both FLX-RTKK
peptide isomers showed similar specificity and immunogenic
potential (Figure 6C). The IFN-g response was driven by CD8+

but not CD4+ T cells (Figure 6D). Importantly, the recognition
Frontiers in Immunology | www.frontiersin.org 714
of FLX-peptides by CD8+ T cells was dependent on the HLA-
B*57:01 expression, as evidenced by the effect of an anti-HLA
antibody on IFN-g secretion (Figure 6A). Immunizations with
FLX-KAA_K4 and _K6 also generated antigen-specific and
TABLE 1 | Unmodified and flucloxacillin (FLX)-modified peptides found in B721-5701_HLA cell preparations.

Peptide FLX-conjugated
residue in the protein

Peptide
Length

Mass m/z z Protein Accession Protein Description

KAAKLKEKY
KAAK(+453.06)LKEKY

na
K150

9
9

1,077.6545
1,530.7102

539.8342
511.2447

2
3

P09429|HMGB1_HUMAN High mobility group
protein B1

RTKKVGIVGKY
RTKK(+453.06)VGIVGKY

na
K7

11
11

1,247.7714
1,700.8269

624.897
567.9514

2
3

P61513|RL37A_HUMAN 60S ribosomal
protein L37a

TAAQITQRKW
TAAQITQRK(+453.06)W

na
K145

10
10

1,201.6524
1,654.7124

602.34
828.3697

2
2

P18465|1B57_HUMAN HLA class I
histocompatibility
antigen B-57 alpha chain
February 2021 |
na, not applicable.
A B

FIGURE 5 | Flucloxacillin modified peptides identified from drug treated HLA-B*57:01 expressing cells. (A) MS/MS spectra of parent ions with characteristic b and y
ions, drug fragments (160.04, 295.03, 454.06/07) and diagnostic b+294 fragments identified: RTKK(FLX)VGIVGKY (FLX-RTKK_K4, top panel), KAAK(FLX)LKEKY
(FLX-KAA_K4, middle panel), and FLX-modified TAAQITQRK(FLX)W (FLX-TAA_K9, bottom panel). (B) Two FLX-RTKK_K4 isoforms, with different retention time by
RP-HPLC (peaks at minute 30.46 and 31.92) (top chromatogram) but identical mass (m/z=851.4191/2+, m/z=567.85/3+ (data not shown)) (mid and low LC-MS1
spectra). All peptides were identified using PEAKS analysis and verified manually.
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HLA-dependent T cell responses but at lower magnitude than
the FLX-RTKK_K4. Control FLX-KAA_K8 showed no T cell
reactivity (Figure 6B). FLX-TAA_K9 also failed to induce an
immune response (Figures 6A, D). These results suggest that
peptides bearing modified lysines in specific positions are more
immunogenic than others depending on their exposure to
solvent and accessibility to TCR.

To visualize the spatial position of the drug on the peptide, we
used computational modeling. This was achieved by docking the
peptide into the HLA cleft using FlexPepDock software (22, 23),
followed by addition of the drug to the appropriate lysine and
energy minimization of the structure using OpenBabel
(24). Differences in the location of the drug on the HLA/
peptide complex were evident between the immunogenic and
not immunogenic peptides (Figure 7 and Figure S7). FLX in
Frontiers in Immunology | www.frontiersin.org 815
lysines at P4 (i.e. FLX-RTKK_K4 in Figures 7B, E) or P6 (FLX-
KAA_K6 in Figures S7C, G) occupies a central location on the
HLA cleft, resembling the bulge of a longer peptide, whereas
when conjugated in PW-1, (i.e. FLX-RTKK_K10 in Figures 7C,
F) it occupies a position on the outer border of the HLA-bound
peptide. Although we do not have FLX-specific T cell receptors
(TCR) to model this interaction, we superposed a TCR from the
HIV KAF TCR (2YPL) on FLX-RTKK_K4 and _K10 (Figure
S8). The TCR footprint is consistent with FLX-peptide
recognition at K4 interacting with the TCR V-alpha CDR3
(Figure S8A). This contrasts with peptide conjugated FLX at
PW-1 that is oriented more towards TCR V-beta CDR3
(Figure S8B).

Althogether, these data indicate that FLX-peptides are
immunogenic in association with HLA-B*57:01 and the
A B

C D

FIGURE 6 | Immunogenicity potential of flucloxacillin (FLX)-haptenated peptide is dependent on the peptide sequence, the position of the lysine to which drug is
conjugated and the expression of human leukocyte antigen (HLA). (A, B) Tg/KO mice (n=3–9) were immunized by 2 s.c. doses of 100 mg of FLX-peptides together
with 150 mg of HBV128-140 CD4

+ T helper peptide with IFA. Splenocytes were subsequently stimulated in vitro with 10 mg/ml peptides (as indicated) for 5 days. IFN-g
was measured in the supernatant of the cultures by ELISA. In vitro responses to the in vivo immunogen were blocked by anti-HLA B/C antibody. (C) Immunizations
and cultures were set up similarly to that described in A but with peptide isoforms of the FLX-RTKK peptides. (D) IFN-g intracellular staining of day 5 splenic cell
cultures from animals treated with FLX-peptides and stimulated in vitro with the same peptide. Graphs show results gated in CD8+ or CD4+ T cell populations (one
representative of two experiments). Statistical analysis by one-way ANOVA using the no peptide condition as baseline. p-values are only shown if <0.999.
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potential of FLX to activate a CD8+ T cell response is dependent
on the position of the lysine residue in the peptide sequence.
DISCUSSION

Idiosyncratic FLX hypersensitivity reactions driven by immune
cells occur at low frequency (2, 25, 26). Expression of HLA-
B*57:01 and HLA-B*57:03 alleles was recognized as genetic risk
factors for FLX-induced liver injury (6, 7), and thus attention has
been paid to understand the molecular mechanisms by which
drug can generate neoepitopes that are presented by HLA to
activate T cells. To examine these mechanisms, we characterized
the effect of FLX on the cell proteome and immunoproteome
looking for gobal changes as well as appearance of drug-
haptenated peptides.

Alterations of the B721-5701 cellular protein pathways by
FLX could impact the abundance of self-epitopes and PTMs as
well as the generation of neoepitopes, using these potential
mechanisms to boost protein immunogenicity. Although no
significant changes were observed in the total protein content
of the cells when incubated with FLX, drug treatment induced a
higher diversity in the peptide repertoire presented by the HLA
which could impact antigen presentation. Increased abundance
and diversitiy of sequences of particular proteins in MHC
Frontiers in Immunology | www.frontiersin.org 916
complexes can be due to an enhanced processing rate of such
proteins (19). Consistent with this hypothesis, we observed a
larger number of proteins represented in the FLX-
immunopeptidome with peptide presentation rate above those
predicted considering the protein length. Alteration of the
peptide processing (immunoproteasome vs proteasome) or the
peptide loading (e.g. tapasin-dependent or -independent
mechanisms) machineries could explain qualitative and
quantitative changes on the cell immunopeptidome.
Penicillinase-resistant antibiotics, including FLX can induce
endoplasmic reticulum stress, which can lead to misfolding of
proteins, oxidative stress and caspase-3 activation (27). Although
the drug concentrations used in our study were lower than in
those studies (0.3-1 mM vs >16mM) and the cells tested were
different (B cells vs hepatocytes), we found that caspase-3 protein
expression was elevated in our 1mM-treated FLX-cells, and thus,
could indicate the occurrence of non-cytotoxic changes
impacting protein processing. However, the mechanisms by
which FLX may impact proteosome processing and/or peptide
loading and presentation without changing the global protein
content of the cell requires further study (see further
discussion below).

The generation of neoepitopes by drugs inducing immune-
mediated hypersensitivity reactions is believed to occur by
covalent adduct formation, pharmacological interaction of the
FIGURE 7 | In silico prediction of the interactions of parent and flucloxacillin (FLX)-RTKK peptides with HLA-B*57:01 cleft. KAF11 peptide residues (PDB ID: 2YPK)
were replaced with those of the RTKK peptide. Docking the peptide into the HLA cleft was performed using FlexPepDock and addition of the drug to the appropriate
lysine and energy minimization of the structure using OpenBable (v3.0.0) software. Structures were visualized in PyMOL (v2.3.4). Lateral (A–C) and top (D–F) views
of the human leukocyte antigen (HLA) complex with the unmodified parent sequence of RTKK (A, D), FLX-RTKK_K4 (B, E) and FLX-RTKK_K10 (C, F). Peptide
sequences are represented in blue spheres, drug is represented by red spheres and a1a2 domains of the HLA are depicted in gray color.
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drug with the peptide, and non-covalent interaction leading to
alteration of the peptide repertoire (28) which most likely coexist
in vivo (29). In our study, no changes were observed in the
consensus anchor residues of peptides isolated from FLX-cells,
either at the P2 or PW positions, consistently with other reports
(13–15, 30, 31) A lower frequency of tryptophan at P9 was
observed in some of our untreated preparations (Figure S5)
contrasting with what others reported on HLA-B*57:01 peptide
repertoires (21, 31). This variation could be attributed to
differences in culture conditions such as absence of other b-
lactam antibiotics in the media other than FLX or the use of
different cell lines. Nevertheless, and unlike abacavir that
increases the presentation of epitopes with unconventional
isoleucine or leucine residues in PW (13–15), FLX promoted an
enrichment of tryptophan at PW, in agreement with a trend
observed in a recent report (31). We established that the overall
net higher frequency of peptides with tryptophan at PW in the
FLX-cells included both unique sequences (qualitative) and
higher abundance in common peptides (quantitative). Because
of its greater size, it seems unlikely that FLX can fit directly into
the HLA F-pocket in a manner similar to that of abacavir.
Therefore, we hypothesize that changes in the peptide
repertoire may result from an effect on the peptide processing
machinery. Catalytic shifts in proteasomic subunits induced by
pathogenic infections but also by oxidative stress (32) increase
the immunoproteosome activity of the cell resulting in an
enrichment of peptides with higher content of hydrophobic
amino acids at the C-terminus promoted by the chymotrypsin
activity of LMP2 (33), perhaps favoring tryptophan (34).
Whether this occurs indirectly or by direct interaction of FLX
with one of the immunoproteasome complex subunits, such as
LMP2 or LMP7, has not been addressed in our study. In our
studies, peptides with tryptophan in the C-terminus have higher
predicted binding affinity to HLA-B*57 (Tables S2A, B),
consistent with other findings (21). Loading of high-affinity
peptides by tapasin-dependent mechanisms could impact self-
tolerance, possibly contributing to drug hypersensitivity such as
in cases where tissue damage continues even after
discontinuation of drug administration.

T-cell recognition of FLX by cells of healthy individuals
carrying HLA-B*57:01 can involve processing dependent and
independent pathways (4, 5, 8). However, the activation of CD8+

T cells from HLA-B*57:01+ DILI patients by FLX is peptide
processing dependent and restricted to the expression of B*57:01
allele (4, 8) possibly explaining the low frequency of FLX-
associated DILI and why only the expression of the HLA-
B*57:01 or B*57:03 alleles has been linked to FLX-induced
liver injury. Processing dependent T cell activation suggests
that covalent modifications of protein epitopes generate
neoantigen drug targets. To study the immunogenic potential
of FLX-conjugated peptides, we used mass spectrometry analysis
of HLA purified peptides and identified three FLX-peptide
sequences in the B721-5701 immunopeptidome of drug-treated
cells. One peptide FLX-TAA_K9 was from HLA itself suggesting
that lysines on the HLA surface may also be targets for direct
drug modification (31), analogous to FLX modifications of
Frontiers in Immunology | www.frontiersin.org 1017
lysines on albumin (12). The other two peptides had multiple
lysine residues and were from internal proteins, KAA from a
nuclear HMGB-1 DNA binding protein and RTKK from the 60S
ribosomal protein, both of which are in high abundance in the
cell. Both peptides were modifed on the P4 lysines, suggesting a
preference at this position on presented peptides. Generation of
haptenated peptides could occur either on the intact protein or
on free peptide after proteosome cleavage, as suggested in a
recent report by Waddington et al. (31) who also identified FLX
modifications on TAA and RTKK, among other peptides. In
their study, the position of the modified amino acid in peptides
such RTKK was amb iguous and no t ve r ifi ed by
synthetic chemistry.

Using FLX-lysine Fmoc synthetic conjugates, we synthesized
both FLX-peptides identified in the cell immunopeptidome as
well as other analogs with FLX on other lysine residues to
confirm the identity of the sequences, the position of the drug,
and to assess their immunogenic potential Interestingly, RP-
HPLC profiles of the synthesized FLX-peptides as well as FLX-
RTKK_4 isolated from the cells showed two peaks with distinct
retention times but with exact mass, unlike those of the
unmodified sequences. We believe that these differences
represented two conformational states of the open b-lactam
ring of the antibiotic, since two different peaks were also
observed for the Fmoc FLX-lysine conjugate after deprotection
but not for the FLX-lysine with the intact b-lactam ring (data not
shown). Further structural work is required on FLX-peptide
conjugates to define these properties and to study further its
relation to peptide immunogenicity.

To estimate the immunogenicity potential of FLX-epitope
sequences, we immunized HLA-B*57:01 mice lacking the
expression of the murine MHC-I molecules H-2Kb and H-2Db

with the selected FLX-peptides. Different levels of
immunogenicity were observed depending on the peptide
sequence and the position at which the drug was conjugated.
Cells from animals primed with FLX-RTKK_K4 or FLX-
KAA_K4 sequences, unlike modified TAA peptide, were
quickly activated in vitro to produce IFN-g in an antigen-
specific and HLA-dependent manner. Interstingly, peptides not
detected in the immunopepditome like FLX-KAA_K6 and FLX-
RTKK-K10 showed increased immunogenicity (the latter with
less specificity), while FLX-KAA_K8 did not activate T cells. For
FLX-RTKK peptides, the presumably isomeric sequences were
recognized similarly by primed T cells. Failure to identify weak
immunogenic peptides in the cell immunopeptidome could be
explained by a disadvantage of certain lysine residues to be
modified by the drug or interference in peptide loading. Both
the physicochemical properties of the peptide (35) and the
contact potential among TCR and peptide (36) have been
postulated as critical parameters in the prediction of epitope
immunogenicity. Notably, FLX conjugates were not found in
anchor residues (P2 or PW) and the lysine side-chains of FLX-
peptides were oriented exposed to solvent away from the HLA
cleft. Interestingly, 3 out of the 4 immunogenic peptides tested
had drug in lysines in position P4 or P6, positions that are
considered critical for contact specificity and generation of
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immunogenicity (35). Structural models presented here for P4
and P6 suggest that drug modifications in these positions could
be seen by T cells in a manner similar to large peptides that
contain bulges in central regions. Using the HLA-B*57:01
restricted HIV-KAF TCR as a model, we showed that the
lysine at P4 is at a site that overlaps with the hypothetical
footprint of TCR V-alpha CDR3 while lysines at PW-1 are not,
suggesting that TCR chains could be differentially selected
specifically based on the amino acid position of the drug
linkage. FLX at PW-1 may be outside the footprint of the
CDR3 chains or have difficulty in peptide processing/loading
to HLA.

As mentioned above, FLX-TAA_K9 is derived from HLA-
B*57:01 itself. Direct modification of lysines on HLA has
intriguing implications in addition to being target epitopes for
T cells after antigen processing. HLA-K146, corresponding to the
FLX-modified lysine in FLX-TAA_K9, is positioned near the
HLA F-pocket where the peptide C-terminus will interact and is
highly conserved among HLA molecules. K-146 is critical for
HLA binding to the inhibitory KIR-3DL1 protein on NK cells
(37, 38). Direct modification of HLA-K146 by FLX as modeled in
Figure S9 could interfere with the KIR-3DL1-binding and
possibly lead to NK activation. Similarly, FLX modification on
lysines positioned at PW-1 such as on FLX-TAA_K9 could also
interfere with the KIR3DL1-binding site and impact KIR
function as KIR3DL1 binding was reported to depend on the
nature of the amino acid at the PW-1 (P8 in Vivian et al. (37)).
Activation of NK in addition to CD8+ T cells have been reported
in PBMCs isolated from patients with drug hypersensitivity
reactions (39) as well as in fluid of skin blisters of patients
with Stevens-Johnson syndrom (40), although the exact
molecular mechanism involved in such activation is yet to be
determined. Further studies are required to elucidate whether
K146 or other FLX-modified lysines on HLA can interfere with
KIR or T cell receptor binding.

In summary, factors leading to idiosyncratic drug
hypersensitivity might involve non-covalent and covalent
interactions between drug and peptide. In our study, we showed
that FLX treatment of B721-5701 cells can alter the presentation of
self-peptides by enriching the peptide repertoire of the cell with
sequences containing tryptophan at the C-terminus, a preferred
amino acid for immunoproteasome processing and which confers a
higher predicted binding affinity to the sequence. We also identified
drug-haptenated peptides with immunogenicity potential
depending on the lysine at which FLX gets conjugated. Direct
modifications of the HLA by FLX at lysines that are believed to play
immunoregulatory roles could also participate in the activation of
innate immune pathways, contributing inflammatory events to the
initiation of immune-mediated drug adverse reactions. Further
animal studies will allow us to characterize the generated immune
responses in more detail and whether the reactive cells can infiltrate
hepatic tissue and lead to DILI. Understanding the mechanisms
behind these modifications and their impact on breaking T cell
tolerance, individually or as a whole, is critical to drug development
and amelioration of adverse side effects.
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Current understanding of cross-reactivity in severe cutaneous adverse reactions to beta-
lactam antibiotics is limited, thereby making recommendations for future prescribing
difficult. The underlying immunopathogenesis of these reactions is not completely
understood but involves interactions between small molecule drugs, T cells and HLA
molecules. Historically, these reactions were considered to be specific to the inciting
antibiotic and therefore likely to have minimal cross-reactivity. We assessed patients
presenting with non-SJS/TEN severe cutaneous adverse reactions to a tertiary hospital
drug allergy clinic. In our case series cross-reactivity or co-reactivity commonly occurred
among the beta-lactam antibiotic class, however further research is required to investigate
and understand patterns of cross-reactivity. Based on our experience we provide
clinicians with a practical algorithm for testing for cross-reactivity in non-SJS/TEN
severe cutaneous adverse reactions.

Keywords: severe cutaneous adverse drug reactions, antibiotic cross-reactivity, antibiotic co-reactivity, beta-
lactam, antibiotics
INTRODUCTION

Severe cutaneous adverse reactions (SCAR’s) are a heterogeneous group of delayed T cell mediated
hypersensitivity reactions, which include Stevens-Johnson syndrome (SJS), toxic epidermal
necrolysis (TEN), drug reaction with eosinophilia and systemic symptoms (DRESS) and acute
generalized exanthematous pustulosis (AGEP) (1). Symmetrical drug-related intertriginous and
flexural exanthema (SDRIFE) is another delayed cutaneous exanthema which can be severe.
Medications are the most common cause of SCAR’s causing >85% of cases of SCAR’s in adults,
of which beta-lactams are frequently implicated (2, 3). Although these conditions are rare, they
carry significant morbidity and mortality, particularly if the offending drug is not withdrawn (1).
Mortality rates of up to 67% in TEN, 40% in SJS and 10% in DRESS have been reported (4).

Interactions between the culprit drug, human leukocyte antigen (HLA) class I molecules and T cell
receptors (TCR) in addition to other factors such as elevated plasma concentrations of the offending
drug and viral infectious triggers are all thought to contribute to the immunopathogenesis of all types
of SCAR’s (1, 5). The interactions between the TCR, HLA molecule and the offending drug are
thought to occur in three possible ways. Firstly, in the hapten/prohapten model a drug binds to a
org February 2021 | Volume 12 | Article 601954121

https://www.frontiersin.org/articles/10.3389/fimmu.2021.601954/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.601954/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.601954/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.601954/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:Michaela.lucas@health.wa.gov.au
https://doi.org/10.3389/fimmu.2021.601954
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.601954
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.601954&domain=pdf&date_stamp=2021-02-25


Thompson et al. Antibiotic cross-reactivity in SCARs
protein that then undergoes antigen processing to generate
haptenated-peptides which are recognized as neo-antigens by T
cells. Beta-lactam antibiotics have been shown to behave in this
manner, as drug modified human serum albumin has been
isolated from individuals utilizing piperacillin, penicillin-G and
flucloxacillin (6). Furthermore, the sites where drug modification
occurs have been mapped using mass spectrometry and synthetic
penicilloyl-adduct peptides have been shown to be more potent
stimulators of T cells in patients with penicillin hypersensitivity
(6). Secondly, the p-i model proposes that small molecule drugs
may bind non-covalently to HLA or T cell receptors and directly
stimulate T cells (5). Flucloxacillin -mediated delayed
hypersensitivity reactions may also act via this mechanism, as
some flucloxacillin-reacting T cell clones react immediately to
flucloxacillin in the presence of antigen presenting cells, which is
too rapid for the hapten/prohapten mechanism to occur (7).
Lastly, the altered peptide model suggests small molecule drugs
can bind non-covalently to the binding cleft of HLA and alter its
conformation resulting in presentation of novel peptide ligands
which then elicit an immune response (5). To date there is no
current evidence for this occurring in beta-lactam hypersensitivity
reactions (8).

The resultant characteristic clinical manifestations are then
defined by the various effector cells involved. SJS and TEN are
considered a continuum of the same disorder, in which CD8+
cytotoxic T cells and NK cells targeting skin keratinocytes can
lead to a severe, life threatening exfoliative dermatitis and as a
result they are often considered separately from the other
SCAR’s. In DRESS syndrome drug specific T cells are thought
to mediate perforin/granzyme B and Fas/Fas ligand related cell
death leading to the characteristic clinical features of widespread
rash, eosinophilia, fever and internal organ involvement, most
commonly liver injury (1, 9). Histopathology shows an interface
dermatitis with spongiosis and expansion of T regulatory cells
and eosinophils in the skin (9). Other factors such as mutations
in drug metabolizing enzymes, HLA type as well as herpes viral
reactivation likely contribute to T cell expansion and cytokine
production (9). The exact role of herpes virus reactivation,
particularly HHV6 reactivation in DRESS is controversial.
Reactivation can be found in 43%–100% of DRESS cases and
therefore it is likely that such reactivation is not essential for the
development of DRESS but may be an aggravating factor
potentially resulting in perpetuation of the inflammatory
response. The mechanisms through which reactivation occurs are
not entirely clear but may relate to a relative immunocompromised
status which occurs early in DRESS or due to the direct effect of
drugs or drug metabolites on HHV-6 replication (9). Viral
reactivation may contribute to DRESS through further
stimulating T cell expansion and cytokine production and may
lead to T cell generation through heterologous immunity.
Heterologous immunity may lead to the generation of drug-
specific T cells through activation of cross-reactive HHV6
specific effector memory T cells (5). In AGEP drug specific T
cells and NK cells are activated in the skin inducing apoptosis of
keratinocytes via Fas/Fas ligand interactions. Production of
cytokines and chemokines such as IL17 and CXCL8 leads to
Frontiers in Immunology | www.frontiersin.org 222
neutrophilic inflammation and formation of pustules which is
the clinical hallmark of this condition. Histopathological features
include spongiform subcorneal and/or intradermal pustules with
oedema of the papillary dermis and a polymorphic perivascular
infiltrate can be seen (1). Genetic variants in IL36 receptor
antagonist gene have also been identified as a potential
susceptibility factor (10). The precise pathophysiology of SDRIFE
is unknown although it is thought to involve a type IV delayed-
hypersensitivity immune response, as it occurs within a few hours
to days following drug exposure. There is evidence of a T cell
mediated reaction, with patch testing being positive in up to 50% of
patients and delayed intradermal testing being positive in up to
70% of patients (11). While strong pharmacogenomic HLA
associations have emerged for certain SCAR syndromes and
medications, such as carbamazepine-induced SJS/TEN and HLA-
B15:02, there is a lack of information regarding known HLA-
associations with beta-lactam-induced SCAR’s (1, 8)

Cross-reactivity can occur between structurally similar
medications and is well described in aromatic anti-convulsant
related SCAR’s. However, evidence surrounding cross-reactivity
in beta-lactam SCAR’s is limited (12). Cross-reactivity in both
immediate, IgE-mediated, and benign delayed beta-lactam
antibiotic hypersensitivity may be due to either reactivity
against the beta-lactam ring or more commonly due to shared
identical or similar side chains, most commonly the R1 side
chain, and has been reported in up to 31.2% of non-SCAR
delayed T cell mediated penicillin allergy (13). Mechanistically T
cell mediated reactions were thought to be more specific to an
individual drug than IgE-mediated reactions as T cell receptors
recognize small peptide fragments, although specific evidence
supporting this is sparse (1, 14). El-Ghaiesh et al. demonstrated
that piperacillin-specific CD4 and CD8 T cell clones from
patients with delayed piperacillin hypersensitivity did not
proliferate with other beta-lactam antibiotics even those with
similar side chains (14) but, it is important to note that none of
these clones were isolated from patients with SCAR’s. In a
retrospective review of SJS/TEN cases, two patients were
inadvertently given the same or class-related antibiotic post-
discharge without reported reaction (12).

Understanding cross-reactivity patterns has important
clinical implications as currently recommendations for future
antibiotic prescribing must involve a careful balance between the
risk of precipitating another severe reaction versus restriction of
therapeutic options. In this context we sought to determine if
cross-reactivity among the beta-lactam class could be
demonstrated in a cohort of non-SJS/TEN beta-lactam SCAR’s
and if patterns could be elucidated.
MATERIALS AND METHODS

All patients presenting to the Sir Charles Gairdner Hospital and
Perth Children’s Hospital Immunology clinic with a diagnosis of
a beta-lactam antibiotic related non-SJS/TEN SCAR between
March 2016 and June 2020 underwent standardized assessment.
We receive on average 550–650 adult and 250–300 pediatric drug
February 2021 | Volume 12 | Article 601954
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allergy referrals per year. The majority are for presumed IgE
mediated and non-SCAR non-immediate reactions, not all relate
to beta lactam antibiotics. As SCAR reactions are also managed
by Dermatology, we cannot exclude that we have not been
referred all cases. Patients were included if they were deemed
to have a clinical diagnosis of a non-SJS/TEN SCAR as made by a
specialist immunologist and had either a positive patch or
intradermal test to the suspected culprit antibiotic. Patients
were excluded if they did not complete assessment. During this
period 11 patients were identified with a non-SJS/TEN SCAR
secondary to a beta-lactam antibiotic. One patient was excluded
as they did not complete testing and one patient was excluded as
they were negative on both patch and intradermal testing to all
beta-lactam antibiotics.

Our standardized assessment consisted initially of patch testing
to the culprit antibiotics. Patch test were applied to the patients
back and left in place for 48 h. Results were read using a semi-
quantitative score from no reaction, to +, ++, +++ depending on
the degree of skin reaction at 48 h, 72 h and 1 week post initial
application. Concentrations were based on non-irritating
concentrations for patch testing reported in the literature (15,
16). Concentrations used for patch testing included: benzylpencillin
5% and 10%; penicillin VK 1%, 5%, 10%; amoxicillin 5%, 10%, and
25%; ampicillin 5%; flucloxacillin 1%, 5%, and 10%; cephalexin 5%
and 10%; ceftriaxone 5% and 10%; cefepime 5%; cephazolin 5%;
tazocin 5% and meropenem 5%.

Patients then went on to have intradermal testing (IDT) with
delayed readings to beta-lactam antibiotics: if they had a positive
patch test to the culprit antibiotic, this antibiotic alone was typically
excluded on the IDT. Beta-lactam antibiotics included in this panel
were: benzylpenicillin 6 mg/ml, Diater® PPL (major determinant)
neat, Diater® MDM (minor determinant) neat, amoxicillin 20 mg/
ml, ampicillin 20 mg/ml, amoxicillin/clavulanic acid 20 mg/ml,
flucloxacillin 2 mg/ml, piperacillin-tazobactam 4.5 mg/ml,
cephazolin 1 mg/ml, ceftriaxone 1 mg/ml, cefepime 1 mg/ml,
aztreonam 1 mg/ml, and meropenem 2.5 mg/ml (16, 17).
Delayed readings were performed at 48 h, 72 h and 1 week
(Figure 2). The study was approved for conduct by Sir Charles
Gairdner Hospital quality improvement committee (GEKO 28972)
and Perth Children’s Hospital quality improvement committee
(GEKO 26921).
RESULTS

Nine patients were seen with a confirmed diagnosis of a non-SJS/
TEN, beta-lactam related SCAR of which 7 (78%) had evidence
of cross-reactivity on our testing. The majority of the patients
had DRESS syndrome (7/9) with one patient having AGEP and
the other having SDRIFE. The average age was 66 years (11–81
years) with a male to female ratio of 4:5. The average time to
testing, taken from first onset of symptoms, was 8 months (1-
18 months).

Case 1
Thirty-four-year-old male developed AGEP following his second
dose of amoxicillin for an upper respiratory tract infection. He
Frontiers in Immunology | www.frontiersin.org 323
developed widespread pustulosis, neutrophilia (10.29x109/L),
mild eosinophilia (0.97x109/L) and hepatitis (ALT 104U/L).
The rash improved following antibiotic cessation and topical
corticosteroids. He had a history of rash to an unknown
antibiotic in childhood but had no other exposure to
antibiotics since. He had no other significant past medical
history. Allergy testing was performed 7 months after his
initial reaction. Patch testing to amoxicillin was positive. IDT
with delayed readings were positive to benzylpenicillin,
flucloxacillin, piperacillin-tazobactam, and ampicillin (Tables 1
and 2, Figure 1).

Case 2
Fifty-six-year-old female developed DRESS following 24 h of
flucloxacillin for cellulitis. She developed vomiting, diarrhea, and
acute kidney injury (creatinine 440 Ummol/L). Antibiotics were
changed to cephazolin and clindamycin during which time she
developed a widespread erythematous exanthema and eosinophilia
(1.2x109/L). She was treated with oral prednisolone 50 mg for 1
week followed by 25 mg for a further week in conjunction with oral
antihistamines and topical corticosteroids. She had a background
history of obesity, hypertension, osteoarthritis and possible
anaphylaxis to contrast. Allergy testing was performed 10
months following her initial reaction. Patch testing was positive
to penicillin VK and flucloxacillin. IDT with delayed readings were
positive to amoxicillin and ampicillin (Tables 1 and 2, Figure 1).

Case 3
Forty-one-year-old male developed SDRIFE following 24 h of
benzylpenicillin and azithromycin for treatment of pneumonia.
He developed severe erythema with skin erosion in his flexures,
hepatitis (ALT 105 U/L), and eosinophilia (1.47x109/L). He was
treated with corticosteroids. He had no significant past medical
history. Allergy testing was performed one month following his
initial reaction. Patch testing was positive to penicillin VK and
benzylpenicillin but negative to azithromycin. IDT with delayed
readings were positive to benzylpenicillin and ampicillin (Tables
1 and 2, Figure 1). An outpatient supervised oral challenge was
planned to azithromycin but unfortunately the patient did
not attend.

Case 4
Thirty-one-year-old male developed DRESS on day six of
phenoxymethylpenicillin for treatment of tonsillitis. He developed
a diffuse maculopapular rash, fever, arthritis and eosinophilia
(0.8x109/L). He was treated with oral corticosteroids. He had a
background history of atopic disease with anaphylaxis to sunflower
seeds, allergic rhinitis, and mild eczema. Allergy testing was
performed 6 months after his initial reaction. Patch testing was
positive to phenoxymethylpenicillin. IDT with delayed readings was
positive to benzylpenicillin, amoxicillin, ampicillin, amoxicillin/
clavulanic acid, flucloxacillin and equivocal to piperacillin-
tazobactam (Tables 1 and 2, Figure 1).

Case 5
Eleven-year-old female developed DRESS on day 15 of intravenous
piperacillin/tazobactam for an infective exacerbation of cystic
February 2021 | Volume 12 | Article 601954
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fibrosis. She developed fevers, maculopapular rash, facial swelling,
eosinophilia (0.81x109/L) and hepatitis (ALT 234 U/L). She was
inadvertently subsequently prescribed amoxicillin/clavulanate and
cephalexin which she tolerated without reaction. Allergy testing
was performed 16 months following the initial reaction. Patch
testing to piperacillin/tazobactam was positive. IDT with delayed
readings was positive to aztreonam but not performed against
piperacillin/tazobactam (Tables 1 and 2).

Case 6
Fourty-one-year-old male developed DRESS in the setting of
multiple antibiotics including cefepime, meropenem,
ciprofloxacin, vancomycin, rifampicin, clindamycin, flucloxacillin
and cephalexin given for treatment of left knee septic arthritis
following an elective arthroscopy andmeniscal repair. He developed
fevers, rash, lymphadenopathy, eosinophilia (1.0 x 109/L) and
lymphocytosis (10.7 x 109/L). He required a prolonged course of
oral corticosteroids initially 75 mg for 4 days, then 50 mg, followed
by a weaning course down to 15 mg over 6 weeks, however on
reduction of steroids bellow 15 mg he had recurrence of rash,
requiring a slower steroid taper over the subsequent 4 months.
While still on 1mg of prednisolone he was treated with cephalexin
for a finger laceration and within 3 days of therapy developed fevers
and rash. He was treated with a single dose of IV hydrocortisone
200mg and his symptoms resolved. Patch testing 6 months later
revealed positive results to ceftriaxone, cefepime, meropenem and
ciprofloxacin at 48 h (Tables 1 and 2, Figure 1).

Case 7
Sixty-three-year-old male with a background of traumatic below
knee amputation developed DRESS syndrome characterized by
periorbital oedema, maculopapular rash, eosinophilia (0.69 x109/
L) and hepatitis (ALT 347 U/ml) 1 week after commencement of
Frontiers in Immunology | www.frontiersin.org 424
meropenem and vancomycin for treatment of cellulitis. This is
on a background of a likely SCAR occurring in 1976
characterized by fevers, erythrodermic skin rash with
desquamation and collapse six weeks into antibiotic therapy
with a sulphonamide and an unknown penicillin antibiotic.
Because of concerns about his historical reaction potentially
being SJS/TEN we undertook patch testing to a broad panel of
beta-lactam antibiotics, 6 months after the most recent reaction
and did not perform IDT with delayed readings. This was
positive to benzylpenicillin, penicillin VK, amoxicillin,
amipicillin, flucloxacillin, cephalexin, ceftriaxone, cephazolin,
meropenem, vancomycin and sulfamethoxazole/trimethoprim
at 48 h (Tables 1 and 2, Figure 1).

Case 8
Seventy-eight-year-old female developed DRESS syndrome
characterized by rash, fevers, eosinophilia (peak 5.9x109/L)
four weeks into a course of ceftriaxone and ciprofloxacin for a
prosthetic hip joint infection. She also reported dyspnoea with
pulmonary infiltrates detected on a CT chest. Her BNP was
mildly elevated at 250 and an echocardiogram was normal. She
initially responded well to oral corticosteroids but had recurrence
of symptoms on multiple attempts at steroid weaning requiring
addition of mycophenolate. She had a past medical history of
hypertension, hypercholesterolaemia, osteoarthritis and a
transient ischaemic attack. Patch testing 18 months later was
positive to ceftriaxone. The patient subsequently tolerated
amoxicillin with clavulanic acid and piperacillin/tazobactam as
well as a ciprofloxacin challenge (Tables 1 and 2).

Case 9
Thirty-nine-year-old female with a background of autoimmune
liver disease developed DRESS characterized by rash, fevers and
TABLE 1 | Clinical details of cases.

1 2 3 4 5 6 7 8 9

Age 34 56 41 31 11 41 63 78 39
Sex M F M M F M M F F
Cormorbidities Nil Obesity, HTN,

OA
Nil AR,

eczema,
food allergy

CF Nil BKA HTN, hyperchol,
OA, TIA

AIH

Beta lactam
antibiotic
implicated

Amx Flx Ben Pen PmPen Taz Multiple Mero Cef Taz, Mero

Indication for
antibiotic

URTI Cellulitis Pneumonia Tonsilitis CF Septic Arthritis Cellulitis PJI Cholangitis

SCAR
syndrome

AGEP DRESS SDRIFE DRESS DRESS DRESS DRESS DRESS DRESS

Probability
score

Naranjo score
6

Regi-SCAR 5 Naranjo score 6 Regi-SCAR
3

Regi-SCAR 3 RegiSCAR 5 Regi-SCAR
5

RegiSCAR 7 RegiSCAR
6

Clinical
manifestation

Pustular rash,
neutrophilia,
hepatitis

Rash, eosin,
vomiting/
diarrhea, AKI

Erosive flexural
rash, hepatitis,
eosin

Rash,
fever,
arthritis,
eosin

Rash, fevers, facial
swelling eosin,
hepatitis

Rash, fevers,
LN, eosin,
lymphocytosis

Rash,
fevers,
facial
oedema
hepatitis
eosin

Rash, fevers,
eosin, pulmonary
infiltrates

Rash,
eosin,
fevers

Treatment Top cst Cst Cst Cst Cst Cst Cst Cst Cst
February 2021
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HTN, hypertension, OA, osteoarthritis; AR, allergic rhinitis, CF, cystic fibrosis; BKA, bellow knee amputation; hyperchol, hypercholesterolaemia; TIA, transient ischemic attack; URTI, upper
respiratory tract infection; PJI, prosthetic joint infection; AKI, acute kidney injury; Amx, Amoxycillin; Flx, flucloxacillin; ben pen, benxylpenicillin; PmPen, phenoxymethylpenicillin; Taz,
Piperacillin/tazobactam; Mero, Meropenem; Cef, ceftriaxone; eosin, eosinophilia; LN, lymphadenopathy; top cst, topical corticosteroids; Cst, systemic corticosteroids.
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eosinophilia (3.2x109/L) after treatment with multiple antibiotics
including tazocin (piperacillin/tazobactam), ciprofloxacin,
vancomycin and meropenem for cholangitis. She had been on
treatment with azathioprine but this was ceased during this same
admission as it was deemed to be ineffective due to progressive
liver disease. She responded to treatment with oral prednisolone
50mg which was tapered and ceased over 2 months. Patch testing
3 months later was positive to meropenem. IDT with delayed
readings was negative to other penicillin and cephalosporin
antibiotics and she subsequently tolerated oral challenges to
amoxicillin and ciprofloxacin and a course of piperacillin/
tazobactam (Tables 1 and 2).
DISCUSSION

We describe a cohort of nine patients with non-SJS/TEN SCAR
in which we found evidence of cross-reactivity in 75% in which
the patterns of cross-reactivity seen were not predictable based
on reactivity to the beta-lactam ring or the R1 side chain. The
mechanisms of cross-reactivity in beta-lactam allergies include
reactivity to the common beta-lactam ring, which is rare in IgE
mediated allergy and absent in those with T cell mediated allergy
(18) or more commonly due to structural similarities between
side chain structures, most frequently the R1 side chain. Cross-
reactivity between penicillins and cephalosporins in low-risk
delayed T cell mediated reactions has been found to occur in
2.8–31.2% of patients (13, 19), most commonly among the
aminocephalosporins, but there is limited literature addressing
cross-reactivity in beta-lactam SCAR’s specifically. Cross
reactivity between penicillins and carbapenems is less than 1%
and has is thought to be absent with aztreonam (18).

Our cross-reactivity rate of 75% is higher than what has been
described to date in the literature. Romano et al. described a
cohort of 214 patients with non-immediate reactions to
aminopenicillins, which included eight patients with a SCAR, 5
with TEN and 3 with AGEP. Of those with a non-SJS/TEN SCAR
66.6% (2/3) were found to have either a positive patch or delayed
IDT to at least one aminocephalosporin (13). More recently
Berot et al. described 56 patients with delayed beta-lactam
allergies including 26 patients with non-SJS/TEN SCAR’s. Of
these patients, 30% (1/3 DRESS cases; 8/23 AGEP cases) had
evidence of cross reactivity on patch testing (20).

In our patients with evidence of cross-reactivity on testing,
four patients were positive to multiple penicillins without
positivity to cephalosporins, two patients were positive to
multiple penicillin and cephalosporin antibiotics as well as
meropenem and non-beta-lactam antibiotics and one patient
was unusually positive only to Tazocin and aztreonam and had
tolerated other beta-lactam antibiotics.

Cases 1–4 had positive testing against multiple penicillins
without associated positivity to cephalosporins, suggesting a
penicillin class effect. This has been described in the literature
before, including in beta-lactam SCAR’s. Watts et al. described a
patient with benzylpenicillin DRESS who had evidence of cross-
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reactivity to amoxicillin on patch and delayed IDT but tolerated
cephalexin (21). The mechanism responsible for this pattern of
cross-reactivity among the penicillin class is not understood, but
may be due to more complex antigen structures following
molecular processing, and protein folding during antigen
presentation or may be due to coexisting sensitivities to
different beta-lactam antibiotics (22). The majority of non-SJS/
TEN SCAR patients with cross-reactivity in the Berot et al. study
Frontiers in Immunology | www.frontiersin.org 626
had initially reacted to amoxicillin and then had positive
penicillin M and Penicillin G/V patch tests (20). In the
Romano et al. cohort the cross-reactivity patterns in the two
non-SJS/TEN and two TEN SCAR patients appeared to occur
exclusively to aminopenicillins and therefore could be explained
by the shared R1 side chain (13). Interestingly based on our
testing, none of our cases of cross-reactivity appeared to be due
to the R1 side chain.
FIGURE 1 | Delayed intradermal and patch test results for cases. (A) Case 1 positive delayed intradermal to benzylpenicillin 6 mg/ml (2, 3), flucloxacillin 2 mg/ml (7),
piperacillin-tazobactam 4.5 mg/ml (10) and ampicillin 20 mg/ml (11) at 8 h (B) Case 1 positive patch test to amoxycillin 10% and 25%s. (C) Case 2 positive amoxicillin 20
mg/ml (5) and ampicillin 20 mg/ml (6) (D) Case 2 positive patch test to penicillin VK 1%, 5%, 10% (2, 3, 4) and flucloxacillin 1%, 5% and 10% (5, 6, and 7). (E) Case 3
positive intradermal test to benzylpenicillin 6 mg/ml (upper) and ampicillin 20 mg/ml (lower). (F) Case 3 patch test positive to penicillin VK 10% (2) and benzylpencillin
10,000 IU/g (4). (G) Case 4: Positive intradermal test to benzylpenicillin 6 mg/ml (2), ampicillin 20 mg/ml (5), and amoxycillin 20 mg/ml (6) at 72 h. (H) Case 4: Positive
intradermal test to amoxycillin-clavulanic acid 20 mg/ml (upper), flucloxacillin 2 mg/ml (middle) and equivocal piperacillin-tazobactam 4.5 mg/ml (lower). (I) Case 6: Positive
patch test to ceftriaxone 10% (3), cefepime 5 and 10% (4, 5), meropenem 5% (6). (J) Case 6: Positive patch test to ciprofloxacin 10 and 20% (10, 11). (K) Case 7:
Positive patch test to benzylpenicillin 10% (1), penicillin VK 10% (2), amoxycillin 10% (3), ampicillin 10% (4). (L) Case 7: positive patch test to flucloxacillin 10% (5),
cephalexin 10% (6), vancomycin 10% (7), bactrim 10% (8), ceftriaxone 5%(10), cephazolin 5% (11), meropenem 5%(12). Patch test concentrations: benzylpencillin 5%
and 10%; penicillin VK 1%, 5%, 10%; amoxicillin 5%, 10%, and 25%; ampicillin 5%; flucloxacillin 1%, 5%, and 10%; cephalexin 5% and 10%; ceftriaxone 5% and 10%;
cefepime 5%; cephazolin 5%; tazocin 5% and meropenem 5%. Intradermal test concentrations: Benzylpenicillin 6 mg/ml, Diater® PPL (major determinant) neat, Diater®

MDM (minor determinant) neat, amoxicillin 20 mg/ml, ampicillin 20 mg/ml, amoxicillin/clavulanic acid 20 mg/ml, flucloxacillin 2 mg/ml, piperacillin-tazobactam 4.5 mg/ml,
cephazolin 1 mg/ml, ceftriaxone 1 mg/ml, cefepime 1 mg/ml, meropenem 2.5 mg/ml, and aztreonam 1 mg/ml.
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Case 5 in our study had demonstrable positivity to aztreonam
following DRESS secondary to piperacillin/tazobactam, despite
the patient subsequently tolerating other beta-lactams including
amoxicillin with clavulanic acid and cephalexin. It is unknown
whether this result represents a true allergy to aztreonam or a
false positive intradermal test as reactivity to aztreonam in
patients with delayed penicillin allergy has been thought to be
close to zero, although this has only been examined via patch and
skin testing in eight patients with beta-lactam SCAR’s (13, 22).
Another unrelated co-existing sensitisation to aztreonam may be
an alternative explanation for this finding.

Multiple drug reactivity (MDR) or co-sensitisation/reactivity is
another possible explanation for our findings. MDR is described in
DRESS syndrome where multiple positive patch tests are detected
to chemically unrelated drugs (23). This phenomenon is very
uncommon in other types of cutaneous adverse drug reactions
(0.3%) but can occur in up to 18% of DRESS cases (23). This may
best explain the results in case 6, in which positivity was found to
both a 3rd and a 4th generation cephalosporin, meropenem and
ciprofloxacin and in case 7 in which positivity was found to
multiple penicillins, 1st and 3rd generation cephalosporins and
meropenem as well as vancomycin and sulfamethoxazole/
trimethoprim. The underlying pathogenesis of MDR is unknown
but a potential explanation is that the enhanced stimulation of the
immune response from co-stimulation by viral reactivation and/or
the initial drug stimulation could lead to generation of an immune
response to another drug-protein conjugate (23).

Diagnostic testing for drug causality and cross-reactivity is
difficult in SCAR’s due to the low sensitivity of testing, the
Frontiers in Immunology | www.frontiersin.org 727
multitude of drugs often implicated and the risk of precipitating
a reaction (1). Testing options include a combination of patch
and IDT with delayed readings (24). Our approach to testing
involves patch testing against the culprit antibiotics in all
SCAR’s. In non-SJS/TEN beta-lactam SCAR’s this is followed
by IDT with delayed readings at 48 h, 72 h and 1 week, to a broad
panel of beta-lactam antibiotics. If the culprit antibiotic is
positive on patch testing this is then omitted from the IDT
panel. If there is evidence of cross-reactivity on skin testing then
avoidance of the whole beta-lactam class is justified. In those
cases without evidence of cross-reactivity a graded challenge to
an alternative, clinically relevant, oral beta-lactam antibiotic can
be considered (Figure 2). We typically give 100th of a standard
dose, followed by a 10th of a standard dose and then a full dose at
one weekly intervals. Locally this approach has been applied at
two of the three tertiary hospitals in Western Australia that offer
drug allergy testing and we have found this approach to be safe,
with all of our cases tolerating skin testing and oral challenges
when performed. This is in keeping with the literature that IDT
with delayed readings is safe and increases diagnostic sensitivity
when patch testing is negative in non-SJS/TEN beta-lactam
SCARs (2, 23). This particular algorithm has not been
published previously in the literature but is in line with the
current European Academy of Allergy and Clinical Immunology
(EAACI) guidelines which recommend patch testing as the first
line of testing in patients with SCAR’s and proceeding to IDT if
PT is negative (22).

Furthermore, we were able to identify a high rate of cross-
reactivity to a range of beta-lactam antibiotics on intradermal
FIGURE 2 | Algorithm for skin testing in non- Stevens-Johnson syndrome (SJS)/toxic epidermal necrolysis (TEN) beta-lactam severe cutaneous adverse reactions (SCAR’s).
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testing. Our cases highlight that the patterns of cross-reactivity
seen in beta-lactam SCAR’s are not always predictable based on
reactivity to the beta-lactam ring or to a side chain, and therefore
we believe a standardized approach to testing against a wide
variety of beta-lactam antibiotics including aztreonam is
justified. This approach differs to that of Berot et al. in which
patch testing was performed against a panel of penicillin and
cephalosporin antibiotics and IDT was only performed if the
patch test was negative. As a result this study did not find IDT
with delayed readings to be of added diagnostic value (20).

Our study included patients with SCAR’s to a range of beta-
lactam antibiotics which is in contrast to Romano’s and Berot’s
studies in which 97% and 82.1% of the patients included had
previously reacted to an aminopenicillin (13, 20). Finally, in these
previous cohort studies they were comprised predominantly of
benign delayed drug reactions with a small number of SCAR
patients included, making it difficult to assess results on the
SCAR patients separately.

There are several limitations to our study. Firstly, none of our
cases with evidence of cross-reactivity on skin testing underwent
oral challenges, as it is contraindicated, and therefore the true
clinical cross-reactivity remains unconfirmed by provocation.
Secondly, we are reporting on findings from a small case series
which is a direct result of the rarity of these conditions. Finally,
we had a relative predominance of DRESS cases in our case
series; this is in keeping with the known prevalence of DRESS
compared with other SCAR’s in the literature, but may have
influenced our results.

Despite these limitations our case series highlights that cross-
reactivity or co-reactivity does occur among non-SJS/TEN beta-
lactam SCAR’s and potentially may occur more commonly than
previously described. Furthermore, the patterns of cross-
reactivity we observed were most commonly that of multiple
penicillins being positive without cephalosporins or that of
multiple drug reactivity or co-reactivity. Interestingly we did
Frontiers in Immunology | www.frontiersin.org 828
not observe cross-reactivity due to the R1 side chain in our
cohort which is thought to be the most common cause of cross-
reactivity in both IgE and T cell mediated allergy (22). Given the
current lack of evidence and understanding around cross-
reactivity patterns in beta-lactam SCAR’s a standardized
approach to assessment is required. Further research in larger
cohorts to better understand the underlying pathophysiology of
beta-lactam SCAR’s is also critical to determining cross-
reactivity patterns to allow for safe but avoiding unnecessarily
restrictive prescribing.
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Antiseizure medications (ASMs) are frequently implicated in T cell-mediated drug
hypersensitivity reactions and cause skin tropic pathologies that range in severity from
mild rashes to life-threatening systemic syndromes. During the acute stages of the more
severe manifestations of these reactions, drug responsive proinflammatory CD8+ T cells
display classical features of Th1 cytokine production (e.g. IFNg) and cytolysis (e.g. granzyme
B, perforin). These T cells may be found locally at the site of pathology (e.g. blister cells/fluid),
as well as systemically (e.g. blood, organs). What is less understood are the long-lived
immunological effects of the memory T cell pool following T cell-mediated drug
hypersensitivity reactions. In this study, we examine the ASM carbamazepine (CBZ) and
the CBZ-reactive memory T cell pool in patients who have a history of either Stevens-
Johnson syndrome (SJS) or toxic epidermal necrolysis (TEN) from 3-to-20 years following
their initial adverse reaction. We show that in vitro drug restimulation of CBZ-reactive CD8+ T
cells results in a proinflammatory profile and produces a mainly focused, yet private, T cell
receptor (TCR) usage amongst human leukocyte antigen (HLA)-B*15:02-positive SJS or
TEN patients. Additionally, we show that expression of these CBZ-reactive TCRs in a
reporter cell line, lacking endogenous abTCR, recapitulates the features of TCR activation
reported for ASM-treated T cell lines/clones, providing a useful tool for further functional
validations. Finally, we conduct a comprehensive evaluation of the HLA-B*15:02
org April 2021 | Volume 12 | Article 653710130
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immunopeptidome following ASM (or a metabolite) treatment of a HLA-B*15:02-positive B-
lymphoblastoid cell line (C1R.B*15:02) and minor perturbation of the peptide repertoire.
Collectively, this study shows that the CBZ-reactive T cells characterized require both the
drug and HLA-B*15:02 for activation and that reactivation of memory T cells from blood
results in a focused private TCR profile in patients with resolved disease.
Keywords: T cells, SJS, Stevens-Johnson syndrome, carbamazepine, drug hypersensitivity, immunopeptidomics,
T cell receptor
INTRODUCTION

Antiseizure medications (ASMs) are routinely used to treat
epilepsy and other neuropsychiatric conditions, such as
neuropathic pain and bipolar affective disorder. Commonly
prescribed ASMs, including carbamazepine (CBZ) and
phenytoin (PHT), have been implicated in life-threatening
drug hypersensitivity reactions (DHRs) that predominantly
target the skin (1). These drug reactions typically occur in the
first 2-3 months of drug administration and span a range of
clinical pathologies, including mild rash [e.g. maculopapular
exanthema (MPE)], systemic symptoms [e.g. drug reaction
with eosinophilia and systemic symptoms (DRESS)], as well as
more severe bullous reactions involving rapid development of
blisters and lesions accompanied by skin detachment [e.g.
Stevens-Johnson syndrome (SJS) and toxic epidermal
necrolysis (TEN)] (2–5). Whilst early drug withdrawal can
ameliorate symptoms in milder cases, the more severe
cutaneous reactions require specific clinical treatments and
hospitalization for disease resolution.

ASMs can be segregated into two main groups, aromatic and
non-aromatic compounds. Reports have shown that aromatic
compounds [e.g. CBZ, oxcarbazepine (OXC; a structural
derivative of CBZ), PHT, lamotrigine, phenobarbital] are highly
associated with cutaneous DHRs (1) in individuals of particular
ethnicities driven by their human leukocyte antigen (HLA) genetic
profile. In contrast, the non-aromatic ASMs (e.g. valproic acid,
gabapentin) are considerably less associated with DHRs
[extensively reviewed in (6)]. The greatest risk association
reported for CBZ-induced SJS/TEN is expression of HLA-
B*15:02 in individuals of Han Chinese descent (Odds Ratio 895)
(7), as well as other Asian ethnicities including Thai, Malaysian
and Indian (8–10). Indeed, carriers of the broad HLA-B75
serotype (includes B*15:02, B*15:08, B*15:11, B*15:21) are also
adversely affected by CBZ treatment (8, 10–14). HLA-A allotype
risk associations for HLA-A*31:01, -A*24:02 and -B*57:01 have
also been reported for CBZ-induced SJS/TEN, DRESS and MPE
across different ethnicities (Han Chinese, Korean, European,
Japanese) (13, 15–20), with lower risk associations.
ll; ASM, antiseizure medication; CBZ,
eosinophilia and systemic symptoms;
A, human leukocyte antigen; MPE,
receptor; PBMC, peripheral blood
hnson syndrome; TEN, tox ic
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Small molecule drugs, such as ASMs, can promote immune
reactions via T cell activation. ASM-induced T cell activation is
proposed to occur via non-covalent and labile interactions
between the drug, or a metabolite of the parent drug, and the
HLA/peptide complex and T cell receptor (TCR) (21).
Additionally, whilst peptide occupancy of the HLA molecule is
necessary, there is no requirement for de novo peptide/HLA
complex formation (21) and the drug does not markedly alter the
anchor residue preference of HLA-B*15:02 suggesting it is not
binding within the primary anchor pockets during peptide
loading (22). Contesting the latter, a recent report has
suggested that the CBZ metabolite, carbamazepine-10,11-
epoxide (ECBZ), is capable of altering the HLA-B*15:02
immunopeptidome and anchor residue prevalence (23). To
date there is no published structure of the interaction of CBZ
and the peptide/HLA and/or TCR, although diverse in silico
models have been generated ranging from our previous
proposal of occupation of the antigen-binding cleft, to more
surface exposed positions, or, with the additional inclusion
of identified drug-reactive TCRs, the HLA-TCR interface
(21, 22, 24).

In contrast to the antiretroviral drug abacavir, which
drastically alters the immunopeptidome and facilitates a
diverse and polyclonal T cell response (25–27), examination of
CBZ-induced T cells revealed a much more focused TCR usage
associated with SJS/TEN (28). A recent study utilized next
generation sequencing to examine the blister cells of CBZ-
induced SJS/TEN patients identifying a public HLA-B*15:02-
restricted abTCR [complementarity determining region (CDR)3
sequence; TCRa VFDNTDKLI and TCRb ASSLAGELF] that
also recognized structural analogs of CBZ (24). These TCR
signatures contrast with an early report demonstrating the
expansion of VA-22 and VB-11-ISGSY dominant clonotypes
derived from the blister fluid of SJS/TEN patients recruited in
Taiwan expressing HLA-B*15:02 (28). These TCRs were
identified using traditional Sanger sequencing and were
confounded by in vitro T cell co-culture with antigen
presenting cells (APCs), which has been suggested to bias the
outgrown T cell repertoire (29). Another study examining the ex
vivo TCRb repertoire in peripheral blood mononuclear cells
(PBMCs) isolated from CBZ-induced SJS (n=5) or TEN (n=1)
patients showed that diversity was directly linked to disease
severity, with the TEN patient having a significantly decreased
TCRb repertoire compared to SJS patients (30).

What is less understood are the long-lived immunological
features of the CBZ-responsive memory T cell pool in patients
April 2021 | Volume 12 | Article 653710
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with resolved disease. Do these patients exhibit similar
immunological profiles to those reported during active disease,
such as effector functions including Th1 cytokine production
(e.g. IFNg) (28) and cytolytic molecules (e.g. granzyme B,
perforin) (31), TCR repertoire clonality, mode of drug
recognition and cross-reactivity towards other ASMs? This
study shows that the in vitro drug expanded TCR repertoire of
resolved CBZ-induced SJS or TEN patients remains relatively
clonal years after acute disease. These T cells respond to HLA-
B15-positive APCs in the presence of CBZ, as well as related
compounds, a finding that is recapitulated by expression of these
cloned TCRs in a reporter cell line. Here, the responses required
the continuous presence of soluble drug and HLA-B15
expression, without the need for de novo generation of the
peptide/HLA complex. No marked drug-induced alteration in
peptide anchor preference of HLA-B*15:02 was induced by any
of CBZ, the metabolite ECBZ, or the structurally related ASM
OXC. Together these data support the presence of a long-lived
memory pool of CBZ responsive T cells in SJS or TEN patients,
which are activated by structurally related ASMs in the absence
of marked alteration of the immunopeptidome.
MATERIALS AND METHODS

Study Cohort
Eight patients were recruited from Hong Kong, with six HLA-
B*15:02-positive patients experiencing CBZ-induced SJS or TEN,
one HLA-B*15:02-negative patient with CBZ-induced SJS and
one CBZ-tolerant (Table 1, Supplementary Table 1). As
described in our previous studies (32, 33) the diagnosis of SJS
or TEN was based on the criteria by Roujeau and Stern (2)
defined by skin detachment in two or more mucosal sites, and
was confirmed by dermatologists. Healthy HLA-B*15:02+

individual controls (AP numbers; n=7; Table 1) were also
recruited from both Monash University and the Australian
Bone Marrow Donor Registry. All study participants provided
written consent, with ethics approval granted by the Joint
Frontiers in Immunology | www.frontiersin.org 332
Chinese University of Hong Kong-New Territories East Cluster
Clinical Research Ethics Committee (Hong Kong; CRE-2006.203
for patients), Monash University (Victoria, Australia; HREC-
4717 for healthy individuals) and the Australian Bone Marrow
Donor Registry (New South Wales, Australia; 2013/04 for
healthy individuals).

Cell Preparation and In Vitro Expansion of
Drug-Induced T Cells
Blood samples were collected from study participants, with
PBMCs isolated using Ficoll-Paque (GE Healthcare, Uppsala,
Sweden) density gradient centrifugation and either used
immediately or cryopreserved in fetal calf serum (FCS)
containing 10% DMSO (Sigma-Aldrich, MO, USA) at -196°C
until required. Before use for T cell stimulation, PBMCs were
quickly thawed in 37°C and washed twice in RPMI 1640 (Gibco,
Life Technologies, NY, USA) and resuspended in Complete
Medium [RPMI 1640 supplemented with 2 mM MEM
nonessential amino acid solution (Gibco), 100 mM HEPES
(Gibco), 2 mM L-glutamine (Gibco), Penicillin/Streptomycin
(Gibco), 50 mM 2-mercaptoethanol (Sigma-Aldrich) and
10% heat inactivated human blood group AB serum
(Sigma-Aldrich)].

Drug-induced T cells were in vitro expanded following PBMC
stimulation at a density of 5 million per 2 mL of Complete
Medium in a 24-well plate with 25 mg/mL of either CBZ (Sigma)
or the metabolite ECBZ (Sigma or SYNthesis med chem,
Australia). On days 4 to 14, T cell cultures were supplemented
with 50 U/mL of recombinant human IL-2 (Peprotech, NJ, USA)
and subcultured as required to ensure optimal outgrowth.

Antigen Presenting Cells and
HLA Expression
C1R.B*15:01, C1R.B*15:02, C1R.B*15:21, C1R.B*15:25 and
C1R.B*08:01 transfectants and transductants were generated
from the HLA class I-reduced C1R B-lymphoblastoid cell line,
which has minimal HLA-B*35:03 and normal levels of HLA-
C*04:01 cell surface expression (34, 35). All APCs were cultured
TABLE 1 | Study participants: cases and healthy donors.

Participant ID Gender CBZ exposure Reaction HLA-B*15:02 Post-reaction sample
collection (months)

Cases T00016 Female Yes SJS Positive 49
T00024 Female Yes SJS Positive 39
E10056 Female Yes TEN Positive 129
E10076 Male Yes SJS Positive 58
E10314 Male Yes SJS Negative 166
E10367 Female Yes SJS Positive 144
E10630 Female Yes SJS Positive 246
E10493 Female Yes Tolerant Negative N/A

Healthy donors AP005 Unknown No N/A Positive N/A
AP017 Unknown No N/A Positive N/A
AP022 Unknown No N/A Positive N/A
AP026 Unknown No N/A Positive N/A
AP027 Unknown No N/A Positive N/A
AP029 Unknown No N/A Positive N/A
AP102 Female No N/A Positive N/A
April 2021 | Volu
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in RF10 [same constituents as Complete Medium except 10%
heat inactivated FCS (Sigma-Aldrich)]. Maintenance of
transfected HLA expression (except green fluorescent protein
(GFP) tagged C1R.B*15:21 and C1R.B*15:25) during long-term
culture was facilitated by selection antibiotics [Geneticin G418
(0.5 mg/ml; Roche Diagnostics, Mannheim, Germany) or
hygromycin B (0.3 mg/ml; Life Technologies, Carlsbad, CA)]
as required. GFP expression is used as a reporter of HLA
expression facilitating flow cytometric sorting. Increased HLA-
I expression (compared to C1R Parental) was confirmed via flow
cytometry by indirect staining with appropriate antibodies; anti-
human pan HLA-I (W6/32 hybridoma; Supplementary Figure
1A), anti-human HLA-Bw6 (HB152 hybridoma; Supplementary
Figure 1B) and a secondary goat anti-mouse IgG phycoerythrin
(PE) (1:200 dilution; Southern Biotech, Birmingham, AL). All
hybridomas were produced in-house. Stained cells were acquired
on LSRII flow cytometer [Becton Dickinson (BD), San Jose, CA].
Flow cytometry data was analyzed using FlowJo software
(version 10, BD).

Drug-Pulsed APCs and T Cell Stimulation
Functionality of the drug-induced T cells, including cross-
reactivity, was assessed using intracellular cytokine staining
(ICS) for production of either IFNg and/or TNF (36). Briefly,
day 14 T cells (2x105) were restimulated with Dynabeads®

Human T-Activator CD3/CD28 beads (positive control; Life
Technologies), drug alone (25 mg/mL), APC alone (1x105;
APC) or APC in the presence of drug (1x105; APC+25 mg/mL
drug) for a total of six hours. Brefeldin A (10 µg/mL; Sigma-
Aldrich) was added for the last 4 hours of co-culture. Cells were
then surface labeled with LIVE/DEAD®

fixable Aqua stain (Life
Technologies), CD4 PE (clone RPA-T4), CD8 PerCP-Cy5.5
(clone SK1), fixed in 1% paraformaldehyde (ProSciTech,
Queensland, Australia) in phosphate buffered saline (PBS) and
then permeabilized with 0.3% Saponin (Sigma-Aldrich)
containing IFNg PE-Cy7 (clone B27) and TNFa V450 (clone
MAb11) before acquisition on a LSRII flow cytometer [Becton
Dickinson (BD), San Jose, CA, USA] (Supplementary Figure
2A). All monoclonal antibodies were purchased from BD and
titrated for optimal staining efficiency. A maximum of 50,000
lymphocytes were acquired on a BD LSRII flow cytometer
utilizing BD FACSDIVA™ software (FlowCore, Monash
University) and analyzed using FlowJo software (version 10,
BD). Representative gating strategy is shown in Supplementary
Figure 2B.

Paired abTCR Analysis of Drug-Induced
T Cells
A single-cell sort was performed to characterize the abTCR
signature of drug-induced T cells using the IFNg Secretion
Assay–Detection Kit (allophycocyanin; Miltenyi Biotec, CA,
USA). Cryopreserved T cell lines were thawed and rested
overnight in Complete Medium. T cell lines (maximum of
5x106 cells) were incubated with either C1R.B*15:02 alone or
C1R.B*15:02 + drug (25 mg/mL) target cells (2:1 ratio) in RH5
media (same constituents as Complete Medium, except 5% heat
Frontiers in Immunology | www.frontiersin.org 433
inactivated human blood group AB serum) for 4 hours at 37°C,
5% CO2. Cells were washed in cold Wash Buffer (0.5% FCS, 2
mM EDTA pH 8.0 in PBS), centrifuged (285 ×g, 5 min, 4°C) and
supernatant aspirated before addition of IFNg catch reagent
antibody according to manufacturer’s instructions. Cells were
incubated on ice for 5 min and topped up to 10 mL with warm
RH5 media, and drug (25 mg/mL) was re-added. Cells were
incubated for 45 min at 37°C, 5% CO2 with rotation. Cells were
washed in cold Wash Buffer, centrifuged and supernatant
aspirated prior to co-staining with IFNg allophycocyanin
detection reagent and CD8 FITC (clone HIT8a). Cells were
incubated on ice for 20 min, washed in cold Wash Buffer,
centrifuged and resuspended in 300 mL cold Wash Buffer
(Supplementary Figure 2C).

Single cells were sorted on a BD Influx flow cytometer
(FlowCore, Monash University) directly into 96-well PCR
plates (Bio-Rad, Hercules, CA, USA) based on CD8+IFNg- for
drug-unresponsive T cells (negative control) and CD8+IFNg+ for
drug-induced T cells (Supplementary Figure 2C). Sorted plates
were immediately stored at -80°C until required. Analysis of
paired TCRa and b genes was carried out by multiplex nested
RT-PCR and sequencing of a and b products as described
previously (37). Both external and internal rounds of PCR
included 40 TRAV and 27 TRBV forward primers, and a
TRAC and TRBC reverse primer, as detailed elsewhere (37).
Sequences were analyzed according to the ImMunoGeneTics/V-
QUEry and STandardization web-based tool (38). All TCR
nomenclature was according to Folch et al. (39). CDR3 amino
acid sequences described within the text start from CDR3-
position 3, which is equivalent to amino acid position 107 of
the TRAV and TRBV segments, and end at TRAJ-position 10 or
TRBJ-position 6.

Generation of SKW3.TCR Cell Lines
Full-length human TCRa and TCRb cDNA was cloned into
pMIG vector separated by a self-cleaving 2A peptide as described
previously (40, 41). A pMIG vector, with IRES-linked GFP
expression, containing a specific TCR for AP026/CBZ, E10056/
CBZ, or E10630/CBZ (4 mg) was retrovirally transduced into
SKW3.hCD8ab cells (kindly provided by Dr. Zhenjun Chen,
Peter Doherty Institute for Infection and Immunity, University
of Melbourne; hereafter referred to as SKW3), which is negative
for endogenous TCRab but contains CD3 and its signaling
components, using HEK293T packaging cells, pEQ-pam3(-E)
(4 mg) and pVSV-G (2 mg) packaging vectors and Lipofectamine
3000 as previously described (41). The original SKW3 parental
cell line was kindly provided by Dr. Klaus Steube, Leibniz
Institute DSMZ-German Collection of Microorganisms and
Cell Cultures (Braunschweig, Germany). The HLA typing of
SKW3 cells is HLA-A*11:01, 30:01; B*35:01, 44:02; C*04:01,
05:01; DRB1*01:03, 04:01; DQB1*03:01; DPB1*04:01, 04:02. A
non-specific control, SKW3.LC13 cell line, specific for an EBV
epitope FLRGRAYGL (EBNA3A325-333) restricted to HLA-
B*08:01 was generated in our previous study (41). The
SKW3.TCR cell lines were maintained in RF10 media
(Supplementary Figure 1C).
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Functional T Cell Assays
Activation of SKW3.TCR cells (1x105) was assessed using cell-
surface CD69 upregulation after 17-20 hours incubation with
either C1R Parental, C1R.B*15:01, C1R.B*15:02, C1R.B*15:21,
C1R.B*15:25 or C1R.B*08:01 targets (1:1 ratio) under different
sets of conditions, including either direct drug addition (25 mg/
mL) or by drug-pulsing APC (25 mg/mL) overnight then
thorough washing in RPMI before SKW3.TCR co-incubation.
SKW3.TCR cells were co-stained with CD3 PE-Cy7 (clone SK7),
CD8 PerCP-Cy5.5 (clone SK1), CD69 APC (clone L78), LIVE/
DEAD®

fixable Aqua stain. For all experiments, stimulation with
Dynabeads® Human T-Activator CD3/CD28 beads (Life
Technologies) served as a positive control, and SKW3.TCR
cells alone as a negative control. Flow cytometry data were
acquired and analyzed as described previously (41). The CD69
expression profiles were measured as geometric mean
fluorescence intensity (MFI) to provide more meaningful
evaluation of changes in the relative amounts of expressed
protein per cell. A maximum of 50,000 lymphocytes were
acquired on a BD LSRII flow cytometer utilizing BD
FACSDIVA™ software (FlowCore, Monash University) and
analyzed using FlowJo software (version 10, BD).

Immunopeptidome Analysis
The C1R.B*15:02 cell line was in vitro expanded in RF10, and
treatment of cells with either CBZ (Sigma), ECBZ (Sigma or
SYNthesis med chem, Australia) or OXC (SYNthesis med chem)
for peptide elutions was performed at 25 mg/mL for 48 hours in
roller bottles prior to harvesting. Cells (0.9-1.1 x 109) were
pelleted, washed twice in PBS and snap-frozen in liquid
nitrogen. Cells were lysed, and the HLA class I isolated by
immunoaffinity purification using solid-phase bound pan HLA
class I antibody W6/32 as described previously (42). Peptides
were dissociated using 10% acetic acid and separated from the
HLA heavy and light (beta-2 microglobulin; b2m) chains by
Reversed Phase HPLC (RP-HPLC) as described (43), monitoring
elution by 215nm absorbance and collecting 500 mL fractions.
The retention times of CBZ, ECBZ and OXC were determined
through subjecting each molecule to the same RP-HPLC
protocol. Peptide containing fractions, avoiding regions
containing b2m and heavy chain, were vacuum concentrated
and concatenated to generate 13 pools, including 3 pools aligned
with the retention times of CBZ (pool 10), ECBZ (pool 12) and
OXC (pool 13). Pools were vacuum concentrated to remove
residual acetonitrile (ACN) and reconstituted in 15 mL 2% ACN,
0.1% formic acid (FA), spiked with 250 fmol iRT peptides (44).

Pools were analyzed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) using a data dependent acquisition
(DDA) strategy on a Q-Exactive Plus Hybrid Quadrupole
Orbitrap (Thermo Fisher Scientific) utilizing a Dionex
UltiMate 3000 RSLCnano system (Thermo Fisher Scientific).
5-6 µL of concentrated material was loaded onto an Acclaim
PepMap 100 (100 µm x 2 cm, nanoViper, C18, 5 µm, 100Å;
Thermo Scientific) in 2% ACN, 0.1% FA at a flow rate of
15 µL/min. Peptides were separated over an Acclaim PepMap
RSLC (75 µm x 50 cm, nanoViper, C18, 2 µm, 100Å; Thermo
Frontiers in Immunology | www.frontiersin.org 534
Scientific) at 250 nL/min using a gradient of Buffer A (0.1% FA)
and Buffer B (80% ACN, 0.1% FA) as follows: 2.5-7.5% B in 1
min, 7.5-32.5% B in 55 min, 32.5-40% B in 5 min, 40-99% B in 5
min, 99% B for 6 minutes, and 99-2.5% B in 1 min, prior to re-
equilibration at 2.5% B for 20 min. Data were collected in
positive mode: MS1 resolution 70,000, scan range 375-2000 m/
z; MS2 resolution 17500, scan range 200-2000 m/z. The top 12
ions of +2 to +5 charge per cycle were chosen for MS/MS with a
dynamic exclusion of 15 seconds.

Peptide sequences were assigned using PEAKS X+
(Bioinformatics Solutions Inc.) via a database search against
the reviewed human proteome (UniProt/Swiss-Prot, accessed
October 2018), and a database of common contaminants. The
following settings were employed: Instrument – OrbiTrap (Orbi-
Orbi), Fragment – HCD, Acquisition - DDA, Parent Mass Error
Tolerance - 20.0 ppm, Fragment Mass Error Tolerance - 0.02 Da,
Precursor Mass Search Type - monoisotopic, Enzyme - None,
Variable Modifications - Oxidation (M) 15.99, Deamidation
(NQ) 0.98, and Cysteinylation: 119.00, Max Variable PTM Per
Peptide - 3. Peptides assigned at a 5% peptide false discovery rate
(FDR) were utilized in downstream analyses. DDA data from
previous analyses of the immunopeptidome of endogenous HLA
I and II of C1R cells (43) were searched separately via the same
pipeline as control datasets.

To characterize the HLA-B*15:02 binding motif, peptide
sequences identified at a 5% peptide FDR in control data sets
representing the endogenous HLA class I and II of C1R cells were
removed. So too were peptides assigned without a protein
accession or mapping exclusively to proteins in the
contaminant database. For peptide counts, motif and length
distribution analysis, only 7-20mer peptides were considered
and peptides sequences containing deamidations or
cysteinylations were treated as distinct from the native
sequence. Figures were generated using Prism 9.0, GraphPad
software (San Diego, CA). The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium
via the PRIDE (45) partner repository with the dataset identifier
PXD023545 and 10.6019/PXD023545.

Identification of Co-Purified
Drugs/Metabolites
Drugs/metabolites were detected using a targeted LC-multiple
reaction monitoring-MS (LC-MRM-MS) approach on a SCIEX
QTRAP® 6500 plus mass spectrometer, coupled to an Ekspert™

nanoLC 415. For pools aligned with the RP-HPLC retention time
of CBZ (pool 10), ECBZ (pool 12) and OXC (pool 13), residual
sample post-peptide analysis was diluted by a factor of ~2. 6 mL
diluted sample was loaded onto a NanoLC Trap ChromXP C18
column (350 mm x 0.5 mm, 3 µm particle size, 120 Å pore size) in
2% ACN, 0.1% FA at a flow rate of 5 µL/min for 5 minutes, prior
to separation over a ChromXP nanoLC C18 column (75 µm x 15
cm, 3 µm particle size, 120 Å pore size) at 300 nL/min using an
increasing gradient of Buffer B (80% ACN, 0.1% FA): 0–1 min
2% B, 1-2 min 2–12% B, 2–30 min 12–35% B, 30–50 min 35–80%
B, 50–54 min hold at 80% B, 54-55 min 80-2% B, 55-65 min re-
equilibration at 2% B. The QTRAP® 6500 was operated in
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positive mode, MRM scan type, in unit resolution for Q1 and Q3.
For detection of CBZ three transitions were set with a Q1 mass of
237.102, and Q3 masses of 192.082 [Collision Energy (CE) 30],
194.097 (CE 25) and 220.077 (CE 15). For ECBZ and OXC, five
transitions were set with a Q1 mass of 253.097, and Q3 masses of
180.082 (CE 30), 182.096 (CE 25), 208.076 (CE 30), 210.092 (CE
25) and 236.071 (CE 25). CE values were optimized based on
injection of solubilized drug/metabolite. Three transitions for
each iRT peptide were also monitored. Drug peaks areas are the
sum peak areas of the monitored transitions. Drug peak areas
were normalized to the sum peak areas of iRT peptides B-G
(GAGSSEPVTGLDAK, VEATFGVDESNAK, YILAGVENSK,
TPVISGGPYEYR, TPVITGAPYEYR, DGLDAASYYAPVR).
Figures were generated using Prism 9.0, GraphPad software.

Statistical Analysis
All data were reported as mean ± standard error of the mean
(SEM), unless stated otherwise. Statistical significance was
determined by nonparametric one-way ANOVA with post-hoc
Tukey’s multiple comparison test, Mann-Whitney test or
multiple comparisons using Holm-Sidak method (Prism 8.0,
GraphPad software) with *p<0.05, **p<0.005 and ****p<0.0001.
Standard error of the difference between mean amino acid
prevalence was calculated using the Welch t-test (Prism 9.0,
GraphPad software).
RESULTS

Drug-Induced Recall Responses Are
Restricted to CD8+ T Cells in Recovered
SJS or TEN Patients
We examined the immune reactivity profiles of convalescent SJS
or TEN patients (7 cases and one drug-tolerant case) to
determine whether they maintain a memory pool of T cells
specific to the culprit drug that can be reactivated following
subsequent drug exposures (Table 1). PBMCs treated with 25
mg/mL CBZ were expanded in vitro for 14 days. Outgrown CBZ-
induced T cell lines were then restimulated in a 6-hour ICS assay
with either no drug (untreated), CBZ (25 mg/mL), or with HLA-
B*15:02+ APCs C1R.B*15:02 or C1R.B*15:02+CBZ (25 mg/mL)
to measure activation via production of Th1 cytokines (IFNg and
TNF). Group data of the recovered patients showed that the
CBZ-reactive T cell response, where activation was observed
following CBZ and APC+CBZ stimulation, was primarily
restricted to CD8+ T cells. However, the CD4+ T cells did
show immune recognition of CBZ alone, likely via the
mechanism of self-T cell presentation (i.e. T-T presentation).
Here, 6 out of 7 patients expressing HLA-B*15:02 demonstrated
non-specific CD4+ T cell responses towards the APCs most likely
due to HLA class II mismatches expressed by the C1R.B*15:02
transfectant (Figure 1A). Optimization experiments, using
healthy donors, showed similar CD4+ T cell immune responses
(i.e. production of Th1 cytokines IFNg and TNFa) to both the
C1R parental and C1R.B*15:02 APC in either the presence or
absence of CBZ (data not shown). Dissection of the individual
Frontiers in Immunology | www.frontiersin.org 635
CD8+ T cell responses profiled either by single or dual expression
of IFNg and TNF demonstrated significantly higher responses
were driven by IFNg production (p-value <0.05; Mann-Whitney
test; Figure 1B). As expected, the drug-tolerant case did not
respond to CBZ (red dot; Figure 1B).

Priming of Drug-Naïve HLA-B*15:02+

Individuals Required Multiple Rounds of
Drug Exposure
To demonstrate both the kinetics and magnitude of T cell
activation following drug exposure we in vitro stimulated
HLA-B*15:02+ drug-naïve PBMCs (n=7; Table 1) with either
CBZ or its metabolite ECBZ at 25 mg/mL. On days 13 and 27,
outgrown T cells were restimulated with drug (as per day 0) for
continued in vitro expansion. Drug-induced T cell lines were
tested prior to each restimulation and at day 40 (3 intervals total:
day 13, 27 and 40) in a 6-hour ICS assay with either no drug
(untreated), drug (CBZ or ECBZ; 25 mg/mL), or using
C1R.B*15:02 or C1R.B*15:02+drug (CBZ or ECBZ; 25 mg/mL)
as APC with activation quantitated by either IFNg and/or TNF
production. For CBZ-induced T cells, we observed similar
findings to resolved cases (Figure 1) but with delayed kinetics
as drug-specificity predominantly mediated by CD8+ T cells that
was more pronounced by day 40 (Figure 2A). For ECBZ-
induced T cells, the greatest magnitude of immune recognition
was 2.7-fold lower than the CBZ parent drug on day 40 for IFNg
producing cells (C1R.B*15:02+drug; mean ± SEM: 14.28% ± 4.6
for CBZ and 5.16% ± 1.1 for ECBZ; p=0.0029 multiple
comparisons using Holm-Sidak method) (Figure 2B).
Although not all healthy donors demonstrated ECBZ-reactive
CD8+ T cell responses. No drug-induced immunogenicity was
shown by CD4+ T cells, with T-T presentation of CBZ or ECBZ
resulting in minor responses (Figures 2A, B). Examination of
individual data for CBZ-induced CD8+ IFNg+ T cells showed
strong responsiveness for both AP026 (21.5%) and AP029
(33.7%) on day 27 that equated to a 41.4-fold and 48.1-fold
increase, respectively, over the APC background control (i.e.
C1R.B*15:02 vs C1R.B*15:02+CBZ). This net effect was also
demonstrated on day 40 for AP022 (25.4%), AP026 (34.2%)
and AP029 (19.5%) with 14.1-fold, 72.9-fold and 17.3-fold
increases, respectively (Figure 2C). Interestingly, the same level
of in vitro expansion was not observed with the ECBZ
metabolite, with only moderate CD8+IFNg+ T cell responses
measured (5-10% of total CD8+ T cells) on days 27 and 40, with
high APC control background on day 40 being observed across
all individuals (Figure 2D).

CBZ-Reactive T Cell Cross-Reactivity
Towards Tricyclic Aromatics
A previous study examining active cases of HLA-B*15:02-
positive SJS (and one SJS/TEN) and CBZ-tolerant controls
showed CBZ-induced CD8+ T cell cross-reactivity towards
other tricyclic aromatic compounds (21). We wanted to
determine whether T cell cross-reactivity can be achieved
following reactivation of drug-induced T cells in our cohort
of resolved HLA-B*15:02-positive SJS or TEN patients and a
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drug-tolerant control, where PBMCs were collected between 3-
to-20 years post-reaction (Table 1). Here, in vitro expanded
CBZ-induced T cell lines (generated for Figure 1) were
restimulated in a 6-hour ICS assay with media alone
(untreated), CBZ (25 mg/mL) or C1R.B*15:02 APCs in the
absence or presence of drug (CBZ, ECBZ, OXC, PHT; 25 mg/
mL) and T cell activation measured via IFNg production, with
statistical significance only observed between untreated and
C1R.B*15:02+CBZ (p=0.111, one-way ANOVA with post-hoc
Tukey’s multiple comparison test). We show that CD8+ T cells
primed against the parent drug CBZ can cross-react towards
other ASMs following restimulation with C1R.B*15:02+drug. As
expected, restimulation in the presence of CBZ+APC generated
the highest reactivity (mean ± SEM; 6.771 ± 2.220), followed by
cross-reactivity towards OXC (3.014 ± 0.831) and ECBZ (2.943 ±
Frontiers in Immunology | www.frontiersin.org 736
0.496) (Figures 3A, B). Whilst, minimal CD8+ T cell cross-
reactivity was observed towards the aromatic drug PHT (1.657 ±
0.561), reflecting the more chemically diverse structure of PHT
compared to the other more closely related compounds to CBZ
(Figure 3C).

CD8+ T Cells That Respond to CBZ Exhibit
a High Degree of TCR Clonality
To evaluate whether the TCR repertoire of activated CD8+ T cells
was remodeled following CBZ culture, we analyzed in vitro
expanded HLA-B*15:02-positive PBMCs from two drug-naïve
donors (AP022, AP026), five CBZ-induced SJS cases (T00016,
T00024, E10076, E10314, E10630) and one CBZ-induced TEN
case (E10056) (Table 1). CBZ-reactive T cell lines established
from each individual were restimulated for 4-hours with
A

B

FIGURE 1 | Restimulation of drug-reactive memory cells in recovered CBZ-induced SJS and TEN patients is restricted to CD8+ T cells. PBMCs were co-cultured in
the presence of 25 mg/mL CBZ for 14 days. T cell subset phenotype (CD4+ or CD8+) and activation status (production of either IFNg and/or TNFa) were measured
following a 6-hour restimulation with either no drug (untreated), CBZ (25 mg/mL), C1R.B*15:02 or C1R.B*15:02+CBZ (25 mg/mL). Data was acquired on LSRII flow
cytometer (BD) and analyzed using FlowJo software (version 10, BD). All data is expressed as mean ± SEM. (A) Grouped data demonstrated a drug-reactive
response in CD8+ T cells expressing the different combinations of proinflammatory cytokines, but this was not observed for CD4+ T cells (n=7, single data).
(B) Individual data (B*15:02 positive SJS or TEN ([n=6, solid black dots] and Tolerant [n=1, red dot], B*15:02 negative SJS [n=1, open black dot], single data)
showed that activated CD8+ T cell produced significantly more IFNg than TNFa (p-value <0.05; Mann-Whitney test; B).
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A B

C D

FIGURE 2 | Time course of in vitro priming of drug-naïve HLA-B*15:02+ individuals. PBMCs derived from drug-naïve individuals were co-cultured in the presence of
either 25 mg/mL CBZ or ECBZ for 13 to 40 days, with drug restimulation on days 13 and 27. T cell subset phenotype (CD4+ or CD8+) and activation status
(production of either IFNg and/or TNFa) were measured following a 6-hour restimulation with either no drug (untreated), drug (25 mg/mL; CBZ or ECBZ),
C1R.B*15:02 or C1R.B*15:02+drug (25 mg/mL; CBZ or ECBZ). Data was acquired on LSRII flow cytometer (BD) and analyzed using FlowJo software (version 10,
BD). All data is expressed as mean ± SEM. Grouped data demonstrated drug-reactive responses were restricted to CD8+ T cells expressing the different
combinations of proinflammatory cytokines when primed with either (A) CBZ or (B) ECBZ (n=7, single data). Individual data tracking of immune reactivity to drugs
demonstrated that multiple rounds of exposure with either (C) CBZ or (D) ECBZ were required for activation of CD8+ IFNg+ T cells.
Frontiers in Immunology | www.frontiersin.org April 2021 | Volume 12 | Article 653710837

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Mifsud et al. CBZ-Induced TCR and Peptide Repertoires
C1R.B*15:02 APCs either in the absence (untreated) or presence
of CBZ (treated, 25 mg/mL), with activated T cells detected by
IFNg secretion. T cells were segregated based on phenotype and
activation status (non-activated: CD8+IFNg- or activated:
CD8+IFNg+), then single cell sorted for subsequent abTCR
repertoire analysis (Supplementary Figure 2C). Profiling of
the activated CBZ-reactive CD8+ TCRs revealed a single major
clonotype observed for the majority of individuals; AP022
(TRAV12-3/TRBV5-5; n=9/23 pairs), AP026 (TRAV26-1/
TRBV27; 16/16), T00024 (TRAV4/TRBV3-1or3-2; 6/23),
E10056 (TRAV21/TRBV30; 8/12) and E10630 (TRAV1-2/
TRBV27; 18/24). Interestingly, AP026 and E10630 share the
same TRBV27 usage (Figure 4, Table 2). Whilst, two major
clonotypes were detected for T00016 (TRAV1-1/TRBV14; 4/23
and TRAV8-2 or 8-4/TRBV15; 4/23) and no clonality was
demonstrated for E10076 or E10314 (HLA-B*15:02-negative
donor). All TCR sequencing information is listed in
Frontiers in Immunology | www.frontiersin.org 938
Supplementary Table 2. We selected three CBZ-reactive CD8+

TCRs for further functional validation to understand antigen
processing requirements for T cell stimulation (Figure 4,
Table 2).
Clonotypic TCRs Exhibit Cross-Reactivity
Towards CBZ Metabolites and Related
ASMs
Retroviral transduction of selected CBZ-reactive CD8+ TCRs
into the SKW3 reporter cell line enabled us to conduct cellular
investigations of TCR recognition to confirm drug specificity
without confounding background T-T presentation (SKW3
reporter cell lines are HLA-B15-negative). Here, TCR
activation was determined by cell surface upregulation of
CD69, with the shift in geometric MFI being measured by flow
cytometry (Figure 5A). We next explored whether HLA
A

B

C

FIGURE 3 | CBZ-reactive T cell cross-reactivity towards structures comprising a tricyclic ring. Day 14 CBZ-induced T cell lines derived from SJS and TEN patients
(from Figure 1) were restimulated in a 6-hour ICS assay with media alone (untreated), CBZ (25 mg/mL) or C1R.B*15:02 APCs in the absence or presence of drug
(25 mg/mL; CBZ, ECBZ, OXC, PHT) to measure CD8+ T cell activation via IFNg production. Data was acquired on LSRII flow cytometer (BD) and analyzed using
FlowJo software (version 10, BD). (A) Representative flow cytometric data for SJS patient E10630. (B) Matrix of CBZ-reactive T cell cross-reactivity towards ASMs
with either bicyclic or tricyclic rings in CBZ-reactive patients (single data). (C) Chemical structures of ASMs and the ECBZ metabolite.
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allotypes associated with SJS/TEN risk (HLA-B*15:02, B*15:21;
members of B75 serological subgroup) or non-risk (B*15:01,
B*15:25; members of B62 serological subgroup) were able to
stimulate CBZ-reactive TCRs in the presence of drug. A control
APC presenting an irrelevant viral peptide (C1R.B*08:01/FLR)
was also included. For SKW3.AP026, the greatest responses were
observed for CBZ, ECBZ and OXC in the presence of
C1R.B*15:02-positive cells. However, there does appear to be
evidence of non-specific TCR drug-induced responsiveness
across all HLA-B15 allotypes, as well as the HLA-B*08:01
Frontiers in Immunology | www.frontiersin.org 1039
control (Figure 5B, top panel). For SKW3.E10056, TCR
recognition was highly restricted to HLA risk allotypes B*15:02
and B*15:21 and almost exclusively directed against the CBZ
parent drug, with a small response shown for ECBZ in the
presence of C1R.B*15:02 cells. Whilst for SKW3.E10630, the
patterns observed for TCR recognition indicate a high degree of
promiscuity towards risk and non-risk HLA-B15 allotypes across
all drugs. Additionally, the hierarchy of drug recognition was
altered by the presenting allotype, with risk allotype (HLA-
B*15:02/B*15:21) mediated responses being highest for
FIGURE 4 | CBZ exposure drives TCR clonality. Representative Circos plots for drug-naïve individual (AP026) and resolved SJS (E10630) and TEN
(E10056) patients showing dominant abTCR clonotype pairings for both CD8+ IFNg- and CD8+ IFNg+ T cell subsets. Circos plots were generated using
an on-line feature based on concatenated pairings of TCRAVJ-CDR3A and TCRBVJ-CDR3B (46). Complete TCR sequencing is shown in
Supplementary Table 2.
TABLE 2 | abTCR profiling of CBZ-reactive CD8+ T cells.

ID Drug Reaction TRAV TRAJ CDR3a TRBV TRBJ CDR3b Pair frequency (n)

AP026 Naïve 26-1 26 CIVRSLRDNYGQNFVF 27 1-1 CASRAGGNTEAFF 16/16
E10056 TEN 21 12 CAAKDGMDSSYKLIF 30 1-2 CAWLGAGKVDGYTF 8/12
E10630 SJS 1-2 20 CAAFGDYKLSF 27 2-3 CASSSLSGGWPDTQYF 18/24
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FIGURE 5 | HLA-B*15:02-restricted CBZ-reactive TCRs recognize other drug-exposed HLA-B15 allomorphs. (A) CD69 upregulation assay and flow cytometric
gating strategy to measure activated SKW3.TCR transfectants. Representative data shown from SKW3.E10630, with cell surface CD69 measured as geometric
mean fluorescence intensity (MFI). (B) CBZ-reactive TCR lines (SKW3.AP026, SKW3.E10056, SKW3.E10630) and an EBV-specific irrelevant control (SKW3.LC13)
were stimulated with APCs expressing different HLA-B15 allomorphs in the presence of tricyclic aromatic compounds, and the control C1R.B*08:01 presenting an
irrelevant viral peptide (C1R.B*08:01+FLR) for 17-20 hours. Cells were then stained and data was acquired by flow cytometry (triplicate data, mean ± SEM). (C) Drug
dose response titrations (3.125 to 25 mg/mL) were performed for each HLA-B15 allomorph prior to stimulation of CBZ-reactive TCR lines (SKW3.AP026,
SKW3.E10056, SKW3.E10630) (duplicate data, mean ± SEM).
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CBZ>OXC>ECBZ, whilst non-risk allotype (HLA-B*15:01/
B*15:25) mediated responses showed an alternate hierarchy of
CBZ>ECBZ>OXC. As expected, no SKW3.E10056 and
SKW3.E10630 TCR activation towards the irrelevant control
(C1R.B*08:01/FLR) was observed (Figure 5B, middle panels).
Notably, none of the TCRs examined displayed responses to any
of the drugs in the presence of the parental C1R cell line, which
lacks HLA-A and -B expression. An irrelevant TCR control,
SKW3.LC13, was also examined to demonstrate TCR specific
recognition of C1R.B*08:01/FLR and non-activation by drug in
the presence of C1R.B*08:01 or C1R.B*15:02 APCs (Figure 5B,
lower panel).

To determine whether TCR recognition of the non-risk HLA
allotype B*15:01 was drug dose dependent, the drug was titrated
4-fold from 25 mg/mL down to 3.125 mg/mL in the presence of
APCs. For both SKW3.AP026 and SKW3.E10630, as anticipated
TCR activation reduced in accordance with decreasing
concentrations of drug. However, this effect was comparable in
both the risk and non-risk HLA allotypes, B*15:02 and B*15:01,
respectively. Whilst SKW3.E0056 showed remarkable specificity
and sensitivity towards CBZ and decreasing responses towards
the less immunogenic ECBZ, but only when presented by
B*15:02-expressing APC (Figure 5C).

SKW3.TCR Reporter Cells Are Activated
via a Non-Covalent Drug Interaction
We explored whether the SKW3.TCR cells were activated by the
same non-covalent drug interactions as observed for in vitro
expanded CBZ-induced T cell lines. Here, we tested the TCR
transduced reporter cells capacity for activation when both
C1R.B*15:02 and drug were present throughout the assay
(drug addition), as well as when C1R.B*15:02 was pulsed
overnight with drug and then washed prior to co-incubation.
Both SKW3.AP026 (drug-naïve healthy control) and
SKW3.E10630 (SJS patient) cell lines showed a significant
decrease in TCR activation for C1R.B*15:02 drug-pulsed,
compared to C1R.B*15:02 drug addition, across all three drugs
tested (CBZ, ECBZ, OXC; p<0.0001 ANOVA with Tukey
correction) (Figure 6A). These observations mirrored T cell
line data (Figures 1B, 2A) demonstrating a labile drug-HLA-
B*15 interaction in keeping with non-covalent binding.

SKW3.TCR Reporter Cells Do Not Require
Intracellular Antigen Processing for
Activation
We measured whether active antigen processing in APCs for de
novo generation of peptide/HLA complexes was required for
SKW3.TCR activation. Following fixation of C1R.B*15:02 with
1% paraformaldehyde, TCR activation was significantly reduced,
compared to non-fixed C1R.B*15:02, but a notable drug-specific
response was still observed for all three SKW3.TCR cell lines
(Figure 6B, p<0.0001 ANOVA with Tukey correction). These
data align with the nature of interaction between TCR/drug/HLA
molecule not requiring active antigen processing pathways.
Finally, we investigated whether the drug itself binds stably to
the TCR. Here SKW3.E10056 and SKW3.E10630 cells were
either untreated or pulsed with drug (and washed to remove
Frontiers in Immunology | www.frontiersin.org 1241
unbound drug) prior to stimulation with C1R.B*15:02 in either
the absence or presence of drug. Here, maximal TCR activation
was only observed when TCR/drug/C1R.B*15:02 were present
throughout the assay. Thus, potential TCR/drug interactions
alone were assumed to lack the stability to be maintained
without either maintenance of the drug in solution or
stabilization by the HLA present on APC (Figure 6C,
p<0.0001 and p<0.005 ANOVA with Tukey correction).

Minimal Impact of CBZ/ECBZ/OXC on
Peptide Binding Specificity of HLA-B*15:02
Previous analyses of the ligandome of HLA-B*15:02 from CBZ
treated cells have observed co-purification of CBZ (22, 47).
Furthermore, we previously described a minor alteration of the
immunopeptidome reflected in conservation of anchor residue
biases (P2, P9) of co-purified peptides, and modulation of
residues across non-anchor positions. This earlier observation
led us to postulate drug binding at a central position in the
antigen-binding cleft (22). In contrast the metabolite ECBZ has
been suggested to alter peptide binding to soluble HLA-B*15:02,
through interaction in the region of the F-pocket (23). Given the
responses of CBZ-reactive T cells to CBZ, ECBZ and OXC we
sought to determine whether we could define common changes
in peptide binding induced by these three small molecules that
might shed light on the interaction. As previously, we utilized the
C1R.B*15:02 cell line due to its demonstrated ability to present
these molecules in an immunogenic fashion (Figures 5, 6).
Membrane-bound HLA molecules were extracted from 0.9-1.1
x 109 cells through non-denaturing lysis and immunoaffinity
purification, prior to acid elution of peptides, fractionation by
RP-HPLC and LC-MS/MS analysis. Experiments were
performed in duplicate for each of untreated and CBZ treated
(25 mg/mL) cells, whilst single experiments for ECBZ and OXC
treatment (25 mg/mL) conditions were performed to determine if
ECBZ and OXC recapitulated observations for CBZ treatment.

As CBZ, ECBZ and OXC were observed to have distinct
chromatographic retention times during RP-HPLC, aligned with
fraction pools 10 (CBZ), 12 (ECBZ) and 13 (OXC), these specific
pools were also analyzed by multiple reaction monitoring
(MRM) to determine whether drug had co-purified with the
HLA-B*15:02 during immunoaffinity purification. As
anticipated, clear signal for CBZ was observed in pool 10 for
CBZ treated samples at 36 minutes, for ECBZ in pool 12 of ECBZ
treated samples at 28 minutes, and for OXC in pool 13 for OXC
treated samples at 30 minutes (Supplementary Figure 3).
Despite identical masses and monitored transitions, OXC and
ECBZ are distinguished by distinct retention times and transition
hierarchies (Supplementary Figure 3B vs 3C). In the ECBZ
sample, a second peak was also observed at 21 minutes
(Supplementary Figure 3B). Evolution of this second, earlier,
peak was also seen over increased time in the autosampler for
ECBZ prepared as a comparator. Subsequent analysis suggested
that ECBZ is unstable over time in the loading conditions used
for LC-MS analysis (2% ACN, 0.1% FA), with an increase in
signal for a mass consistent with the hydrolysis product (10,11-
dihydroxycarbamazepine, m/z = 271.1+) co-eluting with the
earlier peak (data not shown). It is therefore hypothesized that
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the earlier peak is 10,11-dihydroxycarbamazepine, some of
which undergoes dehydration during electrospray ionization to
regenerate ECBZ.

Analysis of the eluted peptides identified more than 9900
peptides of 7-20 residues per data set (Figure 7A) as described in
the Materials and Methods. Over 24,000 peptides were identified
in total, with more than 7,000 peptides identified in all
treatments (Figure 7B). Peptides were predominantly 9 amino
acids in length, which were heavily biased towards Leu
(~30%)>Val (~16%)>Gln (~14%) at position 2 of the peptide,
and Tyr (~48%)>Phe (~24%)>Met (~15%)>Leu (~10%) at
position 9 (Figure 7C). Proline was observed at P4 and P5 in
approximately 12% and 10% of peptides respectively, whilst Ser,
Thr and Val were often seen in positions 5-8 of the peptide
(Figure 7C). Only minor differences in amino acid prevalence
Frontiers in Immunology | www.frontiersin.org 1342
were observed between individual treatments and the untreated
control, and no common perturbation of residue preference was
noted for the three molecules when considering the global
immunopeptidome as might be expected from their cross-
reactivity (Supplementary Figure 4). Due to previous reports
of increased prevalence of deamidated peptides bound to HLA-
B*15:02 after treatment with ECBZ, particularly at P4 (23), we
considered deamidated Asn and Gln separately from their native
form in motif analysis. However, deamidated peptides were
observed to be rare in our analysis (Supplementary Figure 5).
We previously observed minor perturbations of non-anchor
residues when considering peptides uniquely identified in
HLA-I purifications of CBZ treated C1R.B*15:02 as compared
to untreated cells, in analyses based on a smaller dataset (<2000
peptides/condition) (22). The current analysis incorporates more
A

B C

FIGURE 6 | Features of SKW3.TCR activation. (A) CBZ-reactive TCR lines (SKW3.AP026, SKW3.E10630) were stimulated for 17-20 hours with C1R.B*15:02 either
in the presence of drug throughout the assay (drug addition) or drug-pulsed overnight and then washed. Cells were then stained and data was acquired by flow
cytometry (triplicate data, mean ± SEM). A significant decrease was observed when SKW3.TCR cells were stimulated with drug-pulsed C1R.B*15:02 (****p<0.0001;
ANOVA with Tukey correction). (B) SKW3.TCR cells (AP026, E10056, E10630) were stimulated with either untreated or fixed C1R.B*15:02 for 17-20 hours. Cells
were then stained and data was acquired by flow cytometry (triplicate data, mean ± SEM). Whilst a significant reduction in TCR activation was shown, a drug-
reactive response was still observed (****p<0.0001; ANOVA with Tukey correction). (C) SKW3.E10056 and SKW3.E10630 cells were either untreated or pulsed with
drug prior to stimulation with C1R.B*15:02 ± drug. TCR/drug interactions alone were unable to induce CD69 upregulation (****p<0.0001 and **p<0.005; ANOVA with
Tukey correction).
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A

C

B

FIGURE 7 | Binding specificity of HLA-B*15:02 is not overtly perturbed by CBZ, ECBZ or OXC. C1R.B*15:02 were cultured for 48 hours in the presence of 25 mg/
mL CBZ, ECBZ or OXC, or without drug. HLA class I molecules were isolated by immunoaffinity purification and the bound peptides/drugs eluted and analyzed by
LC-MS/MS to characterize the HLA-B*15:02 immunopeptidome under these conditions. Experiments were performed in duplicate for untreated and CBZ treatment
conditions, and single experiments were performed for ECBZ and OXC treatment conditions. (A) Shows the length distribution of peptides identified in each
condition with points representing the number of peptides in individual data sets, and bars representing the mean number of the peptides from duplicate
experiments. (B) To identify the similarity between the conditions, peptides identified in duplicate experiments were combined and the number of peptides
overlapping between the conditions depicted as an upset plot. Points below the graph depict the conditions to which the peptides are common. (C) The proportion
of 9mers in each condition (mean for duplicate experiments) possessing a given amino acid at P1-P9 are depicted as heat maps. Individual scale bars are provided
per position. Amino acids are shown using the single letter code, with the addition of dQ and dN [representing deamidated Gln(Q) and Asn(N)], and cC (representing
Cysteinylation at Cys).
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than 9900 peptides (>6000 nonameric peptides) per experiment,
and more than 18,000 peptides (>11,000 nonamers) per
untreated and CBZ treated conditions when replicates are
combined. We therefore again determined the peptides that
were common (identified in at least 1 replicate of each
condition) and unique (identified in at least 1 replicate of the
condition, but never in the compared condition). We identified
more than 14,000 peptides (>9000 nonamers) common to
untreated and CBZ treatment conditions, with 4246 (2126
nonamers) and 3871 (2129 nonamers) peptides identified in
untreated only (untreated unique) and CBZ treatment only (CBZ
unique), respectively. Focusing on the nonamer peptides, as
anticipated we saw similar anchor preferences to the whole
data set analysis. As observed previously, there were some
variations across the backbone of the peptide (Supplementary
Figures 6), but few were recapitulated in similar analyses of
ECBZ and OXC compared to untreated cells (Supplementary
Figures 7, 8), and overall only 2738 (1211 nonamers) were only
identified in the untreated condition (when compared to all drug
treatment conditions) (Figure 7B). It is therefore difficult to
discern a compelling common drug induced motif across the
three treatments, although a slight reduction in acidic residues at
P1 and tyrosine at P3 were commonly observed (Supplementary
Figures 6–8), as noted previously for CBZ (22). A subtle increase
in Pro at P2 was also observed in peptides uniquely identified in
drug treatments, although Leu remained the dominant
anchor residue.
DISCUSSION

Adaptive immune recognition of a foreign entity by T cells relies
on two signals; (1) interaction between an immunogenic antigen/
HLA complex and the TCR and (2) co-stimulation provided by
engagement of B7 (i.e. CD80/CD86) on APCs and CD28
expressed on T cells. The ensuing response drives expansion
and proliferation of T cells containing an armory of effector
functions, including pro-inflammatory cytokine production and
release of cytotoxic molecules, that eliminate pathogen‐infected
or neoplastic cells. Once the elimination process is completed,
attrition of effector T cells leads to the establishment of a memory
T cell pool to combat secondary encounters with the same
immunogenic antigen/HLA complex which lacks the necessity
for signal 2 to allow rapid deployment. Whilst T cell-mediated
immune responses are critical in controlling initial and
subsequent challenges, responses against innocuous stimuli
sometimes occur and are associated with autoimmunity and
allergy, including DHRs.

The impacts of ASM-induced T cell-mediated DHRs have
been well reported [comprehensively reviewed (6, 48)]. Key
insights have been drawn from investigation of three main
cohorts; ASM-induced DHRs [spanning mild (MPE), moderate
(DRESS) and severe (SJS and/or TEN) cases], drug tolerant
patients and drug-naïve healthy donors. Comparison between
these cohorts has provided critical information regarding the
culprit ASM (e.g. CBZ, OXC, PHT, lamotrigine) as well as the
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association of HLA allotype (e.g. B*15:02, A*31:01) and ethnicity
(e.g. Han Chinese ancestry) on DHR outcomes. Importantly,
immunopathological examinations during the active phase of the
hypersensitivity reaction has demonstrated a dominant role for
CD8+ T cells and the involvement of key cytolytic (e.g.
granulysin, perforin, granzyme) and proinflammatory
cytokines (e.g. IFNg, macrophage inflammatory protein-1a)
(21, 28, 31, 49–52).

In this study, we examined long-lived T cell reactivity profiles
of resolved CBZ-induced SJS (and one TEN) patients, ranging
from 3 to 20 years post-active disease. In particular, we were
interested in determining whether CBZ-reactive memory T cells
activated upon re-exposure to drug showed similar profiles to
those reported in active disease, considering effector functions,
TCR repertoire clonality, mode of drug recognition and cross-
reactivity towards other ASMs.

CBZ-reactive T cells derived from SJS or TEN patient PBMCs
were expanded for 2 weeks in vitro following a single round of
CBZ exposure. The outgrown bulk T cell culture was then
restimulated with drug either in the absence or presence of an
HLA-B*15:02-expressing APC, and immunophenotypic
properties of CBZ-reactive effector T cells measured by flow
cytometry. We showed that these restimulated T cells were
primarily restricted to the CD8+ T cell lineage and were
capable of Th1 pro-inflammatory cytokine production (IFNg >
TNF), aligning with reported studies of SJS/TEN patients during
active disease (21, 28). For drug-naïve healthy donors, 2-3
rounds of drug exposure (CBZ or ECBZ) were required for in
vitro priming and expansion of drug-reactive T cells. Whilst,
CBZ- and ECBZ-reactive CD8+ T cells were observed by day 40
in all individuals, the ECBZ metabolite had lower levels of
immune responsiveness (with IFNg > TNF) compared to the
parent drug, CBZ.

A common complication of prescribed ASMs is that
individuals who have experienced a DHR are at higher risk of
developing the same, if not, a more severe form of DHR with an
alternate ASM. Indeed, structural similarities exhibited by
aromatic ASMs (i.e. CBZ, OXC, PHT, lamotrigine) provide a
framework for cross-reactive T cell recognition that perpetuates
secondary reactions in between 13-80% of DHR patients (53–
56). This observation is supported by cellular investigations in
SJS/TEN patients with CBZ-induced T cells (generated following
4-5 rounds of in vitro culture) exhibiting cross-reactivity towards
other aromatic compounds such as ECBZ, OXC, lamotrigine and
eslicarbazepine (21). Whilst, non-aromatic ASMs (i.e. valproic
acid and gabapentin) are not generally associated with DHRs
(57). In this study, we demonstrated that CBZ-reactive T cells
(generated following a single in vitro drug exposure) cross-react
with HLA-B*15:02+ APCs in the presence of aromatic ASMs
ECBZ and OXC. The majority of patients showed higher levels of
cross-reactivity towards the ECBZ metabolite, albeit one
individual (E10630) demonstrated greater reactivity towards
OXC. These data suggest an immune hierarchy of T cell cross-
reactivity towards ASMs is likely driven by the common tricyclic
ring structure between CBZ, ECBZ and OXC, but modulated by
different side groups. These observations demonstrate that
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resolved SJS and TEN patients, many years post-DHR, can still
vigorously respond to alternate aromatic ASMs, and that T cell
immune monitoring should be undertaken when considering
different treatment options.

We next examined the HLA-B*15:02-restricted TCR
repertoire of CBZ-reactive CD8+ T cells in two drug-naïve
individuals and six SJS or TEN patients. In most cases, a single
major TCR clonotype was observed, which supports previous
findings of focused TCR usage in SJS/TEN patients (28).
However, most of these TCR repertoires showcased private
specificities, with only two individuals (AP026 and E10630)
sharing the same TRBV27 usage, but lacking common CDR3
regions. These findings diverge from previous reports of a more
public TCR usage within the HLA-B*15:02-restricted CBZ-
induced TCR repertoire in SJS and/or TEN patients; that
exhibited dominant Va and Vb clonotypes (28) and a public
abTCR CDR3 sequence (24). Differences in TCR repertoire may
also be attributed to either the site of origin for CBZ-reactive T
cells [i.e. blister fluid/cells vs PBMCs [this study)] and/or
collection of biospecimens during active or resolved (this
study) disease states. It is also important to acknowledge
reported biases associated with the in vitro expansion of T cell
lines (29, 58), with the likelihood of different TCR clonotypes
being expressed by drug-naïve and drug-experienced individuals,
as well as their localization at different sites of pathology (i.e.
blister fluid vs PBMCs). In particular, the study by Pan et al. (24)
could not recapitulate TCR clonotype findings reported by Ko
et al. (28) in the PBMC and blister fluid of SJS/TEN patients.
Although, we have previously shown in anti-viral TCRs that a
bias was not induced between ex vivo PBMCs and day 14 in vitro
T cell cultures (59).

Limited patient biospecimen availability makes it difficult to
conduct a multitude of cellular assays, even with in vitro expansion
of T cell lines and clones. Here we take advantage of a known
reporter system utilizing abTCR deficient SKW3 cells (41, 60) to
examine drug-induced HLA-restricted T cell promiscuity and the
mode of drug presentation. Single major TCR clonotypes, for one
drug-naïve individual (AP026) and two patients (E10056,
E10630), were cloned into the SKW3 reporter cell line. Firstly,
we investigated whether these TCRs demonstrated HLA-B15
specificity towards SJS or TEN risk (B75 subgroup) and non-
risk (B62 subgroup) allotypes (21). Interestingly, we observed
highly restricted TCR recognition for E10056 towards B75
subgroup members B*15:02 and B*15:21, whilst both AP026
and E10630 showed high degree of cross-reactivity towards risk
and non-risk HLA-B*15 allotypes. This observation was apparent
for all HLA-B15 APCs in the presence of CBZ, ECBZ or OXC in a
dose dependent fashion. Furthermore, no responses were observed
in the presence of HLA-B-negative C1R cells. These observations
suggest that non-risk HLA-B15 molecules may also support the
ligation of certain CBZ-reactive TCRs, implying the association of
SJS or TEN with HLA-B*15:02, but not HLA-B*15:01, is not as
simple as the ability of the drug to uniquely interact with one HLA
allomorph but not another.

Secondly, we examined whether ASMs stimulated
SKW3.TCR reporter cells using the same mechanisms required
Frontiers in Immunology | www.frontiersin.org 1645
for T cell lines. As observed by others (21, 49, 52), we found it
was essential to maintain soluble drug continuously within the
assay for TCR activation, consistent with a non-covalent and
labile interaction between the drug and peptide/HLA and/or
TCR complex. Additionally, we showed that fixation of APCs did
not abrogate drug-induced TCR activation, which aligns with the
interaction occurring with pre-existing peptide/HLA complexes,
hence not requiring additional antigen processing. Finally, we
showed that TCR/drug interactions were not maintained on
washing of the reporter cells at physiological pH suggesting
any interactions lack sufficient stability to be maintained in the
absence of the peptide/HLA complex. Whilst it has been
suggested that binding can occur directly with a public CBZ-
specific abTCR in the absence of the peptide/HLA complex (24),
we only observed reporter cell activation in the presence of drug
treated HLA-B*15-positive APCs. Hence, the presence of
peptide/HLA, and TCR are necessary for maximal functional
coordination of the drug interaction. Collectively, these data
validate the use of SKW3.TCR reporter cells as an
immunological tool for DHR cellular investigations and
confirm that non-covalent and labile drug/TCR/peptide/HLA
interactions in the absence of new peptide/HLA generation
underpin CBZ-induced DHRs.

In line with the inability of drug pulsed C1R.B*15:02 to
stimulate reporter cell responses, modulation of the
immunopeptidome by CBZ and its derivatives was subtle. This
is distinct from the interaction of abacavir and HLA-B*57:01,
where stable, non-covalent binding within the antigen binding
cleft causes a perturbation of self-peptide presentation, initiated
predominantly in the ER, and alteration of the PΩ anchor
preference of abacavir occupied HLA-B*57:01 molecules (22,
26, 27). We previously observed subtle modulation of non-
anchor residues of peptides bound to HLA-B*15:02 through
comparison of a smaller dataset of HLA-B*15:02 ligands (<2000
peptides per condition). With the current larger dataset (>9900
peptides per condition) and comparison to cross-reactive
molecules ECBZ and OXC not all changes were recapitulated,
although a subtle reduction in acidic amino acids at P1 and
tyrosine at P3 were consistent for peptides unique to drug
treatments (22). This is not to say there are not HLA/peptide/
drug complexes formed but the mechanism for their formation
clearly follows a different trajectory to that of HLA-B*57:01/
abacavir/peptide complexes. Interestingly, our data contrasted a
recent report that ECBZ alters peptide presentation by soluble
HLA-B*15:02 (23). Whether this is due to differences between
soluble and membrane-bound HLA such as reduced interaction
with the peptide loading complex, or the workflow used (e.g. the
necessity for use of detergents to extract membrane-bound HLA,
peptide elution conditions), which might impact complex
stability, remains to be clarified.

As described previously, CBZ and ECBZ were detected in
eluates from affinity purified HLA class I molecules of drug
treated cells (22, 23, 47), an observation that was extended to
OXC. This residual drug is maintained despite washing of the
source cells, as well as the immunoaffinity purified HLA class I
molecules, at physiological pH, a process shown to abrogate APC
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immunogenicity in functional experiments. Given the rapid
titration of responses to CBZ, ECBZ and OXC, it is possible
that whilst washing reduces the number of peptide/HLA/drug
complexes below the threshold for activation, some level of
binding is maintained. Regardless, failure to identify a distinct
peptide motif in drug treated cells and the inability of either the
peptide/HLA or TCR alone to maintain sufficient drug
interaction for immunogenicity on removal of soluble drug,
collectively suggest that CBZ and related compounds form a
tripartite interaction with peptide/HLA/TCR. Furthermore,
differences in recognition hierarchies of CBZ, ECBZ and OXC
by the three TCRs investigated suggest the epoxide (ECBZ) and
ketone (OXC) more prominently impact TCR ligation as
opposed to interaction with the HLA, thus may be oriented
towards the TCR.

In conclusion, this study confirms the presence of long-lived
immunological effects in resolved CBZ-induced SJS and TEN
patients, which are characterized by a highly clonal drug-reactive
CD8+ TCR repertoire. Furthermore, using a combination of the
definition of the functional requirements for TCR engagement
using transduced reporter cell lines and detailed study of the
impact of CBZ, ECBZ and OXC on HLA-B*15:02 peptide
presentation, our work supports the hypothesis that peptide/
HLA and TCR are required for drug interactions able to elicit
TCR activation.
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Supplementary Figure 1 | HLA staining of Antigen Presenting Cells and
SKW3.TCR expression. C1R Parental and transfected cells expressing different
HLA-B15 allotypes were stained with primary antibodies (A) anti-human pan HLA-I
(W6/32 hybridoma) and (B) anti-human HLA-Bw6 (HB152 hybridoma) followed by
a goat anti-mouse IgG PE secondary antibody. A secondary (2°) antibody alone
control was used for background staining. (C) All four SKW3 cell lines were
periodically tested for TCR cell surface expression. A total of 30,000 cells were
acquired on LSRII flow cytometer (BD) and data was analyzed using FlowJo
software (version 10, BD).

Supplementary Figure 2 | In vitro expansion of CBZ-reactive T cells and cell
sorting for abTCR repertoire analysis. (A) Drug-reactive T cells were outgrown
following 14 days of PBMC stimulation with 25 mg/mL CBZ. Day 14 T cells were
restimulated for 6 hours with C1R cells expressing different HLA-B15 allotypes in
the presence or absence of 25 mg/mL CBZ. T cell phenotype and activation was
then measured by flow cytometry. (B) Gating strategy shown is representative data
from SJS patient E10630. A maximum of 50,000 lymphocytes were acquired on
LSRII flow cytometer (BD) and data was analyzed using FlowJo software (version
10, BD). (C) Day 14 CBZ-reactive T cells were restimulated with C1R.B*15:02 in
either the absence (negative control) or presence of 25 mg/mL CBZ for 4 hours.
Activated CD8+ T cells were detected using an IFNg secretion assay. Single cell
sorting of both CD8+ IFNg- and CD8+ IFNg+ T cell subsets for TCR repertoire
analysis were performed using an Influx flow cytometer (BD).
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Supplementary Figure 3 | Drug molecules co-purify with HLA-B*15:02. (A-C)
Show raw intensities for transitions monitoring (A) CBZ in pool 10 of CBZ replicate
1, (B) ECBZ in pool 12 of ECBZ, (C) OXC in pool 13 of OXC. (D-F) summarize the
normalized signal for CBZ (D), ECBZ (separated into the signal at 21 minutes (RT
21) and 28 minutes (RT 28) (E) and OXC (F) in pools 10, 12 and 13, respectively.

Supplementary Figure 4 | Deviations in amino acid prevalence observed
between treatments are minimal. Points represent differences between the amino
acid prevalence at each position for drug/metabolite treatments as compared to the
untreated control (mean of duplicate experiments). For CBZ, points are the
difference of the mean of duplicate data sets with error bars showing standard error
of the difference (calculated using Welch t-test).

Supplementary Figure 5 | No major alteration of the contribution of deamidated
peptides to the HLA-B*15:02 immunopeptidome by drug treatment. Graphs show
the percentage of 9mer peptides annotated as containing native Glutamine (top
left), native Asparagine (top right), deamidated Glutamine (bottom left) and
deamidated asparagine (bottom right) at each position of the peptide. For untreated
and CBZ treatment, values are the mean of two replicate experiments, error bars
show the standard deviation. ECBZ and OXC treatment are singlet values.

Supplementary Figure 6 | Amino acid prevalence for 9mer peptides unique to
CBZ treatment when compared to control conditions. Combined lists of peptides
identified in at least 1 replicate of the control condition (untreated) and CBZ
treatment were generated and compared to generate 3 categories; untreated
unique – identified in at least one replicate of the untreated control, but not in either
replicate of CBZ treatment, common – identified in at least one replicate of the
untreated control and at least one replicate of the CBZ treatment, and CBZ unique –
Frontiers in Immunology | www.frontiersin.org 1847
identified in neither replicate of the untreated control, but in at least one replicate of
CBZ treatment. Bar graphs show the percentage of 9mer peptides possessing a
given amino acid at each position of the peptide per category. n is the number of
9mer peptides in the category. Arrows indicate residues discussed in the text.

Supplementary Figure 7 | Amino acid prevalence for 9mer peptides unique to
ECBZ treatment when compared to control conditions. A combined list of peptides
identified in at least 1 replicate of the control condition (untreated) was generated
and compared to the ECBZ treatment data set to generate 3 categories; untreated
unique – identified in at least one replicate of the untreated control, but not in ECBZ
treatment, common – identified in at least one replicate of the untreated control and
in the ECBZ treatment, and ECBZ unique – identified in neither replicate of the
untreated control, but in ECBZ treatment. Bar graphs show the percentage of 9mer
peptides possessing a given amino acid at each position of the peptide per
category. n is the number of 9mer peptides in the category. Arrows indicate
residues discussed in the text.

Supplementary Figure 8 | Amino acid prevalence for 9mer peptides unique to
OXC treatment when compared to control conditions. A combined list of peptides
identified in at least 1 replicate of the control condition (untreated) was generated
and compared to the OXC treatment data set to generate 3 categories; untreated
unique – identified in at least one replicate of the untreated control, but not in OXC
treatment, common – identified in at least one replicate of the untreated control and
in the OXC treatment, and OXC unique – identified in neither replicate of the
untreated control, but in OXC treatment. Bar graphs show the percentage of 9mer
peptides possessing a given amino acid at each position of the peptide per
category. n is the number of 9mer peptides in the category. Arrows indicate
residues discussed in the text.
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Mitigating the risk of drug hypersensitivity reactions is an important facet of a given
pharmaceutical, with poor performance in this area of safety often leading to warnings,
restrictions and withdrawals. In the last 50 years, efforts to diagnose, manage, and
circumvent these obscure, iatrogenic diseases have resulted in the development of
assays at all stages of a drugs lifespan. Indeed, this begins with intelligent lead
compound selection/design to minimize the existence of deleterious chemical reactivity
through exclusion of ominous structural moieties. Preclinical studies then investigate how
compounds interact with biological systems, with emphasis placed on modeling
immunological/toxicological liabilities. During clinical use, competent and accurate
diagnoses are sought to effectively manage patients with such ailments, and
pharmacovigilance datasets can be used for stratification of patient populations in order
to optimise safety profiles. Herein, an overview of some of the in-vitro approaches to
predict intrinsic immunogenicity of drugs and diagnose culprit drugs in allergic patients
after exposure is detailed, with current perspectives and opportunities provided.

Keywords: drug hypersensitivity, in-vitro, preclinical, predictive, T-cell, immunogenicity
INTRODUCTION

Immune-mediated idiosyncratic adverse drug reactions constitute an existential threat to
prospective new chemical entities, encumbering the drug development process throughout its
progression in an abstruse fashion. Since these iatrogenic reactions are enigmatic and rare, they are
seldom encountered in the early stages of drug discovery, and often precipitate upon exposure to
wider populations with potentially terminal consequences for both patients and drug. It is therefore
astute to screen new therapeutics for the capacity to elicit such reactions, and attempt to eliminate
compounds with unacceptable liability for hypersensitivity early in development. Much investment
has been made to this end with several approaches developed, each with its advantages and
limitations. Non-human in-vivo models (1, 2) possess obvious limitations in terms of translational
relevance, and the fact that such equivalent models have been rendered obsolete in the field of
cosmetics safety perhaps indicates a finite time for their application in drug safety studies.

Despite continued efforts, understanding of hypersensitivity reactions is yet to reach satisfactory
resolution. It is therefore not surprising that preclinical screening does not yet provide a blanket barrier
org April 2021 | Volume 12 | Article 630530150
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to the progression of compounds that have the capacity to cause
these reactions. The central dogma of sensitization and elicitation
phases gleaned fromthefield of contact sensitization fundamentally
holds true for drug hypersensitivity reactions (3). Indeed, there is
consensus that the majority of these reactions proceed through the
basic dogmaofT-cell immunology; a T-cell receptor expressed on a
T-cell recognizing an antigen presented in the context of human
leukocyte antigen (HLA), with drug-induced perturbation of this
immunological synapse and the ensuing aberrant deployment of T-
cell responses a fundamental feature. Beyond this, the field
dramatically diverges, with multiple pathways of antigen
derivation gleaned to date; hapten (4), Pi (5), and altered self-
repertoire (6), outlined in (Figure 1) and reviewed in detail
elsewhere (7). Indeed antigen generation has been an important
focus of the field for some time, andwhile understanding is far from
complete in this area, there has been excellent progress, with some
studies elegantly demonstrating how antigens can be formed in
exquisite detail. Unfortunately, antigen generation is not itself the
critical determinant of hypersensitivity. Rather, it appears to be a
function of antigen perception and density. A simple, but helpful
way to consider the induction/precipitation of such reactions is
through a vaccine metaphor; broadly characterizing attributes into
antigenicity (signal 1) and adjuvant potency (signal 2), with a
plethora of drug and patient specific factors contributing to both
(Figure 2). Where hypersensitivity reactions are particularly
challenging is the immunological mechanisms that underpin the
initiating adjuvant sequence. This aspect, embodied as the “danger
Frontiers in Immunology | www.frontiersin.org 251
hypothesis” (9, 10) is much less defined; it is heterogeneous, and
probably interchangeable, but essential for an antigen perception
that favours an aberrant T-cell response (11). It is known that signal
2 can be achieved via cellular stress/damage through damage
associated molecular pattern (DAMP) signaling, which can be
attributed to a drug by means of direct toxicological properties, or
throughdisease/environmental factors. It can alsobedeterminedby
pathogen associatedmolecular pattern (PAMP) signaling, as is seen
with infections. Finally, what has become clear in recent times with
the unpropitious outcomes seen with concomitant medication
usage alongside immune checkpoint inhibitors (12–17), is that
the adjuvant component is truly the dynamic and complex setting
of immune regulation, and that opposing tolerance mechanisms
play a critical role in determination of antigen perception.
Advanced discussion on the etiology of hypersensitivity reactions
is outside of the scope of this review; for extensive reading on this
topic, and themechanisms bywhichT-cells elicit cellular damage in
the context of drug hypersensitivity the authors refer readers to a
number of key reviews (7, 18–21).

These multi-mechanistic pathways of antigenicity and
adjuvanticity, overlaid with the variety of tissue specific factors
pertaining to localized metabolism, damage/pathogen derived
signaling and cellular milieu results in extensive heterogeneity of
these reactions. This heterogeneity makes preclinical assays with
good coverage challenging to construct. It also translates to the
challengeswithin the clinic in termsof clinical presentation. Indeed,
manifestations are diverse, and often lack pathognomonic features
FIGURE 1 | Pathways of T-cell activation by compounds. Left to right; Hapten, pharmacological interact (Pi) and altered self-repertoire hypotheses for the
mechanism of antigen presentation in drug hypersensitivity. Adapted from (7, 8).
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(22, 23), making diagnostic certainty and effective coverage from
methodologies challenging to obtain.

The imperfect classification of compounds yielded by
currently available preclinical assays has resulted in the
presence of many drugs with such issues within a physician’s
armamentarium. Therefore, effective and safe diagnosis of
hypersensitivity reactions when they do occur is paramount; in
order to mitigate the re-administration of offending agents and
identify liabilities of compounds in polypharmacy settings. As
direct re-exposure of hypersensitive individuals is undesirable
due to understandable patient anxiety and the potential for
extreme risk, it is transparent that there is demand for the
development of in-vitro methods in order to aid clinical
diagnoses of hypersensitive individuals whilst mitigating re-
exposure risk for suspected drugs. Hypothetically though, the
ultimate goal should be the development and implementation
of efficacious investigative procedures which facilitate
the circumvention of hypersensitivity in early product
development. Hence, this review predominantly covers the
topic of in-vitro diagnostic assays, and provides an overview of
the established and prospective efforts underway in preclinical
development to circumvent the progression of compounds
carrying unacceptable hypersensitivity risk profiles.
Frontiers in Immunology | www.frontiersin.org 352
IN-VIVO DIAGNOSIS/ASSESSMENT

Drug Provocation and Skin Testing
The gold standard for diagnosis of drug hypersensitivity is the
recurrenceof injuryuponrechallengewith theoffendingcompound
(24). Althoughnot infallible, positive re-challenges (often following
a positive de-challenge; where injury resolves upon drug cessation)
provide tangible and clinically relevant evidence for or against
hypersensitivity and thus whether continuation with the drug is a
viable course of action. A common feature of positive re-challenge
events is that the injury recrudesces in a more rapid and severe
manner (25). Although beneficial for the positive identification of
hypersensitivity, this phenomenon also represents a significant
drawback of re-challenge; the risk of serious injury or mortality.
This is highlighted by the 51% fatality rate reported for positive re-
challenge events concerning the general anaesthetic halothane (26).
As a result of this risk, many governing/advisory bodies issue
caution when considering re-challenge where drug-induced liver
injury or serious idiosyncratic adverse drug reactions are observed.
A common, less hazardous approach is that of skin testing;multiple
variations of skin testing exist,with the clinicallyutilised procedures
being the skinprick test, intradermal test, patch test andphotopatch
test. These assays have seen clinical validation and are used
April 2021 | Volume 12 | Article 630530
FIGURE 2 | Immunological perception of drugs expressed as a function of signal 1 x signal 2 factors, with an unknown composite (?) yielding hypersensitivity. Tol. =
tolerance, Act. = activation.
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routinely; for those seeking more comprehensive review of their
utility, the authors refer readers to several specialist publications
(27–34). Despite uptake within clinical practice, all 3 of the
described skin tests possess limited sensitivity and specificity, with
variable values for eachparameter reported in literature (28, 35, 36).
Given the limitations of skin testing, and the undesirable crux of
patient exposure to a compound they are suspected to be
hypersensitive to (37), there has been a longstanding necessity for
minimally invasive, in-vitro assays that add value in diagnosis of
compound hypersensitivity.

HLA Associations and Screening
The incredible capacity forHLAgenotype to predict an individual’s
propensity for hypersensitivity to a selectionof pharmaceuticals has
brought Pharmacogenetics to the fulcrum of discussion in the field.
The exquisite sensitivity of carriage of theHLA-B*57:01 “risk” allele
as a determinant of an individual’s susceptibility to hypersensitivity
with thenucleoside reverse transcriptase inhibitor abacavir (38–42),
is the quintessential utility of this approach. Indeed, not onlydid the
discovery of this association warrant the cost-effective and
efficacious implementation of preclusive screening of prospective
abacavir patients (43–46). It also laid foundations upon which
mechanistic studies were able to build, eventually leading to the
elucidation of a novel mechanism by which compounds can elicit
hypersensitivity (6, 47). HLA screening has also been adopted for
circumvention of SJS/TEN hypersensitivity reactions associated
with carbamazepine, with HLA-B*15:02 featuring as the
implicated allele (48). Application of pharmacogenetics is now a
widespread method by which information on hypersensitivity
reactions with given compounds is divulged, with a brief
investigation of literature yielding no shortage of manuscripts
sporting comprehensive lists of such associations. While the
aforementioned HLA alleles, among others, possess exploitable
odds ratios, many of the cited associations are not of consequence
in terms of viable/cost effective mitigating action. The
reproducibility of studies utilizing this approach has also been
questionable on a number of occasions. Inversely, the fact that
positive predictive values even in the most impressive of allelic
associations are not 100% [abacavir exhibits only around 55% PPV
(40)], alludes to the notion that confounding factors further
influence susceptibility. Thus, while HLA alleles occasionally
constitute a critical prerequisite, they far from guarantee the
manifestation of hypersensitivity reactions (8).

Another, more fundamental issue with HLA screening in
prediction of hypersensitivity is the paradoxical juxtaposition
between prediction and retrospection of this approach. Crucially,
a prerequisite to the delineation of risk alleles is the exposure of
(often immensely proportioned) patient populations to a given
pharmaceutical. Thus, patient safety is breached at the inception of
these studies (an undesirable outcome in any case), therefore, HLA
screening is currently confined to being a tool generated from
clinicaldata,whichonoccasionhasproven topowerfully contribute
to the iterative process of optimization of drug safety profiles.
Nevertheless, elements of this can, and have been incorporated
into preclinical prospective platforms, some of which are
covered below.
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IN-VITRO DIAGNOSTIC/INVESTIGATIVE
ASSAYS

LTT
The lymphocyte transformation test (LTT) has been a mainstay
in the limited toolkit for in vitro diagnosis of hypersensititivity
for around half a century, with several technical revisions since
its inception (49–52). An LTT entails the culture of PBMC from
an individual with suspect compounds for 6-7 days, with the
output being a function of lymphoblastic transformation/
proliferation. Several variations have evolved since the primitive
methods described by Halpern & Amache, 1967 (53), each with
benefits and drawbacks. The most prominent of these is tritiated
3H-thymidine incorporation (Figure 3). Less hazardous options
include ELISA-based 5-bromo-2’-deoxyuridine incorporation
method, or carboxyflourescein diacetate succinimidyl ester
(CFSE) serial dilution and ki-67 expression as measured by flow
cytometry. CFSE/dye dilution-type and ki-67 based assays have an
additional advantage in that they can facilitate identification of the
effector cell of origin (54). However both come with concerns over
technical requirements, and ease of interpretation.

LTT results appear to be highly variable in terms of sensitivity
and specificity, with concerns over sensitivity in particular
drawing criticism which dates back to its early use (55).
Confounding factors include; the clinical manifestation of the
reaction (and thus the presentation-specific mechanisms),
latency from reaction to test, the culprit compound in question
[whether it possesses properties intrinsically inhibitory or
stimulatory to T-cell proliferation e.g.; methotrexate (56)],
concomitant therapy that may have bearing on the test such as
immunosuppressant therapeutics, and (often overlooked)
laboratory specific technique.

Clinical manifestations of drug hypersensitivity are, as
discussed (8, 22, 53) heterogeneous. This heterogeneity and the
delay from reaction to LTT has been posited to be absolutely
critical to the validity of the test. Conventionally, a minimal
interval of 3 weeks is allowed to elapse before in vitro tests begin,
a l l ow ing e l im ina t i on o f bo th cu lp r i t d rug s and
immunosuppressant/anti-allergic drugs (57). Presumably this
period also correlates with contraction of the adaptive response
and the development of a memory component that is stabilized
in terms of proliferation (as in the acute phase, highly activated
PBMC may generate backgrounds which conceal responses).
Further complicating this area is the contrasting time-LTT
response relationship seen depending on the manifestation of
the hypersensitivity reaction. Findings by Kano et al. (58),
indicate that allowing time to elapse following hypersensitivity
leads to opposite effects in merit of the test depending on the
clinical presentation; patients with SJS/TEN exhibited prominent
LTT responses in the acute phase (within 1 week), which
substantially diminished upon recovery phase (>5 weeks),
whilst the inverse was seen in DIHS/DRESS patients.

The transparency of compound specific variation of LTTs is
epitomized by the fact that stimulation index (SI) values (and
thus threshold of the definition of positive responses) are not
universal. Rather, they are determined through experience with
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the compounds themselves, for example; while many drugs are
assigned a threshold SI of >2, Beta lactams tend to be assigned a
threshold of >3, and some radio contrast media responses must
reach SIs >4 to be deemed positive (57). With this comes several
issues which the field has failed to address universally, the first of
which being inconsistent threshold SI values utilized throughout
literature for compounds. For example; SIs of >2 (59), >3 (60)
and >4 (57) have been adjudicated as positive responses for radio
contrast media. Similarly, there remains inconsistency with Beta
lactams, with SI thresholds set at >2 (61), and >3 (57). In light of
this, one may be tempted to speculate that the stimulation index
(and thus sensitivity and specificity of lymphocyte
transformation test) is “optimized” to the data it generates.
Therefore, when interpreting the sensitivity and specificity of
the test cited throughout literature, this must be considered as a
Frontiers in Immunology | www.frontiersin.org 554
potential caveat. To optimize diagnosis of hypersensitivity, it
would be of best interest to the field to universally agree on pre-
defined SI thresholds, retrospective analyses of cumulative data
from multiple laboratories may be a fruitful avenue in this
respect. A second, seemingly less rectifiable issue, is that if SI
threshold values may only be set retrospectively, the LTT
(although useful as a diagnostic tool for hypersensitive
individuals), is inherently flawed for use in determining/
diagnosing potential immunogenicity of a prospective
therapeutic compound in early clinical development.

Concomitant therapy is common in the aftermath of drug
hypersensitivity reactions, not least due to medication taken to
alleviate the reaction itself. The nature of these drugs has been
suggested to influence the results of LTTs, immunosuppressant
drugs such as corticosteroids (e.g.: prednisolone) have been
FIGURE 3 | Overview of lymphocyte transformation test methodology.
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logically suggested to inhibit proliferation and cytokine
responses, patients taking > 0.2 mg/kg of such drugs are often
excluded (62). Prostaglandin E2 concentration has also been
posited to influence LTT results with high levels (as seen with
macrophage overrepresentation in culture) and low levels
(sometimes caused by use of non-steroidal anti-inflammatory
drugs) reducing and enhancing LTT responses respectively (63).

Attempts to revise the LTT have included enrichment of
professional antigen presenting cells within the culture, inclusion
of metabolites derived from parent drug, depletion of T
regulatory populations, and effector cell identification/
evaluation. The enrichment of immature dendritic cells (CD14
+ve) and independent pulsing with antigen prior to co-culture,
demonstrated superior LTT responses in patients with
amoxicillin induced maculopapular exanthema relative to
standard B cells and monocytes. These modifications enhanced
sensitivity, while tolerant controls remained negative- thereby
maintaining specificity (64). Concordant results were also
obtained from patients with heparin hypersensitivity, with the
added advantage of prolongation of the sensitive detection
period following the ADR (65). Antunez et al. investigated
maculopapular exanthema reactions induced by iodine contrast
media, finding that the CD14 enriched LTT yielded superior
responses in most (but not all) patients (60), with the enrichment
attenuating one patients response, and raising the baseline
proliferation in at least one control. Prevailing thoughts
regarding the mechanisms underpinning the superiority of
dendritic cells as antigen-presenting cells (APC) in LTTs
include that they are simply more adept at antigen
presentation, or that as observed with nickel and DNCB (66)
compounds can induce their maturation directly, in a manner
that promotes immunological elicitation. The subtype of
dendritic cells used to enrich the LTT must also be given
consideration, as heterogeneity in response to nickel was
detected when comparing Langerhans cells and circulating
dendritic cells.

The role of regulatory T cells has also been scrutinized in recent
times, with selective depletion of these cells from LTTs being
attempted in several assays. One premise being that in some cases,
although drug-specific precursors may exist, their response is
suppressed by the action of regulatory T cells, hence, in their
absence, the sensitivity to compounds would be unveiled. To this
end, CD25+ve depletion from the culture has been utilized several
times, as regulatory T cells constitutively express high levels (67,
68). In the context of allergic contact dermatitis (69), CD25 +ve
depletion encouragingly yielded augmented responses to the
contact allergens 2,4,6-trinitrobenzene sulfonic acid, FITC, and
a-hexylcinnamaldehyde. However, responses to non-sensitizing
compounds such as dimethyl sulfoxide were also augmented
(albeit generally to a lesser degree). Additionally, CD25 is not
exclusively highly expressed on regulatory T cells, and it is well
documented that it is also expressed on B cells, activated effector T
cells and certain subsets of memory T cells (68, 70–72). Therefore,
the depletion of CD25 expressing cells may have unprecedented
effects on the utility of the LTT (especially if PBMC are sampled in
the acute phase as recommended in SJS), due to collateral removal
Frontiers in Immunology | www.frontiersin.org 655
of these other cell types, potentially resulting in false negative
results through removal of drug-activated T-cells, rather than the
unveiling of an otherwise suppressed response. Another
modification pertaining to immune-regulation is the
incorporation of immune checkpoint inhibitors. Sugita et al.
(73) reported that incorporation of CTLA-4 augmented LTT
sensitivity. This is an enticing prospect, but a critical question to
address here would be the extent to which the enhanced sensitivity
observed impacts upon the specificity of the assay. Regulatory T-
cell components and regulatory pathways are likely to be critical in
determining the hypersensitive status of individuals, and so false
positive results would be a possible eventuality with their removal/
suppression. A more detailed understanding of utility of such
approaches within LTTs (perhaps even considering inter-
individual components) is therefore required before it will be
appropriate to routinely apply checkpoint inhibitors within
such assays.

The inadequacy of the LTT in addressing metabolites derived
from the parent drug may contribute to its lack of sensitivity, as
some metabolites may be tissue specific. Indeed, the erratic
returns from LTTs performed on drug-induced liver injury
patients serve as testament to such limitations (74), as does the
enhanced diagnostic performance of this assay when relevant
drug metabolites are synthesized and included in LTT
assessment of compounds known to undergo bio-activation
(75). For metabolite coverage, several variations on LTTs have
been utilized, but often these models are cumbersome;
commonly relying on allogeneic metabolizing systems/cell lines
such as rat/human hepatic microsomes, hepG2, hepaRG cell
lines or primary hepatocytes to generate reactive metabolites,
therefore restricting direct cellular contact and/or coming with
the distinct caveat that allogeneic responses may undermine the
assay. Nevertheless, some success has been reported with such
approaches, though a degree of allogeneic response is duly
reported (76, 77). In a research setting, the ultimate goal to
overcome such issues would be to incorporate autologous tissues
such as keratinocytes or hepatocytes which could possibly be
derived through induced pluripotent stem cells, though this is
impracticable for routine diagnostics. A utilitarian solution to
installment of metabolizing systems within the LTT should be
pursued if this assay is to realize its maximal potential in terms of
diagnostic value for reactions attributable to metabolites.

Since PBMCs are the cellular input into the LTT,
consideration must always be given that the output will reflect
this. While use of these circulating lymphocytes is minimally
invasive and is relatively practical, it does ultimately mean that
translational relevance of any LTT outcome is a function of
responses arising from circulating populations of lymphocytes.
This equates to surveying only a small percentage of peripheral
blood T-cells, which, even in totality, actually only represent
around 2-2.5% of the entire T-cell complement populating an
individual (78). Thus, tissue resident T-cells and specialized
antigen presenting cells will be poorly (if at all) represented,
and it remains imperative to consider this limitation when
assessing hypersensitive statuses of patients exhibiting tissue
specific responses. A similar argument may also be made for
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drug-associated antigens derived from tissue specific peptide
repertoires. Moreover, LTTs are somewhat limited in
sensitivity even if the relevant cells are present within samples.
Indeed, signals from T-cells present at only low pre-cursor
frequencies can be lost among backgrounds generated by
heterogeneous populations within PBMCs, as has been
demonstrated through T-cell cloning procedures conducted on
bulk cultures from patients negative in LTTs (79–81). This is a
limitation of bulk proliferation assays and indicates that there is
room for improvement in terms of the threshold at which
presence of T-cells actually yields detectable responses in LTTs.
Finally, the quality of PBMCs available for such assays has
substantial bearing on the validity of the assay; the idealistic
scenario is that PBMC isolation and LTT can be performed on
fresh blood within hours of phlebotomy. Frozen PBMC is
reputed to be less reliable, which may be attributable to
differential sensitivity to cryopreservation across cellular
components (82), particularly if this significantly alters the
composition of the resulting PBMC. Regardless, robust LTT
responses have been observed in patient samples that have
been isolated and cryopreserved, and shipped internationally to
specialist laboratories. Thus, if PBMC are proficiently isolated
and cryopreserved, this may represent a more pragmatic option.

Another potential avenue of consideration for the LTT is that
entire formulations must be scrutinized- a recently well
documented example has been that of clavulanate, which is co-
formulated with amoxicillin and ticarcillin to augment
antimicrobial efficacy by functioning as “cannon fodder” for
bacterial beta-lactamase enzymes, acting as a substrate and thus
competitively inhibiting the lactamase action on the primary
active ingredient. Unfortunately however, the addition of
clavulanic acid to amoxicillin precipitates drug-induced liver
injury in a percentage of patients which is not eclipsed with
amoxicillin alone (83). Later studies depicted distinct
immunogenicity profiles for both compounds, with no cross
reactivity, indicating the immunogenicity of clavulanic acid (84).
Further expanding investigation of formulation leads to inclusion
of excipients for a given therapeutic. Indeed, when pure
substance is not available, it is recommended that injectable
forms of the drug or crushed pills are used (62), albeit with the
caveat of procedural artifacts. On the flipside to this however, is
that batch specific immune reactions due to impurities/
contamination could perhaps be identified through tablet
testing, potentially absolving an active pharmaceutical
ingredient of responsibility for a reaction. It is feasible that
investigations of this nature could be facilitated by stability
samples stored by pharma.

Cytokine Synthesis and Secretion
Detection Assays
In-vitro tests targeting the function of the drug specific T-cells;
cytokine/cytolytic molecule secretion assays can be both
diagnostic of an individual’s hypersensitivity status, and
informative in relation to pathomechanistic aspects of the
reaction (85). Typical procedures used include ELISA, ELISpot
(Figure 4), flow cytometry (intracellular cytokine staining), PCR
and cytokine bead array assays. The detection parameters in such
Frontiers in Immunology | www.frontiersin.org 756
assays ultimately correspond to the synthesis and/or secretion of
a given cytokine, which raises the predicament of which
cytokines to use. Cytokines including IFN-g, IL-2, IL-5, IL-13
and various cytolytic molecules such as perforin, granzyme B,
and granulysin often feature, each with its merits and
disadvantages depending on the clinical presentation and
compound in question (57). This lead to the general
recommendation that a panel of cytokines be used in order to
enhance the highly variable sensitivity reported (86). Advantages
of cytokine assays include the mechanistic insight provided and
the relatively quick time to result (3 days), while drawbacks are
the reported lack of specificity, high expense and specialist
technical requirements.

Surface Marker Expression Assays
Cluster of differentiation 69 is a member of the c-type lectin
family involved in T-cell proliferation pathways (87). The
upregulation of this marker (measured using flow cytometry)
has therefore been utilized as an early activation marker of T-
cells in delayed drug hypersensitivity and has been compared to
the LTT with advantages being the quicker time to result (48 hrs
rather than 1 week), the omission of the use of radioactive
materials and some drug-specific peculiarities (88, 89). Markers
associated with T-cell cytotoxic effector functions have also been
interrogated for use in causality assessment. Intracellular
granulysin expression in NKp46+ve and CD4+ve cells has
been proposed in the problematic assessment of SJS/TEN (90).
Similarly, surface expression of the degranulation CD107a
(LAMP1) on T and NK cells, has been described for
heterogeneous hypersensitivity reactions, and provides
comparable mechanistic insight to that provided by ELISpot/
ELISA assays (91). Other activation induced surface markers
such as CD154, CD25, OX40 and PDL-1 have been used in
vaccine development for some time (92, 93), notably for the
detection of rare memory T-cell responses (94). Approaches such
as these may therefore be of interest as sensitivity of many
aforementioned assays is inadequate.

Cytotoxicity
Inter-individual differences in the toxicological profiles of
compounds (essentially detected in non-specific toxicity assays)
have been linked to the hypersensitivity status of patients in
several different settings. Early studies identified augmented
cytotoxicity in hypersensitive patient PBMCs when co-cultured
with metabolism conferring murine microsomal activating
systems (95–97). Despite obvious caveats with these assays;
namely the use of a xenoco-culture system, the observation of
such toxicity appears to constitute a link between direct toxicity
intrinsic to the individual, and the ensuing immunogenicity seen
in immune-mediated idiosyncratic adverse drug reactions.
Interestingly, the discrepancy in sensitivity exhibited hereditary
correlation as parents of hypersensitive individuals expressed
intermediate sensitivity (between controls and patients) (95),
indicating a discernible role of intrinsic genetic predisposition
factors. Several decades later, this approach was reinvented,
employing the use of monocyte derived hepatocyte-like cells to
form an autologous, metabolically competent model (98).
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Analogous to the results seen in the aforementioned studies,
toxicity in monocyte derived hepatocyte-like cells was useful in
causality assessment of idiosyncratic drug induced liver injury
with comparable accuracy to that of the “gold standard” Roussel
Uclaf causality assessment method (99, 100). Although this
avenue of hypersensitivity investigation is in its early stages of
resurrection, with other groups yet to replicate findings of these
studies, it holds much promise both in utility as a diagnostic/
predictive tool, and as a probe for understanding of the
fundamental pre-disposing factors that influence an
individual’s propensity for hypersensitivity.

Perspective of Diagnostic Assays
To summarize, a number of diagnostic options can be pursued
by a clinician in order to seek confirmation that a pharmaceutical
agent should be contraindicated on the grounds of
Frontiers in Immunology | www.frontiersin.org 857
hypersensitivity. A conceptual shift has been underway for
some time toward these tests being conducted ex-vivo, with the
aim of obtaining diagnostic information while eliminating the
risk of exposure for the individual in question. Unfortunately
however, the battery of available in-vitro assays are still at various
stages of development and are not yet of adequate maturity
(through respective sensitivity/specificity/accessibility/
standardization) to be routinely implemented into algorithms
currently deployed for clinical diagnoses. It is disappointing that
no functional diagnostic assay has achieved validation to date,
especially given the length of time some have been studied for. A
prime example of this is the LTT, which for nearly half a century
has probably been the most established and clinically recognized
in-vitro diagnostic assay, and therefore best situated for clinical
validation. This is attributable to its unreliable sensitivity/
specificity , and perhaps more importantly , lack of
FIGURE 4 | Overview of enzyme-linked immunospot (ELISpot) assay.
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standardization. As a result, and due to the antiquated and
cumbersome in-vitro technologies routinely used, this assay is
not likely to see clinical implementation within the next decade.
The widespread availability of flow cytometry probably means
that any easily implementable assay will arise on this platform.
Such an application also provides opportunity to multiplex
features of several of the aforementioned parameters, with this
type of approach likely to yield a superior, or at least more
utilitarian assay. In order to facilitate this, research groups
equipped to conduct these assays will need to harmonise
protocols and readout thresholds in order to work
collaboratively in the establishment of what would be the first
legitimized in-vitro option for diagnosis of hypersensitivity
reactions. Thereafter, efforts can be directed toward the
enhancement of its sensitivity and specificity with several
promising avenues discussed. As adeptly demonstrated
through the peculiar retrospective/predictive properties of HLA
genotyping, translational solutions are long-awaited and can be
exceptionally effective in this area, but it takes standardized,
translational approaches to deliver them.

As aforementioned, an idealistic goal would be to minimize or
render obsolete the diagnostic field through the installation of
effective preclinical screening assays. This is far from realization,
with several compounds reaching clinical phases of development
before programme termination in recent times, and numerous
drugs in clinical circulation that have less than desirable records
in terms of hypersensitivity rates. There has therefore been no
shortage of incentive to gauge the intrinsic immunogenicity of
prospective pharmaceuticals within preclinical development in
order to select optimal lead compounds for progression. The
remainder of this review therefore focuses on some of the
established strategies employed within industrial settings, and
outlines novel assays currently in development that may one day
form part of preclinical safety studies.
PROSPECTIVE ASSESSMENT
OF IMMUNOGENICITY

Structural Alerts
Around 30 years ago, John Ashby, of imperial chemical
industries, identified a codification of chemical structures that
possessed genotoxic liabilities; structural alerts (101, 102). This
codification was largely constructed from empirical evidence
accumulated on chemical moieties responsible for covalent
binding to cellular macromolecules (103–108). Since then, this
basic dogma of identifying electrophilic structures that react with
biological nucleophiles has undergone iterations and refinements
for a variety of toxicological applications. Indeed, several in-silico
models are now available for use as rapid, cheap, guidance tools
for prediction of chemical toxicity, with the benefit of application
before a compound is even synthesized (109). Understanding of
the fundamental mechanisms of electrophilic reaction chemistry
is therefore important in order to facilitate this philosophical
shift from empirical knowledge, toward more general rules
which can help inform design of such predictive tools. On this
Frontiers in Immunology | www.frontiersin.org 958
note, electrophilic reactions with biological nucleophiles have
been posited to proceed through 6 basic mechanisms; SN1, SN2,
SNAr, acylation, Michael addition and Schiff base formation
(110). For each of these, the outline of mechanism, alongside a
pertinent example is provided in (Figures 5 and 6).

Though compounds can be intrinsically reactive as seen with b-
lactamantibiotics (121), the true extent of conjugative chemistry for
a given compound is often a function of its capacity to form reactive
metabolites. Hence, the term toxicophore can be used
interchangeably with structural alert, to refer to a compound
which has reactivity imparted via metabolism. This has been
identified as a mechanism of direct toxicity (122–124), with a
direct link to hapten theory, and the propensity of compounds to
cause idiosyncratic, immune-mediated reactions (125–127). The
ratio of the appearance of structural alerts across drugs withdrawn/
issued a black box warning relative to drugs with superior safety
profiles demonstrates their unpropitious nature (128). Examples of
chemical moieties that commonly feature in drugs that cause
idiosyncratic toxicity include p-aminophenols or aromatic amines
that can be oxidized to them (quinone reactive metabolites) (128–
130), and anilines/anilides (hydroxylamine/nitroso reactive
metabolites) (131–133). The logical application of such findings is
therefore to design out structural alerts either in early compound
design, or in an iterative fashion once the initial compound
encounters idiosyncratic safety issues. One straightforward
example to illustrate this approach can be found with the non-
steroidal anti-inflammatorydrugs suprofenandketoprofen(Figure
7, top). Suprofen, which contains a thiophene structural alert, was
withdrawn due to renal toxicity (134–136). Toxicological salvation
can be achieved via replacement of the thiophenemoiety present in
suprofen with a phenyl ring, resulting in the safer alternative
ketoprofen (137). Another example can be found in the evolution
of antimalarial 4-aminoquinolones. Clinical utility of amodiaquine
has been somewhat vitiated by its capacity to elicit idiosyncratic
adverse drug reactions; particularly hepatotoxicity and
agranulocytosis (138, 139). Amodiaquine sports an aminophenol
structural alert which undergoes enzyme-mediated oxidation to
form a reactive quinoneimine species which covalently binds
proteins and elicits immunological responses (129, 140–145). To
circumvent this deleterious bioactivation, several routes of
structural redesign were pursued (Figure 7, bottom); including
the addition of two electron accepting groups at 3′ and 5′ positions
to enhance potency (146) and isomerization of the 4′-hydroxyl
group with the 3′-diethylamino side chain or fluorination of the 4′-
position to prevent quinonoid bioactivation (147, 148).

Structural alerts represent an anecdotal weight of knowledge
through experience and should therefore be used accordingly; as
a guide rather than a standard operating procedure. They far
from guarantee safety; even if one was to eschew from all leads
containing structural alerts, there exists several high profile
examples of drugs lacking such motifs that have been
withdrawn due to idiosyncratic toxicity (ximelegatran,
chlormezanone, isoxicam, and pemoline) (128, 149, 150).
Conversely, hit attrition concerns highlight how unsatisfactory
such a parochial approach would be, with toxicophores
frequently featuring in top pharmaceuticals (128, 151), and
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FIGURE 5 | Mechanisms of covalent binding. Outline of the 6 key mechanisms by which electrophiles react with biological nucleophiles with an example compound
provided for each. SN1; Tamoxifen O-sulfonate metabolite (derived from sulfonation of a-hydroxytamoxifen) can collapse yielding an allylic carbocation reactive
metabolite susceptible to nucleophilic attack, resulting in protein and adducts (111–114). SN2; Carbamazepine (CBZ) 10, 11 - epoxide (reactive metabolites derived
from carbamazepine) (115). SNAr; Dinitrochlorobenzene (116).
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many drugs dependent on covalent mechanisms of action (128,
149, 151). Furthermore, while structural alerts indicate the
possibility of a molecule covalently binding, this does not
always translate; compounds containing structural alerts do
not always form chemically reactive metabolites, and
competing clearance pathways can trivialize the presence of
Frontiers in Immunology | www.frontiersin.org 1160
alerts that do undergo bioactivation (128, 149). With regards
to hypersensitivity, these examples serve to demonstrate that
avoidance of structural alerts is not essential, that total body
burden of chemically reactive metabolites (and therefore ensuing
antigenic density) can be an important determinant, and that
subtle re-design can save a lead compound.
FIGURE 6 | Mechanisms of covalent binding. Outline of the 6 key mechanisms by which electrophiles react with biological nucleophiles with an example compound
provided for each (continued). Acylation; B-lactam containing compounds (117). Michael addition; N-acetyl-p-benzo-quinone imine (NAPQI) (reactive metabolite
derived from Paracetamol) (118). Schiff base formation; glyoxal (released via bioactivation of sudoxicam) (119, 120).
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For now, due to the emphasis on chemical reactivity with
structural alerts, this type of approach currently only has utility for
drugs which exert antigenicity via hapten/covalent binding related
mechanisms. However, as patterns of drug hypersensitivity via the
various mechanisms continue to emerge, perhaps we will
eventually see inclusion of chemical codifications which confer
immunogenicity, through each or all of the described antigenicity
mechanisms [Figure 1, (8)], and/or particularly high affinity
interactions for (common) constituents of the immunological
synapse. One can envision that a nascent database of such
“Immunocophores” could be procured from compounds that
have failed at various stages of development due to idiosyncratic,
immune-mediated toxicity and used to mitigate risk. Proof-of-
Frontiers in Immunology | www.frontiersin.org 1261
concept iterative medicinal chemistry studies in pursuit of an
analogue of abacavir devoid of hypersensitivity liabilities with
preserved pharmacological action have embodied a promising
prototypical approach to disconnect pharma- and immuno-
cophores. Cross-disciplinary laboratories operated using in-silico
docking models alongside functional studies to simultaneously
decipher pharmacological (anti-viral) and immunological (T-cell
activation) structure-activity-relationships of compound series
(152, 153). Digressing from such idealistic goals, many of the
following experimental assays have essentially been devised to
address various aspects that lie within the void of knowledge
between such conventional theoretical chemistry-based wisdom,
and pragmatic transition of a compound to clinical use.
FIGURE 7 | Pharmaceutical application of structural alert chemistry. Top panel; Disparity in metabolic fates of suprofen and related ketoprofen, and their
downstream tolerability profiles, are generally attributed to suprofen’s possession of the thiophene ring structural alert which is capable of undergoing oxidation to
S-oxides/epoxides. Ketoprofen’s phenyl ring does not undergo equivalent bio-activation. Middle panel: Iterative synthesis series of amodiaquine in pursuit of a
compound with reduced ADR liabilities; Amodiaquine possesses the p-aminophenol structural alert which can be bioactivated to the Michael acceptor ACQI which is
reported to be responsible for its idiosyncratic ADR liabilities in a fashion akin to paracetamol and NAPQI. Structural analogues in the form of fluorination at the 4
positions, or isomerization of the hydroxyl and diethylamino side chain leads to compounds impervious to quininoid bioactivation.
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Electrophile Trapping Assays
Reactive electrophile species formed through the bioactivation of
drug candidates often exhibit insufficient stability to be directly
identified through liquid chromatography-mass spectrometric
methods. Hence, in order to delineate metabolites that can be
derived from a given compound, a metabolically competent in-
vitro system (cofactor fortified S9 fraction, microsomes,
hepatocytes) is employed to generate reactive metabolites, which
form adducts with characterised endogenous or exogenous
nucleophiles, yielding “smoking gun” conjugates, providing
insight into reactive metabolites formed and the mechanism by
which they interact with nucleophiles (Figure 8). Since
endogenous nucleophiles do not lend themselves to high
throughput screening methods, in early compound
development, small molecule nucleophilic traps are preferred.
The armamentarium of these nucleophilic warheads includes the
thiol-containing soft nucleophiles (glutathione, cysteine, N-
acetylcysteine and 2-mercaptoethanol) for detection of soft
electrophiles, and non-thiol hard nucleophiles (cyanide,
semicarbazide, methoxylamine, DNA bases) for detection of
hard electrophiles (154). These types of assays are mostly
qualitative, but a degree of quantitative value can be added
through the incorporation of radiolabelled analogues of
corresponding nucleophile probes [35S] GSH and [14C]
KCN (155).

Electrophile trapping assays are amenable to high throughput
screening translation/automation and so feature prominently
across drug discovery programmes. Despite their value and
widespread utility, limitations to application of trapping in
hypersensitivity prediction include: 1. the nucleophiles
themselves, as any approach using exogenous nucleophiles is
reliant on the assumption that these selected surrogate
nucleophiles recapitulate the mechanism of adduct formation
on biological macromolecules in a toxicological ly/
immunologically relevant fashion. 2. The physiological
relevance of the somewhat simplistic in-vitro cultures (as
detoxification pathways are not well accounted for). 3. Reactive
compounds missed by such assays such as acyl glucuronides and
CoA thioesters (154).

Adductomics
Adductomics denotes a method that studies the magnitude of
covalent adducts bound to tissue or blood nucleophiles which
can characterise the electrophilic potential of drugs or indeed
their bioactivated metabolites. This procedure involves the co-
incubation of the drug-metabolite in question with conjugate
proteins such as GSTP or HSA in a dose dependent manner
(115). The formation of adducts can then be quantified by the use
of western blotting or mass spectrometry to identify the bound
amino acid residue. Protein adduction studies have been pivotal
in the research of a plethora of drugs/metabolites to delineate the
mechanism by which they elicit T-cell activation and whether the
parent drug or a metabolite thereof exhibits the immunogenic
liability (156). Jenkins et al. successfully identified the irreversible
binding of flucloxacillin to HSA, in a mechanism involving
nucleophilic attack of the b-lactam ring of flucloxacillin to
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lysine residues present on peptides (157) (Figure 6). This
procedure has also been used for mechanistic resolution in
discrimination between drugs which possess hapten
functionalities and those which do not. One rather
controversial example in this light is the antibiotic
sulfamethoxazole, which is known to activate T-cells through a
mechanism which bypasses antigen processing, namely the PI
mechanism (5, 158–160) (161). However, sulfamethoxazole
undergoes oxidative bioactivation to yield the metabolite
nitrososulfamethoxazole. This metabolite exhibits strong
reactivity toward cysteine residues, forming covalent bonds
and acting as a hapten (131, 162). Accordingly, distinct
patterns of T-cell activation between the relatively inert parent
drug and a bioactivated metabolite can often be obtained from
mechanistic studies on isolated T-cell clones (158).

Despite protein adduction of a compound not converting to a
compounds liabilities in terms of capacity to elicit
hypersensitivity reactions in a straightforward fashion. Drug-
protein adducts have been successfully identified with antibiotics
such as piperacillin (163), flucloxacillin and amoxicillin (164,
165) as well as reverse transcriptase inhibitors such as nevirapine
(166). This approach has also been utilised to identify a range of
peptides susceptible to covalent modification by the drug/hapten
in question (121). Successful identification of such a drug-
modified protein can then allow for the synthesis of designer
peptides which can be integrated into T-cell assays, for analysis
of their immunogenic potential (167), in a similar manner to
those designed for vaccine use (168). An area of interest which
may be important for the future of adductomics (with regards
to both investigative and preclinical assays) will be the
selected endogenous nucleophiles, and whether there may be
some proteins for which covalent binding is poorly
immunologically tolerated.

Peptide Elution Studies
Within the human system HLA complexes are essential proteins
which are expressed on the surfaces of many cell types which
function to present peptides to T-cells. MHC class I, which
presents to CD8+ T-cells, is comprised of HLA-A,B and C
molecules. Meanwhile, HLA class II serves to present to CD4+
T-cells, and consists of HLA-DP, DQ and DR molecules. Many
peptides from the constitutive repertoire of the host are tolerated
by T-cells due to prior exposure during thymic development.
However, peptides encountered thereafter such as those of viral
or bacterial origin can elicit an immune response if accompanied
by appropriate co-signaling and the presence of DAMPs or
PAMPs (169).

Several approaches can be utilised to isolate HLA-bound
peptides from a variety of cell lines. The simplest of which
entails acid stripping the surfaces of cells in culture using an
acidic buffer (170–172). However, this has been reported to result
in high levels of contaminating peptides which can hinder the
analysis of the immunopeptidome. A more commonly utilised
approach involves the direct separation of solubilised HLA-
complexes isolated from cell lines. This approach entails the
immunoprecipitation of HLA molecules and the subsequent
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dissociation of the HLA-bound peptide complex which can then
be analysed via m/s [Figure 9, (173, 174)].

Mass spectrometric analysis of HLA-peptide complexes has
successfully identified thousands of natural MHC peptides
presented on the cellular surface. These studies have been
successful in the identification of the peptide binding
preferences to alleles in a plethora of diseases including type
1 diabetes (175) and cancer (176, 177). Peptide elution studies
Frontiers in Immunology | www.frontiersin.org 1463
have also been carried out as a pre-requisite for the study
of peptide binding HLA’s, and in such cases helped to identify
the N-terminal escape of 9-11 mer peptides when HLA
bound (178).

It is well known that the induction of hypersensitivity
reaction entails the presentation of a drug-related antigen on
the surface of MHCs for scrutiny by T-cells. Indeed, this has been
an area of considerable interest in recent times, including the
FIGURE 8 | Overview of electrophilic trapping workflow.
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FIGURE 9 | Procedural workflow of peptide elution assays. MHC complexes are purified from the samples, which can comprise of cultured cells (i.e. transfected
B-cells expressing HLA allele of interest), or cells deriving from whole organs or biopsies (liver). Cell pellets can be ground using cryogenic mill and are then lysed.
Immunoprecipitation takes place from the cell lysate, this occurs through running the sample through columns specific for the MHC in question, as well as a pre-
column to remove non-specific binding. HPLC is then conducted to separate the MHC peptides from the larger components such as b2M and the alpha chain.
Pooled fractions can then be analyzed via m/s allowing for the identification of modified peptides or an altered repertoire of peptides presented to T-cells.
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identification of drug modified peptides or an altered repertoire
of peptides on the surface of MHC. Elegant studies conducted by
Illing et al. in 2012 utilised peptide elutions to positively identify
a skewage toward peptides terminating in small aliphatic amino
acids (I, L and V) over the conventional aromatic amino acids
(F/W/P) in HLA-B*57:01+ APCs co-incubated with abacavir
(179). This was achieved via the prolonged incubation of C1R-
B*57:01 cells with abacavir followed by peptide elutions from
the class I MHC and analysis by mass spectrometry (m/s). This
was further reinforced in 2019 when abacavir analogues with a
similar T-cell liability were found to perturb the HLA-B*57:01
peptide repertoire in a similar convention to abacavir, while
those with no T-cell liability did not (180). This concept was
further explored via the use of the b-lactam antibiotic
flucloxacillin which was identified to covalently haptenate
HLA-B*57:01 native peptides which were subsequently
processed and presented on the MHC for T-cell recognition.
This occurred through multiple mechanisms, namely, through
antigen processing and direct haptenation of pre-presented
peptides. Indeed, utilization of m/s analysis identified the
presence HLA-B*57:01 peptides that were covalently modified
with flucloxacillin haptens at lysine and arginine (181).

An obvious drawback of the peptide elution studies is the
extent of technical demand; up to 1x109 cells can be required for
the incubation in the presence of the drug prior to conducting
the elutions, mandating laborious cell culture. In the cases where
specific HLA alleles are implicated, transfection of B-cell lines
with the relevant alleles is standard procedure, further
complicating matters, though a number of such cell lines
expressing HLA alleles of interest are now commercially
available. There are also procedural challenges pertaining to
the translational relevance of peptides that arise through
elution of transformed cell lines subject to extended culture,
from which peptides are eluted in a process that may not entirely
recapitulate peptides actually presented. Of considerable concern
on these lines is the reported yield of peptides from such
procedures (182). Further issues lie with the analysis softwares
used for immunoproteomic profiling, as they exhibit
shortcomings in terms of detection, particularly of drug-
adducted peptides; expert mass spectrometric/adductomic
analysis is therefore necessitated in many studies. Thus, the
considerable technical demands, translational limitations and
the level of expertise required to process analytical findings
have largely confined such methods to specialist investigative
studies. Peptide elution studies are therefore at the time of
writing very low throughput, expensive assays which are
geared toward identification of critical neoantigens (eluted
peptides), and thereby the nature of culprit HLA presented T-
cell epitopes associated with treatment of APCs, affording
valuable insight into the mechanisms of T-cell activation by a
given compound. Encouragingly, peptide elution methods
feature with increasing frequency in various oncological
applications such as peptide vaccination and adoptive cell
transfer workflows where the field is now entering a realm of
discovery in personalised/tumour personalised therapeutic
approaches (183–185).
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Covalent Binding Studies
Considered as the “gold standard” and often featuring as a
synergistic counterpart to trapping assays are covalent binding
studies. Here, radiolabelled analogs of the candidate compound
are synthesised to facilitate the measurement of covalent binding
in various models. Such studies commonly feature in-vitro
studies on human and rat liver preparations (microsomes,
hepatocytes), to investigate covalent binding and interspecies
translatability (154). As well as in-vivo models where rodent
species are subject to either quantitative whole body
autoradiography or radiometric analysis of harvested tissues
(coupled with excretion studies) in order to determine
disposition of drug-related material (186). These studies are
informative in terms of qualitatively and quantitatively
scrutinizing covalent binding, thereby offering insight into the
extent of and localisation of hapten formation and thus which
organs may be most likely targeted. However, information
derived from such studies comes with several notable caveats.
Firstly, custom radio-synthesis of a compound requires careful
selection of radioactive atom placement to avoid metabolism
induced loss, and so is an expensive pursuit, not well suited to
high throughput screening. Secondly, the limitations of
translational relevance of human based in-vitro assays as well
as utility of rodents within in-vivo studies must always be
considered. Thirdly, as with failings of electrophilic trapping
and adductomics, studies of this type will not be effective in
detecting compounds which confer antigenicity through non-
covalent mechanisms.

Finally, there is much ambiguity as to the advisable course of
action to take upon the discovery of covalent binding, with
multiple confounding factors such as the lack of definitive and
transparently quantifiable translation to toxicity decisions (187),
with projected drug dose, purpose, and mechanism of action
complicating the implementation of an isolated, binary decision.
These assays are therefore to be interpreted in the context of a
weight of knowledge accrued on a given chemical entity, to
inform decision making in drug design, and ultimately serve to
help direct drug design toward a lead optimization process that
mitigates/minimalizes bio-activation.

Enzyme Inactivation
Another avenue by which toxicity can be identified is through
detection of mechanism-based inhibition of metabolic enzymes
(mainly CYPs) (188). Various applications of this principle and
the relevant models are described adeptly in (186). Although not
proving the formation of reactive metabolites per-se, findings of
enzyme inactivation are often indicative that compounds
undergo bioactivation. In terms of liabilities for the culprit
compound, enzyme inhibition may result from the alkylation
of the enzyme (often by the reactive metabolite the enzyme
catalyses the formation of), which may provoke an immunogenic
response through neoantigen generation such as that seen with
halothane (189) and tienilic acid (190). An important
consideration with this type of assay is that it is already
integrated into drug development, and may therefore shed
light on potential sources of neoantigens responsible for
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certain tissue restricted hypersensitivity reactions (particularly
idiosyncratic liver injury) and highlight the responsible enzyme
for reactive metabolite formation and antigenic generation early
in preclinical development.

Antigen Presenting Cell Maturation/
Activation Assays
While the antigenicity of a compound is important in terms of
density/affinity/variety of antigens produced, another important
component of drugs liabilities for hypersensitivity reactions may
well be its capacity to generate signal 2. Indeed, classic studies
have elegantly demonstrated a distinction and synergy between a
chemical sensitizer and an irritant (191–193), thus, a
compound’s intrinsic capacity to elicit both signal 1 and 2
contributes to its overall sensitization potential. One can
consider this phenomenon in a manner akin to vaccines; while
peptide epitopes are the focal point of the resulting T-cell
response, co-administered adjuvants are often required to
provoke immune elicitation rather than tolerance to the
objective epitope.

This theme is evident within T-cell priming assays to
compounds, where maturation stimuli cocktails such as LPS/
TNF-a are deployed in order to mature dendritic cells prior to
co-culture and facilitate T-cell priming (194, 195). From this
foundation a conclusion can be drawn that a compound that
possesses both qualities is less desirable than either in isolation,
as such a compound is self-propagating in terms of T-cell
liabilities. Certainly, assays that concentrate on a compounds
capacity to promote APC maturation have proven effective in the
realm of contact sensitization, with the human cell line activation
test (h-CLAT) a validated and widely accepted assay routinely
used for determination of sensitizer potential of prospective
compounds (196–199). Intriguingly, such assays can actually
distinguish between irritants and sensitizers (200). Some drugs
containing structural alerts can indeed elicit direct semi-
maturation of dendritic cells directly, as has been demonstrated
within h-CLAT assays (196, 201) and in monocyte derived
dendritic cells (64) for penicillin G and amoxicillin respectively.
However, this rather appeasing correlation is afflicted with the
same limitations as structural alerts, in that bioactivation can also
generate chemical species capable of APC maturation as seen with
nitrososulfamethoxazole (202) thus limiting application of such
assays unless competent metabolizing systems are in place.
Additional consideration can be given to the contiguity between
danger signaling a drug may elicit through direct toxicological
mechanisms, and the bearing that this may have on the
interpretation of antigens and target tissue for adaptive immune
sequelae. Indeed, within contact sensitization studies, response
element reporters are used to detect cellular stress in assays such as
keratinoSens™ (203), and combinatorial models including these
types of assays are being pursued with increasing frequency (204,
205). Comparable response element/gene expression based assays
have also been evaluated within hepatic models with some merit
(206, 207). Investigation of the hepatic-innate immune interface
for liver injury causing drugs in the form of supernatant/
exosomal transfer experiments has yielded meagre returns to
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date with no overt increase in maturation marker expression of
dendritic cells observed, although release of various cytokines
was reported (208, 209), as was the basis for a communication
pathway between hepatocytes and the innate immune system
(210–214). These experimental platforms have paved the way for
development of a new series of co-culture models that explore
this interface in a fashion that may be amenable to medium
throughput screening (215), offering a promising avenue for
APC activation based assays to be implemented alongside
conventional direct toxicological studies. Ultimately, there does
appear to be potential utility for assays that focus on the intrinsic
potential for a compound to generate signal 2, and they have
proven useful in contact sensitizer classification. However,
compounds that cause drug hypersensitivity that do act
through such mechanisms appear to do so subtly, thus, current
models are of inadequate sensitivity to draw robust verdicts on a
compounds liability to cause hypersensitivity. In any case, for
these adjuvant/perception type assays to be interpreted
effectively they will likely need to be paired with one or more
assays that indicate a compounds capacity to generate signal 1. It
also needs to be accepted that with hypersensitivity reactions
often occurring at extremely low frequencies, coincidental
events that provide danger signaling; infections/trauma/co-
medications/environmental factors and perception of cross-
reactive antigens may play a role in at least some individuals
and therefore serve to reduce or even nullify the necessity for
a compound to generate an adjuvant signal in order to elicit
T-cell responses.

In-Vitro Priming Assays
Competent in-vitro assessment of the potential of small
molecular weight compounds to elicit de-novo T-cell responses
has been an aspiration within the field of hypersensitivity for
some time, with establishment and validation of such screening
assays currently an unmet need in drug development
programmes. Early studies to this end consisted of a simple
repetitive stimulation of drug-naïve donor PBMC with drug and
a 48hr stimulation culture followed by a 16hr 3H-thymidine
incorporation period conducted under IL-2 deprived conditions
(216). In recent times, efforts have been made to adapt
established peptide priming methods (194, 217) into a
formulation which facilitates the incorporation of drug-related
antigens (195). These assays, repurposed from their original
application in the field of contact sensitization (218), entail the
co-culture of cytokine-induced dendritic cells derived from
monocytes (6 day culture, matured overnight with LPS/TNF-a)
with the naïve T-cell component of PBMC in the presence of
antigen for 8-14 days, followed by a re-constitution and re-
challenge with a fresh batch of dendritic cells and drug antigen
(195). Such procedures have been utilized in the exploration of de-
novo priming to numerous compounds, with varying degrees of
priming observed, and encouragingly, some dependency on the
expression of HLA risk allele for selected drugs (219, 220).
Additionally, the priming assay is sensitive to perturbation of
immune-regulation, with the integration of immune checkpoint
inhibitors influencing the intensity of priming to compounds (221,
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222), a matter that is of increasing translational pertinence (15,
16, 18).

Unfortunately, while the in-vitro priming assays consistently
yield robust priming responses to the paradigm compound
nitrososulfamethoxazole and contact sensitizers such as
bandrowski’s base, there are instances (as for the parent drug
sulfamethoxazole) where they do not even appear as adept as the
previously described PBMC methods at detecting drug-specific
responses (216, 223). This has been attributed to a lack of
sensitivity as signals from T-cells present at low precursor
frequencies are lost among the “noise” generated by the bulk
T-cell lines produced through T-cell priming assays, as has been
demonstrated by limiting dilution and clonal characterization
studies (223). Recently, this lack of sensitivity has been addressed
through an additional iteration of the priming assay (224), which
has resulted in experimental procedures closely aligned with
those described for contact sensitization (225), which permits
greater numbers of experimental replicates comprised of
miniaturized priming cultures. This has facilitated detection of
drug-specific responses arising from rare T-cells, albeit at the
price of more turbulent baselines relative to the conventional
priming assay. Immuno-regulatory aspects of the T-cell multi-
well assay (TMWA) have also been evaluated, with evidence
for modulation of priming to compounds by checkpoint
inhibitors (224).

It is fair to consider T-cell priming assays of each format as in-
development. Several limitations of these assays encumber their
implementation as potential screening assays within the drug
development process. The first is their sensitivity; although the
TMWA represents progress in this avenue, it is still limited with
many pharmaceuticals, especially compounds that do not
categorise as contact sensitizers. Another limitation is that of
inputting the “correct”, or rather the most immunologically
relevant derivative of the drug; as with the diagnostic assays, these
assays are comprised of metabolically incompetent cell types
(dendritic cells and T-cells). Thus, if a metabolite’s formation is
dependent on metabolically active cell types is responsible for a
drug’s immunological liabilities, as is the case for many
pharmaceuticals, then it is unlikely that T-cell priming assays in
their current format will adequately detect immunogenicity from
the input of parent drug. The detection of such responses therefore
depends on; 1. The integration of a translationally relevant
metabolizing system into such assays, or 2. The identification of
metabolites, their synthesis and input into assays. The former of
which is impeded by allogenicity/cumbersome nature of such
systems, and the latter represents a challenging, expensive and
possibly impractical prospect, especially regarding extensively
metabolized compounds. Other limitations include the cellular
input (PBMCs) as tissue resident T-cells are neglected (as with
diagnostic assays), poor representation of certain T-cell responses
(e.g., CD4 may predominate), and the possibility of biased effector
phenotypes driven by the maturation stimuli utilized.

The weight of risk determinant that HLA allele expression
contributes to T-cell responses involved in hypersensitivity is
highly variable; with some drugs exhibiting extreme odds ratios
to particular alleles (HLA-B*5701 and abacavir) (42) while others
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have no known associated HLA. An important question is
whether the former represent an intractable issue when it
comes to preclinical screening; the incorporation of HLA allele
variants into such assays would mandate dozens of parallel
assays, even to cover the most abundant alleles. Finally, the
question of whether these de-novo responses actually do translate
well to what is seen within patients is poorly defined. Within
priming cultures, regulatory (amongst other) constituents of
PBMC are removed and extreme inflammatory conditions are
used in order to provoke T-cell responses against compounds.
Indeed, the question answered from a positive assay result will
almost certainly be “can” rather than “would” T-cells be activated
by a given compound. Regardless, satisfactory development of T-
cell priming assays would likely be a welcome addition to the
barrage of available immunotoxicological assays.

In-Silico Approaches
The recent emergence of nascent in-silico modelling systems in
toxicological prediction of compounds hopefully portends a new
era in the field of prediction of idiosyncratic adverse drug
reactions. Systems currently available include aforementioned
structural alert/chemical characteristic based softwares (109,
226–228), and models that attempt to integrate in-vitro
findings to a toxicity assessment output (229, 230). DILIsym is
perhaps the most prominent of these in-silico biological systems
(231) and though it currently lacks an adaptive immune
component, it has still exhibited utility when investigating/
comparing compounds which appear to proceed through
adaptive mechanisms (232–234), perhaps due to factors that
propagate deployment of such abberant immunological
responses. With such powerful in-silico methods at the disposal
of the field, there are examples where modelling has been utilised
even with the more complex assays such as immunopetidomics,
with docking models for HLA based risk assessment of
prospective compounds a particularly ambitious venture of
interest (235). However, a caveat of currently employed
docking studies is that they focus on only one component of
the immunological synapse; the HLA, and therefore do not
reflect interactions dependent on other interchangable
components. Exceptionally challenging barriers exist to hinder
the successful, universal, transition to prediction of signal 1 for a
given compound within in-silico docking models through
modelling of the focal point of the immunological synapse.
The first is the profound polymorphism of HLA itself; to the
extent that, coupled with heterozygosity of individuals, HLA
genotyping can be utilized for paternal testing (236) and forensic
science (237). The allelic variation is mostly restricted to residues
that form the peptide binding groove, with important
consequences for the respective peptide binding repertoire of
each HLA (238). Second is the peptide repertoire that is
expressed, which is diverse and will exhibit cell type and status
specific profiles (239–241). Third is the vast heterogeneity of T-
cell receptors, with clonotypic expression of TCRs shown to be
important for hypersensitivity reactions occurring with a select
number of drugs in the context of risk HLAs (242, 243). TCRs
possess remarkable variation including that of hypervariable
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CDR3 region (244), and exhibit high variability in docking
topology with the HLA-peptide ligand (245).

Upon successful modeling of those components, topological
perturbations induced by drug and any relevant metabolites, via
each of the known mechanisms by which small molecular weight
compounds activate T-cells would need to be investigated;
hapten (conjugated peptides presented), Pi (pharmacological
interaction with both TCR and MHC-peptides) and altered
self-repertoire (topological disruption of the HLA-peptide
interaction resulting in alternative TCR specificity). Thus,
while the modification of abacavir (as described in Structural
Alerts) serves as a striking application for in-silico modelling, the
importance of accompanying functional studies was
demonstrated, and the challenges associated with redesign for
circumvention of deleterious interaction with even a single HLA
allele illustrates the scale of development required for these
assays to come to fruition. Moreover, there is no assurance in
such studies that the redesign of immunocophore implicated in
HLA-B*57:01 associated hypersensitivity does not give rise to a
problematic, potentially worse scenario with another HLA allele.
In the future, computer systems may be developed that
incorporate outputs from many of the aforementioned in-vitro
assays to yield an estimated risk assessment based on compound
performance across the board. It must be noted however, that as
discussed, in-silico models will likely only be as good as the data
provided to them. Hence, further development of existing, and
inception of novel assays will likely prove imperative to optimal
implementation of such systems.

Perspective of Preclinical Assays
Great strides have beenmade in the last 50 years to utilise empirical
evidence relating chemical structure to direct and immuno-
toxicological profiles, and to use this alongside preclinical
screening assays in weight of evidence decision making processes.
Despite this, the process is far from perfect, and several high profile
therapeuticshave failedat late stagesofdevelopment in recentyears.
The current approach in industrial drug development heavily relies
on chemical properties, particularly reactivity. This has
substantially contributed to better informed drug design and
more effective management of the risk profiles of established
compounds with hypersensitivity liabilities. However, as outlined
herein, these characteristics do not directly or completely translate
tobiological response, andmuchof the focushas beenonmitigating
direct toxicological properties rather than immunological liabilities
per-se, and so there is an unmet requirement for cell-based assays to
indicate these potential risks of compounds. The unfortunate truth
in the arena of preclinical assays for hypersensitivity (delayed-type
hypersensitivity reactions in particular) is that there is not yet an
assay with adequate predictive capacity to mitigate such risk. As
such, S8 2.7 of the ICH safety guidelines offers little in terms of
recommended precautionary action (246). No in-vitro preclinical
assay exists which possesses overarching applicability across all
immune-mediated hypersensitivity reactions, which perhaps
reflects the heterogeneity of such reactions. A quixotic,
overarching model is unachievable at this time and so a
composite of existing and future assays that feed into the two
signalmodel is likely tobe key to improvement and further bridging
Frontiers in Immunology | www.frontiersin.org 1968
of the gap in-vitro.As outlined in (Figure 2), there are a plethora of
factors that feed into both of these attributes, while drug
development workflows can focus on drug-dependent liabilities,
many of these factors are drug-independent. Careful due diligence
in the form of target safety assessments may shed light on potential
challenges with intended populations and pharmacological effects,
and help aid with construction of product-tailoredmodels. In-silico
methodsmay also be useful in this regard to incorporate population
specific parameters for initiating toxicologicalmechanisms andalso
to facilitate safety margin approximations. However, it will
ultimately be incredibly difficult to build idiosyncratic features
into preclinical development models, and so we may need to
accept there will always be unknowns in this regard with each
development venture. This is where precision medicine is needed,
and HLA genotyping has proven how mechanistic insight and
astute pharmacovigilance can be critical (to the point of therapeutic
resurrection) once a drug encounters such issues within the clinic.
CONCLUSIONS

The prediction of hypersensitivity/idiosyncratic liabilities for a
given compound in drug development and diagnosis of
individuals with such ailments remain largely intractable issues.
Investment required for development of new therapeutics is
ascending, thus so too is the cost of attrition due to
hypersensitivity. Moreover, in this era of immunological
enlightenment, where pharmacological attempts to wield the
immune system are becoming ever more frequent, it is becoming
apparent that these therapeutics and their associated riskswill bring
thefield to the fore of development toxicology. Better in-vitro assays
to diagnose and predict immune liabilities of therapeutics are
therefore long awaited and needed more now than ever. Half a
century of investment and progress in understanding the
mechanistic aspects of these reactions has yielded some great
returns. As our understanding of hypersensitivity reactions
continues to evolve, so too will our progression in modelling,
accurate diagnosis and prediction of them in the coming decades.
One anticipates that key frontiers in the immediate futurewill be the
modernisation andharmonisation of in-vitrodiagnostic assays, and
the investment in (and composite interpretation of) biological
assays that independently encapsulate antigenicity or
adjuvanticity of therapeutics.
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leukocyte antigen (HLA) ligandome by mass spectrometry. Immunology
(2018) 154(3):331–45. doi: 10.1111/imm.12936

186. Stachulski AV, Baillie TA, Park BK, Obach RS, Dalvie DK, Williams DP,
et al. The generation, detection, and effects of reactive drug metabolites.Med
Res Rev (2013) 33(5):985–1080. doi: 10.1002/med.21273

187. Evans DC, Watt AP, Nicoll-Griffith DA, Baillie TA. Drug– protein adducts:
an industry perspective on minimizing the potential for drug bioactivation in
drug discovery and development. Chem Res Toxicol (2004) 17(1):3–16. doi:
10.1021/tx034170b

188. Ghanbari F, Rowland-Yeo K, Bloomer J, Clarke S, Lennard M, Tucker G,
et al. A critical evaluation of the experimental design of studies of mechanism
based enzyme inhibition, with implications for in vitro-in vivo extrapolation.
Curr Drug Metab (2006) 7(3):315–34. doi: 10.2174/138920006776359293

189. Madan A, Parkinson A. Characterization of the NADPH-dependent covalent
binding of [14C] halothane to human liver microsomes: a role for
cytochrome P4502E1 at low substrate concentrations. Drug Metab Dispos
(1996) 24(12):1307–13.

190. Lecoeur S, Bonierbale E, Challine D, Gautier J-C, Valadon P, Dansette PM,
et al. Specificity of in vitro covalent binding of tienilic acid metabolites to
human liver microsomes in relationship to the type of hepatotoxicity:
comparison with two directly hepatotoxic drugs. Chem Res Toxicol (1994)
7(3):434–42. doi: 10.1021/tx00039a023

191. Kligman AM. The identification of contact allergens by human assay: II.
Factors influencing the induction and measurement of allergic contact
dermatitis. J Invest Dermatol (1966) 47(5):375–92. doi: 10.1038/jid.1966.159

192. Nilzen A, Wikstrom K. The influence of lauryl sulphate on the sensitization
of guineapigs to chrome and nickle. Acta Derm Venereol (1955) 35(4-5):292.

193. Cumberbatch M, Scott R, Basketter D, Scholes E, Hilton J, Dearman R, et al.
Influence of sodium lauryl sulphate on 2, 4-dinitrochlorobenzene-induced
lymph node activation. Toxicology (1993) 77(1-2):181–91. doi: 10.1016/
0300-483X(93)90148-L
April 2021 | Volume 12 | Article 630530

https://doi.org/10.1002/prca.200800222
https://doi.org/10.4049/jimmunol.164.12.6647
https://doi.org/10.2332/allergolint.55.17
https://doi.org/10.4236/oji.2013.33019
https://doi.org/10.4236/oji.2013.33019
https://doi.org/10.1016/j.jaci.2003.11.030
https://doi.org/10.1021/acs.chemrestox.9b00282
https://doi.org/10.1021/acs.chemrestox.9b00282
https://doi.org/10.1021/tx400124m
https://doi.org/10.1021/tx400124m
https://doi.org/10.1021/acs.chemrestox.6b00253
https://doi.org/10.1002/rcm.3333
https://doi.org/10.1021/tx4000107
https://doi.org/10.1093/toxsci/kfaa128
https://doi.org/10.6026/97320630001021
https://doi.org/10.6026/97320630001021
https://doi.org/10.1016/S0300-483X(02)00255-X
https://doi.org/10.1097/00002371-199308000-00003
https://doi.org/10.1084/jem.181.1.363
https://doi.org/10.1038/s41596-019-0133-y
https://doi.org/10.1111/tan.12282
https://doi.org/10.1093/intimm/9.6.905
https://doi.org/10.1093/intimm/9.6.905
https://doi.org/10.1016/j.jprot.2018.01.004
https://doi.org/10.1016/j.jprot.2018.01.004
https://doi.org/10.1016/j.molimm.2009.06.021
https://doi.org/10.1016/j.molimm.2009.06.021
https://doi.org/10.1038/nsmb.3381
https://doi.org/10.1038/nsmb.3381
https://doi.org/10.1038/nature11147
https://doi.org/10.1111/all.14057
https://doi.org/10.1093/toxsci/kfaa124
https://doi.org/10.1016/j.jprot.2014.07.009
https://doi.org/10.1016/j.coi.2016.04.005
https://doi.org/10.1182/blood-2015-04-640532
https://doi.org/10.1111/imm.12936
https://doi.org/10.1002/med.21273
https://doi.org/10.1021/tx034170b
https://doi.org/10.2174/138920006776359293
https://doi.org/10.1021/tx00039a023
https://doi.org/10.1038/jid.1966.159
https://doi.org/10.1016/0300-483X(93)90148-L
https://doi.org/10.1016/0300-483X(93)90148-L
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Hammond et al. Assays for Drug Hypersensitivity
194. Moser JM, Sassano ER, Leistritz DC, Eatrides JM, Phogat S, Koff W, et al.
Optimization of a dendritic cell-based assay for the in vitro priming of naive
human CD4+ T cells. J Immunol Methods (2010) 353(1-2):8–19. doi:
10.1016/j.jim.2009.11.006

195. Faulkner L, Martinsson K, Santoyo-Castelazo A, Cederbrant K, Schuppe-
Koistinen I, Powell H, et al. The Development of In Vitro Culture Methods to
Characterize Primary T-Cell Responses to Drugs. Toxicol Sci (2012) 127
(1):150. doi: 10.1093/toxsci/kfs080

196. Nukada Y, Ashikaga T, Miyazawa M, Hirota M, Sakaguchi H, Sasa H, et al.
Prediction of skin sensitization potency of chemicals by human Cell Line
Activation Test (h-CLAT) and an attempt at classifying skin sensitization
potency. Toxicol Vitro (2012) 26(7):1150–60. doi: 10.1016/j.tiv.2012.07.001

197. Sakaguchi H, Ashikaga T, Miyazawa M, Kosaka N, Ito Y, Yoneyama K, et al.
The relationship between CD86/CD54 expression and THP-1 cell viability in
an in vitro skin sensitization test–human cell line activation test (h-CLAT).
Cell Biol Toxicol (2009) 25(2):109–26. doi: 10.1007/s10565-008-9059-9

198. Ashikaga T, Yoshida Y, Hirota M, Yoneyama K, Itagaki H, Sakaguchi H,
et al. Development of an in vitro skin sensitization test using human cell
lines: The human Cell Line Activation Test (h-CLAT): I. Optimization of the
h-CLAT protocol. Toxicol Vitro (2006) 20(5):767–73. doi: 10.1016/
j.tiv.2005.10.012

199. Sakaguchi H, Ashikaga T, Miyazawa M, Yoshida Y, Ito Y, Yoneyama K, et al.
Development of an in vitro skin sensitization test using human cell lines;
human Cell Line Activation Test (h-CLAT) II. An inter-laboratory study of
the h-CLAT. Toxicol Vitro (2006) 20(5):774–84. doi: 10.1016/
j.tiv.2005.10.014

200. dos Santos GG, Reinders J, Ouwehand K, Rustemeyer T, Scheper R, Gibbs S.
Progress on the development of human in vitro dendritic cell based assays for
assessment of the sensitizing potential of a compound. Toxicol Appl
Pharmacol (2009) 236(3):372–82. doi: 10.1016/j.taap.2009.02.004

201. Tourkova IL, Yurkovetsky ZR, Shurin MR, Shurin GV. Mechanisms of
dendritic cell-induced T cell proliferation in the primary MLR assay.
Immunol Lett (2001) 78(2):75–82. doi: 10.1016/S0165-2478(01)00235-8

202. Sanderson JP, Naisbitt DJ, Farrell J, Ashby CA, Tucker MJ, Rieder MJ, et al.
Sulfamethoxazole and its metabolite nitroso sulfamethoxazole stimulate
dendritic cell costimulatory signaling. J Immunol (Baltimore Md 1950)
(2007) 178(9):5533–42. doi: 10.4049/jimmunol.178.9.5533

203. Natsch A, Ryan CA, Foertsch L, Emter R, Jaworska J, Gerberick F, et al. A
dataset on 145 chemicals tested in alternative assays for skin sensitization
undergoing prevalidation. J Appl Toxicol (2013) 33(11):1337–52. doi:
10.1002/jat.2868

204. Macmillan DS, Chilton ML. A defined approach for predicting skin
sensitisation hazard and potency based on the guided integration of in
silico, in chemico and in vitro data using exclusion criteria. Regul Toxicol
Pharmacol (2019) 101:35–47. doi: 10.1016/j.yrtph.2018.11.001

205. Cho SA, Choi M, Park SR, An S, Park JH. Application of Spectro-DPRA,
KeratinoSens™ and h-CLAT to estimation of the skin sensitization potential of
cosmetics ingredients. J Appl Toxicol (2020) 40(2):300–12. doi: 10.1002/jat.3904

206. Oda S, Matsuo K, Nakajima A, Yokoi T. A novel cell-based assay for the
evaluation of immune-and inflammatory-related gene expression as
biomarkers for the risk assessment of drug-induced liver injury. Toxicol
Lett (2016) 241:60–70. doi: 10.1016/j.toxlet.2015.10.029

207. Herpers B, Wink S, Fredriksson L, Di Z, Hendriks G, Vrieling H, et al.
Activation of the Nrf2 response by intrinsic hepatotoxic drugs correlates with
suppression of NF-kB activation and sensitizes toward TNFa-induced
cytotoxicity. Arch Toxicol (2016) 90(5):1163–79. doi: 10.1007/s00204-015-
1536-3

208. Kato R, Uetrecht J. Supernatant from hepatocyte cultures with drugs that
cause idiosyncratic liver injury activates macrophage inflammasomes. Chem
Res Toxicol (2017) 30(6):1327–32. doi: 10.1021/acs.chemrestox.7b00065

209. Ogese MO, Faulkner L, Jenkins RE, French NS, Copple IM, Antoine DJ, et al.
Characterization of Drug-Specific Signaling Between Primary Human
Hepatocytes and Immune Cells. Toxicol Sci (2017) 158(1):76–89. doi:
10.1093/toxsci/kfx069

210. Ogese MO, Jenkins RE, Adair K, Tailor A, Meng X, Faulkner L, et al.
Exosomal transport of hepatocyte-derived drug-modified proteins to the
immune system. Hepatology (2019) 70(5):1732–49. doi: 10.1002/hep.30701
Frontiers in Immunology | www.frontiersin.org 2574
211. Mosedale M, Eaddy JS, Trask OJJr, Holman NS, Wolf KK, LeCluyse E, et al.
miR-122 release in exosomes precedes overt tolvaptan-induced necrosis in a
primary human hepatocyte micropatterned coculture model. Toxicol Sci
(2018) 161(1):149–58. doi: 10.1093/toxsci/kfx206

212. McGill MR, Jaeschke H. MicroRNAs as signaling mediators and biomarkers
of drug-and chemical-induced liver injury. J Clin Med (2015) 4(5):1063–78.
doi: 10.3390/jcm4051063

213. Thacker SE, Nautiyal M, Otieno MA, Watkins PB, Mosedale M. Optimized
methods to explore the mechanistic and biomarker potential of hepatocyte-
derived exosomes in drug-induced liver injury. Toxicol Sci (2018) 163(1):92–
100. doi: 10.1093/toxsci/kfy015

214. Holman NS, Church RJ, Nautiyal M, Rose KA, Thacker SE, Otieno MA, et al.
Hepatocyte-derived exosomes promote liver immune tolerance: Possible
implications for idiosyncratic drug-induced liver injury. Toxicol Sci (2019)
170(2):499–508. doi: 10.1093/toxsci/kfz112

215. Oda S, Uchida Y, Aleo MD, Koza-Taylor PH, Matsui Y, Hizue M, et al. An in
vitro coculture system of human peripheral blood mononuclear cells with
hepatocellular carcinoma-derived cells for predicting drug-induced liver
injury. Arch Toxicol (2020) 95:1–20. doi: 10.1007/s00204-020-02882-4

216. Engler OB, Strasser I, Naisbitt DJ, Cerny A, Pichler WJ. A chemically inert
drug can stimulate T cells in vitro by their T cell receptor in non-sensitised
individuals. Toxicology (2004) 197:47–56. doi: 10.1016/j.tox.2003.12.008

217. HoWY, Nguyen HN, WolflM, Kuball J, Greenberg PD. In vitro methods for
generating CD8+ T-cell clones for immunotherapy from the naive repertoire.
J Immunol Methods (2006) 310(1-2):40–52. doi: 10.1016/j.jim.2005.11.023

218. Martin SF, Esser PR, Schmucker S, Dietz L, Naisbitt DJ, Park BK, et al. T-cell
recognition of chemicals, protein allergens and drugs: towards the
development of in vitro assays. Cell Mol Life Sci (2010) 67(24):4171–84.
doi: 10.1007/s00018-010-0495-3

219. Usui T, Faulkner L, Farrell J, French NS, Alfirevic A, Pirmohamed M, et al.
Application of in Vitro T Cell Assay Using Human Leukocyte Antigen-
Typed Healthy Donors for the Assessment of Drug Immunogenicity. Chem
Res Toxicol (2018) 31(3):165–7. doi: 10.1021/acs.chemrestox.8b00030

220. Faulkner L, Gibson A, Sullivan A, Tailor A, Usui T, Alfirevic A, et al.
Detection of Primary T Cell Responses to Drugs and Chemicals in HLA-
Typed Volunteers: Implications for the Prediction of Drug Immunogenicity.
Toxicol Sci (2016) 154(2):416–29. doi: 10.1093/toxsci/kfw177

221. Gibson A, Faulkner L, Lichtenfels M, Ogese M, Al-Attar Z, Alfirevic A, et al.
The Effect of Inhibitory Signals on the Priming of Drug Hapten–Specific T
Cells That Express Distinct Vb Receptors. J Immunol (2017) 199(4):1223–37.
doi: 10.4049/jimmunol.1602029

222. Gibson A, Ogese M, Sullivan A, Wang E, Saide K, Whitaker P, et al. Negative
regulation by PD-L1 during drug-specific priming of IL-22-secreting T cells
and the influence of PD-1 on effector T cell function. J Immunol (Baltimore
Md 1950) (2014) 192(6):2611–21. doi: 10.4049/jimmunol.1302720

223. Gibson A, Faulkner L, Wood S, Park BK, Naisbitt DJ. Identification of drug-
and drug-metabolite immune responses originating from both naive and
memory T cells. J Allergy Clin Immunol (2017) 140(2):578. doi: 10.1016/
j.jaci.2016.11.032

224. Ogese MO, Watkinson J, Lister A, Faulkner L, Gibson A, Hillegas A, et al.
Development of an Improved T-cell assay to assess the intrinsic
immunogenicity of haptenic compounds. Toxicol Sci (2020) 175(2):266–78.
doi: 10.1093/toxsci/kfaa034

225. Dietz L, Esser PR, Schmucker SS, Goette I, Richter A, Schnölzer M, et al.
Tracking human contact allergens: from mass spectrometric identification of
peptide-bound reactive small chemicals to chemical-specific naive human T-
cell priming. Toxicol Sci (2010) 117(2):336–47. doi: 10.1093/toxsci/kfq209

226. Zhang C, Cheng F, Li W, Liu G, Lee PW, Tang Y. In silico prediction of drug
induced liver toxicity using substructure pattern recognition method.Mol Inf
(2016) 35(3-4):136–44. doi: 10.1002/minf.201500055

227. Xu Y, Dai Z, Chen F, Gao S, Pei J, Lai L. Deep learning for drug-induced liver
injury. J Chem Inf Model (2015) 55(10):2085–93. doi: 10.1021/
acs.jcim.5b00238

228. Zhang H, Ding L, Zou Y, Hu S-Q, Huang H-G, Kong W-B, et al. Predicting
drug-induced liver injury in human with Naïve Bayes classifier approach.
J Comput Aided Mol Des (2016) 30(10):889–98. doi: 10.1007/s10822-016-
9972-6
April 2021 | Volume 12 | Article 630530

https://doi.org/10.1016/j.jim.2009.11.006
https://doi.org/10.1093/toxsci/kfs080
https://doi.org/10.1016/j.tiv.2012.07.001
https://doi.org/10.1007/s10565-008-9059-9
https://doi.org/10.1016/j.tiv.2005.10.012
https://doi.org/10.1016/j.tiv.2005.10.012
https://doi.org/10.1016/j.tiv.2005.10.014
https://doi.org/10.1016/j.tiv.2005.10.014
https://doi.org/10.1016/j.taap.2009.02.004
https://doi.org/10.1016/S0165-2478(01)00235-8
https://doi.org/10.4049/jimmunol.178.9.5533
https://doi.org/10.1002/jat.2868
https://doi.org/10.1016/j.yrtph.2018.11.001
https://doi.org/10.1002/jat.3904
https://doi.org/10.1016/j.toxlet.2015.10.029
https://doi.org/10.1007/s00204-015-1536-3
https://doi.org/10.1007/s00204-015-1536-3
https://doi.org/10.1021/acs.chemrestox.7b00065
https://doi.org/10.1093/toxsci/kfx069
https://doi.org/10.1002/hep.30701
https://doi.org/10.1093/toxsci/kfx206
https://doi.org/10.3390/jcm4051063
https://doi.org/10.1093/toxsci/kfy015
https://doi.org/10.1093/toxsci/kfz112
https://doi.org/10.1007/s00204-020-02882-4
https://doi.org/10.1016/j.tox.2003.12.008
https://doi.org/10.1016/j.jim.2005.11.023
https://doi.org/10.1007/s00018-010-0495-3
https://doi.org/10.1021/acs.chemrestox.8b00030
https://doi.org/10.1093/toxsci/kfw177
https://doi.org/10.4049/jimmunol.1602029
https://doi.org/10.4049/jimmunol.1302720
https://doi.org/10.1016/j.jaci.2016.11.032
https://doi.org/10.1016/j.jaci.2016.11.032
https://doi.org/10.1093/toxsci/kfaa034
https://doi.org/10.1093/toxsci/kfq209
https://doi.org/10.1002/minf.201500055
https://doi.org/10.1021/acs.jcim.5b00238
https://doi.org/10.1021/acs.jcim.5b00238
https://doi.org/10.1007/s10822-016-9972-6
https://doi.org/10.1007/s10822-016-9972-6
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Hammond et al. Assays for Drug Hypersensitivity
229. Chen M, Borlak J, Tong W. A Model to predict severity of drug-induced
liver injury in humans.Hepatology (2016) 64(3):931–40. doi: 10.1002/hep.28678

230. Muller C, Pekthong D, Alexandre E, Marcou G, Horvath D, Richert L, et al.
Prediction of drug induced liver injury using molecular and biological
descriptors. Comb Chem High Throughput Screen (2015) 18(3):315–22.
doi: 10.2174/1386207318666150305144650

231. Watkins PB. The DILI-sim initiative: insights into hepatotoxicity
mechanisms and biomarker interpretation. Clin Trans Sci (2019) 12
(2):122–9. doi: 10.1111/cts.12629

232. Woodhead JL, Watkins PB, Howell BA, Siler SQ, Shoda LK. The role of
quantitative systems pharmacology modeling in the prediction and
explanation of idiosyncratic drug-induced liver injury. Drug Metab
Pharmacokinet (2017) 32(1):40–5. doi: 10.1016/j.dmpk.2016.11.008

233. Woodhead JL, Pellegrini L, Shoda LKM, Howell BA. Comparison of the
Hepatotoxic Potential of Two Treatments for Autosomal-Dominant
Polycystic Kidney DiseaseUsing Quantitative Systems Toxicology
Modeling. Pharm Res (2020) 37(2):24. doi: 10.1007/s11095-019-2726-0

234. Woodhead JL, Brock WJ, Roth SE, Shoaf SE, Brouwer KLR, Church R, et al.
Application of a Mechanistic Model to Evaluate Putative Mechanisms of
Tolvaptan Drug-Induced Liver Injury and Identify Patient Susceptibility
Factors. Toxicol Sci (2017) 155(1):61–74. doi: 10.1093/toxsci/kfw193

235. Isogai H, Miyadera H, Ueta M, Sotozono C, Kinoshita S, Tokunaga K, et al.
In silico risk assessment of HLA-A* 02: 06-associated Stevens-Johnson
syndrome and toxic epidermal necrolysis caused by cold medicine
ingredients. J Toxicol (2013) 2013:1–6. doi: 10.1155/2013/514068

236. Terasaki PI. Resolution by HLA testing of 1000 paternity cases not excluded
by ABO testing. J Fam L (1977) 16:543.

237. Erlich H. HLA DNA typing: past, present, and future. Tissue Antigens (2012)
80(1):1–11. doi: 10.1111/j.1399-0039.2012.01881.x

238. Faridi P, Li C, Ramarathinam SH, Vivian JP, Illing PT, Mifsud NA, et al. A
subset of HLA-I peptides are not genomically templated: Evidence for cis-
and trans-spliced peptide ligands. Sci Immunol (2018) 3(28):eaar3947. doi:
10.1126/sciimmunol.aar3947
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Adverse drug reactions (ADRs) remain associated with significant mortality. Delayed
hypersensitivity reactions (DHRs) that occur greater than 6 h following drug
administration are T-cell mediated with many severe DHRs now associated with
human leukocyte antigen (HLA) risk alleles, opening pathways for clinical prediction
and prevention. However, incomplete negative predictive value (NPV), low positive
predictive value (PPV), and a large number needed to test (NNT) to prevent one case
have practically prevented large-scale and cost-effective screening implementation.
Additional factors outside of HLA contributing to risk of severe T-cell-mediated DHRs
include variation in drug metabolism, T-cell receptor (TCR) specificity, and, most recently,
HLA-presented immunopeptidome-processing efficiencies via endoplasmic reticulum
aminopeptidase (ERAP). Active research continues toward identification of other highly
polymorphic factors likely to impose risk. These include those previously associated
with T-cell-mediated HLA-associated infectious or auto-immune disease such as Killer
cell immunoglobulin-like receptors (KIR), epistatically linked with HLA class I to regulate
NK- and T-cell-mediated cytotoxic degranulation, and co-inhibitory signaling pathways
for which therapeutic blockade in cancer immunotherapy is now associated with an
increased incidence of DHRs. As such, the field now recognizes that susceptibility is
not simply a static product of genetics but that individuals may experience dynamic
risk, skewed toward immune activation through therapeutic interventions and epigenetic
modifications driven by ecological exposures. This review provides an updated overview
of current and proposed genetic factors thought to predispose risk for severe T-cell-
mediated DHRs.

Keywords: delayed hypersensitivity, human leukocyte antigen, T-cell receptor, endoplasmic reticulum
aminopeptidase, genetic risk, immune checkpoint

INTRODUCTION

Adverse drug reactions (ADRs) are estimated as the fourth to sixth leading cause of death
(Dormann et al., 2000; Pouyanne et al., 2000; Miya et al., 2019). While the majority are classified
as type A, predictable based on drug pharmacology, the remainder are off-target type B ADRs
and inclusive of T-cell-mediated delayed drug hypersensitivity reactions (DHRs). While DHRs
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may elicit systemic effects, diverse clinical reactions also target
specific organs including drug-induced liver injury (DILI),
associated with nausea, fatigue, jaundice, and mortality up
to 9.4% (Leise et al., 2014). However, most often they
target skin, with presentation from mild rash (fixed drug
eruption, maculopapular exanthema) to life-threatening severe
cutaneous adverse reactions (SCARs) including Stevens-Johnson
Syndrome/Toxic Epidermal Necrolysis (SJS/TEN) and drug
reaction with eosinophilia and systemic symptoms (DRESS)
(Peter et al., 2017). DRESS has a mortality up to 10%
(Kardaun, 2019; Wolfson et al., 2019) and is characterized by
widespread skin eruption, lymphadenopathy, fever, and multiple
organ involvement (Choudhary et al., 2013; Kardaun, 2019).
SJS and TEN are the same disease across a spectrum of
severity with the higher end of mortality (TEN) associated
with up to 50% death (Patel et al., 2013; Langley et al., 2018).
SJS/TEN is characterized by blistering and involvement of at
least two mucous membranes (Paulmann and Mockenhaupt,
2015; Miya et al., 2019; Zimmerman and Dang, 2020). Despite
clinical distinction, lack of mechanistic delineation has precluded
development of disease-specific treatment and prevention
strategies (Pavlos et al., 2015; Redwood et al., 2018). In recent
years many DHRs have been associated with strong human
leukocyte antigen (HLA) class I associations opening pathways
to prediction and prevention (Figure 1).

THE EVOLVING COMPLEXITY OF
DRUG-, REACTION-, AND
POPULATION-RESTRICTED HLA RISK

Abacavir Hypersensitivity
The HLA locus is highly polymorphic with >25,000 allelic
variants annotated (HLA.alleles.org). In 2002, Mallal
demonstrated carriage of HLA-B∗57:01 among 78% of HIV
patients with abacavir hypersensitivity, which is a well-
characterized systemic syndrome, opposed to just 2% of tolerant
patients (Mallal et al., 2002). A randomized double blind
clinical trial of real-time HLA-B∗57:01 screening versus abacavir
treatment without real-time screening showed a negative
predictive value (NPV) of 100% and a positive predictive
value (PPV) of 55% (Mallal et al., 2008), demonstrating that
HLA-B∗57:01 screening eliminates patch test positive abacavir
hypersensitivity. This PREDICT-1 study was the licensing study
upon which guideline-based HLA-B∗57:01 screening prior to
abacavir prescription was established.

Carbamazepine Hypersensitivity
In 2004, association between HLA-B∗15:02 and carbamazepine
(CBZ)-induced SJS/TEN in Taiwan was reported, which followed
the translational roadmap provided by abacavir such that 0/4120
Taiwanese HLA-B∗15:02-negative patients developed SJS/TEN
after CBZ exposure (Chung et al., 2004). Pre-prescription HLA-
B∗15:02 screening for CBZ is now active in Hong Kong,
Singapore, and Thailand where there is high allelic prevalence
(FerrellJr., and McLeod, 2008). However, HLA-B∗15:02 is

FIGURE 1 | The cellular role of genetic risk factors defined and proposed for
development of delayed drug hypersensitivity reactions. Drug antigen may
bind directly to (i) specific human leukocyte antigen (HLA) molecules on the
surface of antigen-presenting cells (APC) for recognition by corresponding (ii)
T-cell receptors (TCRs). Alternatively, drug may undergo (iii) metabolism and
cellular processing by (iv) endoplasmic reticulum aminopeptidase (ERAP), with
the peptide products then presented by the risk HLA molecule for TCR
recognition. (v) Distinct killer-cell immunoglobulin-like receptors (KIR),
expressed on both T-cell and Natural Killer (NK) cells, also show specificity for
HLA-antigen interaction, which may regulate cytotoxic degranulation. (vi)
Co-signaling pathways also regulate T-cell activation, with overall co-inhibition
or co-stimulation leading to (vii) cytokine release and respective tolerance with
T-regulatory cell (Treg)-induced immunosuppression or inflammation and
cytotoxic degranulation, respectively.

expressed in <1% of patients of European or African ancestry
despite global disease burden, restricting universal screening
and inferring that different HLA alleles drive reactions in
different populations (Karnes et al., 2019). Indeed, multiple alleles
are now associated with CBZ-SCAR in distinct populations,
with HLA-A∗31:01 associated with DRESS in Europeans and
Chinese, but not SJS/TEN (McCormack et al., 2011; Genin et al.,
2014), highlighting propensity for distinct alleles to define risk
for specific reactions. Most recently, Nicoletti reported HLA-
A∗31:01 as a strong risk factor broadly across CBZ-induced
SCAR and DILI in Europeans (Nicoletti et al., 2019) while
Mockenhaupt described an HLA-B∗57:01 association for CBZ-
SJS/TEN in Europeans (Mockenhaupt et al., 2019). These studies
demonstrate that HLA restriction may be complex, with influence
from multiple alleles restricted to antigen, reaction phenotype,
and population (Table 1).

HLA AND ITS USE IN CLINICAL
PRACTICE

HLA-B∗58:01 and Allopurinol-DRESS
Other strong HLA associations have been described with near-
complete NPV for WHO essential medicines, the most effective
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TABLE 1 | HLA risk alleles associated with delayed type drug hypersensitivity reactions.

Drug HLA risk allele Reaction Ethnic population PPV (NPV) References

Abacavir B*57:01 HSS African 50 (100) Saag et al., 2008

Caucasian 50 (100) Mallal et al., 2002, 2008

Hispanic 96 (60) Sousa-Pinto et al., 2015

Acetazolamide B*59 SJS/TEN Korean Her et al., 2011

Allopurinol B*58:01 DRESS, SJS/TEN Caucasian Jarjour et al., 2015

DRESS Caucasian (Portuguese) Gonçalo et al., 2013

DRESS, SJS/TEN Han Chinese 3 (100) Chiu et al., 2012

DRESS, SJS/TEN Korean 2.06 (99.98) Kang et al., 2011

DRESS Thai 8.26 (100) Sukasem et al., 2016

MPE, SJS/TEN Japanese Kaniwa et al., 2008; Jarjour
et al., 2015

MPE Thai 5.13 (99.90) Sukasem et al., 2016

SJS/TEN Caucasian Lonjou et al., 2008; Yu
et al., 2017

Thai 10.48 (100) Sukasem et al., 2016

C*03:02 DRESS, SJS/TEN Korean 1.77 (99.98) Kang et al., 2011

A*33:02 DRESS, SJS/TEN Korean 0.8 (99.96) Kang et al., 2011

Amoxicillin-clavulanate DRB1*15:01 DILI Caucasian Lucena et al., 2011

Azathioprine DQA1*02:01 Pancreatitis Caucasian Heap et al., 2014

DRB1*07:01 Heap et al., 2014

Benznidazole A*11:01 MPE, DRESS Bolivian 100 (70) Balas et al., 2020

A*29:02 100 (70)

A*68 48 (84)

Carbamazepine A*24:02 SJS/TEN Han Chinese Shi et al., 2012

A*31 DRESS, SJS/TEN, MPE Japanese Niihara et al., 2012

A*31:01 DRESS Caucasian 0.77 (99.98) Genin et al., 2014

Han Chinese 0.67 (99.97) Genin et al., 2014

SJS/TEN Caucasian McCormack et al., 2011

Han Chinese Genin et al., 2014

DRESS, SJS/TEN Korean Kim et al., 2011b

SCAR, DILI Caucasian Nicoletti et al., 2019)

B*15:02 SJS/TEN Han Chinese 2.24 (99.94) Tangamornsuksan et al.,
2013; Genin et al., 2014

Indian Mehta et al., 2009

Korean Tangamornsuksan et al.,
2013

Malaysian Tangamornsuksan et al.,
2013

Thai Tangamornsuksan et al.,
2013; Sukasem et al., 2018

Taiwanese 93.6 (100) Chung et al., 2004

B*15:11 SJS/TEN Han Chinese Shi et al., 2012

Asian 43.8 (95.1) Wang et al., 2017

B*15:21 SJS/TEN Thai Sukasem et al., 2018

SJS/TEN Filipino 1.03 (87.5) Capule et al., 2020

B*51:01 DRESS, MPE Han Chinese Wang et al., 2017

B*57:01 SJS/TEN Caucasian Mockenhaupt et al., 2019

B*58:01 DRESS, MPE Asian 90.4 (37) Wang et al., 2017;
Sukasem et al., 2018

DRB1*14:05 MPE Han Chinese Li et al., 2013

Co-trimoxazole B*15:02, C*08:01 SJS/TEN Thai Sukasem et al., 2020

B*13:01 DRESS

Dapsone B*13:01 DRESS Chinese 7.8 (99.8) Zhang et al., 2013

(Continued)
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TABLE 1 | Continued

Drug HLA risk allele Reaction Ethnic population PPV (NPV) References

DRESS, SJS/TEN Thai Tempark et al., 2017

DRESS Taiwanese Chen et al., 2018

Malaysian

Flucloxacillin B*57:01 DILI Caucasian 0.12 (99.99) Daly et al., 2009

Isoxicam, Piroxicam A*02 SJS/TEN Caucasian Roujeau et al., 1987

B*12

Lamotrigine A*02:07 MPE, DRESS, SJS/TEN Thai Koomdee et al., 2017

A*24:02, C*01:02 MPE Korean Moon et al., 2015

A*30:01 Han Chinese Li et al., 2013

B*13:02

A*33:03 Thai Koomdee et al., 2017

B*44:03

A*31:01 DRESS, SJS/TEN Korean Kim et al., 2017

A*68:01 DRESS, SJS/TEN Caucasian Kazeem et al., 2009

B*15:02 SJS/TEN Han Chinese Cheung et al., 2013

DRESS, SJS/TEN, MPE Thai Koomdee et al., 2017

SJS/TEN Iranian 78.57 (56.41) Sabourirad et al., 2020

B*38 SJS/TEN Caucasian Lonjou et al., 2008

B*58:01 DRESS, SJS/TEN Caucasian Kazeem et al., 2009

C*07:18

DQB1*06

DRB1*13

Methazolamide B*59:01 SJS/TEN Japanese Nakatani et al., 2019

Korean Tangamornsuksan and
Lohitnavy, 2019

Han Chinese 100 (96.8) Yang et al., 2015;
Tangamornsuksan and
Lohitnavy, 2019

Minocycline B*35:02 DILI Caucasian (Urban et al., 2017)

Nevirapine Cw4 DRESS Han Chinese Gao et al., 2012

C*04:01 SJS/TEN Malawian 2.6 (99.2) Carr et al., 2013, 2017

C*08 DRESS Japanese Gatanaga et al., 2007

C*08:02, B*14:02 DRESS Caucasian (Sardinian) Littera et al., 2006

B*35:05 Skin Rash Thai Chantarangsu et al., 2009

DRB1*01:01 DRESS Caucasian Martin et al., 2005

Oxcarbazepine A*03:01 MPE Uighur Chinese Zhao et al., 2020

B*07:02

B*15:02 MPE, SJS/TEN Han Chinese Hung et al., 2010

B*38:02 MPE Lv et al., 2013

Oxicams B*73 SJS/TEN Caucasian Lonjou et al., 2008

Phenobarbital B*51:01 SJS/TEN Japanese Kaniwa et al., 2013

Phenytoin B*13:01 SJS/TEN East Asian Su et al., 2019

B*15:02 SJS/TEN East Asian Su et al., 2019

Han Chinese (Cheung et al., 2013

Malaysian (Chang et al., 2017

Thai 33 (100) Locharernkul et al., 2008

B*15:13 DRESS, SJS/TEN Malaysian Chang et al., 2017

B*56:02 SJS/TEN Thai Tassaneeyakul et al., 2016

DRESS Australian Aboriginal Somogyi et al., 2019

Cw*08:01 SJS/TEN Han Chinese Hung et al., 2010

DRB1*16:02

Raltegravir B*53:01 DRESS African Thomas et al., 2017

Strontium Renalate A*33:03 SJS/TEN Han Chinese Lee et al., 2016

(Continued)
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TABLE 1 | Continued

Drug HLA risk allele Reaction Ethnic population PPV (NPV) References

B*58:01

Sulfamethoxazole A*29 SJS/TEN Caucasian Roujeau et al., 1987

A*30 FDE Turkish Özkaya-Bayazit and Akar,
2001

A*30-B*13-C*06

A*11:01 SJS/DRESS Japanese Nakamura et al., 2020

B*13:01 SCAR Asian 4.05 (99.92) Wang et al., 2020

DRESS 3.64 (99.92)

B*14:01 DILI European American Li et al., 2020

B*35:01 African American Li et al., 2020

B*44 (B12 serotype) SJS/TEN Caucasian Liang et al., 2013

B*38 SJS/TEN Caucasian Lonjou et al., 2008

DR*07

Sulfasalazine B*13:01 DRESS Han Chinese Yang et al., 2014

Ticlopidine A*33:03 DILI Japanese Hirata et al., 2008

Terbinafine A*33:01 DILI Caucasian Fontana et al., 2018

Vancomycin A*32:01 DRESS Caucasian Konvinse et al., 2019

Zonisamide A*02:07 SJS/TEN Japanese Kaniwa et al., 2013

References included were studies associated with clinically defined DHR. DILI, drug-induced liver injury; DRESS, drug reaction with eosinophilia and systemic symptoms;
FDE, fixed drug eruption; HSS, hypersensitivity syndrome; MPE, maculopapular eruption; NPV, negative predictive value; PPV, positive predictive value; SCAR, severe
cutaneous adverse reaction; SJS/TEN, Stevens-Johnson Syndrome/Toxic Epidermal Necrolysis. NPV and PPV are based on case-control studies and require ongoing
validation and thus subject to change.

and safe drugs to meet the most important needs, such as
allopurinol, dapsone, and vancomycin (WHO, 2021). Allopurinol
is used for treatment of gout but is also the most prevalent drug
cause of DRESS in the FDA Adverse event reporting system
(Bluestein et al., 2021). In 2005, HLA-B∗58:01 was associated
with allopurinol-induced SCAR with 100% NPV in Southeast
Asians (Hung et al., 2005). Subsequent studies confirmed risk
in cohorts from Europe (Lonjou et al., 2008), Japan (Kaniwa
et al., 2008), Thailand (Yu et al., 2017), South Korea (Kang
et al., 2011), and Portugal (Gonçalo et al., 2013), but, as with
CBZ, comparative strength of association and allelic frequency
is not replicated and is far lower in Europeans (Génin et al.,
2011). Currently, where patients are known to be HLA-B∗58:01+,
the European Medicines Agency advises clinicians to avoid
allopurinol and screening is recommended in Korean, Thai,
or Han Chinese patients (Ke et al., 2017). However, recent
analysis in the UK defined the number needed to test (NNT)
as 11,286, leading the panel to advise against routine screening
(Plumpton et al., 2017).

HLA-B∗13:01 and Dapsone-SCAR
The antibiotic dapsone is predominantly associated with
treatment of leprosy (Wolf et al., 2002). In 2013, HLA-B∗13:01
was described with 99.8% NPV and 7.8% PPV as a risk factor
among Chinese patients for dapsone hypersensitivity (Zhang
et al., 2013). While prevalent in Chinese and Indian populations,
HLA-B∗13:01 is comparatively absent among Europeans and
Africans. HLA-B∗13:01 risk is now confirmed for dapsone-SCAR
in Thailand (Tempark et al., 2017) and research has modeled drug
interaction within the HLA binding site (Watanabe et al., 2017).
Most recently, Chen expanded HLA-B∗13:01 risk to patients from
Malaysia and Taiwan (Chen et al., 2018), and Zhao identified

dapsone-responsive HLA-B∗13:01-restricted CD8+ T-cells in
patients (Zhao et al., 2019).

HLA-A∗32:01 and Vancomycin-DRESS
Vancomycin, a front-line treatment for beta-lactam-resistant
infections (Rybak et al., 2009; Frymoyer et al., 2013; Moore
et al., 2020), is the most common antibiotic instigator of DRESS
(Wolfson et al., 2019). In 2019, Konvinse published strong
association between HLA-A∗32:01 and vancomycin-DRESS
determining that 20% of HLA-A∗32:01+ patients would develop
the disease (Konvinse et al., 2019). With a European prevalence of
6.8%, they predicted the NNT as just 75 and have since developed
an HLA-A∗32:01-specific, cost-effective real-time PCR screen
(Rwandamuriye et al., 2019). In 2020, Nakkam described cross-
reactivity with an alternate glycopeptide antibiotic, teicoplanin,
in 16% of HLA-A∗32:01+ vancomycin-DRESS patients predicted
by a shared class II HLA haplotype (Nakkam et al., 2020).
These data implicate risk alleles with influence not simply
to dictate predisposition but with ramifications for ongoing
treatment. Importantly, while predictive values defined by limited
case-control studies may not be indicative of risk in the
underlying population, warranting caution, in vitro assays have
functionally confirmed that HLA risk restricted drug-specific
T-cell activation for abacavir, CBZ, allopurinol, dapsone, and
vancomycin (Chessman et al., 2008; Wei et al., 2012; Yun et al.,
2014; Zhao et al., 2019; Nakkam et al., 2020).

RECENTLY REPORTED HLA
ASSOCIATIONS (2019-)

Single HLA associations up until 2019 have been
extensively reviewed (White et al., 2015; Karnes et al., 2019;
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Oussalah et al., 2020). Since then, further advancement in
sequencing platforms has been providing increased resolution
that has enabled discovery of novel HLA associations (LaHaye
et al., 2016; van der Ven et al., 2018; Giannopoulou et al.,
2019; Mimori et al., 2019). In 2019, Nakatani reported a
Japanese association between SJS/TEN, HLA-A∗02:06:01, and
cold medicines containing non-steroidal anti-inflammatories
(Nakatani et al., 2019). Furthermore, Tangamornsuksan
reported an association between methazolamide-induced
SJS/TEN and HLA-B∗59:01 in Koreans and Han Chinese
(Tangamornsuksan and Lohitnavy, 2019). In 2020, within a
Thai HIV cohort, Sukasem reported an association between
co-trimoxazole-induced DRESS with HLA-B∗13:01 and SJS/TEN
with HLA-B∗15:02 and HLA-C∗08:01 (Sukasem et al., 2020).
Furthermore, MPE and DRESS resulting from benznidazole was
associated with HLA-A∗68, A∗11:01, and A∗29:02 in Bolivian
patients with Chagas disease (Balas et al., 2020). Most recently,
Zhao reported an association between oxcarbazepine-induced
MPE and HLA-A∗03:01 and HLA-B∗07:02 in patients of Uighur
Chinese ethnicity (Zhao et al., 2020). Moreover, HLA associations
have also been reported for herbal medicines including green tea
(Hoofnagle et al., 2020) and polygonum multiflorum with HLA-
B∗35:01 (Li et al., 2019). These studies provide a glimpse into the
recent progress toward risk prediction specific to populations,
yet a significant hurdle remains risk discovery in minority groups
for whom access to large cohorts for traditional population
studies is nearly impossible. One strategy is to maximize utility
of international SCAR registries where careful patient matching
for drug, reaction phenotype, and ethnicity may provide means
to explore shared risk (Somogyi et al., 2019). Indeed, Somogyi
identified three patients of Australian Indigenous ethnicity
with phenytoin-DRESS sharing HLA-B∗56:02 (Somogyi et al.,
2019). Critically, HLA-B∗56:02 frequency ranges up to 19% in
this population but is absent from the predominant Australian
European populace, highlighting utility of detailed biobanking
with functional validation of proposed risk alleles (Monshi et al.,
2013; Pan et al., 2019). Another possibility is the likelihood
that alleles with shared specificities drive response to the same
drug, as for nevirapine (Chantarangsu et al., 2009; Carr et al.,
2013). Here, association with HLA-C∗04 across ethnicities is
driven by a unique F pocket motif that determines similar
binding specificity for HLA-C∗04:01 with HLA-C∗05:01 and
HLA-C∗18:01, dominant in Hispanics and Africans, respectively
(Pavlos et al., 2017). The ability to design HLA crystal structures
combined with HLA binding algorithms provides a functional
bridge to understand whether proposed antigen binds to diverse
alleles (Pavlos et al., 2017). Nonetheless, HLA is not the sole
requirement for T-cell activation and other parameters are
proposed to retain the HLA-restricted “positive predictive gap.”

T-CELL RECEPTORS PROVIDE
SPECIFICITY FOR RECOGNITION OF
RISK HLA-ANTIGEN COMPLEX

Antigenic peptides bound to HLA must contact the T-cell
receptor (TCR) to trigger T-cell activation (Figure 1). Each

individual’s TCR repertoire comprises a diverse blend of public
and private TCRs, which, through prior antigen exposure, may be
uniquely distributed in tissues (Robins et al., 2010). A polyclonal
response is well documented for abacavir (Redwood et al., 2019).
This is in keeping with the altered peptide repertoire hypothesis
suggesting that abacavir binds within the F pocket of the HLA-
B∗57:01 peptide binding groove altering its peptide specificity
and the repertoire of self-peptides recognized as immunogenic
(Illing et al., 2012). Polyclonal response is also observed during
CDR3 spectratyping after the in vitro priming of naïve T-cells
to the immunogenic drug metabolite sulfamethoxazole-nitroso
(SMX-NO) (Gibson et al., 2017). Here the authors implicate the
high protein reactivity of SMX-NO thought to drive formation
of multiple haptens, each with potential to produce a diverse
array of antigenic peptides. However, early work by Nassif reports
predominant expression of Vβ 13.1 and 14 on T-cells in the blister
of such patients, suggesting that early response in tissue is driven
by more select, dominant clonotypes (Nassif et al., 2002). In 2019,
Pan reported dominant single, public “VFDNTDKLI” TCRα

CDR3 and “ASSLAGELFF” TCRβ CDR3 in HLA-B∗15:02+
patients with CBZ hypersensitivity, rare in blood but dominantly
expressed in blister (Pan et al., 2019). The dominant TCR
was identified on T-cells expressing granulysin, a key cytotoxic
mediator with precedent in eliciting tissue damage (Pan et al.,
2019). Furthermore, the complete TCR blueprint provided by
single-cell sequencing was synthetically reconstructed and shown
to trigger T-cell activation specific to CBZ and HLA-B∗15:02.
Preferential TCR expansion has also been described in blister
during HLA-B∗58:01-associated allopurinol-SCAR (Chung et al.,
2015). While further studies are warranted, those described begin
to elucidate the specificity of a single dominantly expanded TCR
to drive early response in the tissue of HLA-predisposed patients.

ERAP VARIANTS SKEW THE
HLA-RESTRICTED IMMUNOPEPTIDOME

Although drug-protein conjugates are found at similar levels in
allergic and tolerant patients (Park et al., 1998; Sullivan et al.,
2015), the downstream impact of N-terminal peptide trimming
that shapes the HLA-presented immunopeptidome has remained
undefined. This process is performed by endoplasmic reticulum
aminopeptidases (ERAPs) 1 and 2 (Serwold et al., 2001; Chang
et al., 2005; Figure 1) for which polymorphic variants alter
susceptibility and outcome to autoimmune disease and viral
infections with HLA class I-restricted etiologies (Evans et al.,
2011; Guerini et al., 2012; Biasin et al., 2013; Fruci et al., 2014;
Reeves and James, 2015; Saulle et al., 2019; Vidal-Castiñeira
et al., 2020). Specifically, distinct ERAP1 allotypes skew the
HLA-class I-expressed immunopeptidome during infectious
disease, where hypoactive allotypes result in longer sub-dominant
peptides that impair CD8+ T-cell response (Kemming et al.,
2019). Intriguingly, peptides with aromatic or hydrophobic
C-terminal amino acids are favored by ERAP1 for efficient
N-terminal trimming and treatment of cells with abacavir alters
the self-peptide preference toward the same amino acids (Chang
et al., 2005; Ostrov et al., 2012). In 2020, Pavlos identified
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ERAP1 as a novel predictor of abacavir tolerance among HLA-
B∗57:01+ patients. Tolerant patients were significantly more
likely to express ERAP1 hypoactive allotypes with reduced
trimming efficiency compared to hypersensitive patients (Pavlos
et al., 2020). While yet to transverse other drugs, the epistatic
relationship between HLA and ERAP raises intrigue to the
influence of other such genes. One such entity is the highly
polymorphic Killer-cell Immunoglobulin-like receptors (KIRs)
expressed on T-cells and Natural Killer (NK) cells (Mingari
et al., 1997; LeMaoult et al., 2005), with both cell types reporting
the predominant infiltrate of in SJS/TEN blister (Chung and
Hung, 2010). HLA alleles are the distinct ligands for KIRs that
regulate cytotoxic degranulation in a complex interaction with
sensitivity to the presented peptide via overlapped TCR binding
(Mandelboim et al., 1997; Boyington and Sun, 2002; Thananchai
et al., 2007; Fadda et al., 2010; Figure 1). Notably, specific
KIR have been associated with progression of HLA-restricted
infectious disease (Bellón, 2019). Description by Fasbender of
the induction of NK-activating ligands on hepatocytes after
drug exposure, driving NK-mediated cytotoxicity, spurs interest
given that T-cells in the blood of SJS/TEN patients overexpress
KIR2DL2 and KIR2DL3 (Morel et al., 2010; Fasbender et al.,
2020). With yet unreported genetic or functional assessment,
studies are warranted to understand the combined influence of
these interactions.

THE LIMITED ROLE OF ALTERED DRUG
METABOLISM IN FORMATION OF
IMMUNOGENIC MOIETIES

Drugs lacking protein reactivity may directly activate T-cells
(Schnyder et al., 1997; Zanni et al., 1997; Naisbitt et al.,
2003). However, metabolic detoxification pathways form protein-
reactive metabolites, also reported to activate drug-specific
T-cells (Naisbitt et al., 2001; Sullivan et al., 2015; Figure 1).
Metabolism is highly varied due to polymorphic enzymes, with
cytochrome P450 (CYP450) enzymes responsible for 90% of
drug metabolism (Lynch and Price, 2007) and for which allelic
variants are described from poor to ultrarapid metabolisers
(Zanger and Schwab, 2013). While metabolic activity of skin
is considered limited (Sharma et al., 2019), keratinocytes show
capacity to metabolize and present drug-derived antigens (Reilly
et al., 2000; Roychowdhury and Svensson, 2005). Several studies
now investigate metabolic variants associated with DHR, most
notably for phenytoin, predominantly oxidized to an inactive
metabolite by CYP2C9 with minor contribution by CYP2C19.
Genetic analyses show that CYP2C9∗2 and CYP2C9∗3 low
function variants extend exposure to the immunogenic parent
drug (Aynacioglu et al., 1999; Silvado et al., 2018). Specifically,
CYP2C9∗3 is associated with SJS/TEN in both Han Chinese
(Chung et al., 2014) and Thai (Suvichapanich et al., 2015;
Tassaneeyakul et al., 2016). In addition, CYP2C19∗3 is associated
with phenytoin-DRESS in Thai (Yampayon et al., 2017). In
2019, Su et al. (2019) published on the utility of combined
risk HLA and CYP2C9∗3 genetic testing in Asian populations
to prevent phenytoin hypersensitivity. It is now advised that

physicians reduce the starting dose by 25% for patients
classed as intermediate metabolizers, defined by CYP2C9∗1/∗3
and CYP2C9∗1/∗2 carriage (Caudle et al., 2014). Metabolic
variation is also associated with DHR driven by nevirapine,
hydroxylated by CYP2B6. Loss of functional alleles CYP2B6∗6
and CYP2B6∗18 are associated with increased susceptibility
for nevirapine-SJS/TEN, with the ∗18 variant only observed
in patients of African ancestry (Ciccacci et al., 2013; Carr
et al., 2014). A handful of other associations are explored by
Pirmohamed and were not significant upon multiple-testing
correction (Pirmohamed et al., 2000); thus, most data to date
implicate only a minor role for metabolic variation in DHR.

THE INFLUENCE OF INFECTIOUS
DISEASE

There are three main aspects to consider for the impact of
infectious disease on DHR. The first aspect is the effect of
cumulative drug exposure in cohorts where long-term exposures
are driven by repeat infection like antibiotic hypersensitivity in
patients with cystic fibrosis (CF). Indeed, CF patients are far more
likely to develop an allergy to beta-lactams than patients without
(Burrows et al., 2007; Wright et al., 2018); thus, it is possible
that repeat high dosing and antigen accumulation contributes
to risk. Second is the potential for disease-associated immune
dysregulation to heighten allergic susceptibility. An example is
the reduced DHR incidence in HIV patients following initiation
of successful highly active antiretroviral therapy, which controls
viral progression, preventing deterioration of immune function
(Coopman et al., 1993; Li et al., 1998). Similarly, studies show
that CF patients have dysfunctional antiviral T-cell responses
(Hubeau et al., 2004). Indeed, toll-like receptor 4, which mediates
inflammatory cytokine expression, is reduced in CF airway cell
lines (John et al., 2010; Keiser et al., 2015). Interestingly, cytokine
variants predispose to DHRs such as liver injury: IL10-592 AA
and IL10-819 TT are associated with docetaxel-induced liver
injury, and polymorphism-380G/A in TNF−α is associated with
hepatitis induced by antituberculosis drugs (Kim et al., 2011a;
Liang et al., 2013; Figure 1). Evidence suggests that drug antigens
may mount response in tissue through pre-existing antiviral
T-cells in a heterologous immunity model (Descamps et al.,
2003; Mitani et al., 2005). Functional evidence is based on
work by Lucas who showed that all drug-naive HLA-B∗57:01+
individuals have T-cells responsive to abacavir (Lucas et al., 2015;
Gibson et al., 2017). Such reactive promiscuity across all healthy
donors implicates cross-reactivity with common broad-exposure
pathogens (Smith et al., 2016).

THE INFERRED ROLE OF EPIGENETIC
RISK

It is now well established that epigenetic modifications
to open or close the transcriptional template of genes
impacts immunological processes (North and Ellis, 2011;

Frontiers in Genetics | www.frontiersin.org 7 April 2021 | Volume 12 | Article 64190582

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-641905 April 12, 2021 Time: 17:8 # 8

Li et al. Risk Factors for Drug Hypersensitivity

Moggs et al., 2012). Epigenetic influence is environmental with
documented effects from diet, viral exposures, and pollution
driving distinguishable differences in immune status; thus, it
may drive not only inter-individual but also intra-individual
risk over time, proposing dynamic susceptibility. Indeed, Nadeau
describes hypermethylation of the FOXP3 locus affecting Treg
function and asthma severity in patients who live in areas with
higher air pollution (Nadeau et al., 2010). Evidence now suggests
that epigenetic effects may be multi-generational, with lead
exposure and subsequent DNA methylation of fetal germ cells in
grandparents traced through to grandchildren (Sen et al., 2015).
While likely, epigenetic influence has yet to be directly inferred
upon susceptibility to DHR, but there is some initial evidence.
In 2018, Cheng published that risk of allopurinol-induced SCAR
was attributed to variants of HCP5, PSORS1C1, TSHZ2, and
NOTCH4. Although distinct polymorphisms and thus genetic
variants, intriguingly NOTCH4 and TSHZ2, were included as
genes that presented as highly differentially methylated, a form
of epigenetic regulation (Cheng et al., 2017). Furthermore,
Monroy-Arreola demonstrated upregulation of microRNA-21, -
18, and -155 in drug-specific CD4+ T-cells from hypersensitive
patients (Monroy-Arreola et al., 2018). While microRNA may
regulate post-transcriptional gene expression, others bind to
control regulators of epigenetic modification including DNA
methyltransferases (Sato et al., 2011).

DYNAMIC DYSREGULATION IMPOSED
BY IMMUNE CHECKPOINTS SPANS
GENETIC AND THERAPEUTIC RISK

Immune checkpoints regulate T-cell activation to prevent
uncontrolled activation. This complex process is the summation
of varied co-stimulatory and opposingly co-inhibitory pathways
(Figure 1). Intriguingly, polymorphic variants of checkpoints are
linked to numerous autoimmune diseases including rheumatoid
arthritis (Kong et al., 2005), multiple sclerosis (Kroner et al.,
2005), and ankylosing spondylitis (Kantarci et al., 2003). While
allelic influence is yet to be translated to risk for DHR,
mechanistic studies have demonstrated the impact of blocking
programmed death-1 (PD-1) or cytotoxic lymphocyte antigen-4
(CTLA4) axes to enhance naive T-cell priming to drug antigens
(Gibson et al., 2014, 2017). Checkpoint inhibition is now widely
adopted in cancer immunotherapy to re-invigorate anti-tumor
T-cell responses, but dysregulation is not antigen-specific and
immune-mediated ADR are common (Naidoo et al., 2015; Saw
et al., 2017; Lomax et al., 2019). While reactions are varied
and typically reported as enhanced immunogenicity to self
(Mangan et al., 2020), emerging small cohort studies describe
a high incidence of DHR in immune checkpoint inhibitor-
treated patients (Imafuku et al., 2017; Ford et al., 2018). These

studies remain only clinical observations and distinct checkpoint
alleles have not been identified in genome-wide association
studies; however, given the influence of multiple, counteracting
co-signaling pathways, it may be that single variants have
a low individual effect for which the previous studies have
been underpowered. Further study is now warranted to define
association with a greater risk of drug hypersensitivity reactions.

SUMMARY

Given a lack of a single HLA allele to provide complete PPV, other
risk factors must further restrict response and recent advances
have detailed (i) application of single-cell sequencing to define the
HLA-restricted dominant TCR driving early response in tissue
and (ii) the impact of ERAP variants to skew immunodominant
peptide presentation. Intriguingly, other proposed risk factors
such as checkpoint receptors span genetic and epigenetic
risk, with expression subject to environmental or therapeutic
pressures, implicating highly dynamic risk. Strategies are now
needed to identify risk alleles in minority populations where
large clinical cohorts are impossible to obtain. The availability
of multi-omic approaches offers opportunity to merge high-
resolution genotyping with single-cell phenotyping to tease out
more complex risk signatures that may also enable cost-effective
patient screening.
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Medicine Siriraj Hospital, Mahidol University, Bangkok, Thailand

HLA-B*13:01-positive patients in Thailand can develop frequent co-trimoxazole
hypersensitivity reactions. This study aimed to characterize drug-specific T cells from
three co-trimoxazole hypersensitive patients presenting with either Stevens-Johnson
syndrome or drug reaction with eosinophilia and systemic symptoms. Two of the
patients carried the HLA allele of interest, namely HLA-B*13:01. Sulfamethoxazole and
nitroso sulfamethoxazole specific T cell clones were generated from T cell lines of co-
trimoxazole hypersensitive HLA-B*13:01-positive patients. Clones were characterized for
antigen specificity and cross-reactivity with structurally related compounds by measuring
proliferation and cytokine release. Surface marker expression was characterized via flow
cytometry. Mechanistic studies were conducted to assess pathways of T cell activation in
response to antigen stimulation. Peripheral blood mononuclear cells from all patients were
stimulated to proliferate and secrete IFN-g with nitroso sulfamethoxazole. All
sulfamethoxazole and nitroso sulfamethoxazole specific T cell clones expressed the
CD4+ phenotype and strongly secreted IL-13 as well as IFN-g, granzyme B and IL-22.
No secretion of IL-17 was observed. A number of nitroso sulfamethoxazole-specific
clones cross-reacted with nitroso dapsone but not sulfamethoxazole whereas
sulfamethoxazole specific clones cross-reacted with nitroso sulfamethoxazole only. The
nitroso sulfamethoxazole specific clones were activated in both antigen processing-
dependent and -independent manner, while sulfamethoxazole activated T cell responses
via direct HLA binding. Furthermore, activation of nitroso sulfamethoxazole-specific,
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but not sulfamethoxazole-specific, clones was blocked with glutathione. Sulfamethoxazole
and nitroso sulfamethoxazole specific T cell clones from hypersensitive patients were
CD4+ which suggests that HLA-B*13:01 is not directly involved in the iatrogenic disease
observed in co-trimoxazole hypersensitivity patients.
Keywords: co-trimoxazole, drug hypersensitivity, human leukocyte antigen, sulfamethoxazole, T cell
INTRODUCTION

Co-trimoxazole (CTX) is a combination drug consisting of
trimethoprim (TMP) and sulfamethoxazole (SMX). It is
commonly used for treatment of urinary tract infections due to
E. coli, Klebsiella and Enterobacter spp. and also suitable for
gastrointestinal infections against E. coli, Shigella spp. and
Salmonella typhi. It is the drug of choice for the treatment
and prophylaxis of Pneumocystis jirovecii pneumonia (PCP) in
the Human Immunodeficiency Virus (HIV) patients (1).
Approximately 1 to 3% of CTX prescribed HIV-uninfected
patients develop mild to serious skin reactions including
erythema multiforme, Stevens–Johnson syndrome (SJS), toxic
epidermal necrolysis (TEN) and drug rash with eosinophilia and
systemic symptoms (DRESS), whereas such reactions occurred in
about 40 to 80% of HIV-infected patients (2–4).

Several forms of drug hypersensitivity reactions are associated
with the carriage of human leukocyte antigens (HLA). Presentation
of drug, drug modified or altered peptide sequences (due to drugs
binding deep within the peptide binding groove) on the surface of
HLA to T cell lymphocytes may stimulate an immune response via
triggering of the T cell receptor (TCR) (5, 6). Co-trimoxazole-
induced SJS/TEN is associated with HLA-B*15:02, HLA-C*06:02,
and HLA-C*08:01 in Thai population (7) and HLA-B*38
in Europeans (8). Interestingly, our previous case-control
study demonstrated that HLA-B*13:01 is associated with co-
trimoxazole-induced DRESS in Thai population, while co-
trimoxazole-induced SJS/TEN was associated with HLA-B*15:02
(9). This observation on co-trimoxazole-induced SJS/TEN was
consistent with previous studies (7). However, not all patients
with an HLA risk allele developed reactions. As T cells are
thought to be involved in the molecular pathogenesis of many
forms of severe cutaneous adverse reactions (10–12), a global TCR
repertoire analysis in HLA-B*15:02 positive patients with
carbamazepine-induced SJS/TEN was studied and clearly
demonstrated that restricted TCR usage of drug-specific T cells
participated in the development of a reaction (8). Moreover, the
analysis of TCR Vb repertoire of HLA-B*57:01 positive patients
susceptible to abacavir hypersensitivity illustrated polyclonal TCR
usages recognize the drug-HLA complex, then driving the T cell
activation (13–15).

T cell activation and the release of effector molecules depends
on drug (antigen) recognition by T cell receptors located on the
cell surface. The T cell receptor receives signals from the drug,
peptide and HLA protein which form a complex and are
displayed on the surface of antigen presenting cells. Thus, this
study aimed to characterize the T cell responses fromThai patients
with co-trimoxazole-induced drug rash with eosinophilia and
org 291
systemic symptoms. The assessment of specific T cell responses
is essential to better understand the nature of the immune
response induced and disease progression.
MATERIALS AND METHODS

Study Population
Co-trimoxazole-induced Stevens–Johnson syndrome (SJS) and
drug reaction with eosinophilia and systemic symptoms
(DRESS) patients were recruited from Ramathibodi Hospital
and Srinagarind Hospital between 2018 and 2019. All of the
patients studied were HIV negative. Reactions were assessed by
two dermatologists or allergists who reviewed photographs,
pathological slides, clinical morphology and medical records.
SJS is defined as skin detachment of BSA < 10%, the clinical
features of DRESS follow criteria from RegiSCAR and is defined
as patients presenting with fever, maculopapular rash with
internal organ involvement, and hematologic abnormalities.
We evaluated co-trimoxazole was the causative drug of SJS or
DRESS using Naranjo algorithm (16), the score of the algorithm
of drug causality for epidermal necrolysis (ALDEN) (17). The
cases defined as possible, probable and definite were recruited in
this study. The blood samples were collected after the patients
recovered from the reaction between 2-5 years. The lymphocyte
transformation test (LTT) and IFN-g ELISpot was also performed
on patient’s PBMC to identify the presence of circulating drug
responsive T cells.

The study was performed according to the approval by the
Ramathibodi Hospital and Srinagarind Hospital ethical review
board, and both informed and written consent forms were
obtained from all the participants.

DNA Extraction and HLA Genotyping
The DNA was extracted from PBMC by DNA extraction
automated MagNA Pure Compact (Roche Diagnostics GmbH,
Germany). The concentration of genomic DNA for all individuals
was assessed by using NanoDrop 2000 for measuring the genomic
DNA as well as purity with dynamic range around 220 to 750 nm.
Wavelength at 260 nm is suitable for measuring the genomic DNA
and at 280 nm was used to evaluate contaminated protein in
the sample.

HLA alleles were genotyped using sequence-specific
oligonucleotides (PCR-SSOs). In brief, the diluted DNA sample
obtained from each patient were amplified polymerase chain
reaction (PCR) by GeneAmp®PCR System 9700 (Applied
Biosystems, Waltham, USA). The PCR product was then
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hybridized against a panel of oligonucleotide probes on coated
polystyrene microspheres that had sequences complementary to
stretches of polymorphism within the target HLA alleles using
the Lifecodes HLA SSO typing kits (Immucor, West Avenue,
Stamford, USA). The amplicon-probe complex was then visualized
using a colorimetric reaction and fluorescence detection technology
by the Luminex®IS 100 systems (Luminex Corporation, Austin,
Texas, USA). Analysis of the HLA alleles was performed using
MATCH IT DNA software version 3.2.1 (One Lambda, Canoga
Park, CA, USA).

Chemicals, Cell Culture, Generation
of EBV
Dapsone (DDS), SMX and TMP were purchased from Sigma-
Aldrich, (Buchs, Switzerland). EBV-transformed autologous B
lymphoblastoid cell lines (B-LCLs) were used as antigen-
presenting cells (APCs). PBMCs were isolated from co-
trimoxazole induced DRESS carrying HLA-B*13:01 using Ficoll
density gradient centrifugation. For APC generation, the
supernatant of B95.8 cells was filtered and added to 5x106

PBMCs, then 1 µg/mL cyclosporin A (CSA) was added. The
PBMC were then incubated in 5% CO2 incubator at 37°C
overnight. The mixture was centrifuged at 1500 rpm for
10 minutes, then the cells were re-suspended in 2 mL culture
medium with CSA and transferred to a 24 well plate. Culture
medium consisted of RPMI 1640, 10% pooled fetal bovine serum
(FBS), HEPES buffer (25mM), L-glutamine (2mM), streptomycin
(100 µg/mL) and penicillin (100 U/mL). To maintain B cell
transformation, medium and CSA were replaced twice a week
for 3 weeks. Eventually the transformed B cell lines were
maintained with medium in the absence of CSA before being
transferred to a flask. These cells were used as a ready supply of
immortalized autologous APC.

Generation and Characterization of Drug
Specific T Cell Clones
T cell lines were generated by culturing PBMCs with dapsone
(DDS, 125 µM), nitroso-dapsone (DDS-NO, 10 µM),
sulfamethoxazole (SMX, 1 mM) and nitroso-sulfamethoxazole
(SMX-NO, 20 µM) in medium for 14 days (37°C; 5% CO2) and
media containing IL-2 (2 µL/mL) was added to maintain
Frontiers in Immunology | www.frontiersin.org 392
proliferation on day 6 and 9. Culture medium consisted of
RPMI 1640, 10% pooled heat inactivated human AB serum,
HEPES buffer (25 mM), L-glutamine (2 mM), transferrin (25
µg/mL), streptomycin (100 µg/mL), penicillin (100 U/mL). T cells
clones were generated by serial dilution (18). The characterization
of T cell clones was conducted in terms of cellular surface marker
expression, HLA mismatch assay, HLA restriction assay, antigen
presenting cell pulsing and fixation assay, the effect of glutathione
and enzyme inhibitor; methimazole (an inhibitor of peroxidases
and flavin–mono-oxygenases; Meth) and 1-aminobenzotriazole
(a nonselective suicide inhibitor; ABT). Detailed methods are
provided as Supplementary S1 and Supplementary Figure 1.
RESULTS

Clinical Manifestation of Patients and In
Vitro Activation of Patient’s Peripheral
Blood Mononuclear Cells
Three patients that developed CTX-induced SJS and DRESS were
utilized in this study. The causality assessment and in vitro test of
the patients are shown in Table 1. PBMC from all patients were
stimulated to proliferate and secrete IFN-g with SMX-NO.
PBMC from one patient were also stimulated with SMX, the
parent compound. Additionally, PBMC from all patients
secreted IFN-g once PBMC were cultured with SMX. The
proliferation of PMBC from one patient was observed when
PBMC were cultured with nitroso-dapsone (DDS-NO), a
structurally-related compound (Supplementary Figure 2).

Generation and Characterization of Drug
Specific T Cell Clones
For BAC-02, two of forty-nine clones and three of sixty-four
clones were specific to SMX and SMX-NO, respectively. For
BAC-12, eight of thirty-two clones were specific to SMX-NO. No
specific clones were generated from BAC-08. Cellular surface
marker expression was assayed using flow cytometry. All SMX
and SMX-NO specific T cell clones expressed the CD4+
phenotype as shown in Table 2.

Twenty five percent of SMX-NO specific clones displayed
cross-reactivity with DDS-NO, a structurally-related drug
TABLE 1 | Clinical characteristics, causality assessment and in vitro test of the patients with co-trimoxazole-induced SCARs.

Patient
ID

Sex Age Clinicalmanifestation Onset of
reaction (days)

SCARs LTT IFN-g
ELISpot

Naranjo score Alden score DRESS score

Score Remark Score Remark Score Remark

BAC-02 Male 27 Maculopapular rash: face and
extremities, abnormal liver function tests

28 DRESS + + 6 Probable N/A N/A 5 Probable

BAC-08 Female 25 Generalized dusky erythematous
patches with some vesicles on neck with
nikolsky’s sign on neck and upper chest

9 SJS + + 5 Probable 4 Probable N/A N/A

BAC-12 Female 44 Confluent maculopapular rash on trunk
and extremities, abnormal liver function
tests

30 DRESS + + 6 Probable N/A N/A 4 Probable
Apr
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DRESS, drug reaction with eosinophilia and systemic symptoms; ELISpot, enzyme-linked immunospot; IFN-g, Interferon gamma; LTT, lymphocyte transformation test; N/A, not available;
SCARs, severe cutaneous adverse reactions; SJS, Stevens-Johnson syndrome.
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metabolite, but not SMX, whereas SMX specific clones cross-
reacted with SMX-NO only (Table 2 and Supplementary Figure 3).
High levels of IL-13 were detected from all T cell clones, while
some T cell clones weakly secreted IFN-g, granzyme B and IL-22.
Interestingly, no T cell clones secreted IL-17 (Figure 1).
Frontiers in Immunology | www.frontiersin.org 493
Activation of CD4+ Clones With SMX and
SMX-NO is HLA Class II Restricted
The proliferation of T cell clones to SMX-NO was blocked in the
presence of HLA class II blocking antibody (Figure 2A),
indicating that the proliferative response of CD4+ specific T
TABLE 2 | Number, cellular phenotype and cross reactivity of drug-specific T cell clones.

Patients Total number of clones Number of specific clones Phenotype (%) Cross reactivity (%)

CD4 SMX SMX-NO DDS DDS-NO

BAC-02
- SMX 49 2 100 0 50 0 0
- SMX-NO 64 3 100 0 0 0 0
BAC-08
- SMX 9 0 – – – – –

- SMX-NO 47 0 – – – – –

BAC-12
- SMX 1 0 0 0 0 0
- SMX-NO 32 8 100 0 0 0 25
April 2021 | Volum
e 12 | Artic
DDS, dapsone; DDS-NO, nitroso dapsone; SMX, sulfamethoxazole; SMX-NO, nitroso sulfamethoxazole.
-, not done.
FIGURE 1 | ELISpot images of cytokine secretion by SMX-NO and SMX specific T cell clones. TCCs (5x104) were cultured with irradiated autologous EBV-
transformed B-cells (1x104) in the presence or absence of SMX-NO (40 µM) or SMX (1 mM) in an ELISpot plate pre-coated for IFN-g, granzyme B, IL-13, IL-17 and
IL-22 for 48h (37˚C; 5% CO2). Following incubation, the plate was developed according to the manufactures instructions visualized by ELISpot AID reader.
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cells might be HLA class II restricted. Additionally, to investigate
the involvement of HLA-B*13:01 in the co-trimoxazole
hypersensitivity reaction, SMX-NO specific T cell clones were
cultured with EBV-transformed B cells from three other patients
carrying HLA-B*13:01 (P1-3), three patients EBVs carrying
HLA-B*57:01 (P4-6) and cells from three donors carrying
other alleles (not HLA-B*13:01 or -B*57:01, P7-9). Figure 2B
shows T cell clones were stimulate to proliferate in the presence
of SMX-NO and antigen presenting cell expressing a range of
HLA class I and II molecules.
Frontiers in Immunology | www.frontiersin.org 594
SMX-NO Binds Covalently to Antigen
Presenting Cells and Activates CD4+
T Cells Through Processing-Dependent
and Processing-Independent Manners
Eight SMX-NO specific clones were used to investigate pathways
of drug presentation. The proliferative response of four clones
was blocked when APC were fixed with glutaraldehyde. In
contrast, with the other four clones, T cell proliferative
responses were detected when the drug metabolite was
A

B

FIGURE 2 | The proliferative response of SMX-NO specific T cell clones. (A) T cell clones (5x104) were culture with autologous EBV-transformed B-cells (1x104)
and SMX-NO (40 µM) in the presence or absence of HLA class I and class II blocking antibodies for 48 hours (37°C, 5% CO2). Following incubation, [3H]-thymidine
(0.5 mCi) were added to measure proliferative response. (B) T cell activation of SMX-NO clones in the response of different HLA-B. T cell clones (5x104) were
cultured with SMX-NO (40 µM) and irradiated EBV-transformed B-cells (1x104) from 9 different patients carrying HLA-B*13:01 (P1-3), -B*57:01 (P4-6) and other
HLA-B (P7-9).
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presented by irradiated or fixed APC (Figure 3). All clones were
stimulated to proliferate when APC pulsed with SMX-NO for 1
or 16 h were added to the assay as a source of antigen (Figure 3).
The strength of the induced response was similar to that
observed with the soluble drug metabolite.

In separate experiments, the SMX-NO specific T cell clones
were incubated with autologous APC and SMX-NO in the
presence and absence of glutathione (GSH), which functions to
reduce SMX-NO protein binding via quenching the metabolites
reactivity. The proliferative response of SMX-NO specific clones
reduced when GSH was cultured with soluble SMX-NO.
Frontiers in Immunology | www.frontiersin.org 695
Furthermore, proliferative responses were inhibited when GSH
was included in a 2h APC pulsing experiments (Figure 4A). T cell
clones abrogated by the 2 h-pulse with GSH (Figure 4A).
Activation of SMX-NO specific clones was not altered in the
presence of enzyme inhibitors ABT and methimazole (Figure 4B).

SMX Specific Clones Are Activated
Through a Direct HLA Binding Interaction
The SMX specific T cell clone was stimulated to proliferate in the
presence of soluble drug, but not with APC pulsed with SMX for
1 or 16h (Figure 5). The T cell proliferative response was
A

B

FIGURE 3 | SMX-NO stimulates specific T cell via antigen processing-dependent and processing-independent pathways. Autologous EBV-transformed B-cells
(1x104) were incubated with T cell clones (5x104) in the presence or absence of SMX-NO (40 µM) for 1 and 16 hours. For fixation assay, SMX-NO specific clones
(5x104) were cultured with either irradiated or glutaraldehyde-fixed autologous EBV-transformed B-cell (1x104) in the presence of SMX-NO (40 µM) for 48 hours
(37˚C; 5% CO2). [

3H]-thymidine (0.5 mCi) incorporation was used to measure proliferative response. (A) SMX-NO T cell clones are stimulated in the presence of
glutaraldehyde-fixed APC (B) Glutaraldehyde-fixed APC reduced the proliferative response of SMX-NO T cell clones.
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observed when the clone was cultured with soluble SMX and
glutaraldehyde-fixed APC. The presence of GSH and ABT had
no effect on activation of the SMX specific T cell clone with
soluble drug.
DISCUSSION

Several studies have shown a strong association between expression
of a particular HLA allele and an increased susceptibility to drug
hypersensitivity reactions. For example, HLA-B*13:01 is associated
with dapsone-induced hypersensitivity reactions among leprosy
patients and non-leprosy patients in Chinese and Thai (19–21).
Other genetic associations between medication-induced cutaneous
adverse reactions and specific HLA alleles have been identified in
various populations, including HLA-B*57:01 and abacavir in
Western Australian and North American populations (22, 23),
Frontiers in Immunology | www.frontiersin.org 796
HLA-B*15:02 and carbamazepine in Han Chinese and Thai
populations (24–27), HLA-A*31:01 and carbamazepine and
HLA-A*32:01 and vancomycin in European populations (28, 29)
and HLA-B*58:01 and allopurinol in Han Chinese, Japanese and
Thai populations (30–32). However, known associations between
expression of an HLA risk allele and co-trimoxazole
hypersensitivity are limited. Only one study by Kongpan et al.
(7) demonstrated that HLA-B*15:02, HLA-C*06:02, and HLA-
C*08:01 were significantly associated with co-trimoxazole-
induced SJS/TEN. Recently, a genetic study showed that the
HLA-B*13:01 allele is associated with co-trimoxazole-induced
DRESS in Thai population (9).

In this study, T cells were characterized from co-trimoxazole
hypersensitive patients to 1) define the nature of the antigenic
determinant that activates T cells, 2) determine pathways of
drug-specific T cell activation and 3) explore whether drug HLA-
B*13:01 binding is directly involved in the T cell response. The
A

B

FIGURE 4 | The proliferative response of SMX-NO and SMX specific T cell clones in the presence of glutathione (GSH) and enzyme inhibitors. (A) Autologous EBV-
transformed B-cells (1x104) were culture with T cell clones (5x104) in the presence or absence of GSH (1 mM). For pulsing EBVs, T cell clones (5x104) were culture
with and without 2 h pulsed-antigen presenting cells (1x104) in the presence or absence of SMX-NO (40 µM) or SMX (1 mM) for 48 hours (37˚C; 5% CO2). After
incubation, [3H]-thymidine (0.5 mCi) were added to measure proliferative response. (B) 16 h-enzyme inhibitor pulsed EBVs (1x104) were incubated with T cell clones
(5×104) for 48 hours (5% CO2 at 37˚C). For normal condition, Autologous EBV-transformed B-cells were cultured with T cell clones and enzyme inhibitors for 1 hour
(5% CO2 at 37˚C) and 40 µM nitroso sulfamethoxazole. Following incubation, the plate was developed according to the manufactures instructions visualized by
ELISpot AID reader. Methimazole; Meth, 1-aminobenzotriazole; ABT.
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lymphocyte transformation test is a useful tool to define the
causative agent that can be performed during the recovery phase
of a hypersensitivity reaction (33, 34). A small cohort of CBZ-
hypersensitive patients demonstrated that the lymphocyte
transformation test was positive in only the hypersensitive
patients (35), while in b-lactam hypersensitive patients with
cystic fibrosis, the lymphocyte transformation test had a
sensitivity of approximately 75% (36). In this study, three
patients’ peripheral blood mononuclear cells were found to
proliferate in the presence of sulfamethoxazole and/or its
reactive nitroso metabolite. IFN‐g PBMC ELISpot was used to
confirm the positive result (Supplementary Figure 2). Two SMX
and eleven SMX-NO specific T cells were generated from T-cell
lines generated from two of the hypersensitive patients. Both
patients carried HLA-B*13:01. The SMX-NO specific clones
cross-reacted with the structurally related compound, nitroso
dapsone (DDS-NO), which demonstrates the importance of the
reactive nitroso functionality in the T cell response. A clinical
cross-reactivity rate between co-trimoxazole and dapsone has
been estimated to be approximately 22% and this may be due to
the cross-reactivity of the metabolite-responsive T cells (37).
Dapsone is related to SMX in that it contains an aromatic amine
and a sulfone function, but the drugs differ in terms of their
side-chains.

All of the SMX and SMX-NO specific T cell clones expressed
a CD4+ phenotype which concordant to previous studies (38,
39). Immunohistochemical studies have shown that the cell
infiltrate in maculopapular exanthema predominantly consists
of CD4+ T cells (40, 41), whereas a predominance of epidermal
CD8+ T cells is seen drug-induced bullous exanthem (42).
Previous studies have revealed that drug-specific T cells secrete
various cytokines including IFN-g, IL-13, IL-22 (43, 44). The
present study showed that both SMX and SMX-NO specific T
Frontiers in Immunology | www.frontiersin.org 897
cells secreted high levels of IL-13 along with lower levels of IL-22,
IFN-g and granzyme B secretion. However, IL-17 secretion from
the clones was not observed. Eosinophilia is naturally reported in
DRESS. Under inflammatory conditions, IL-13 is excreted by
eosinophils which drives inflammatory responses and is typically
associated with allergic inflammation (45–47).

Genetic association studies have shown a significant
association between HLA-B*13:01 and co-trimoxazole-induced
DRESS in patients with HIV infection (9). These data suggest
that the causative drug might interact with the HLA-B*13:01
protein to activate CD8+ T cells in hypersensitive patients. Co-
trimoxazole hypersensitivity is observed at a much lower
frequency in patients without HIV infection. The reason for
this is unclear, but may relate to a redox imbalance in patients
with HIV infection, or altered metabolism, that leads to the
formation of higher levels of sulfamethoxazole protein adducts
(9, 48). A significant higher frequency of the HLA-B*13:01-
C*03:04 haplotype was detected in co-trimoxazole-induced
DRESS in the Thai population (9) and this is in linkage
disequilibrium (LD) in Chinese (49) and Korean populations
(50). Furthermore, these two alleles are also in LD with a HLA
class II allele, namely HLA-DRB1*12:02 (50).

Somewhat surprisingly, the clones identified as drug-
responsive in this study were CD4+ and T cell activation was
diminished upon the blockade of HLA class II. This finding is in
agreement with the study of Ogese and colleagues (38), which
explored SMX T-cell responses in European patients, with
hypersensitivity of mild to moderate severity, that were
unlikely to express HLA-B*13:01. Ogese et al. demonstrated
that the response of SMX-NO specific CD4+ T cells was
restricted to the HLA-DQ allele, indicating that HLA class II
plays an important role in the T cell activation in patients
presenting with differing reaction phenotypes. In future studies
FIGURE 5 | T cell activation in response to antigen stimulation of SMX specific clone. Autologous EBV-transformed B-cells (1x104) were incubated with SMX (1 mM)
for 1 and 16 hours, and then incubated with T cell clones (5x104) after three washing steps. For fixation assay, SMX specific T cell clones (1x104) were cultured with
either irradiated or glutaraldehyde-fixed autologous EBV-transformed B-cell (5x104) in the presence of SMX (1 mM) for 48 hours (37°C, 5% CO2). After incubation,
[3H]-thymidine (0.5 mCi) incorporation was used to measure proliferative response.
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it will be of interest to identify T cell receptor (TCR) repertoire
expressed by drug-responsive T-cell clones and then determine
their frequency in hypersensitive and tolerant patient PBMC.

The availability of SMX and SMX-NO responsive T cells
allowed us to probe pathways of drug presentation by the HLA
class II molecules. The SMX-NO responsive clones were
stimulated to proliferate with APC pulsed with the drug
metabolite for 1- and 16-hours. These data demonstrate that
formation of a stable complex between the drug metabolite and
antigen presenting cells is important for T cell activation. These
data are concordant with Schnyder et al. which demonstrated the
responsive T cell clones from SMX hypersensitive patients
recognized covalently bound SMX-NO (39). The proliferative
response of 5 out of 9 of the SMX-NO specific T cell clones
analyzed was abolished APC were fixed with glutaraldehyde.
This indicates that the T cell activation is dependent upon
antigen processing and that the T cells are likely activated with
drug-modified peptides. On the contrary, fixed antigen
presenting cells had little effect on the activation of the
remaining 4 clones. These clones are presumably activated
when SMX-NO binds directly with surface peptides embedded
within the HLA class II proteins. Finally, a SMX specific clone,
SMX-43, was subjected to the same experiments. This clone was
stimulated to proliferate with soluble drug in the presence of
irradiated and fixed APC, while SMX-pulsed APC did not
activate the T-cells. Direct interactions of drugs (p-i model) are
not stable and washing the cells abolishes reactivity. Previous
studies suggest that SMX may interact directly with either HLA-
peptide complex (p-i HLA) or T cell receptors (p-i TCR) which
can induce T cell activation (51, 52).

The tripeptide glutathione functions to prevent SMX-NO
from covalently modifying proteins via quenching its reactivity
(53, 54). Addition of glutathione to SMX-NO specific T cells
blocked the induced proliferative response of the drug
metabolite, whereas glutathione had no effect on the activation
of clones with SMX (43, 53).

In conclusion, the generation of SMX and SMX-NO specific
T-cell clones from co-trimoxazole hypersensitive patients suggests
an immune mediated basis for the hypersensitivity reactions
observed in individuals expressing HLA-B*13:01. The clones were
CD4+ and activation was HLA class II-restricted indicating that
HLA-B*13:01 was not directly involved in the disease pathogenesis.
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Supplementary Figure 1 | Flow chart of the study.

Supplementary Figure 2 | The proliferative response and IFN-g ELISPOT of
three hypersensitive patients (A) hypersensitive patients’ PBMCs (1.5x106) were
cultures with SMX (1 and 2 mM), SMX-NO (10 and 20 µM), TMP (10 and 25 µM),
DDS (125 and 250 µM) and DDS-NO (5 and 10 µM) for 6 days (37°C, 5% CO2).
Following incubation, [3H]-thymidine (0.5 mCi) were added to measure proliferative
response. (B) PBMCs (5x106) were cultured in the presence of SMX (1mM), SMX-
NO (20 µM), DDS (125 µM) and DDS-NO (10 µM) for 48 hours (37°C, 5% CO2).
Following incubation, the plate was developed according to the manufactures
instructions visualized by ELISpot AID reader.

Supplementary Figure 3 | Cross-reactivity of SMX-NO specific T cell clones.
Autologous EBV-transformed B-cells (1x104) were incubated with SMX-NO specific
clones (5x104) in the presence of various drugs at difference concentration including
SMX (1mM), SMX-NO (20 and 40 µM), DDS (62.5 and 125 µM), DDS-NO (5 and 10 µM)
and phytohemagglutinin (PHA; 5 µg/mL). The proliferative response was measured
using [3H]-thymidine incorporation assay.
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Kinetics of Abacavir-Induced
Remodelling of the Major
Histocompatibility Complex
Class I Peptide Repertoire
Patricia T. Illing1†, Andy van Hateren2†, Rachel Darley2, Nathan P. Croft1,
Nicole A. Mifsud1, Samuel King2‡, Lyudmila Kostenko3, Mandvi Bharadwaj3,
James McCluskey3, Tim Elliott 2,4* and Anthony W. Purcell 1*

1 Infection and Immunity Program, Department of Biochemistry and Molecular Biology, Monash Biomedicine Discovery
Institute, Monash University, Clayton, VIC, Australia, 2 Institute for Life Sciences and Centre for Cancer Immunology, Faculty
of Medicine, University of Southampton, Southampton, United Kingdom, 3 Department of Microbiology and Immunology,
Peter Doherty Institute for Infection and Immunity, University of Melbourne, Parkville, VIC, Australia, 4 Nuffield Department of
Medicine, University of Oxford, Oxford, United Kingdom

Abacavir hypersensitivity syndrome can occur in individuals expressing the HLA-B*57:01
major histocompatibility complex class I allotype when utilising the drug abacavir as a part
of their anti-retroviral regimen. The drug is known to bind within the HLA-B*57:01 antigen
binding cleft, leading to the selection of novel self-peptide ligands, thus provoking life-
threatening immune responses. However, the sub-cellular location of abacavir binding
and the mechanics of altered peptide selection are not well understood. Here, we probed
the impact of abacavir on the assembly of HLA-B*57:01 peptide complexes. We show
that whilst abacavir had minimal impact on the maturation or average stability of HLA-
B*57:01 molecules, abacavir was able to differentially enhance the formation, selectively
decrease the dissociation, and alter tapasin loading dependency of certain HLA-B*57:01-
peptide complexes. Our data reveals a spectrum of abacavir mediated effects on the
immunopeptidome which reconciles the heterogeneous functional T cell data reported in
the literature.

Keywords: MHC I antigen presentation, abacavir, T cells, drug hypersensitivity, immunopeptidome, tapasin,
peptide selection
INTRODUCTION

Major histocompatibility complex class I (MHC I) molecules acquire peptide antigens in the
endoplasmic reticulum (ER) and present their peptide cargo at the cell surface for scrutiny by
cytotoxic T lymphocytes (CTLs). These peptide antigens are derived from the degradation of
intracellular proteins along with other sources, including peptides derived from defective ribosomal
Abbreviations: MHC I, Major histocompatibility complex class I; CTLs, cytotoxic T lymphocytes; HLA, Human Leukocyte
Antigen; ER, Endoplasmic reticulum; PBMCs, peripheral blood mononuclear cells; LC-MS/MS, liquid chromatography-
tandem mass spectrometry; LC-MRM-MS, liquid chromatography-multiple reaction monitoring-mass spectrometry; b2m,
b2-microglobulin.
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products (DRiPs) produced during aborted protein synthesis (1).
Therefore, the peptides presented by MHC I molecules (coined
the immunopeptidome) provide an overview of cellular protein
production. As such, virus infected or cancerous cells can be
detected when novel peptides, such as those derived from the
viral proteome or neo-epitopes generated during oncogenesis,
are presented on the cell surface. Their recognition by CTLs
stimulates cytotoxicity against the antigen presenting cells,
facilitating elimination of the infected or transformed cells.

MHC I molecules are noted for their exceptionally high allelic
polymorphism and subsequent sequence diversity. The
polymorphisms that differentiate MHC I allotypes are generally
concentrated within the antigen binding groove. Consequently,
each MHC I allotype has a unique peptidome, containing
characteristic ligands with positional biases for subsets of
amino acid residues at two to four “anchor” positions of the
bound peptide. As a result, the peptide repertoire displayed by
MHC I molecules at the cell surface is shaped by both the
peptides liberated during protein degradation as well as by
polymorphisms within the antigen binding groove that dictate
ligand selection and further interactions with peptide loading
chaperones (2–4).

In humans, classical MHC I molecules are co-dominantly
expressed from three gene loci known as Human Leukocyte
Antigen (HLA)-A, -B and -C. In addition to expected genetic
associations between different HLA-A, B, and C allotypes and
susceptibility to various infectious agents (5–10) or autoimmune
disorders (11–18), quite profound associations have also been
made between these genes and drug hypersensitivity reactions
(19). Some of these HLA associations represent the strongest of
any HLA-linked responses with odds ratios (>500) for distinct
hypersensitivity reactions towards the anti-epileptic
carbamazepine and HLA-B*15:02, the anti-hyperuricaemic
allopurinol and HLA-B*58:01, and the anti-retroviral abacavir
and HLA-B*57:01 (20–22). The molecular interaction
underpinning these associations is only known for abacavir,
where the drug behaves as a non-peptide ligand of HLA-
B*57:01, binding within the peptide-binding groove and partially
satiating the unique F pocket of this HLA allotype. This effectively
creates a distinct, shallower antigen binding cleft that selects novel
co-occupying peptide ligands (23–25). The immunopeptidome
perturbation is characterised by a switch in C-terminal anchor
residue (PΩ) preference from “canonical” HLA-B*57:01 peptides
with aromatic residues (Trp/Phe/Tyr) at their C-terminus to
“abacavir-induced” peptides with smaller aliphatic residues (Ile/
Leu/Val) at this position. This results in the appearance of a large
number of novel HLA–abacavir–peptide complexes at the cell
surface and corresponding vigorous CTL responses against drug
exposed cells (25, 26). These drug-induced anti-”altered self”
responses are the proposed basis of the potentially deadly
abacavir hypersensitivity syndrome in HLA-B*57:01+ HIV
patients utilising the drug as a part of their anti-retroviral regimen.

The involvement of the conventional MHC I antigen
presentation pathway in the generation of abacavir-specific
responses (26) suggests that novel HLA-B*57:01–peptide
complexes are formed de novo in the ER in the presence of the
Frontiers in Immunology | www.frontiersin.org 2102
drug (25). Peptide selection and the formation of stable ligand
bound complexes is an intrinsic property of MHC I molecules, a
process that varies in efficiency between allotypes and is
enhanced via a macromolecular peptide loading complex (3,
27, 28). Peptide selection is thought to result from an iterative
process in the ER in which MHC I molecules progressively
replace low affinity peptides with those that bind with higher
affinity (29, 30). A key constituent of this loading complex is the
MHC I-specific co-factor tapasin, which is chiefly responsible for
increasing the rate and extent of peptide loading and enhancing
the discrimination that occurs between peptides (31–34). As
such, tapasin ensures that MHC I preferentially assembles with
high affinity peptides conferring increased expression at the cell
surface (3, 35, 36). Although abacavir has a clear impact on the
final immunopeptidome, it is unknown how abacavir interacts
with this editing process.

Previous studies have indicated that the sensitisation of HLA-
B*57:01+ targets for killing by drug responsive T cells is dependent
on a functional peptide loading complex and required de novo
generation of HLA–drug–peptide complexes (25, 26). However, a
small subset of drug-responsive CTLs are reported to target HLA-
B*57:01+ cells almost immediately upon abacavir exposure, raising
the possibility that abacavir might exert a direct effect on HLA-
B*57:01 molecules expressed at the cell surface (37). We therefore
sought to i) define the kinetics of abacavir-induced changes in the
HLA-B*57:01 immunopeptidome and to assess whether this
correlates with de novo HLA-B*57:01 complex formation and
immunogenicity; and ii) characterise the impact of abacavir on the
association and dissociation of specific canonical and abacavir
induced peptide ligands of HLA-B*57:01 using an in vitro peptide
loading assay. In doing so, we generated a model in which abacavir
allows the introduction of novel self-peptides into the
immunopeptidome of HLA-B*57:01 that are not normally
selected by HLA-B*57:01, as well as enhancing presentation of a
subset of constitutive ligands by augmenting their association to,
and reducing their dissociation from, HLA-B*57:01. The diverse
effect that abacavir has on the selection of the B*57:01 peptide
repertoire likely underpins the heterogeneity in response kinetics
of different abacavir-induced T cell clones (37).
MATERIALS AND METHODS

Ethics and Sample Collection
HLA-B*57:01+ healthy individuals (n = 3) were recruited for the
study. Ethics approval was granted by both Monash University
(HREC 4717 & 2297) and the Australian Bone Marrow Donor
Registry (2013/04). Informed consent was obtained from all
subjects. Peripheral blood samples were collected in heparinised
vacutainer tubes and peripheral blood mononuclear cells
(PBMCs) isolated by Ficoll–Paque (GE Healthcare) and density
gradient centrifugation and cryopreserved until required.

Cell Lines
The C1R.B*57:01 cell line is a HLA-B*57:01 transfectant of the
Class I reduced C1R cell line [expresses low levels of endogenous
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HLA-A2 and -B35, and normal levels HLA-Cw4 (38, 39)] and
has been previously used in studies of interactions between
abacavir and HLA-B*57:01 (25, 26). HLA expression was
maintained in long-term culture through addition of Geneticin,
0.5 mg/ml (G418; Life Technologies). C1R.B*57:01 were cultured
in RF10 [RPMI 1640 (Life Technologies) supplemented with
10% foetal calf serum (FCS; Sigma), 7.5 mM HEPES (MP
Biomedicals), 100 U/ml Pen Strep (benzyl–penicillin/
streptomycin, Life Technologies), 2 mM L-glutamine (MP
Biomedicals), 76 mM b-mercaptoethanolamine (Sigma), and
150 mM non-essential amino acids (Life Technologies)] at 37°C
with 5% CO2. HLA-expression phenotype was confirmed by flow
cytometry using W6/32 (pan HLA class I, produced in-house
from hybridoma) or 3E12 [HLA-B57 specific (40)] antibodies.

The 721.220 and tapasin transfectant 721.220.tapasin are
previously described (3, 27) and were maintained in RPMI
(Sigma) with 10% foetal bovine serum (Globepharm), 2 mM
L-glutamine (Sigma), and 10 mM HEPES (Lonza) at 37°C with
5% CO2. HLA-B*57:01 cDNA encoding amino acids −24 to 338
were cloned into pMCFR containing a puromycin selection
marker. 721.220 and 721.220.tapasin cells were transfected
using Nucleofection, program A-23, solution T (Amaxa) with 2
µg purified plasmid (Qiagen). Stable, polyclonal transfectants
were selected with 1.5 µg/ml puromycin (Sigma) and/or 1 mg/ml
G418 (Invitrogen) for tapasin expressing cell lines. The HLA-
expression phenotype of the cells was confirmed by flow
cytometry using W6/32 antibody.

Isolation of HLA Ligands
C1R.B*57:01 cells were grown to high density in RF10 containing
0.5 mg/ml G418 with the addition of 35 µM abacavir (Ziagen®

tablets, GlaxoSmithKline) for the final 2, 4, 6, 12, or 16 h of culture,
or with abacavir maintained at 35 µM throughout culture, or
without abacavir. Cells were harvested by centrifugation (500 g,
5 min, 4°C), washed twice in chilled PBS and pellets of 108 cells
snap frozen by submersion in liquid nitrogen. All samples were
generated in triplicate and stored at −80°C prior to HLA
extraction. For cell lysis prior to isolation of HLA molecules, cell
pellets were resuspended in 5 ml of a mild lysis buffer {0.5%
IGEPAL 630 [Sigma], 50 mM Tris pH 8, 150 mM NaCl [Merck-
Millipore] and protease inhibitors [Complete Protease Inhibitor
Cocktail Tablet (1 tablet per 50 ml solution); Roche Molecular
Biochemicals, Switzerland]} and incubated for 45 min at 4°C with
slow rolling to mix. Lysates were cleared by centrifugation at
16,000 g for 20 min at 4°C in a bench top centrifuge.

Immunoaffinity purification of HLA-peptide complexes from
lysates was performed using the pan class I antibody W6/32
(produced in-house from hybridoma) coupled to a protein A
affinity resin (Repligen) as described previously (41). Complexes
were dissociated using 10% acetic acid (Sigma) and fractionated
by reversed-phase high performance liquid chromatography
(RP-HPLC) using an ÄKTAmicro™ HPLC system (GE
Healthcare) equipped with a monolithic C18 RP-HPLC column
(4.6 mm i.d. × 50 mm length, Chromolith Speed Rod, Merck-
Millipore) and running a mobile phase consisting of buffer A
[0.1% trifluoroacetic acid (TFA, Thermo Scientific)] and buffer B
[80% acetonitrile (ACN, Fisher Scientific), 0.1% TFA] as
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described elsewhere (42). UV absorbance at 215 nm monitored
the elution of material from the column and the area under the
curve for the b2-microglobulin (b2m) peak used as a measure of
the purified HLA within the sample. Peptide containing fractions
were concatenated into three fraction pools, concentrated using a
speed vacuum concentration system (LABCONCO) and
reconstituted with 30 µl with 0.1% formic acid (FA, Thermo
Scientific) prior to LC-mass spectrometry (MS) analysis.

Targeted Mass Spectrometric Detection
and Quantitation of HLA Ligands
Liquid chromatography-multiple reaction monitoring (LC-
MRM)-MS experiments utilised a Tempo nanoLC (Eksigent)
autosampler and cHiPLC nanoflex (Eksigent) paired to a SCIEX
QTRAP 5500 mass spectrometer. 10 µl samples were loaded onto
a cHiPLC trap column (ChromXP C18-CL column 0.5 mm × 200
µm i.d., 3 µm particle size, nominal pore size 120 Å) at 5 µl/min
in 2% ACN, 0.1% FA for 10 min. An analytical cHiPLC column
(ChromXP C18-CL 15 cm × 75 µm i.d., 3 µm particle size,
nominal pore size 120 Å) was switched in line, and the peptides
eluted at 300 nl/min over a gradient of buffer A (0.1% FA) and B
(98% ACN, 0.1% FA): 0–1 min 2% B, 1–3 min 2–10% B, 3–40
min 10–35.5% B, 40–45 min 35.5–80% B, 45–50 min hold at 80%
B, 50–53 min 80–2% B, re-equilibration at 2% B for 7 min.

The QTRAP 5500 was operated in MRM mode in unit
resolution for Q1 and Q3, with any MRM transition exceeding
600 counts triggering an Enhanced Product Ion (EPI) scan. We
previously analysed the immunopeptidome of HLA class I from
C1R.B*57:01 (untreated or constant 35 µM abacavir treatment)
by LC-tandem mass spectrometry (MS/MS) using an SCIEX
5600+ TripleTOF system (25). LC-MS/MS data were searched
against the reviewed human proteome (UniProt/SwissProt
accessed April 2016) using ProteinPilot™ software v4.5
considering biological modifications and employing a decoy
database for false discovery rate (FDR) analysis. Peptides for
quantitation were chosen from these data and MRM parent-
product ion transitions were designed from the prominent
product ions observed in the experimental spectra of selected
peptides. Detection of these transitions overlapping at a
particular retention time (RT) was used as an indicator of
peptide presence. Peptide identity was validated either through
comparison of transition hierarchy and RT to synthetic peptides,
or, in the absence of synthetic peptide data, assignment of the
fragmentation spectra observed in the linked EPI scan when
searched against the list of candidate peptides using Protein
Pilot™ software v5.0. Transitions were also designed for the
detection of abacavir, a singly charged ion of mass:charge ratio
(m/z) +287.2 with fragment ions of 190.9 (Collision energy [CE]
30), 174.0 (CE 45), 164.1 (CE 39), and 150.0 (CE 46).

A relative measure of peptide or abacavir abundance within the
immunopeptidome was calculated as the total area under the curve
for the detected transitions using Skyline software 64 bit 4.1.0.18169
[MacCoss Laboratory (43)] normalised to the total yield of class I
HLA complexes (i.e. normalised to the area of the b2m peak
observed on RP-HPLC separation of the immunoaffinity eluate).
Mean abundance was calculated from three replicates for each time
point and normalised to the maximum mean detection of the
May 2021 | Volume 12 | Article 672737

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Illing et al. Abacavir-Mediated MHC Immunopeptidome Perturbation
peptide/abacavir. To categorise peptides based on abacavir impact,
linear regression was performed over t = 0 (untreated) to t = 16 h
abacavir exposure using GraphPad Prism 7.01 (GraphPad Software,
San Diego, California, USA). Peptides were defined as abacavir
inhibited (slope < −0.02), minimal impact (slope magnitude < 0.02),
abacavir facilitated (slope > 0.02, abundance > 0 at t = 0 in at least
two of three replicates), abacavir dependent (slope > 0.02,
abundance = 0 at t = 0 in at least two of three replicates).
Although not matching the slope criteria peptides, KTFTTQETI
and KTIETSPSL were classified as abacavir facilitated because the
signal observed on constant treatment with abacavir was more than
twice that observed in the absence of abacavir treatment. The mass
spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE (44) partner
repository with the dataset identifier PXD024331.

Comparison of the Cellular Proteome
Using Label Free Quantitation
in LC-MS/MS
Triplicate cultures of C1R.B*57:01 in RF10 +/− 35 µM abacavir
were incubated at 37°C, 5% CO2 for 48 h. Cells were then
harvested by centrifugation (500 g, 5 min, room temperature),
washed in PBS and pellets of 7 × 106 cells snap frozen on dry ice
in Eppendorf® LoBind microcentrifuge tubes and stored
at −80°C until time of lysis. Cell pellets were lysed by
resuspension in 100 µl 4% Sodium dodecyl sulphate (SDS,
Sigma), 0.1 M Tris-HCl pH 7.6 (Merck-Millipore), 0.1 M
Dithiothreitol (DTT, Sigma) followed by incubation at 95°C
with shaking (1,200 rpm, Eppendorf Thermomixer Comfort).
Insoluble material was removed by centrifugation (16,000 g,
10 min, RT) and supernatants harvested. Protein concentration
was determined using a standard Bradford assay (Expedeon). 15
µl lysate (average 300 µg protein) was subjected to trypsin
digestion using a FASP™ Protein Digestion kit (Expedeon)
using a 10 kDa cut-off spin filter (Pall Corporation, USA) and
proteomics grade trypsin from porcine pancreas (Sigma-Aldrich,
USA). 10 µl digested peptides were acidified by addition of FA to
a final concentration of 1% and desalted using OMIX C18 tips
(Agilent Technologies), eluting in 50% ACN, 0.1% FA. ACN was
removed using a speed vacuum concentration system
(LABCONCO, USA) and samples resuspended in 15 µl 0.1% FA
for mass spectrometry analysis. LC-MS/MS was performed using a
Dionex UltiMate 3000 RSLCnano system coupled to a QExactive
Plus mass spectrometer (Thermo Scientific). 6 µl of digest samples
were loaded onto an Acclaim® PepMap100 20 mmC18 Nano-Trap
column (100 mm i.d, 5 mm particle size, 100 Å pore size) at 15 µl/
min in 2% ACN, 0.1% FA. Peptides were eluted from the trap
column and separated over a 50 cm analytical Acclaim® RSLC
PepMap RSLC 50 cm C18 Nano column (75 mm i.d., 2 mm particle
size, 100 Å pore size), equilibrated in 97.5% buffer A (0.1% FA)/
2.5% buffer B (80% ACN, 0.1% FA) at 250 nl/min using the
following gradient conditions: 2.5–7.5% B over 1 min, 7.5–40% B
over 120 min, 40–99% B over 5 min, 6 min hold at 99% B, followed
by re-equilibration in 2.5% B for 20 min. Peptide detection was
performed using a data-dependent acquisition (DDA) strategy in
positive mode with a precursor m/z scan range of 375–1,800
(resolution 140,000) triggering fragmentation and MS of the 12
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most abundant ions per cycle (m/z scan range 200–2,000, resolution
17,500) and operating with a 15 s dynamic exclusion.
Fragmentation was limited to ion charge states of +2 to +5.
Spectra were assigned and LFQ intensities calculated across three
biological replicates per condition using MaxQuant (45) Version
1.6.1.0 searching against the reviewed human proteome (UniProt/
SwissProt accessed April 2016), considering fixed modification
carbamidomethyl cysteine, variable modifications of N-terminal
acetylation, and methionine oxidation, as well as up to two
missed trypsin cleavages. Protein ratios between samples were
calculated based on at least two common peptides, including
unique and razor peptides. Protein identifications were filtered of
decoys, contaminants, and proteins only identified by a
modification site. Log2 transformed LFQ intensities for proteins
assigned LFQ values in at least three samples were compared
between conditions using Perseus Version 1.6.6.0 by a two-sided
t-test (46). Missing values were imputed from a normal distribution
(default settings). The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium via the PRIDE
(44) partner repository with the dataset identifier PXD024331.

Abacavir-Specific T Cell Culture
To generate abacavir responsive T cells, 2–4 × 106 HLA-B*57:01+

responder PBMCs were resuspended in 1 ml RF10 and placed in a
single well of a 24 well tissue culture plate (Greiner Bio-One
International AG, Austria). Autologous stimulator HLA-B*57:01+

PBMCs were incubated for 4–5 h at 37°C, 5% CO2 with 35 mM
abacavir in 200 µl RF10. Stimulator PBMCs were subsequently
added to responder PBMC at a 2:1 responder:stimulator ratio and
the final volume of culture made up to 2 ml with RF10. Cells were
incubated at 37°C, 5%CO2 and fed with fresh media as required to
sustain cell outgrowth. On day 5 of culture, cell media were
supplemented with rhIL-2 (Cetus) at 20 U/ml and maintained
at this concentration thereafter. On days 11–14 cultures were
tested for antigen specificity by restimulation with abacavir pulsed
(incubated with 35 µM abacavir overnight, washed three times in
RPMI 1640) C1R.B*57:01 followed by intracellular cytokine
staining (ICS).

Intracellular Cytokine Staining Assay
C1R.B*57:01 were incubated with 35 mM abacavir for set time
periods (0–30 h) and HLA molecule export abrogated by 1%
paraformaldehyde (PFA) fixation (ProSciTech, Australia) in PBS
(2 h, room temperature). Cells were washed three times in RPMI
1640 to remove residual PFA, and stored overnight at 4°C in RH10
[RPMI 1640 (Life Technologies) supplemented with 10% human
AB serum (HS; Sigma/Merck), 7.5 mMHEPES (MP Biomedicals),
100 U/ml Pen Strep (benzyl–penicillin/streptomycin, Life
Technologies), 2 mM L-glutamine (MP Biomedicals), 76 mM b-
mercaptoethanolamine (Sigma), and 150 mM non-essential amino
acids (Life Technologies)]. C1R.B*57:01 were mixed with 1 × 105

T cells at a 1:2 ratio in a volume of 200 ml fresh RH10. After 2 h at
37°C, 5% CO2, Brefeldin A (BFA; Sigma-Aldrich) was added to a
final concentration of 10 mg/ml and incubated a further 4 h. Cells
were stained with anti-CD4-PE [clone RPA-T4, Becton Dickinson
(BD) Biosciences, USA] and anti-CD8-PerCP-Cy™5.5 (clone
SK1, BD Biosciences, 25 min, 4°C), fixed with 1% PFA/PBS
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(20 min, room temperature), washed in PBS, then permeabilised
with 0.3% saponin (Sigma-Aldrich) in PBS containing anti-
Interferon-g (IFNg)-PE-Cy™7 (clone B27, BD Biosciences) and
anti-tumour necrosis factor (TNF)-PE-V450 (clone Mab11, BD
Biosciences), and acquired by flow cytometry using an LSR II flow
cytometer and BD FACSDIVA™ software (BD). The percentage
of CD8+ T cells producing IFNg and TNF was determined via
analysis using FlowJo software (BD).

MHC I Pulse-Chase Maturation Assay
In order to assess the ability of abacavir to modulate HLA-
B*57:01 maturation kinetics in various cell types, 60 µM abacavir
was added to 2 × 107 cells in 50 ml culture medium 20 h before
the start of the assay, while 2 × 107 cells were cultured in the
absence of abacavir in otherwise identical conditions. Cells were
harvested and incubated in 2 ml cysteine/methionine free RPMI
(Sigma) containing 10% dialysed foetal bovine serum
(Globepharm), 2 mM L-Glutamine (Sigma), and 60 µM
abacavir, or no abacavir (as appropriate), for 40 min at 37°C.
3.8 MBq 35S EasyTag (Perkin Elmer) was added for 6 min. The
labelling reaction was stopped by adding 20 ml RPMI containing
10% dialysed foetal bovine serum, 2 mM L-Glutamine, and 2
mM Methionine (Sigma). 4 ml samples were taken at time
points, and cells were lysed in PBS containing 1% NP-40 (US
Biological), 2 mM phenylmethylsulfonyl fluoride (Sigma), and 5
mM iodoacetamide (Sigma) and clarified by centrifugation at
16,060 g for 10 min. Supernatants were pre-cleared with protein
A sepharose (Sigma) and incubated with W6/32 and Protein A
sepharose beads for 1 h. MHC I molecules were eluted from the
beads by heating at 95°C for 3 min in 1.5% SDS and 50 mM Tris-
HCL pH 6.8. The sample was digested (or mock digested) with
500 U EndoHf (NEB) using the manufacturer’s protocol.
Proteins were separated by SDS PAGE, the gels dried, and
bands were detected using Personal Molecular Imager FX
(BIORAD) and quantified using Image J software. % of EndoH
resistant material was calculated as a % of the total Endo H
resistant and sensitive material.

Pulse-Chase Thermostability Assay
In order to assess if abacavir stabilised HLA-B*57:01 complexes
expressed by various cell types, 60 µM abacavir was added to 2 ×
107 cells in 50 ml culture medium 20 h before the start of the
assay, while 2 × 107 cells were cultured in the absence of abacavir
in otherwise identical conditions. Cells were harvested and
incubated in 2 ml cysteine/methionine free RPMI (Sigma)
containing 10% dialysed foetal bovine serum (Globepharm), 2
mM L-Glutamine (Sigma), and 60 µM abacavir, or no abacavir
(as appropriate), for 40 min at 37°C. 3.8 MBq 35S EasyTag
(Perkin Elmer) was added for 6 min. The labelling reaction was
stopped by adding 20 ml RPMI containing 10% dialysed foetal
bovine serum, 2 mM L-Glutamine, and 2 mM Methionine
(Sigma). 5 ml samples were taken at time points, and cells
were lysed in PBS containing 1% NP-40 (US Biological), 2 mM
phenylmethylsulfonyl fluoride (Sigma), and 5 mM iodoacetamide
(Sigma) and clarified by centrifugation at 16,060 g for 10 min.
Supernatants were pre-cleared with protein A sepharose (Sigma)
for 1 h.
Frontiers in Immunology | www.frontiersin.org 5105
Each pre-cleared lysate was split into three tubes and
incubated at 50, 37 or 4°C for 12 min then cooled on ice.
MHC I molecules were precipitated with W6/32 and Protein A
sepharose beads for 1 h. MHC I molecules were eluted from the
beads by heating at 95°C for 3 min in 1.5% SDS, 50 mM Tris-HCl
pH 6.8, 30% Glycerol, and 2 M 2-Mercaptoethanol. Proteins
were separated by SDS PAGE. The gels were dried, and bands
were detected using Personal Molecular Imager FX (BIORAD)
and quantified using Image J software. Gels were re-hydrated and
stained with Coomassie to quantify the IgG heavy chain. % of
MHC I recovered after thermal denaturation was calculated by
normalising MHC I band intensity against quantity of IgG heavy
chain and represented as a proportion of material left compared
to 4°C.

Production of Nucleotides Encoding
HLA B*57:01fos
DNA encoding the ER luminal domains of HLA-B*57:01 with C-
terminal Fos leucine zipper sequence was created by three PCR
reactions: nucleotides encoding the ER luminal domains of HLA-
B*57:01 were amplified using primers 5′-AGCCATATGGGCT
CCCACTCCATGAG-3′ and 5′-ACCGCCGGAACCTCC
TGGCTCCCATCTCAG-3′ and HLA-B*57:01 DNA in pET30
plasmid; while nucleotides encoding the Fos leucine zipper were
amplified from pET22b HLA-A*02:01fos [described in (47)]
using primers 5′-CTGAGATGGGAGCCAGGAGGTTC
CGGCGG-3′ and 5′-CGCAAGCTTTTAATGGGCGGCC
AGGATGAACT-3′. The purified products from both PCR
reactions were used in a third PCR reaction to create HLA-
B*57:01fos using primers 5′-AGCCATATGGGCTCCCACT
CCATGAG-3′ and 5′-CGCAAGCTTTTAATGGGCGGCC
AGGATGAACT-3′. Following agarose gel electrophoresis and
digestion of the purified product with restriction enzymes the
sequence encoding HLA-B*57:01fos was cloned into
pET22b (Novagen).

Production of Monomeric Tapasin-Jun
and Conjugated Tapasin-Jun-ERp57
C60A Proteins
Nucleotides encoding human tapasin-jun (47) were modified to
allow purification via a TwinStrep affinity tag. First, nucleotides
encoding a TEV protease cleavage site, TwinStrep affinity tag and
stop codon were added to the pMT/BiP/V5-His A plasmid
(ThermoFisher) as follows: a plasmid containing a synthetic
gene encoding the TEV protease cleavage site, TwinStrep affinity
tag and stop codon, flanked by nucleotides constituting 5′ XhoI
and 3′ PmeI restriction enzyme sites (XhoI–TEV–TwinStrep–
Stop–PmeI) was obtained from GeneArt (ThermoFisher). The
nucleotides encoding the TEV–TwinStrep–Stop sequence were
excised by digestion with XhoI and PmeI restriction enzymes and
ligated into XhoI and PmeI digested pMT/BiP/V5-His A vector
that had previously been modified to confer puromycin resistance
as described in (47). Second, tapasin-jun was cloned into the pMT-
BIP_TEV-TwinStrep (Puro) by one-step sequence and ligation
independent cloning (48). Briefly, the vector pMT-BiP TEV-
TwinStrep was digested with BglII and XhoI restriction enzymes
while the sequence of tapasin-jun was amplified by PCR using the
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forward primer (5′- GGCCTCTCGCTCGGGAGATCTGGACCC
GCGGTGATCG-3′) and reverse primer (5′- GAAATACAG
GTTTTCCTCGAGGTTCATGACTTTCTGTTTAAG-3′). The
digested vector and the PCR product were incubated at a molar
ratio of 1:4 in the presence of T4 DNA polymerase (NEB) at room
temperature for 2 min 30 s, then the reaction was left on ice for
10 min before competent bacteria were transformed.

DNA encoding ERp57, without the signal sequence, but with
a C-terminal His6 tag located before the QEDL ER retrieval
sequence was created by PCR using primers 5′-TAA
AGATCTTCCGACGTGCTAGAACTCAC-3′ and 5′-GAAG
AAGAAGAAGGCACATCACCATCACCATCACCAG
GAGGATCTCTAAGAATTCCAC-3′ and human ERp57 DNA
in pQE60 plasmid [described in (49)] and ligated to pMT-BiP
plasmid modified to confer puromycin resistance following
digestion of the purified product with restriction enzymes and
agarose gel electrophoresis. The C60A mutation was introduced
by PCR using primers 5′-GTGTGGACACGCCAAGAGAC
TTG-3′ and 5′-CAAGTCTCTTGGCGTGTCCACAC-3′ and
ERp57-His6-QEDL in pMT-BiP (Puro).

S2 cells were transfected with either the pMT-BiP–Tapasin-
Jun–TEV–TwinStrep (Puro) plasmid for the expression of
monomeric tapasin-jun protein, or co-transfected with the
pMT–BiP–Tapasin-Jun–TEV–TwinStrep (Puro) and pMT–
BiP–ERp57 C60A His6 (Puro) plasmids for the expression of
ERp57 C60A conjugated tapasin-jun proteins using Fugene6
transfection reagent (Promega) and OptiMEM medium (Fisher
Scientific). Stable transfectants were generated by culturing the
transfected cells in EX-CELL 420 Serum-Free Medium (Sigma)
supplemented with 3 µg/ml puromycin (Melford).

Monomeric tapasin-jun or ERp57 C60A conjugated tapasin-
jun proteins were purified from either cell supernatants or from
cell pellets. Pooled cell supernatants were concentrated
approximately five-fold using a 30 kDa membrane (Amicon).
The pH of the concentrated supernatant was adjusted to pH 7–8
by the addition of binding buffer (50 mM Tris-HCl pH 8.0, 150
mM NaCl). BioLock biotin blocking solution (IBA Life Sciences)
was added according to the manufacturer’s recommendations (to
prevent free biotin present in the medium from binding
irreversibly to the Strep-Tactin beads) and incubated at room
temperature for 5 min, before being passed through a 0.22 µm
filter. 10 ml of 50% Strep-Tactin Superflow High Capacity beads
(IBA Life Sciences) was washed twice with 50 ml of binding
buffer before being mixed with the filtered cell supernatant at 4°C
overnight. Following centrifugation at 270 g for 2 min the beads
were pooled and washed three times with 50 ml of binding buffer
and transferred to a 10 ml column. 5 mM D-desthiobiotin diluted
in binding buffer was used to elute the proteins with 1 ml fractions
being collected. Protein containing fractions were pooled and
concentrated by 30 kDa spin concentrator (ThermoFisher) and
dialysed against 20 mM Tris-HCl pH 8.0, 150 mM NaCl at 4°C.
The dialysed protein was recovered and concentrated further
using a 2 ml 10 kDa spin concentrator. Cell pellets were
resuspended in lysis buffer [100 mM Tris-HCl pH 8.0, 150 mM
NaCl, 1% NP40, 10 mM MgCl2, Complete EDTA-free protease
inhibitors (Roche), and 100 µl/g cell pellet of 2 mg/mL DNAse
Frontiers in Immunology | www.frontiersin.org 6106
Sigma)], sonicated on ice, and mixed at 4°C for 30 min. The lysate
was clarified by centrifugation at 17,000 g, 4°C. The supernatant
was passed through a 0.22 µm filter and incubated with Strep-
Tactin Superflow High Capacity beads as described for the
purification of the proteins from the supernatants.

Synthetic Peptides
For fluorescence polarisation experiments the following HLA-
B*57:01 binding peptides were used: the UV-labile conditional
peptide ligand LSSPVTKjF [j denotes 3-amino-3-(2-nitro)phenyl-
propionic acid], the fluorescent peptides TSLK*SRVTI,
LTTK*LTNTNI , ATFK*G IVRA I , NTVELRVK* I ,
KTFK*DVGNLL, KVFK*LQTSL, VTKK*TYEIW, ITTK*AISRW,
RVDPAK*GLFYF (K* denotes TAMRA labelled lysine), non-
labelled peptides TSLKSRVTI, LTTKLTNTNI, ATFKGIVRAI,
NTVELRVKI, KTFKDVGNLL, KVFKLQTSL, VTKKTYEIW,
and RVDPAKGLFYF. TAMRA labelled and unlabelled peptides
were synthesised by GL Biochem Ltd (Shanghai, China). The UV
labile peptide was synthesised by Peptide Protein Research Ltd
(Fareham, UK). Unlabelled peptides used in LC-MRM-MS
(Supplementary Table 1) were synthesised by GL Biochem Ltd
(Shanghai, China).

Production of Peptide-Loaded
HLA-B*57:01fos Complexes
Peptide loaded HLA-B*57:01fos complexes were obtained as
described (50) by refolding solubilised inclusion bodies of
HLA-B*57:01fos heavy chains with human b2m and UV-labile
HLA-B57-conditional peptide ligand.

Fluorescence Polarisation Experiments
Fluorescence polarisation measurements were taken using a
SpectraMax i3x Multi-Mode Microplate Reader (Molecular
Devices) with rhodamine detection cartridge. All experiments
were conducted at 25°C and used PBS supplemented with 0.5
mg/ml bovine-gamma-globulin (Sigma), and a 20 fold molar
excess of human b2m (Fitzgerald) in a volume of 60 µl. Binding
of TAMRA-labelled peptides is reported in millipolarisation
units (mP) and is obtained from the equation mP = 1,000 ×
(S – G × P)/(S + G × P), where S and P are background
subtracted fluorescence count rates (S = polarisation emission
filter is parallel to the excitation filter; P = polarisation emission
filter is perpendicular to the excitation filter) and G (grating) is
an instrument and assay dependent factor.

Association Rate Measurements
Peptide-receptive HLA-B*57:01fos were obtained by exposing
HLA-B*57:01fos complexes loaded with UV labile conditional
peptide ligand to ~360 nm light for 20 min at 4°C (“UV exposed”
hereafter). The binding of fluorescent peptides to UV exposed
HLA-B*57:01fos was monitored in the absence or presence of
excess (60 µM) abacavir or tapasin-jun or tapasin-jun ERp57
C60A conjugate. Comparable results were obtained with either
monomeric tapasin-jun or ERp57 C60A conjugated tapasin-jun
proteins. Most experiments used tapasin-jun proteins at a
concentration of 0.254 µM, but some experiments used different
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preparations of tapasin-jun protein, which required higher
concentrations (up to 0.75 µM) to achieve comparable function.
Most experiments used 0.55 µMHLA-B*57:01fos molecules, but a
minority of experiments involved different preparations of HLA-
B*57:01fos which required higher concentrations of HLA-
B*57:01fos, up to a maximum of 3.18 µM HLA-B*57:01fos, to
achieve equivalent polarisation levels. Comparable results were
obtained. Peptide concentrations varied between experiments, but
gave comparable results: KTFK*DVGNLL 0.015–0.045 µM,
TSLKSRVTI 0.015–0.083 µM, KVFK*LQTSL 0.015–0.1 µM,
ATFK*GIVRAI 0.015–0.092 µM, NTVELRVK*I 0.015–0.210
µM, VTKK*TYEIW 0.015–0.106 µM, RVDPAK*GLFYF 0.015–
0.087 µM, ITTK*AISRW 0.015–0.353 µM, LTTK*LTNTNI 0.006–
0.024 µM.

Dissociation Rate Measurements
HLA-B*57:01fos molecules were UV exposed and then allowed
to bind fluorescent peptides overnight at room temperature.
Florescence polarisation measurements were taken after the
addition of excess non-labelled competitor peptide (otherwise
identical to the labelled peptide) in the absence or presence of 60
µM abacavir or conjugated tapasin-jun-ERp57 C60A proteins.
Most experiments used tapasin-jun proteins at a concentration
of 0.254 µM, but some experiments used different preparations of
tapasin-jun protein, which required higher concentrations (up to
0.949 µM) to achieve comparable function. Most experiments
used 0.55 µM HLA-B*57:01fos molecules, but some experiments
involved different preparations of HLA-B*57:01fos which
required higher concentrations of HLA-B*57:01fos, up to a
maximum of 1.38 µM HLA-B*57:01fos, to achieve equivalent
polarisation levels. Comparable results were obtained. Peptide
concentrations varied between experiments, but gave
comparable results: KTFK*DVGNLL 0.015–0.045 µM,
TSLKSRVTI 0.015–0.034 µM, KVFK*LQTSL 0.015–0.039 µM,
ATFK*GIVRAI 0.015–0.063 µM, NTVELRVK*I 0.015–0.165
µM, VTKK*TYEIW 0.015–0.028 µM, RVDPAK*GLFYF 0.015–
0.082 µM, ITTK*AISRW 0.015 µM.
RESULTS

Abacavir Induced Changes in the
HLA-B*57:01 Immunopeptidome
Increase Over Time
We previously characterised the impact of abacavir exposure on
the immunopeptidome of HLA-B*57:01 molecules isolated from
C1R.B*57:01 cells and determined the sequences of novel drug
induced ligands by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) (25). This workflow enabled
identification of peptides without prior knowledge of sequence
but is biased towards those of highest intensity during LC-MS/
MS. In contrast, liquid chromatography-multiple reaction
monitoring–mass spectrometry (LC-MRM–MS) specifically
targets known peptides based on knowledge of their precursor
ion mass and sequence specific fragmentation patterns. LC-
MRM–MS strategies have been shown to facilitate the detection
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of both high and low abundance peptides against the complex
background of the immunopeptidome and facilitate relative
peptide quantitation (42, 51–53). Therefore, to follow the
perturbation of the immunopeptidome over time, we designed
a LC-MRM–MS based approach to track changes in the relative
abundance of a subset of HLA-B*57:01 ligands within the
immunopeptidome. Based on this strategy, 58 HLA-B*57:01
ligands were robustly detected; 35 that were originally identified
in both treated and untreated cells, 22 that were identified only in
treated cells, and one that was previously identified in untreated
cells alone (see Supplementary Table 1 for details). These
peptides possessed predominantly canonical HLA-B*57:01
anchor residues at P2 of the peptide (Ser, Thr, Ala, or Val),
whilst PΩ residues included both the preferred canonical
aromatic PΩ anchors (Trp, Phe, Tyr) and aliphatic residues
that increase in representation following exposure to abacavir
(Ile, Leu and Val). As C1R.B*57:01 also expresses the HLA class I
molecule HLA-C*04:01, five peptides identified as ligands of
HLA-C*04:01 in parental C1R cells (54) were also targeted for
detection as an internal drug-specificity control.

MHC I molecules were isolated from C1R.B*57:01 cells that
had been cultured for 0–16 h, or continuously, in the presence of
abacavir. Changes in the immunopeptidome were evident after
2 h of abacavir treatment and became more prominent during
the 16 h time course of the experiment. This coincided with the
co-purification of increasing amounts of HLA-B*57:01-bound
abacavir (Figure 1 and Supplementary Figure 1). The changes
in the abundance of peptides in response to abacavir exposure
could be categorised into four groups. One group, consisting of
six peptides, was abacavir inhibited (decreased in abundance
over exposure time, Figure 1A). Another group of 20 peptides
experienced minimal impact (no marked change in abundance,
Figure 1B). Eight peptides were observed to be abacavir
facilitated (present in the absence of abacavir but increased in
abundance with abacavir exposure, Figure 1C), and the
remaining 24 peptides were abacavir dependent (not robustly
detected in the absence of abacavir and increased in abundance
during abacavir exposure, Figure 1D). Ligands of HLA-C are
shown for comparison in Figure 1E.

Abacavir Independent Ligands
The majority of the 20 peptides that were minimally impacted by
abacavir terminated in canonical PΩ anchor residues for HLA-
B*57:01 (25, 55) (Figure 1B and Supplementary Figure 1,
orange symbols and line): 15 peptides terminated in Trp,
whilst a further three peptides terminated in less favoured
canonical residues, Tyr and Phe. These included LSSPVTKSF
for which crystal structures of this peptide in complex with HLA-
B*57:01 demonstrate the occupation of the abacavir binding site
by P7 Lys and P9 Phe residues (25, 26). Consistent with their
conformity to the canonical HLA-B*57:01 peptide binding motif
most peptides within this category were predicted to be strong
binders of HLA-B*57 :01 by NetMHC4.0 (56 , 57)
(Supplementary Figure 2), suggesting these peptides are high
affinity ligands, which are not markedly impacted by competition
from abacavir and abacavir-induced peptide ligands. The two
remaining peptides, ITKTVVENI and LSKPNPPSL, were
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predicted to bind B*57:01 with low affinity (Supplementary
Figure 2, red and green symbols) and, despite their PΩ residues
being considered conducive to binding in the presence of
abacavir, these peptides appear to be well represented in the
constitutive HLA-B57 immunopeptidome.

Abacavir Inhibited Peptides
We observed that six of the peptides in our panel decreased in
abundance following the addition of abacavir (Figure 1A and
Supplementary Figure 1, red symbols and line). Three peptides
terminated in the canonical Phe residue at PΩ, whilst the
remaining three peptides terminated in the combination of Leu
at PΩ and Arg at PΩ-2. We have previously observed that Phe at
PΩ provides less stability to HLA-B*57:01 complexes than Trp
(55) and indeed, two of these peptides were predicted to bind
B*57:01 with low affinity (Supplementary Figure 2 and
Supplementary Table 1). This suggests that these ligands may
be displaced from the repertoire in preference of higher stability
HLA-B*57:01-abacavir–peptide complexes. Similarly, whilst Arg
at PΩ-2 can act as a secondary anchor for HLA-B*57:01, forming
a salt-bridge with Asp114 of the E-pocket and stabilising the
Frontiers in Immunology | www.frontiersin.org 8108
peptide within the groove (55), the three peptides with the
combination of Leu at PΩ and Arg at PΩ-2 were also
predicted to bind with low affinity (Supplementary Figure 2
and Supplementary Table 1). This suggests that these peptides
are vulnerable to dissociation due to the interaction between Arg
at PΩ-2 and Asp114 being out-competed by the presence of
abacavir within the antigen-binding cleft.

Abacavir Enhanced Peptides
We found eight peptides that were detected at relatively low
abundance in the immunopeptidome of untreated cells but
substantially increased when the cells were grown in abacavir
supplemented media (Figure 1C and Supplementary Figure 1,
yellow symbols and line). Seven of these peptides terminated in
aliphatic residues (three Ile and four Leu), whilst the remaining
peptide, HTIQIRQDW terminated in the preferred canonical
Trp residue. Of the eight peptides, HTIQIRQDW possesses the
highest predicted binding affinity for HLA-B*57:01
(Supplementary Figure 2, blue symbol). Given C-terminal Trp
is likely to clash with abacavir binding, the modest enhancement
of the HTIQIRQDW peptide may indicate that canonical
A B

D

E

C

FIGURE 1 | Abacavir perturbs the HLA-B*57:01 immunopeptidome by increasing or decreasing the contribution of distinct subsets of peptides. Analysis of 58
selected HLA-B*57:01 peptide ligands, isolated from 108 C1R.B*57:01 cells after 0–16 h, or constant, abacavir treatment using LC-MRM–MS demonstrated four
main patterns of impact on contribution to the immunopeptidome; (A) inhibition, (B) minimal impact, (C) facilitated (presented by HLA-B*57:01 of untreated cells but
increased in abundance during abacavir treatment) and (D) dependent (only presented by HLA-B*57:01 of cells exposed to abacavir). Perturbation of HLA-B*57:01
ligands increased with time, coincident with increased co-purification of abacavir. Perturbations were not mirrored by the HLA-C ligands analysed (E). Peptide and
abacavir abundances are shown as a proportion of the maximum normalised peak area detected and are portrayed as the mean of the three biological replicates
(mean +/− SD). The decreased recovery of abacavir at the 6 h point is likely to reflect an experimental artefact in the off line fractionation prior to the LC-MS.
Importantly there was not a similar decrease in the amount of peptide material eluted at this time point. Peptides that were chosen for in vitro peptide binding and
dissociation experiments are in italics and underlined.
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peptides such as HTIQIRQDW benefit from the altered
competition between peptides that follows the addition
of abacavir.

Presentation of another 24 peptides appeared entirely
dependent on abacavir (Figure 1D and Supplementary Figure
1, green symbols and line). All of these peptides terminated in
aliphatic residues considered characteristic of abacavir-induced
peptide ligands: 13 peptides terminated in Ile, three in Leu and
eight in Val, whilst only ATFKGIVRAI possessed Arg at PΩ-2.
The absence of abacavir dependent peptides from the
constitutive immunopeptidome strongly suggests that abacavir
is obligatory for these peptides to bind to HLA-B*57:01. Indeed,
most peptides within this category were predicted non-binders of
HLA-B*57:01 (Supplementary Figure 2).

Of note, the abacavir facilitated peptide KTIKLWNTL is
derived from Receptor of activated protein C kinase 1
(RACK1), the same source protein as YTDNLVRVW, which
was minimally impacted by abacavir. Similarly, the abacavir
dependent peptide LTSELITHI and abacavir inhibited peptide
KVVDVVRNL are derived from Interferon-induced GTP-
binding protein Mx1 (MX1). Thus, it is unlikely that
differences in presentation kinetics between these peptide pairs
are the result of changes in source protein abundance.

Abacavir Has Minimal Impact on the
C1R.B*57:01 Proteome
To further confirm that changes in the abundance of HLA-
bound peptides were not due to significant changes in source
protein abundance induced by abacavir treatment, we analysed
the cellular proteome of C1R.B*57:01 cells that were cultured in
the presence or absence of abacavir for 48 h. Cells were lysed
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before the cellular proteins were isolated and digested and
subjected to LC-MS/MS and label free quantitation (LFQ)
analysis. A total of 3,077 proteins were identified, of which
2,306 were robustly detected in at least three samples and used
for LFQ. This included the source proteins for 37 of the 58 HLA-
B*57:01 ligands and three of the five HLA-C*04:01 ligands
incorporated in the immunopeptidome analysis. Importantly,
no protein showed significant changes in expression following
abacavir treatment (Figure 2).

Immunogenicity of Abacavir Treated Cells
Increases Over Time
To determine if the observed changes in the immunopeptidome
occurred over a similar time scale to the acquisition of
immunogenicity, C1R.B*57:01 cells were exposed to abacavir for
various lengths of time, fixed and assayed for their ability to elicit
cytokine production (IFNg and/or TNF) from abacavir responsive
CD8+ T cell lines. For the three T cell lines tested, an increase in
antigen presenting cell immunogenicity was observed over the first
12 h of abacavir exposure, before levelling out (Figure 3).

Intracellular Biogenesis of Stable
HLA-B*57:01–Peptide Complexes Is
Unchanged by Abacavir Treatment
Polymorphic residues of MHC I allotypes that interact with the
C-terminal region of the peptide, including residues 114 and 116,
are implicated in determining the dependence upon tapasin for
the selection and assembly with high affinity peptides (2, 3, 58).
HLA-B*57:01 has been classified as tapasin-dependent because it
is poorly expressed at the cell surface in the absence of tapasin
(28) (Supplementary Figure 3). Given that abacavir binds
FIGURE 2 | Abacavir does not perturb the proteome of C1R.B*57:01. Comparison of protein abundance between untreated and abacavir treated (48 h, 35 µM)
C1R.B*57:01 cells (three replicates per treatment) revealed no major perturbation of the cellular proteome. The volcano plot depicts the difference (log2FC) vs -Logp
of 2,306 proteins between untreated and treated conditions. A 5% FDR and a slope of 1 were used as the cut-off for significance (thick black line). No proteins were
significantly perturbed by abacavir treatment; furthermore identified source proteins for the HLA ligands analysed clustered close to 0 on the difference axis. Source
proteins for HLA ligands from the different subsets analysed are shown as indicated in the key. The purple asterisk shows RACK1, the source protein of peptides
KTIKLWNTL (abacavir facilitated), and YTDNLVRVW (minimal impact), and the purple square shows MX1, the source of peptides LTSELITHI (abacavir dependent)
and KVVDVVRNL (abacavir inhibited). All other proteins are shown by grey squares.
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beneath the C-terminus of the peptide and interacts with
residues that influence tapasin dependence (23, 25), we sought
to determine whether abacavir i) promotes HLA-B*57:01
maturation independently of, or in conjunction with, tapasin,
and/or ii) alters the dependence of HLA-B*57:01 upon tapasin
for optimal peptide selection (26, 28). The tapasin-deficient
721.220 cell line (27) and the tapasin reconstituted
721.220.tapasin cell lines have previously been used to measure
the rate and extent of intracellular peptide selection by newly
synthesised MHC I molecules using pulse chase experiments (3).
We therefore utilised this system to explore the maturation and
stability of newly generated HLA-B*57:01 complexes in the
presence or absence of abacavir. Pulse-chase maturation assays
showed impaired acquisition of resistance to digestion with
Endoglycosidase-H (Endo-H) by HLA-B*57:01 molecules in
the absence of tapasin. Only ~25% of labelled complexes
gained Endo-H resistance over the first 60 min of the assay
compared to ~85% of HLA-B*57:01 complexes in tapasin
expressing cells. This proportion of Endo-H resistant
complexes increased to ~44% after 2 h (Figures 4A, B).
Abacavir did not significantly alter this pattern of biogenesis.
The maturation of HLA-B*57:01 molecules was also unaffected
by abacavir in tapasin-reconstituted cells (Figures 4A, B).

In agreement with the lack of effect on HLA-B*57:01 maturation
in tapasin deficient 721.220 cells (Figures 4A, B), abacavir had no
significant impact on the thermal stability profile of HLA-B*57:01 in
the absence of tapasin (Figure 4C). As anticipated, tapasin
reconstituted cells produced more thermostable complexes
(Figure 4D). This suggests that abacavir does not compensate for
the absence of tapasin to promote the formation of stable
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HLA-B*57:01 complexes. These data were consistent with
measurements of cell-surface expression and stability of HLA-
B*57:01 molecules which showed that whilst tapasin increased
surface expression as observed previously (28) and prolonged the
half-life of HLA-B*57:01 molecules at the cell surface, abacavir did
not significantly alter either the expression level or the stability of
cell surface HLA-B*57:01 molecules (Supplementary Figure 3).
This suggests that tapasin, but not abacavir, can increase the
proportion of high stability HLA-B*57:01 complexes generated.
Collectively, these data confirm that tapasin improves the ability of
HLA-B*57:01 molecules to select high quality (ligands that generate
complexes stable at 50°C) or medium quality (ligands that generate
complexes stable at 37°C but not 50°C) peptide cargo.
Abacavir Enhances the Loading of
Specific Peptides From the
Immunopeptidome of HLA-B*57:01
We next investigated the mechanism by which abacavir changes
the composition of the HLA-B*57:01 immunopeptidome by
conducting in vitro peptide binding experiments. We first
measured the binding of a panel of fluorescently labelled
peptides to HLA-B*57:01 in the absence or presence of
abacavir, or the MHC I co-factor tapasin or both. This peptide
panel included two peptides, KTFK*DVGNLL and TSLK*SRVTI
(KTF and TSL hereafter), classified by quantitative mass
spectrometry as being abacavir facilitated. Consistent with this
observation, HLA-B*57:01fos molecules displayed a limited
intrinsic ability to bind either KTF or TSL peptides (Figures
5A, B, grey lines), with binding strongly enhanced when either
FIGURE 3 | Immunogenicity of HLA-B*57:01+ antigen presenting cells increases with abacavir exposure time. C1R.B*57:01 cells were cultured in 35 µM abacavir
for 0–30 h prior to fixation in paraformaldehyde. Immunogenicity was then gauged by their ability to stimulate cytokine (IFNg and/or TNF) production in CD8+ abacavir
responsive T cells during a 6 h stimulation assay, detected via intracellular cytokine staining. Responses from T cell lines derived from three different HLA-B*57:01+

donors are shown. Donor 1 T cells were assayed in triplicate, whilst donor 2 and 3 T cells were assayed in duplicate in a separate experiment (mean +/− SD).
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FIGURE 4 | Abacavir does not significantly alter maturation or global stability of HLA-B*57:01. (A) and (B) Maturation [acquisition of resistance to digestion with
endoglycosidase-H (Endo-H)] of HLA-B*57:01 molecules was determined by pulse chase in 721.220.B*57:01 or 721.220.B*57:01.tapasin cells,
immunoprecipitation of MHC I molecules, and digestion with endoglycosidase-H. (A) depicts representative SDS-PAGE gels for untreated and abacavir treated
cells; only the HLA-B*57:01 heavy chain bands are shown. The location of Endo-H resistant (EHR) and Endo-H sensitive (EHS) bands is distinguished by their
altered migration pattern. (B) The % EHR material was calculated [EHR/(EHR+EHS)] and plotted as the mean (+/− SD) of three or four replicate experiments for
abacavir treated and untreated cells respectively excluding time point 15, which was only included in two experiments. Abacavir had no apparent impact on
HLA-B*57:01 maturation in either the presence or absence of tapasin. (C) and (D) Pulse-chase thermostability assays were performed in 721.220.B*57:01
(C) and 721.220.B*57:01.tapasin (D) cells: lysates were prepared from pulse radio-labelled cells and incubated at either 4, 37, or 50°C before b2m associated
MHC I molecules were immunoprecipitated using W6/32 antibody and resolved by SDS-PAGE. Representative SDS-PAGE gels for untreated and abacavir
treated cells depict the HLA-B*57:01 heavy chain bands recovered at each chase time after thermal denaturation. Graphs show the amount of HLA-B*57:01
molecules recovered after thermal denaturation at 37 and 50°C as a percentage of that recovered at 4°C (mean +/− SD of four or five replicate experiments for
abacavir treated and untreated cells respectively).
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abacavir (blue lines) or tapasin (red lines) was included. When
tapasin and abacavir were both added (green lines), binding of
both peptides occurred faster than in the presence of tapasin or
abacavir alone.

Four peptides within our panel were classified by quantitative
mass spectrometry as being dependent on abacavir. There was
negligible to very little intrinsic binding of any of these peptides
to the B*57:01fos molecules (Figures 5C–F, grey lines). Abacavir
strongly enhanced binding of all four peptides (blue lines)
although enhancement of the binding of the ATF peptide was
less pronounced than the other three abacavir dependent
peptides, consistent with Arg at PΩ-2 being unfavourable for
the binding of abacavir. Tapasin did not affect the binding of the
Frontiers in Immunology | www.frontiersin.org 12112
LTT or NTV peptides, and only slightly enhanced binding of the
ATF and KVF peptides during the first few hours of the
experiment (Figures 5C–F, red lines). Notably the binding of
all four peptides occurred faster with the combined addition of
abacavir and tapasin in comparison to that which was evident in
the presence of abacavir or tapasin alone (Figures 5C–F, blue,
red and green lines).

Our panel also included two canonical HLA-B*57:01 peptides
VTKK*TYEIW and ITTK*AISRW (VTK and ITT hereafter)
with VTK classified by quantitative mass spectrometry as being
minimally affected by abacavir. Both peptides bound to HLA-
B*57:01 molecules (Figures 5G–H, grey lines), but in contrast to
the abacavir dependent peptides, tapasin (red lines) catalysed
A B

D E F

G IH

C

FIGURE 5 | Abacavir diversifies the HLA-B*57:01 peptide repertoire by enhancing the loading of specific peptides. Conditional ligand loaded HLA-B*57:01fos
molecules were UV exposed before the binding of the indicated peptide (A = KTFK*DVGNLL, B = TSLK*SRVTI, C = LTTK*LTNTNI, D = NTVELRVK*I, E =
ATFK*GIVRAI, F = KVFK*LQTSL, G = VTKK*TYEIW, H = ITTK*AISRW, I = RVDPAK*GLFYF) was followed at 25°C in the presence or absence of excess abacavir
and/or monomeric or ERp57 C60A conjugated tapasin-jun. Binding of fluorescent peptide is reported in millipolarisation units (mP). Unbound fluorescent peptide is
assumed to have an mP level of 50. Data shown are representative of triplicate or greater experiments. The extent that tapasin, abacavir, or the combination of both
enhanced the binding of fluorescent peptides to HLA-B*57:01fos molecules in the replicate experiments is presented in Figure 6. Colour coding is as follows: grey—
peptide alone, blue—abacavir, red—tapasin, green—abacavir + tapasin.
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binding of the VTK and ITT peptides to a greater extent than
abacavir (blue lines). The combined addition of tapasin and
abacavir did not enhance the binding of the VTK and ITT
peptides beyond the enhancement that tapasin afforded
(green lines).

The last peptide included in our panel was RVDPAK*GLFYF
(RVD hereafter), which quantitative mass spectrometry
experiments indicated decreased in the immunopeptidome
when cells were cultured in abacavir. Consistent with this
peptide being predicted to bind B*57:01 with very low affinity
(Supplementary Figure 2, blue symbol), we observed poor
binding of RVD to B*57:01 molecules (Figure 5I, grey line).
Surprisingly, binding of RVD was enhanced by abacavir during
the first hour of the experiment when tapasin was absent (blue
line); but tapasin partially mitigated this effect (green line),
providing an example of how some peptides may be “edited
out” of the repertoire.

To enable comparison of the effects of abacavir, tapasin, or the
combination of abacavir and tapasin on the binding of our panel of
peptides, we calculated how much each enhanced the binding of
specific peptides (Figure 6). Figure 6A shows that tapasin enhanced
the binding of abacavir-facilitated peptides (KTF and TSL) to a
greater extent than abacavir dependent peptides, consistent with
peptides belonging to the latter category being absent from, or
poorly represented in, the immunopeptidome of untreated cells.
Figure 6B shows that binding of abacavir-facilitated (KTF and TSL)
and abacavir-dependent (LTT, NTV and KVF) peptides increased
to a greater extent than those peptides that were minimally affected
(VTK and ITT) or decreased in representation within the
immunopeptidome (RVD) following the addition of abacavir. The
combined addition of tapasin and abacavir produced a similar
enhancement hierarchy to that observed for abacavir (Figure 6C).
Frontiers in Immunology | www.frontiersin.org 13113
Abacavir Diversifies the HLA-B*57:01
Peptide Repertoire by Decreasing
Dissociation of Specific Peptides
We next characterised the effect that abacavir has on peptide
dissociation. Conditional ligand loaded HLA-B*57:01fos
molecules were UV exposed and then incubated with eight of the
labelled peptides from our panel before unlabelled competing
peptide, used to block rebinding of the labelled peptide, was
added in the presence or absence of abacavir, tapasin, or both.
Dissociation of the labelled peptides was measured by fluorescence
polarisation. Figure 7 and Supplementary Table 2 show that the
peptides dissociated from HLA-B*57:01fos molecules at different
rates (black lines), ranging from hundreds of hours (e.g. VTK,
Figure 7A) to minutes (e.g. RVD, Figure 7B). Notably, the fast off-
rate of RVD is consistent with the depletion of this peptide from the
immunopeptidome upon exposure to abacavir (Figure 1A), whilst
the slow off-rate of VTK may explain the persistence of this peptide
in the immunopeptidome (Figure 1B). Tapasin has been shown to
enhance the dissociation of peptides from MHC molecules, the
extent of this effect being peptide-dependent (31). In accordance, we
saw a range of tapasin dependent enhancements of dissociation (red
lines), ranging from significant (e.g. KTF, Figure 7F) to minimal
(e.g. NTV, Figure 7D).

The addition of abacavir together with competing peptide (blue
lines) led to a pronounced decrease in the dissociation of the
abacavir dependent (KVF, NTV and ATF, Figures 7C–E) and
abacavir facilitated (KTF and TSL, Figures 7F–G) peptides. In
contrast, the addition of abacavir and competing peptide had
minimal impact on the dissociation of the VTK and ITT peptides
(Figures 7A, H), consistent with minimal impact of abacavir on the
contribution of VTK to the immunopeptidome. Notably, we
observed that the fast dissociation rate of the RVD peptide from
A B C

FIGURE 6 | Tapasin and abacavir differentially enhance the binding of fluorescent peptides. The extent that (A) tapasin, (B) abacavir, or (C) the combination of both
enhanced the binding of fluorescent peptides to HLA-B*57:01fos molecules was compared over independent experiments. For each polarisation measurement taken
in an experiment the enhancement factor was calculated by: dividing polarisation in the presence of tapasin (or abacavir or both) by the intrinsic polarisation level;
multiplying by 100 to obtain a percentage; and calculating the mean enhancement for the experiment. The enhancement factors obtained from different experiments
are shown as dots, with the mean average shown as a horizontal black bar, and the standard deviation of multiple experiments shown as a coloured vertical line
edged with horizontal bars. Peptides are coloured according to their classification by mass spectrometry: abacavir facilitated = yellow, abacavir dependent = green,
minimally affected = orange, abacavir inhibited = red.
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B*57:01fos molecules was modestly enhanced by the addition of
abacavir and competing peptide (Figure 7B), providing insight into
why this peptide is depleted from the immunopeptidome following
exposure to abacavir. In summary, the combined addition of
competing peptide, abacavir and tapasin (green lines) affected the
dissociation of the assayed peptides in different ways, which is likely
to reflect the variation in the enhancement of peptide dissociation
that tapasinmediates (e.g. significant for the KVF and KTF peptides,
but minimal for the NTV peptide) combined with the variation in
the stabilisation that the drug affords to specific HLA-B*57:01–
abacavir–peptide complexes.
DISCUSSION

We and others have shown that abacavir exclusively binds within
the HLA-B*57:01 antigen binding groove, altering the preference
Frontiers in Immunology | www.frontiersin.org 14114
for the C-terminal amino acid residue of the bound peptide, and
changing the immunopeptidome in a process dependent on
tapasin and the conventional MHC I antigen presentation
pathway (23–26). Whilst this perturbation accounts for many of
the T cell responses observed against drug treated HLA-B*57:01+

cells, the kinetics of abacavir mediated perturbation of the
immunopeptidome, and the specific peptide editing function of
tapasin has remained largely unexplored. In this study, we found
that HLA-B*57:01 expressing cells rapidly acquired the ability to
elicit drug-specific responses from drug-responsive T cell lines
following the addition of abacavir, and that the magnitude of these
responses increased over several hours (Figure 3). Importantly the
kinetics at which immunogenicity was acquired generally
coincided with the rate that newly synthesised thermostable
HLA-B*57:01 molecules progress through the secretory pathway
(Figure 4) and match the rate at which abacavir and abacavir-
induced peptides accumulated within the population of HLA-
A B

D E F

G H

C

FIGURE 7 | Abacavir diversifies the HLA-B*57:01 peptide repertoire by decreasing dissociation of specific peptides. Conditional ligand loaded HLA-B*57:01fos
molecules were UV exposed and incubated with the indicated fluorescent peptide (A = VTKK*TYEIW, B = RVDPAK*GLFYF, C = KVFK*LQTSL, D = NTVELRVK*I,
E = ATFK*GIVRAI, F = KTFK*DVGNLL, G = TSLK*SRVTI, H = ITTK*AISRW). Fluorescence polarisation measurements were taken after the addition of excess
unlabelled competing peptide in the absence or presence of abacavir and/or conjugated tapasin-jun-ERp57 C60A proteins. Data shown are representative of
triplicate or greater experiments.
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B*57:01–peptide complexes (Figure 1). In addition, abacavir-
dependent peptides derive from source proteins occupying
similar cellular compartments to those of the constitutive
repertoire (Supplementary Table 1), consistent with a shared
loading pathway. This suggests that immune responses are
primarily elicited following the appearance of newly synthesised
HLA-B*57:01 complexes at the cell surface, that have selected
Frontiers in Immunology | www.frontiersin.org 15115
peptides in the ER and transited the secretory pathway in the
presence of abacavir, as opposed to abacavir modifying cell surface
HLA-B*57:01–peptide complexes (see model Figure 8).

However, the fact that abacavir decreased the dissociation of
some “constitutive” relatively stable peptide-loaded B*57:01
complexes (such as KTF and TSL, Figures 7F, G) highlights the
potential for certain cell surface HLA-B*57:01–peptide complexes to
A

B

C

FIGURE 8 | Proposed model of peptide-loading of HLA-B*57:01 in the presence of abacavir. (A) When abacavir is present, abacavir-dependent peptides are
loaded into HLA-B*57:01 within the endoplasmic reticulum (left). For the abacavir-dependent peptides in our panel, loading was highly dependent on abacavir as
compared to tapasin, represented by the scales tipping towards abacavir (magenta, A), as opposed to tapasin (teal, T). After a slight delay consistent with de novo
complex generation in the ER and progression through the secretory pathway, this generates conformationally novel HLA–abacavir–peptide complexes at the cell
surface (right, novel self-peptide and novel conformation). The inset box represents the increasing appearance of cell surface complexes (0%–max) incorporating
abacavir-dependent peptides (green) and abacavir (magenta hatching) over time (blue arrow) after abacavir addition (pink arrow), until a maximum is reached (not to
scale). (B) Abacavir-facilitated peptides are part of the constitutive immunopeptidome (upper panel). For the abacavir-facilitated peptides in our panel, tapasin aids
loading in the endoplasmic reticulum in the absence of abacavir, and peptide-loaded HLA traffic to the cell surface. On addition of abacavir, abacavir can load into
these HLA-peptide complexes at the cell surface generating novel conformations/stabilising the structure (constitutive peptide, novel conformation), contributing
immediately to cellular immunogenicity. In addition, de novo generation of HLA-abacavir-peptide complexes occurs within the endoplasmic reticulum, with both
abacavir and tapasin promoting peptide binding (lower panel). As such abacavir-facilitated peptides are present in the immunopeptidome prior to abacavir addition
(inset box, yellow), with immediate loading of abacavir at the cell surface as well as during de novo complex generation, contributing an increasing number of
abacavir occupied HLA from the time of abacavir addition (inset box, magenta hatching). (C) These changes occur against a background of constitutive peptides
which maintain a similar contribution to the immunopeptidome regardless of the presence of abacavir (minimal impact, inset box, orange), whilst a proportion of
constitutive peptides are reduced in presentation (inhibited, Figure 1, not shown here). This figure was created with BioRender.com.
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be abacavir receptive (see model Figure 8), as hypothesised by Yun
et al. for HLA-B*58:01 and oxypurinol (59). This provides a possible
mechanism for the formation of immunogenic cell surface abacavir-
loaded HLA–peptide complexes, available to stimulate reported
“immediate” responding abacavir-responsive T cell clones (37). The
relative abundance of these complexes might be expected to rise in
the presence of abacavir as a result of a reduction in their turnover at
the cell surface (KTF and TSL increased in abundance in the
immunopeptidome with abacavir treatment, Figure 1C), in
addition to increased loading in the ER. We conceive two
potential modes by which such “constitutive” HLA–peptide
complexes might elicit T cell responses: 1) incorporation of
abacavir within the antigen binding cleft results in a structurally
novel immunogenic HLA–abacavir–peptide complex, potentially
leading to an immediate immune response, or 2) incorporation of
abacavir within the antigen binding cleft decreases the dissociation
rate of specific peptide complexes, resulting in their increased
accumulation within the immunopeptidome, eventually breaching
a quantitative threshold required to trigger self-reactive T cells that
would otherwise “ignore” the low level of cognate ligand. Notably,
the impact of abacavir on peptide presentation and immunogenicity
appears analogous to that of micropolymorphism. The location of
abacavir within the antigen binding cleft mirrors that of buried
polymorphic residues between HLA-B*57:01, HLA-B*57:03, and
HLA-B*58:01, which not only change the range and quantitative
contribution of peptides within the immunopeptidome, but
influence peptide presentation through altered bound-peptide
conformation upon binding of identical peptides (55). These
parallels between abacavir induced changes in peptide
presentation and allo-HLA presentation align with previous
investigations defining the overlap in functional responses to
abacavir and alloreactivity towards HLA-B*58:01 (60). Overall,
the pept ide spec ific modula t ion of the HLA-B57
immunopeptidome by abacavir reconciles the biophysical studies
of abacavir induced altered self with functional studies
demonstrating a spectrum of kinetics and dose dependence for
activation of abacavir-reactive T cell clones (37).

Through our multifaceted analysis, we observed heterogeneity
in the sequence and nature of abacavir modulated peptides such
that no simple predictive rule could be applied to estimate the
ability of abacavir to induce or modulate levels of presentation of
given peptide ligands. For example, abacavir enhanced the binding
of two canonical peptide ligands to HLA-B*57:01 molecules
(VTKKTYEIW and ITTKAISRW), despite these peptides having
C-terminal amino acid residues considered ill-suited for abacavir
binding (Figures 5, 6). Our analysis of the assembly of HLA-
B*57:01 molecules shows that abacavir does not significantly
change the maturation kinetics, dependence on tapasin, or
thermal-stability profile of HLA-B*57:01–peptide complexes at a
population level (Figure 4). This suggests abacavir does not
change the intrinsic conformational plasticity of the HLA-
B*57:01 protein, which has been hypothesised to determine the
ability of MHC I molecules to select a high affinity peptide cargo
(34, 61, 62). In this model, peptides are suggested to bind to an
unstable, open, intermediate state that is also a substrate for
tapasin. Abacavir may also bind preferentially to this open,
Frontiers in Immunology | www.frontiersin.org 16116
intermediate state of HLA-B*57:01 molecules, remodelling the
peptide-receptive F-pocket whilst the remainder of the peptide
binding groove is either empty or partially occupied by
interactions with the N-terminus of the peptide ligand (63).

Overall, our in vitro analysis has illustrated that abacavir-
induced peptides likely accrue within the immunopeptidome as a
result of their improved binding kinetics in the presence of abacavir,
which can be further enhanced by tapasin. In conjunction with our
quantitative analysis of the contribution of specific peptides to the
immunopeptidome, these data suggest that abacavir diversifies the
HLA-B*57:01 immunopeptidome by enabling the stable binding of
peptides with aliphatic C-terminal anchors that are either low
abundance or absent in the constitutive immunopeptidome.
These abacavir-induced peptides potentially bind at the expense
of rapidly dissociating peptides, such as RVD, whilst peptides that
bind with longer half-lives are less effected. Furthermore, a low level
of tapasin independent loading of HLA-B*57:01 molecules was
observed, which may allow some abacavir-induced (and
constitutive) peptides to enter the immunopeptidome in cellular
compartments beyond the ER. Such effects could further explain
some of the heterogeneity reported for the kinetics of activation of
drug specific T cells (37, 64). Although beyond the scope of the
current study, dissection of the contribution of peptides exhibiting
different loading characteristics to the immune response, using in
vitro expanded T cells or through the use of HLA-B*57:01
transgenic mouse models of abacavir hypersensitivity (65), is
critical to pinpoint their contribution to drug hypersensitivity.

Overall, our data highlight that the majority of the
immunopeptidome perturbation occurs during de novo loading
of complexes. Collectively, these findings highlight the importance
of the ER environment in generation of the immunopeptidome,
demonstrating the potential for not only chaperones, but small
molecule ligands, to differentially impact the binding and
dissociation of distinct peptides to and from assembling MHC I
molecules, raising the possibility that alterations in the cellular
metabolome may also alter peptide presentation.
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Rebecca J. Hertzman1†, Pooja Deshpande1†, Shay Leary1†, Yueran Li1, Ramesh Ram1,
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Type B adverse drug reactions (ADRs) are iatrogenic immune-mediated syndromes
with mechanistic etiologies that remain incompletely understood. Some of the most
severe ADRs, including delayed drug hypersensitivity reactions, are T-cell mediated,
restricted by specific human leukocyte antigen risk alleles and sometimes by public
or oligoclonal T-cell receptors (TCRs), central to the immunopathogenesis of tissue-
damaging response. However, the specific cellular signatures of effector, regulatory,
and accessory immune populations that mediate disease, define reaction phenotype,
and determine severity have not been defined. Recent development of single-cell
platforms bringing together advances in genomics and immunology provides the
tools to simultaneously examine the full transcriptome, TCRs, and surface protein
markers of highly heterogeneous immune cell populations at the site of the pathological
response at a single-cell level. However, the requirement for advanced bioinformatics
expertise and computational hardware and software has often limited the ability of
investigators with the understanding of diseases and biological models to exploit
these new approaches. Here we describe the features and use of a state-of-the-art,
fully integrated application for analysis and visualization of multiomic single-cell data
called Visual Genomics Analysis Studio (VGAS). This unique user-friendly, Windows-
based graphical user interface is specifically designed to enable investigators to
interrogate their own data. While VGAS also includes tools for sequence alignment
and identification of associations with host or organism genetic polymorphisms, in this
review we focus on its application for analysis of single-cell TCR–RNA–Cellular Indexing
of Transcriptomes and Epitopes by Sequencing (CITE)-seq, enabling holistic cellular
characterization by unbiased transcriptome and select surface proteome. Critically,
VGAS does not require user-directed coding or access to high-performance computers,
instead incorporating performance-optimized hidden code to provide application-based
fast and intuitive tools for data analyses and production of high-resolution publication-
ready graphics on standard specification laptops. Specifically, it allows analyses of
comprehensive single-cell TCR sequencing (scTCR-seq) data, detailing (i) functional
pairings of α–β heterodimer TCRs, (ii) one-click histograms to display entropy and gene
rearrangements, and (iii) Circos and Sankey plots to visualize clonality and dominance.
For unbiased single-cell RNA sequencing (scRNA-seq) analyses, users extract cell
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transcriptome signatures according to global structure via principal component analysis,
t-distributed stochastic neighborhood embedding, or uniform manifold approximation
and projection plots, with overlay of scTCR-seq enabling identification and selection
of the immunodominant TCR-expressing populations. Further integration with similar
sequence-based detection of surface protein markers using oligo-labeled antibodies
(CITE-seq) provides comparative understanding of surface protein expression, with
differential gene or protein analyses visualized using volcano plot or heatmap functions.
These data can be compared to reference cell atlases or suitable controls to reveal
discrete disease-specific subsets, from epithelial to tissue-resident memory T-cells,
and activation status, from senescence through exhaustion, with more finite transcript
expression displayed as violin and box plots. Importantly, guided tutorial videos
are available, as are regular application updates based on the latest advances in
bioinformatics and user feedback.

Keywords: bioinformatics, heterogeneity, immunogenomics, single-cell TCR sequencing, single-cell RNA
sequencing, single-cell CITE-seq

INTRODUCTION TO VISUAL GENOMICS
ANALYSIS STUDIO: ANALYSIS AND
VISUALIZATION OF MULTIDIMENSIONAL
SINGLE-CELL SEQUENCING DATA

Understanding the immunogenic risk factors associated with
immune-mediated disease has seen significant progress in recent
decades, linked to the rapid and continued development of
genomic sequence–based technologies initially at a bulk and
more recently at a single-cell level. While progress spans an
entire spectrum of immune disease, T-cell–mediated delayed
drug hypersensitivity reactions (DHRs) stand out as some of
the strongest associations with distinct human leukocyte antigen
(HLA) alleles. These HLA associations are specific to reaction
phenotype, drug, and patient ethnicity (Chung et al., 2004;
Lonjou et al., 2006; Wu et al., 2016; Nakkam et al., 2018;
Konvinse et al., 2019). However, for all associations to date,
a positive predictive gap remains (Phillips, 2018), limiting the
clinical impact of HLA screening for particular drugs and our
understanding of reaction mechanisms, driving active research
to identify those additional risk parameters imposed on HLA-
restricted response. In 2019, a role for specific T-cell receptor
(TCR) clonotypes among the expansive human repertoire was
reported by Pan et al., who detailed expression of a single,
dominant, public TCR in the reacted skin of patients with HLA-
B∗15:02-restricted carbamazepine Stevens–Johnson syndrome
and toxic epidermal necrolysis (SJS/TEN), but which was absent
from tolerant controls and healthy donors (Pan et al., 2019).
Using genetic engineering to insert a synthetic construct of the
dominant TCR into a murine drug-exposure model, they showed
that this TCR recognized carbamazepine, functionally validating
the risk TCR as a key driver of early drug-specific response
in tissue. Aside from inferring critical structural restriction
regarding binding of the drug and/or peptide by the HLA
and TCR molecules to bridge the immunological synapse, the
dominantly expanded TCR may serve as a functional biomarker

to identify and characterize the specific effector populations
driving disease. Cost-effective genetic screening pipelines for
HLA and other polymorphic genes see continued clinical
progress toward better genetic risk prediction (Rauch et al., 2006;
Chen et al., 2011; Plumpton et al., 2015). However, mechanistic
understanding of these reactions has been hampered by limited
availability of singular platforms for fully integrated user-friendly
analyses by the non-coding-proficient researcher. Techniques
including flow cytometry, microscopy, in situ hybridization,
and more recently mass cytometry have been utilized, yielding
insights into the phenotype of cells participating in response,
but have not simultaneously characterized the TCRs and
transcriptome and surface protein markers at a single-cell level
(Chattopadhyay et al., 2014). Comparatively, sequencing-based
strategies have delivered unrivaled opportunity as markers are
tagged with synthetic DNA barcodes, providing truly limitless
sequence combinations for high-dimensional detection of RNA
or protein, or indeed distinct pooled (“hashed”) samples to
enhance cost efficiency per run. These techniques were initially
applied to bulk analyses, providing average expression across
an entire sample and so potentially hiding response from
individual effector populations preventing resolution from total
sample expression. Thus, as with all bulk assays, opportunity to
detail the true complex cellular heterogeneity of clinical samples
was lost, but which is integral to complete understanding of
disease as immune interactions are complex and continuously
regulated by intercell interactions and secretions. Concurrent
with advances in cell sorting and droplet technologies, single-
cell sequencing by Smart-Seq2 and 10x platforms, respectively,
now provide information for each and every cell (Nguyen et al.,
2018; Svensson et al., 2018). With the support of bioinformatics-
driven algorithms, the complete transcriptomic signature of
each cell provides means to cluster similar cells without user-
directed imposition of preconceived expression, which, when
aligned to the open-access human cell atlas under continued
development, enables verification of subsets identified through
unsupervised clustering for user-directed signature analyses.
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Already this technology is revealing a spectrum of heterogeneous
clusters within previously thought homogeneous populations
(Villani et al., 2017), driving immunogenic discovery across the
spectrum of immune-mediated diseases. These platforms now
present as fully integrated, multifocal pipelines for simultaneous
assessment of (i) unbiased transcriptome (single-cell RNA
sequencing; scRNA-seq), (ii) select surface proteome (single-
cell Cellular Indexing of Transcriptomes and Epitopes by
Sequencing; scCITE-seq), and, for T-cells, (iii) functional TCR
(single-cell TCR sequencing; scTCR-seq) α–β pairings with
VDJ complementarity determining region 3 (CDR3) inference
of antigen restriction. Importantly, aside from discovery
analyses via differential expression, investigational studies can be
performed on interest markers in distinct subpopulations with
exquisite specificity. Specific allelic risk variants on interacting
cells can also be identified and investigated, which is important
given the observation that the level of HLA expression,
beyond a simple yes or no presence, impacts effector response
(Thananchai et al., 2007). Critically, samples pooled using
hashtags within a single analysis for overlaid visual inspection or
differential expression provide opportunity to detail similarities
or discrepancies between samples with unique clinical metadata
such as disease phenotype or mortality. These approaches provide
an opportunity to discover disease-specific cell populations and
targets for development of diagnostic tools or treatments.

The advent of microfluidics devices to accurately
encapsulate single cells in droplet suspension, barcoding,
and contemporary sequencing now delivers high-yield single-
cell data. Consequently, the needs have moved to data quality
assurance, management (informatics), analysis, and visualization,
specifically, how to qualify and interpret the immense amount of
complex data acquired. This traditionally necessitates specialist
bioinformatics support, coding expertise, and access to high-
end and robust computing software and servers, imposing
a significant cost of implementation to laboratories of all
sizes (Lähnemann et al., 2020). While data analysis tools are
typically developed at pace with advancements in sequencing
technologies, they are mostly limited to command line usage
of code, restricting their direct utility to research scientists
and clinicians. Moreover, although other platforms exist for
similar analyses, many are designed for singular and specific
utilities. To navigate, we present Visual Genomics Analysis
Studio (VGAS), a Windows-aligned, application-based intuitive
graphical user interface with performance-optimized hidden
code to drive comprehensive differential analyses, specifically
designed to allow basic and clinical researchers to interrogate
and dissect their own data and generate publication-ready
visuals for presentation on standard specification laptops. It
is designed to package existing tools in a single accessible
format, otherwise beyond the reach of basic researchers lacking
coding proficiencies for a variety of analysis options. Moreover,
VGAS, which also incorporates tools for sequence alignment
and viral integration site analyses, remains constantly updated
to incorporate user-defined features and recently developed
tools from this rapidly evolving field. Here, with reference to
screenshots and web-accessible tutorial videos, we introduce
the investigation capacity offered by single-cell analyses in

the context of VGAS. Critically, while our own translation
discussed within is tailored to focus on T-cell–mediated DHRs,
the functions offered are broadly applicable to single-cell study
of diverse samples and diseases. Here we demonstrate the utility
of VGAS using a 10x Genomics test dataset (available at: https:
//support.10xgenomics.com/single-cell-vdj/datasets/5.0.0/sc5p_
v2_hs_PBMC_10k_multi_5gex_5fb_b_t) in a VGAS-compatible
matrix file (available at https://www.iiid.com.au/software/vgas).

Utility of scTCR-Seq: Diversity and
Dominance Define Tissue and Antigen
Restriction
Within each individual, there is enormous diversity in TCRα–
β heterodimer repertoire, with an estimated 1013–1016 unique
TCR per person (Robins et al., 2009; Soto et al., 2020). In
T-cell–mediated DHRs, where specific HLA alleles expressed on
antigen-presenting cells are associated with immunogenic risk,
distinct TCRs have recently been reported to similarly restrict
response on the corresponding effector T-cells (Pan et al., 2019).
Specifically, through use of scTCR-seq, capable of ascertaining
α–β TCR pairs, Pan et al. identified a single, public TCRβ

CDR3 “ASSLAGELF” paired with TCRα CDR3 “VFDNTDKLI”
dominantly expanded in the blister fluid of multiple patients
with HLA-B∗15:02-restricted carbamazepine-induced SJS/TEN.
Importantly, this pairing was absent from healthy and tolerant
controls, and while present in peripheral blood mononuclear
cells from the same allergic patients, abundance was far
lower than detected in blister fluid. Such TCR specificity is
similarly identified for other immunodominant T-cell responses
in alternate disease settings, including infectious disease, such
as inflated HLA-B∗44:03-restricted CMV-specific CD8+ T-cell
responses to a defined immunodominant immediate-early 2
derived epitope (Attaf et al., 2018). Importantly, TCR specificity
may also provide an explanation for the skin-directed targeting
of cutaneous DHR by more widely distributed drugs, as the T-cell
tissue-resident repertoire is not consistent throughout the body
but compartmentalized into enclaves specific to tissue, in part
directed by previous antigenic exposures (Kumar et al., 2018).
Indeed, large populations of antigen-specific tissue-resident
memory (Trm) effector T-cells reside within organs, with those
in the skin and mucous membranes, typical microbial entry
sites, distributed as such for rapid activation following secondary
exposures. These microbially primed Trm cells are retained in
the skin but remain motile within, with recently demonstrated
capacity to proliferate (Behr et al., 2018). Such tissue-specific
locality of viral-specific T-cell effectors with epitope-restricted
TCR reactivity is the basis of the heterologous immunity
model, whereby drug antigens may cross-react with viral-specific
T-cells, driving the tissue-specific targeting of these reactions
(Pavlos et al., 2015). To this end, even simple comparative
analysis of TCR repertoire between affected and unaffected
sample may be informative as divergent expression would
be indicative of an active immune infiltrate, or conversely,
similarity may point to activation of tissue-retained effectors.
These considerations emphasize (a) the importance of collecting
clinically relevant tissue samples during early response to

Frontiers in Genetics | www.frontiersin.org 3 June 2021 | Volume 12 | Article 642012122

https://support.10xgenomics.com/single-cell-vdj/datasets/5.0.0/sc5p_v2_hs_PBMC_10k_multi_5gex_5fb_b_t
https://support.10xgenomics.com/single-cell-vdj/datasets/5.0.0/sc5p_v2_hs_PBMC_10k_multi_5gex_5fb_b_t
https://support.10xgenomics.com/single-cell-vdj/datasets/5.0.0/sc5p_v2_hs_PBMC_10k_multi_5gex_5fb_b_t
https://www.iiid.com.au/software/vgas
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-642012 June 11, 2021 Time: 17:32 # 4

Hertzman et al. VGAS: Multi-Omic Analysis Tool

FIGURE 1 | Access tools for analysis of single-cell TCR-seq data. A variety of rapid access tools are available for analyses of single-cell TCR-seq data including (A)
comparative CDR3 length histogram, (B) gene frequency histogram for individual TCR genes (TRV α and β genes shown), (C) plate/well layout explorer for
plate-based assays listing paired CDR3 chain sequence, with options to show individual genes.

detect drug- and disease-specific dominant TCR expansion and
(b) the utility of scTCR-seq to detail such dominance and
provide α–β (and J chain) structure of the TCR for further
functional studies. Indeed, while traditional TCR analyses have
focused on expression of the β chain alone, including CDR3
spectra typing and flow cytometry–based detection kits, the
influence of the corresponding TCRα variable (TRAV) chain and
associated CDR3 to define antigen specificity is critical (Gras
et al., 2008; Rossjohn et al., 2015). Thus, scTCR-seq provides
complete human paired TCRα–β sequences enabling synthetic
reconstruction for functional validation with culprit antigen and
risk HLA as demonstrated by Pan et al. using an engineered
murine model (Pan et al., 2019).

VGAS: scTCR Analyses and Visualization
Tools
VGAS provides a platform for multidimensional analysis
of scTCR-seq with tools to visualize dominance of α–β

combinations and respective CDR3 sequences1 (TCR analysis
tutorials). Several one-click functions are available direct from
the scTCR-seq home menu screen after file upload, including
comparative graphical presentation of CDR3 lengths (see TCR

1https://www.iiid.com.au/software/vgas/tcranalysis/

analysis tutorials: CDR3 length) (Figure 1A), scatterplots to
represent TCRs common to samples (see TCR analysis tutorials:
scatterplot), and VDJ gene frequency histograms (see TCR
analysis tutorials: gene frequency) (Figure 1B) in linear or
logarithmic scaling with filters to exclude non-productive TCR
containing stop codons or out-of-frame alignments. Further, the
“CDR3/well plate explorer” function (Figure 1C) provides the
full detailed numerical list view of TCR pair representation in
each well to link with multimodal or functional data if performing
plate-based assays (Smart-Seq2).

More detailed visualization of dominance and holistic α–β

TCR pairings to detail clonality within and between samples
is possible via the main TCR analysis screen (Figure 2). Users
can select individual pairings of interest including α and β

chains or α and β CDR3 (Figure 2(1)). This selection is
visualized in the “paired gene frequency” domain (Figure 2(2)),
where one chain is depicted per pie and the colored edge
surrounding indicative of the number and proportion of pairings
with alternate corresponding chains. An active cursor hover
tool over each pie provides full details of each pairing and
comparative percentage expression (Figure 2(3)), with full details
of all pairings, inclusive of J chains and CDR3 observed in the
bottom window (Figure 2(4)) from which BLOSUM scoring can
ascertain sequence similarity for inference of similar restriction
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FIGURE 2 | scTCR-seq paired gene/CDR3 frequency window. The scTCR-seq analysis home screen window is divided into key domains to help direct analyses by
the user. (1) Gene pairings or corresponding CDR3 sequences can be selected for analysis by the user within the “display parameters” domain. (2) Representative
pie charts display proportion (and frequency) of TCR genes/CDR3 within the selected sample for initial indication of data. Each pie depicts one TCR chain with the
colored border representing proportional number of pairings with corresponding chains as selected in domain 1. The central chain can be switched using “Switch”
(highlighted red) in the parameters panel for alternate pairing view. (3) Hovering over select pies provides an information box with proportional representation (%) of
total pairings within. (4) Paired genes are displayed in grid format by selecting “display results grid” (highlighted red), which can be exported direct to Excel or Image
(highlighted red). (5) Circos plots can be generated for selected samples/pairings by clicking “Update” (highlighted red).

between different TCRs. From here, complex TCR visuals can be
generated using the “Generate Circos plots” domain, specifically
through selection of the “Update” toggle (Figure 2(5)). Circos
plots, linking one chain at the top to another at the bottom, are
best suited for holistic representation of clonality and are auto
colored to indicate dominant (red) compared to subdominant
(green) TCRs. The extent of a specific pairing between an α and β

chain is represented by the width of each connection (Figure 3A).
The settings for these Circos plots are configurable. For example,
plots may be set to visualize the α and β combinations but also α

or β and respective J chains, or α and β CDR3 sequences, which
ultimately define peptide specificity. For ease of identification,
each segment is annotated in the plot, which can be set to display
proportion and/or frequency of combinations. Scaled plots may
be exported to an image or raw data exported to Excel to produce
tables and access numerical representation of TCR within. Sankey
plots provide an alternate view for complex pairing interactions
between single α chains and multiple β chains or vice versa
(Figure 3B). This is often appropriate for a restricted data set,
i.e., top 20 pairings. Each chain can be moved independently up
or down the figure such that a TCR of interest can be listed as
required. Sankey plots therefore allow visualization of pairings
between two α genes or two β genes as are increasingly being
detected by single-cell sequencing. A new feature also allows the
TCR repertoire for a specific study to be instantly compared to
that of previous samples, stored as an active database, which can

be adapted for inclusion of external datasets, such that the user
can search for similar findings in other studies.

Utility of scRNA-Seq: Unsupervised
Holistic Dissection of Signature
Transcriptomes
For certain reactions such as abacavir hypersensitivity, TCR
responses appear to be polyclonal, suggesting a role for diverse
immunogenic antigens, and epitopes in keeping with the altered
peptide hypothesis (Redwood et al., 2019). However, as described
above for carbamazepine, single dominant TCRs have been
identified in patient blister during reaction, providing an antigen-
relevant functional marker to identify and characterize the
critical effector population driving destructive disease. While
output cellular functionality is largely imposed by surface
protein, the transcriptome is the vastly more complex precursor,
now almost completely measurable by scRNA-seq without
bias of preselect markers providing a holistic transcriptomic
signature for an individual cell. Algorithms, outlined by
Allaoui et al. (2020), then “pull” similar RNA signatures
together by k-means clustering, enabling visualized clusters in
t-distributed stochastic neighborhood embedding (t-SNE) or
uniform manifold approximation and projection (UMAP) plots
to be grouped and independently characterized direct from
sample suspension.
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FIGURE 3 | Circos and Sankey plots to display holistic clonality, dominance, and complex pairings. (A) Circos plots provide an overview of TCR pairing clonality and
dominance within a selected sample as shown for TRAV and TRBV pairings and can also be produced for paired CDR3. Alpha genes are listed at the top and paired
to respective β genes at the bottom with width and color (red to green) of each segment proportionate to comparative dominance of total functional TCR pairings.
(B) Sankey plot illustrating more complex gene interactions identified by sequencing, shown for TRAV-TRBV-TRAV triad, detailing clone frequency on y-axis.

Unbiased transcriptome analyses have recently proven utility
in defining critical cellular signatures with influence in varied
diseases including cancer (Dai et al., 2019; Zhang et al., 2020) and
infection (Bossel Ben-Moshe et al., 2019; Yao et al., 2019), driving
immunological understanding and identification of disease-
relevant biomarkers (Szabo et al., 2019; Cheng et al., 2020).
Similar application to DHRs remains limited to a handful of
studies, one detailing rechallenge response during HLA-restricted
positive patch test (Redwood et al., 2019), and another the
effector signature during a single case of treatment-refractory
drug reaction with eosinophilia and systemic symptoms (Kim
et al., 2020). In this latter study, the merit of unbiased scRNA-
seq to directly identify targetable biomarkers of disease was
clearly demonstrated when investigators found the JAK-STAT
pathway to be enriched in effectors directing the clinical
investigators to repurpose tofacitinib and effectively control
disease (Chattopadhyay et al., 2014). Application across samples
from patients with similar reactions may therefore provide
more distinct, reaction-specific biomarkers. However, scRNA-seq
captures the transcriptome at unparalleled resolution, posing a
challenge for managing, analyzing, and visualizing data. While
a range of software has been developed within tools such as R
for the analysis of high-dimensional datasets, the user must be
proficient in this type of programming and its strict framework,
reducing capacity for the researcher to freely explore their data.

VGAS: scRNA Analyses and Visualization
Tools
VGAS integrates a number of genomic dataset tools developed
for specific scRNA-seq analyses2 (RNA-seq plot viewer tutorials).
These include k-means clustering and UMAP/t-SNE plots,
varied differential expression analyses with statistical inference,
and plots to compare expression levels of specific transcripts.

2https://www.iiid.com.au/software/vgas/vgas-rnaseqplotviewer

Although suited to both UMAP and t-SNE, VGAS typically uses
UMAP, a well-documented non-linear dimensionality reduction
algorithm to convert high-dimensional scRNA-seq data into a
visual representation maintaining the global structure of data.
Compared to alternative t-SNE algorithms, UMAP presents a
faster method of clustering with reproducibility and conservation
of subtle differences in cellular populations (Becht et al., 2019).
Typically for data generated at our center, a single VGAS
plot view (VGAS.pv) file is released to the end-user after
bioinformatics quality control, for simple upload to VGAS, first
opening the single plot viewer control screen from which all
analyses are performed (Figure 4). The file is inclusive of all
batched samples in a combined UMAP; however, the master
normalized gene expression count (.csv) and metadata (.txt) files
are additionally provided should the user choose to recapitulate
the UMAP modeling. This can be directed through VGAS with
automated R plot functions for generation of typical Euclidean,
Manhattan, Cosine, Pearson, and Pearson 2 distributions. All
distributions may be selected, and plots toggled between as
required in the “Plot Viewer.”

The control “Plot viewer” screen is split into six key domains:
“Genes,” “Metadata,” “Groupings,” “Sample/cell metadata,”
“Color options,” and “TCR clonotypes,” respectively, depicted in
Figure 4(1–6). All metadata are accessible in the control panel
“Metadata” domain, e.g., patient ID, sex, age, etc., dependent
on that provided by the investigator, offering flexibility and
customizability to analyses (Figure 4(2)). The same “Metadata”
dropdown menu also holds information acquired during the
initial bioinformatics quality assurance and UMAP generation,
including cell cycle phase and assigned cell clusters according to
individual human cell atlases from which consensus is drawn.
This provides the user with an initial overview of the populations
present, which can then be highlighted on the UMAP (see RNA-
seq plot viewer tutorials: coloring plots by metadata) or grouped
with ease through one-click selection from the right click control
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FIGURE 4 | Workflow for analyses of scTCR–RNA-seq data using VGAS plot viewer window. The scTCR–RNA-seq analysis home screen window is divided into key
domains to help direct analyses by the user. (1) “Genes” panel lists all genes expressed with options to search for specific genes of interest (highlighted red), reorder,
and find literature determined groups of interest genes using the “Markers” dropdown tab or heatmap (highlighted red) individual genes on the UMAP for selected
sample. (2) “Metadata” is displayed with dropdown tabs to select data by sample, clinical metadata, or phenotype groupings defined by indexed flow data or via
unsupervised K means clustering on whole sample with consensus calling from reference atlas databases. (3) Grouped data/clusters appear in the “Groupings”
domain for selection and differential analyses using a range of statistical algorithms contained in the dropdown tab (highlighted red). Differential gene analysis results
provide p-value, p-adjusted, and fold change displayed in “Genes” panel. (4) Groups and plots can be fully color-customized in the “Color options” panel and
heatmap scales set to user preference. (5) Genes of interest, metadata, or groupings can be saved and set as metadata for further interrogation or grouping by
several parameters in the “Sample/cell metadata panel.” User-defined positive cutoff range for numerical data can be applied to filter samples using “Range” function
toggle (highlighted red). (6) scTCR-seq defined clonotypes can be set from whole data or distinct RNA-defined groups in the “TCR clonotypes” domain. Circos plots
can also be generated from within this panel. The “generate plots” function, bottom right (highlighted red), provides access to associated UMAP.

panel and which then appear in the “Groupings” domain (see
RNA-seq plot viewer tutorials: creating groups) (Figure 4(3)). Of
note, each group may be formatted by color, which will translate
to all subsequent visuals, through the “Color options” domain
(Figure 4(4)). More specific groupings according to select gene
expression (all genes listed in the left hand “Genes” domain
(Figure 4(1)) can then be developed through import to the
“Sample/cell metadata” domain (Figure 4(5)) by selecting either
a preselected “Metadata” or individual gene and selecting “Set as
metadata.” Four metadata columns are available for combined
parameter assessment; however, sequential groupings and
reapplication as metadata allow limitless combinations to build a
single signature. Imported RNA data are numerical, and the user
must define cutoffs for positivity/negativity before analysis. This
is possible through the single gene expression plot function to
graph the spectrum of gene expression from low to high, which,
in a manner similar to conventional histogram-based gating in
flow cytometry, provides the user guidance of where to set the
positive gate and may further identify bimodal or multimodal
expression within or between samples for further gating or low,
mid, or high expressors (Figure 5) (see RNA-seq plot viewer
tutorials: generating gene expression level plots). When defined,
the boundary value above a deemed positive can be input into
the “Range” function at the top of the “Sample/cell metadata”
domain, stripping those not meeting this inclusion criteria

from selection in the sample grid. The TCR repertoire for each
group, ascertained using the right-click function to generate the
correlating data in the “TCR clonotypes” domain (Figure 4(6)),
can be used to directly generate Circos plots.

Each group can be renamed and identified using the highlight
tool by opening a UMAP plot through the “Generate plots”
function, which has fully scalable x and y axes and formatting
functions for coloring, titles, and sizing. Multipanel UMAPs can
be generated in the plot viewer for easy comparison between
cell populations (Figure 6(1–5)). As alternative to groupings
defined by metadata (Figure 6(2–4)), groups can also be selected
directly via the UMAP using the highlight function in the plot
viewer to lasso an interest population before highlighting and
grouping these cells within the sample grid (Figure 6(5)). Such
analysis may be particularly useful for subclustering islands that
fall within the same cell-type metadata consensus, i.e., CD8+
T-cells that express dominant-TCR versus non-dominant TCR,
for authentic signature exploration.

Once two or more groups are created and selected in the
“Groupings” domain, the number of cells in each group is shown
in brackets, and then two analyses are typically done. First,
TCR clonotypes in a particular group can be set via the right-
click menu to appear in the bottom right “TCR clonotype”
domain if scTCR–RNA-seq was performed, listing combinations
of α–β pairs or respective CDR3 pairs in order of dominance
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FIGURE 5 | Gene expression plots to provide cutoffs for negative/positive expression or show differences between samples/groups. (A) Single or grouped gene
expression plots for all cells within a selected sample provides a platform to set cutoff for positivity and identify outlier expression or (B) highlight expression
differences between samples/plates.

(Figure 7). Of note, if scTCR-seq was not performed but a defined
interest TCR is known, gene selection for individual TRAV and
TRBV within the “Genes” panel will provide an indication of the
transcriptome of cells expressing those TRAV or TRBV genes.
Selected clonotype pairs (or specific single chains) may be added
to a separate group or highlighted on the UMAP to identify
the unique effector clusters for comparative scRNA-seq analyses
(Figure 7). This facilitates the second analysis, differential gene
expression, performed with selection of appropriate statistical
comparison test using the dropdown menu in the “Groupings”
section inclusive of t-test, Kruskal–Wallis, one-way analysis of
variance (ANOVA), Wilcoxon rank sum test, MAST, Limma,
paired t-test, paired ANOVA, or mean difference (see RNA-
seq plot viewer tutorials: performing differential gene expression).
The resulting differential analyses appear in a reordered “Genes”
section, ordered according to rank and with representation of
significance, relevant cell group (i.e., number 1 indicates this gene
is more highly expressed in the first grouping), and comparative
fold change in expression. More stringent significance can be
applied by the user through adjusting P-value according to Holm,
Hochberg, Hommel, Bonferroni, BH, BY, or false discovery rate,
and genes lists reordered according to user preference on fold
change or the number of cells expressing each gene (see RNA-seq
plot viewer tutorials: displaying number of cells with expression per
gene). Markers of interest for discovery studies may also be pulled
to the top of the “Genes” domain via a simple name search, via the
preset subsets tab, which contains predefined groups of markers,

or by import from clipboard (see RNA-seq plot viewer tutorials:
genes: sorting, searching and selecting).

Initial differential gene analyses are best visualized by volcano
plots incorporated into the “generate plots” function, separating
differential RNA by both statistical inference and fold change
(see RNA-seq plot viewer tutorials: generating volcano plots)
(Figure 8A). If groupings have been chosen on select markers,
these may be excluded from the plot as to prevent skewed
axes and more accurately dissect data. Alternatively, traditional
heatmap plots can be created using the “RNAseqHEAT” tool,
of particular utility when more than two populations are
being comparably assessed, again with user-adjustable heat
scaling (Figure 8B).

Expression of markers of interest may also be individually
displayed as a heatmap directly onto the UMAP by selecting
a specific marker in the gene list and accessing the one-click
function tab at the bottom of panel labeled “heatmap” (see
RNA-seq plot viewer tutorials: coloring plots using heatmaps)
(Figure 9). Given a UMAP is a two-dimensional (2D) image of
a 3D projection, respective arrow buttons plot those with highest
expression at the front or back of the plot, respectively (see RNA-
seq plot viewer tutorials: setting the draw order of plot points).
Importantly, to aid in the visualization of multidimensional
datasets, UMAPs may be aligned side-by-side to assess different
zoomed regions of the total UMAP or the same populations
from different samples and be similarly displayed as a heatmap
with user-defined formatting using the right-hand-side menu.
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FIGURE 6 | Multipanel UMAP investigation. (1) Sample/cell groupings created in “Groupings” panel can be plotted on multipanel UMAPs, with zoomed view
possible to focus on different regions of interest (2–5). (2) Groupings created from differentially expressed genes and metadata can be highlighted within the total cell
population, shown for CD3E+CD27+CCR7+ cells group defined in panel 1. (3) K-means clustering can be set in the scRNA-seq Plot View Options window and
illustrated within UMAP. (4) Cell types from unsupervised clustering can be separately colored on a UMAP with legend for visualization. (5) Cell clusters can be
“lassoed” on the UMAP and highlighted within the “Sample/cell metadata” grid for addition to distinct groups within “Groupings” for further analyses, named
“CellGroup_1” in groupings tab.

FIGURE 7 | scRNA-defined UMAP overlay of scTCR-seq. Single-cell defined functional TCR clonotypes can be imported for selected populations/samples,
displayed in order of dominance within the Plot View Options window, and highlighted on the scRNA-defined UMAP to pinpoint clusters with expression of dominant
or interest TCR (highlighted green).

Currently, plots may be compared up to four columns wide
and three rows deep on a single screen, but with additional
tabs available with rapid toggle function such that unlimited
parameters may be compared during a single analysis.

Significant differential expression does not necessarily infer
predominant expression in a subset. If more finite expression
level plots are required, this is performed in VGAS by simply
highlighting the interest genes and selecting “Generate violin/box
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FIGURE 8 | Tools to visualize differential gene expression. (A) Volcano plot for differential expression analysis between two groupings/samples. User-defined
thresholds can be set for fold change and significance, visualized according to color (red and green represent genes above different preselected fold change (FC)
and significance (p-value). Right-click menu provides options for addition and formatting of gene labels, plot coloring, and exclusion of selected genes.
(B) RNASeqHEAT enables generation of a heatmap of selected genes as shown on horizontal axis and with selected samples on vertical axis. Option panel
(highlighted in red) allows customization.

FIGURE 9 | Heatmapping scRNA-seq gene expression on UMAP. Combined sample or subpopulation UMAPs can be compared on a single screen simultaneously
providing an overview and more discrete dissection of sample. The “Zoom Strength” slider (highlighted red) enables focus on a particular region of interest directed
by grouped analyses for heatmapping gene expression between samples as dictated by interest of prior differential gene expression analyses.

plots by gene(s)” from the right-click drop menu in the
“Groupings” tab [see RNA-seq plot viewer tutorials: generating
gene plots (Violin and Box plots etc.)]. Alternatively, a specific
interest gene list in a specific order for presentation can be

selected by using the “Select from clipboard” function. An initial
window provides an overview of expression for each group
showing the minimum, average, and maximum expression, along
with the number of positive versus negative expressing cells for
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each selected gene (Figure 10A). Fully customizable violin or
box plots are readily generated with displayed average expression,
with added option to include jitters and/or heatmap colors to
align directly with other figures [see RNA-seq plot viewer tutorials:
coloring gene plot (jitter) points, coloring gene plot (jitter) points
using heatmaps; Figures 10B,C].

Utility of scCITE-Seq: Integrated
Single-Cell Delineation of Surface
Proteome
Transcriptome analyses provide highly complex cellular
signatures of disease, revealing extensive heterogeneity among
previously considered homogeneous populations (Bjorklund
et al., 2016). However, RNA transcription profiles do not
correlate completely with functional protein profiles, a
more tangible measure of output functionality and more
traditional diagnostic or therapeutic target. This divergence
in comparative expression is a product of several processes
including posttranscriptional processing, investigational error,
and variable protein turnover, but importantly, there remains
a direct RNA–protein concentration correlation, reported to be
approximately 40% (Vogel and Marcotte, 2012).

Surface protein is traditionally assessed by indexed flow
data, but this remains substantially limited by availability and
spectral overlap of fluorescent tags and thus provides a far
more restricted glimpse into the rich and diverse phenotypic
landscape truly expressed on each and every cell. Thus, in
recent years, unique tripartite DNA barcodes have been similarly
generated and tagged to protein-specific antibodies unique to
surface proteins of interest as to similarly sequence select surface
protein expression on the same cell as scTCR–RNA-seq. Two
separate modalities, CITE-seq and REAP-seq, respectively, were
developed by teams at the New York Genome Center (NYGC)
and Merck group (Peterson et al., 2017). While both are suitable
for analysis in VGAS, we use scCITE-seq, reviewed in detail by
the Stockieus laboratory at NYGC (Stoeckius et al., 2017), which
is fully integrated with scTCR–RNA-seq. As with flow and mass
cytometric methods, there remains a requirement to validate
titrations for each antibody combined in a single panel, but we
have found it straightforward to develop panels of more than
40 antibodies. We have optimized staining of different human
samples, including skin, blood, adipose tissue, and blister fluid,
using combinations of more than 45 oligo-tagged antibodies for
the investigation of DHR and other diseases. This technology
forms an integrated pipeline for holistic dissection of populations
by single-cell transcriptomics and comparative surface protein
markers and TCR.

VGAS: scCITE-Seq Analyses and
Visualization Tools
VGAS can incorporate scCITE-seq data, listing normalized count
files for each antibody in the “Metadata” dropdown menu
(Figure 11). Much of the analysis options described above
for scRNA-seq are possible for CITE-seq including differential
expression analyses with statistical inferences. Protein values
can also be displayed as a heatmap directly onto the same

UMAPs as scTCR–RNA-seq to delineate comparative RNA to
protein expression (Figures 12A,B). If required, protein markers
can be similarly explored and combined in the “Sample/cell
metadata” columns with specific TCR pairs or RNA interest
markers, generating a complete cell signature. Differential protein
analyses are possible between groups with inference determined
by varied statistical tests and heatmapping directly onto the same
UMAPs for comparable expression plots with corresponding
RNA (Figure 12C). Importantly, numerical positive expression
gates must be reset for protein data with different expression
ranges between markers. The right-click function allows the user
to set coverage depth for a particular antibody detailing the
numerical spread of expression, which appears in the depth bar
(see RNA-seq plot viewer tutorials: coloring plots using heatmaps)
(red highlight, Figure 11). This bar also provides detail of
expression density via a white-to-black scaling, with darker areas
representing the most abundant expression. This can be plotted
next to the heatmap scale on UMAPs to provide comparative
information on whether expression is high, mid, or low or even
multimodal. This complements the visual given the 3D nature
of the 2D UMAP such that some points may be hidden behind
others. Heatmap scaling may then be adjusted by the user such
to identify finite comparative expression even between two low-
expressing populations. More familiar flow-type histograms are
soon to be incorporated as an alternative gating and presentation
strategy to dissect multimodal expression given the observed
subtlety of variation on UMAP between similar but spatially
distinct clusters. Our own analyses to date (data not shown)
comparing flow-based and CITE-seq protein expression show
distinct overlap with similar population representation, in line
with that in the original pilot report from the Stockieus laboratory
(Stoeckius et al., 2017).

Brief Technical Overview and
Performance Benchmark
The requirements and complexity of “big data” meant loading
data files is typically slow, and subsequent analyses cumbersome.
Thus, the VGAS development team, critically bridging software
developers, bioinformaticians, laboratory scientists, and clinical
researchers all with extensive experience of handling genomic
data, has a major goal to develop and optimize performance
solutions for individual data acquisition functions. Successful in
this objective, VGAS incorporates non-standard and interlinked
algorithms from different programming languages, most typically
C sharp (C#), and provides highly efficient data structure
solutions to enable everyday use on standard specification
8- to 16-GB laptops. Enhanced storage efficiency is critical
for ease of file sharing and limits expense of long-term cold
data storage whereby a 10-GB normalized gene file can be
saved in an application specific (.VGASpv) plot view file
and zipped to 350 Mb. Furthermore, modular framework
of the application allows for inclusion of third-party tools
and development of novel analysis modules without affecting
functionality. Using R.Net to negate direct coding, VGAS
utilizes widely available R-based packages, hidden to the user,
adapting such to provide full customization of traditionally static
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FIGURE 10 | Differential gene expression plots. (A) “scRNA-seq gene expression and R plots” window allows user to define genes for inclusion in
single/comparative (B) violin and (C) boxplots with optional inclusion of jitters and defined heatmap coloring of groups.

R plots for scale, color, and resolution for rapid generation
of publication-quality images available in all bitmap formats
(tiff, png, jpeg) or as vector graphics. Importantly, VGAS

has been programmed by an experienced software engineer
through the entire software development “life cycle” using an
integrated development environment, Microsoft Visual Studio,
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FIGURE 11 | Overlay of surface protein expression (scCITE-seq) onto scTCR–RNA-seq analyses. Within the “RNA-seq plot viewer options” window, normalized
CITE-seq data are included in the “Metadata” panel, accessible via the dropdown tab (highlighted red). All applications discussed for scRNA-seq analyses are
applicable to protein with differential analyses between groups, selection into groupings or dissection via the “cell/sample metadata/domain. Depth bar (highlighted
red) provides detail of protein expression density via a white-to-black scaling with darker areas representing most abundant expression.

FIGURE 12 | scCITEseq data visualization on scRNA-defined UMAP. Gene and corresponding surface protein expression can be compared across individual cells
on the same unsupervised UMAP. (A) Cells highlighted with scRNA-seq defined positive CD4 expression. (B) Cells highlighted with surface CD4 expression using
scCITE-seq antibody. (C) CD4 scCITE-seq antibody expression displayed as a heatmap onto scRNA-defined UMAP.

which provides comprehensive testing tools for validation. To
provide a performance benchmarks, we utilized a standard
eighth-generation i7 Windows-based laptop with m.2 SSD as
now typically used in research institutions to load a 3-GB
file representing counts for more than 23,000 genes and 120
metadata (integer, numeric, and factor) across 30,000 cells in
less than 3 min. Active file upload used 4–5 GB, which was
maintained even during subsequent active display of 12, albeit
potentially unlimited, comparative UMAP plots. A crude sample
split into two groups of 15,000 cells was then used to benchmark

performance for differential gene expression analyses by one-way
ANOVA, taking less than 3 min. To ensure speed of analyses,
we recommend a laptop with 8-GB RAM and i5 processor or
equivalent as the minimum hardware specification.

Prior to investigator release, raw sequencing data are run
through a standard data normalization and quality-assurance
pipeline by our on-site bioinformatician. Importantly, VGAS
is independent of this standard pipeline, which uses open-
access tools, and may load data processed by any best-practice
approach. For droplet-based (10×) assays, Cell Ranger is used to
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align data from 10X-5′sc-RNA-TCR-CITE-seq, with processing
of antibody-derived reads by Seurat3 to analyze the multimodal
data and cluster cells based on both RNA and protein expression.
scRNA-seq measurements are normalized using SCTransform
and scale-factor transform method. scCITE-seq measurements
are normalized using centered-log ratio transformation in
Seurat. Cells with fewer than 200 genes and more than 10%
mitochondrial content are typically removed, but alternate
cutoffs may be defined by individual investigators. Furthermore,
genes with more than 0 counts in fewer than three cells are
also typically removed. Initial first-pass analyses are performed
using a combination of most current versions of Seurat for
unsupervised clustering and SingleR for cell-type prediction.
After normalization, data input for VGAS is a comma-separated
(.csv) normalized expression file and tab-separated metadata text
file (.txt), with the sample identifier as the first column and a
second column to display metadata as factor, integer, or numeric
value. This easily modifiable format enables additional metadata
to be included if not known at time of initial analysis. We
also provide a UMAP/t-SNE.csv file to view x, y coordinates;
however, data are also released as a merged VGAS plot view
(VGAS.pv) master file, which encompasses all three individual
files (normalized.csv, UMAP/t-SNE.csv, metadata.txt) for simple
one-click file open during software trial. All four test data files are
available to view input by download from our website4 (“VGAS
RNA-Seq Plot Viewer files” provides download link to all four
VGAS files (metdata.txt, normaliation.csv, UMAP.csv, VGAS.pv).

Summary and Future Development
Single-cell sequencing technologies are revolutionizing our
ability to understand complex cellular systems, providing
unparalleled ability to dissect the previously undefinable finite
cellular discrepancies that delineate disease phenotypes, patient
outcomes, and treatments. Moreover, because only 1,000–
2,000 cells are thought to be required for sufficient de novo
population dissection of any heterogeneous sample (Giladi
and Amit, 2018), it is feasible to explore even limited
clinical samples from relevant reaction sites. Collaborative
effort to map the entire human body by cell in the Human
Cell Atlas provides a critical reference resource to facilitate
interpretation of the results (Regev et al., 2017). For T-cell–
mediated disease such as DHRs, the integration of multifocal
scTCR–RNA–CITE-seq provides a pipeline to identify actively
responding tissue-based effectors driving destructive outcome,
first identifying dominantly expanded or newly recruited TCR,
before determination of unbiased transcriptome and select
proteome signature to delineate disease- and tissue-specific
biomarkers. This is possible not only for critical T-cell effectors,
but also all accessory populations, enabling more complete
understanding of the entire cellular microenvironment. These
single-cell technologies require investigators to be able to manage
and analyze their own big data. Investigators are at risk of
losing the understanding of their own data if they are completely
dependent on bioinformatics experts with the coding expertise

3https://satijalab.org/seurat/
4https://www.iiid.com.au/software/vgas

required for suitable data handling, quantification, and analysis.
VGAS is specifically designed to enable researchers to be
increasingly self-sufficient. One limitation is that the program has
to be administrator-distributed and linked to the highly specialist
sequencing pipelines available at a few specialist genomics
facilities worldwide. Critically, such sequencing is a core service
provided to external laboratories by our center with VGAS made
freely available for download to investigators. Access is also
provided to researchers who run their own sequencing; however,
there is a requirement for VGAS access that initial bioinformatics
normalization must be performed in collaboration. However,
prospective users can request for a 2-week trial of VGAS by
contacting software@iiid.murdoch.edu.au.

VGAS is strategically a non-web-based, Windows-aligned
application to minimize the effect of variable download speed,
allow analysis on the go, provide highest resolution images
for presentation, and, moreover, provide means to secure
confidential data to internal servers. Background coding has been
meticulously performance-optimized for different functions to
provide timely analyses that run on standard laptops without
need for high-end hardware and servers. With the fundamental
vision to provide researchers with intelligible means to access and
interrogate single-cell data and develop publication-ready figures,
a key ongoing principle remains user-directed development.
Next versions under construction are to include flow-type
histogram-based gating for alternative dissection of multimodal
RNA and protein expression and trajectory analyses of pseudo
time. Pseudo time, or “pseudotemporal reconstruction,” an
inference of time through the shortest transcriptomic path
between all linked populations, provides insight into both
the transcriptome-predictive before and after precursors and
exhausted counterparts of identified effector populations. This
enables conversion of what is a static snapshot of cellular
transcriptome in time into a continuum of cellular development
given the breadth of developmental stages for each cell type, based
on subtle discrepancies in similar gene expression (Haghverdi
et al., 2016). Importantly, interest transitions may be verified
by transposase-accessible chromatin sequencing (ATAC-seq) to
inform upon the plasticity from epigenetic modifications toward
a specific signature within a lineage as described by Gury-
BenAri for helper-like innate lymphoid cells in healthy mouse
intestine (Gury-BenAri et al., 2016). Thus, from a single sample,
a longitudinal view of cellular response may be obtained.
These additional analyses performed by our bioinformatics
team will not alter the input data, but rather extend the
existing metadata matrix, for example, by providing pseudotime
clustered populations with n = populations set by user. Further
information on our dedicated webpage (see text footnote 4)
will guide prospective users through the plethora of sequencing
technologies and associated analyses provided by VGAS.
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Allergic reactions to drugs and chemicals are mediated by an adaptive immune response
involving specific T cells. During thymic selection, T cells that have not yet encountered
their cognate antigen are considered naive T cells. Due to the artificial nature of drug/
chemical-T-cell epitopes, it is not clear whether thymic selection of drug/chemical-specific
T cells is a common phenomenon or remains limited to few donors or simply does not
exist, suggesting T-cell receptor (TCR) cross-reactivity with other antigens. Selection of
drug/chemical-specific T cells could be a relatively rare event accounting for the low
occurrence of drug allergy. On the other hand, a large T-cell repertoire found in multiple
donors would underline the potential of a drug/chemical to be recognized by many
donors. Recent observations raise the hypothesis that not only the drug/chemical, but
also parts of the haptenated protein or peptides may constitute the important structural
determinants for antigen recognition by the TCR. These observations may also suggest
that in the case of drug/chemical allergy, the T-cell repertoire results from particular
properties of certain TCR to recognize hapten-modified peptides without need for
previous thymic selection. The aim of this review is to address the existence and the
role of a naive T-cell repertoire in drug and chemical allergy. Understanding this role has
the potential to reveal efficient strategies not only for allergy diagnosis but also for
prediction of the immunogenic potential of new chemicals.

Keywords: naive T cells, drug allergy, hapten, thymic selection, TCR
INTRODUCTION

Adverse drug reactions (ADRs) are a major public health problem. Up to one third of ADRs are
attributable to unpredictable drug hypersensitivity mediated by an adaptive immune response and
named drug allergy. The consequences of drug and chemical allergy can be severe, including
systemic adverse effects (1–3). T cells are central to allergic reactions. On one hand, drug-specific
T cells provide the necessary help for mounting an effective B-cell response observed in immediate-
type hypersensitivity reactions. On the other hand, T cells constitute the main pathogenic effector
cells in delayed hypersensitivity reactions (4–6). Most studies have focused on the identification of
memory T cells that recognize drugs/chemicals and the insights obtained have led to the
org June 2021 | Volume 12 | Article 6531021136
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development of allergy diagnostic tests (7–21). However,
attention has recently turned to the naive T-cell repertoire,
since it may largely determine the efficacy of the induced
immune response (22).

The aim of this review is to describe the role of the naive
T-cell repertoire in drug and chemical allergy. We provide an
overview of the data supporting different models of T-cell
recognition of drugs and chemicals and discuss speculative
models addressing the origin of drug/chemical responsive
naive T cells.
NOTION OF NAIVE T CELL REPERTOIRE

The identification of lymphocytes as the main cell type
responsible for both cellular and humoral immunity started in
the early 1950s with the emergence of cell culture techniques. It is
now clear that the ability of T cells to promote an effective
immune response depends on a large repertoire of unique T-cell
receptors (TCRs) generated and selected in the thymus. Indeed,
T-cell precursors randomly and imprecisely rearrange V and J
segments of the TCR alpha and V, D, and J segments of the TCR
beta chains to create a complete TCR.

Estimation of the TCR repertoire diversity ranges from > 1020

(23) to 1061 (24, 25). Nevertheless, there are only an estimated
1012 T cells in the human body (26). Hence, TCR repertoire
estimation vastly outnumbers the actual diversity of a person’s
TCR repertoire (27). This discrepancy is explained by thymic
selection where the fate of T-cell precursors is dependent on the
recognition of self-peptides (self-p) presented by MHC molecules
on thymic stromal cells (28). The overall outcome of the thymic
selection is the maintenance of a T-cell repertoire that has
sufficient, but not too strong, affinity for any self-pMHC
complex (29). T cells surviving thymic selection have not yet
encountered their cognate antigen, and hence are considered naive
T cells (25) (Figure 1). Typical naive T cells express CD45RA, the
co-stimulatory molecule CD27 in addition to lymph node-homing
receptors CD62L and CCR7 (30). However, similar to naive
T cells, human stem cell-like memory T cells (Tscm) express
CD45RA, CD62L and CCR7 (31) (Figure 1). In this case, the
expression of the death receptor CD95 that is upregulated on
Tscm is taken into consideration to distinguish them from
naive T cells (31). In general, Tscm constitute around 2-4% of
the total T-cell population in the periphery. Due to their self-
renewal and long-term persistence, Tscm were studied in
autoimmunity, cancer models and HIV-1 infections. However,
their implication in drug allergy is less understood (32, 33).

In the periphery, naive T cells constantly circulate between
secondary lymphoid organs and blood in pursuit of their specific
antigens. During their journey, the fate of naive T cells is dictated
by multiple checkpoints that maintain naive T cells in quiescence
(34). Upon encountering antigen, naive T cells proliferate and
differentiate into activated effector T cells as well as migrate to
peripheral tissues (30). A loss of thymus productivity is observed
during aging. However, the human naive T-cell repertoire is
maintained by peripheral T-cell proliferation driven by
Frontiers in Immunology | www.frontiersin.org 2137
homeostatic factors such as IL-7 and tonic TCR signaling
mediated by self-pMHC recognition (35, 36).
HOW DO T CELLS RECOGNIZE DRUGS
AND CHEMICALS?

Different studies have demonstrated that it is possible to detect
drug/chemical-responding T cells in allergic patients (37–42).
These T cells are activated following multiple non-mutually
exclusive models, illustrating the puzzling features of TCR
recognition by drugs/chemicals (43). In general, the mode of
T-cell activation depends on the chemical properties of the
molecule, the exposure conditions and the genetic background
of the patient.

In the hapten model, drugs/chemicals or haptens bind to self-
proteins to form a complex of a sufficient size to trigger an
immune response. This structure is then processed by antigen-
presenting cells (APCs) and the resulting haptenated peptides are
presented through MHC class I or class II-dependent pathways to
TCRs as de novo antigens (43, 44). Indeed, it is now well-accepted
that MHC-restricted hapten-specific TCRs in their majority do
not react to modified MHC molecules, but to haptenized peptides
associated with the MHC peptide-binding groove (Figure 1B).
Work conducted with synthetic hapten-peptide conjugates
showed two major types of hapten-specific TCRs: one reacting
to hapten without caring for the chemical composition of the
carrier peptide, and the other contacting hapten and peptide by
two apparently independent contact sites (44, 45).

In the pharmacologic interaction with immune receptors
(p-i) model (Figure 1C), the drug binds non-covalently to
either the TCR (p‐i TCR) or MHC protein (p‐i HLA) or to
both in a peptide-independent manner to directly activate T cells
(4, 46–49). Moreover, in the sulfamethoxazole (SMX) model of
p-i TCR, molecular dynamics simulations studies showed that
the drug may also bind to TCR at a position that is distant from
the site of TCR-pMHC interaction, altering TCR conformation
and resulting in higher affinity for self-pMHC (50). Several
experimental evidence support the p-i model showing that
some drugs can trigger T-cell activation without requiring
intracellular antigen processing. This interaction leads to rapid
T‐cell‐mediated reaction, which has features of hypersensitivity,
and/or alloimmune and/or autoimmune reactions (4, 46–48).

The hapten hypothesis and the pi-concept did not provide a
convincing mechanism explaining how abacavir induces adverse
reactions through the activation of CD8+ T cells in a HLA-
B*57:01-restricted manner (51). In this case, a new concept
emerged: the altered peptide model. This model postulates that
a small molecule can bind non-covalently to the MHC-binding
cleft directly or in the endoplasmic reticulum (ER) and alter the
specificity of peptide binding resulting in the presentation of novel
peptide ligands (51–53). Using molecular dynamics simulations,
recent studies demonstrated that abacavir may alter the
conformational ensemble of these neo-peptides with the
consequence of exposing peptide surfaces no longer recognized
as self by circulating T cells (54). Peptides presented in this context
June 2021 | Volume 12 | Article 653102
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are recognized as ‘‘foreign’’ by the immune system and therefore
may elicit a T-cell response.

The clinical outcomes of drug or chemical allergic reactions
could vary from contact dermatitis, maculopapular rashes to
severe cutaneous adverse reactions and anaphylaxis, among
others (1, 3, 47, 48, 55). Different T-cell recognition models
can explain these multiple clinical outcomes. Contact
hypersensitivity and IgE-mediated response are characterized by:
1) hapten-peptide formation, 2) dose-response effect of hapten,
3) recognition of peptide-hapten conjugates by specific TCRs
and 4) rare HLA association with some allergens (13, 43, 44,
56, 57). For severe cutaneous adverse drug reactions (SCARs), the
(p-i) model with drug binding to either the TCR (p-i TCR)
or MHC (p-i HLA) results in T-cell activation (46). For the
altered peptide repertoire model and Abacavir Hypersensitivity
Frontiers in Immunology | www.frontiersin.org 3138
Syndrome, drugs bind non-covalently to regions of the HLA class I
molecules within the antigen-binding cleft altering the repertoire
of presented peptides and resulting in a polyclonal T-cell response
(4, 52, 53, 58).
EVIDENCE AND CHARACTERIZATION
OF A DRUG/CHEMICAL NAIVE
T CELL REPERTOIRE

The presence of activated and memory T cells in drug/chemical
allergic patients leads to the question of the origin of these drug/
chemical-responsive T cells. Since a naive T-cell repertoire is
mandatory for the induction of an antigen-specific T-cell
response, extensive efforts were taken to characterize drug/
FIGURE 1 | Origin of drug/chemical-reactive naive T-cell repertoire. The fate of naive T-cell precursors is dependent on the recognition of self-peptides (self-
p) presented by MHC molecules on thymic stromal cells. In the periphery, naive T cells expressing CD45RA, CD62L and CCR7 constantly circulate between
secondary lymphoid organs and blood in pursuit of their specific antigens. The origin of drug/chemical responsive T cells is unclear but thymic selection of
drug/chemical-specific naive T cells is unlikely. The process of central selection ensures that TCRs do not bind strongly to any self-pMHC molecules in the
periphery, preventing autoimmune reactions (A). Drugs/chemicals may alter self-pMHC complex and haptenated self-pMHC could have a high affinity for
their corresponding TCR. Depending on chemical reactivity, multiple haptenated peptides can be generated from one self-protein allowing a diversity of
association with different alleles and contributing to the high prevalence of immunization/allergy observed with some drug/chemicals (beta-lactams, skin
sensitizers) (B). In some cases, drugs/chemicals bind to MHC proteins in a peptide-independent manner to directly activate naive T cells mimicking the
conditions of alloreactivity (C).
June 2021 | Volume 12 | Article 653102
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chemical-responsive naive T cells. T-cell priming assays provided
valuable tools to detect these drug/chemical-responsive T cells
(13, 59–61). Different approaches have been considered with
respect to the populations of T cells and APCs used as well
as the cell culture protocols and readouts (7–18, 62). Most
protocols are relying on T-cell cloning performed by limiting
dilutions with repetitive stimulation using APCs. Studies have
tested hapten-modified dendritic cells (DCs) (12, 63) or
haptenated self-proteins as an antigen source for purified
naive T cells (18, 64, 65). In some protocols, regulatory T cells
are removed from the co-culture system to increase the
detection of weakly immunogenic drugs/chemicals (12, 60,
66). The presence of drug/chemical-responsive T cells is then
detected most of the time using proliferation or cytokine
production as endpoints. These approaches are not only useful
to understand the mechanism of drug recognition but can also
provide valuable insights for the replacement of animal testing
(67). However, as expected, there are a number of problems
associated with the analysis of rare antigen-specific T cells as T-cell
priming assays present technical and conceptual limitations. Indeed,
the high inter-donor variability limits the reliability and
reproducibility of these assays. The choice of a reference protein for
haptenization as well as the drug concentration used might govern
the spectrum of T-cell responses. Moreover, artificial in vitro
conditions used in these assays limit their in vivo relevance (67, 68).

In the early 1990s, Moulon et al. showed the ability of naive
CD4+ T cells to respond to 2,4,6-trinitrobenzene sulfonic acid
(TNBS), the water-soluble derivative of the contact allergen
2,4,6-trinitrochlorobenzene (TNCB) (7). These findings were
further confirmed by different groups using TNBS or other
chemicals (e.g., nickel, Bandrowski’s base, the oxidation
product of p-phenylenediamine) (11, 16, 42, 61, 63, 69–72) as
well as different drugs (e.g., b-lactam antibiotics, SMX, dapsone,
telaprevir) (18, 37, 38, 64, 65, 69, 73). Thus, the naive T-cell
repertoire from every individual seems to harbor T cells able to
recognize drugs and chemicals of different origins and structures.
It is worth noting, that despite the presence of drug-responding
T-cell repertoire in the large population, only few individuals
develop allergic reactions due to additional susceptibility
factors, reviewed elsewhere. (e.g., HLA risk alleles, immune
regulation, diseases) (55, 74, 75). Moreover, the concomitant
presence of chemical-specific regulatory and effector T cells also
suggests that for allergy to occur, additional signals need to be
provided to break tolerance and to favor effector immune
response (76).

The hapten hypothesis with binding of drug/chemical to self-
proteins is the most common pathway by which chemicals
(TNBS) and drugs (b-lactam and SMX) recognize and activate
naive T cells (Figure 1). In these settings, T-cell response is
dependent on (1) the presence of APCs, (2) MHC molecules,
with anti‐class I and II Abs blocking their activation and (3) an
intact antigen processing mechanism. However, this concept was
challenged with the identification of a nickel-responding naive
T-cell repertoire (11, 63, 70). Indeed, nickel, like other
transitional metal ions, cannot form covalent bonds with
proteins. Hence, activation of nickel-specific naive T cells may
Frontiers in Immunology | www.frontiersin.org 4139
not require antigen processing as seen with classical haptens (57,
77). Instead, nickel ions form coordination complexes
predominantly with nitrogen residues in histidine or arginine
(57). These observations suggest that organic chemicals need to
bind to MHC-associated peptides to be recognized by TCR,
whereas metal ions are recognized after forming non-covalent
coordination bonds with MHC molecules, bound peptides
and TCR.

Beyond the simple presence of drug/chemical-responding naive
T cells, the question of their frequencies in relation with the
different chemical classes is also an open question. Determination
of antigen specific T-cell frequency relies on different techniques.
The diversity of the techniques used such as HLA class II tetramers
(78–80), libraries of polyclonal expanded naive T cells followed by
antigen priming (81), repeated naive T-cell priming with antigen-
loaded APCs or long-term T-cell priming (16, 18, 62, 63, 65, 69,
82–85) contributed to the heterogeneity of the results. Interestingly,
a good concordance was found when addressing the frequency of
strong immunogens such as keyhole limpet hemocyanin (KLH)-
specific T-cells with these different techniques (86). When
benzylpenicillin (BP)-specific T-cell frequency was evaluated after
repeated stimulation with APCs loaded with BP bioconjugates, an
estimated 0.3 to 0.6 pre‐existing reactive naive T cells were detected
in the blood of healthy donors per million of peripheral blood
circulating CD4+ T cells (18, 65, 69). Using the same technique, 0.3
to 0.5 nickel-specific naive T cells were detected per million of
circulating naive CD4+ T cells (63). These estimated frequencies
can be considered very low as expected for hapten-naive specific T
cells in healthy individuals (11). Surprisingly, this frequency of
drugs/chemical-specific naive T cells was in the range of the one
calculated for foreign antigens such as immunogenic therapeutic
Abs (82), ovalbumin (82), and HIV peptide vaccine (87) but below
the frequency found for KLH (18, 65, 82).

In addition to the number of naive T cells, the composition of
the naive T-cell repertoire can shape immune responses. Advances
in high‐throughput sequencing technologies have enabled the
detailed analysis of naive T‐cell spectrum. A private T cell
response is identified when the TCR specificity toward a specific
epitope is rarely observed in multiple individuals. In contrast,
some other antigen-specific TCRs are frequently observed in
multiple individuals and generate a public T cell response (88).
For instance, nickel or SMX-responding naive T cells were driven
by public TCR present in all individuals as well as by T cell
Receptor Beta Variable (TRBV) genes specific for each individual
(63, 89). Historically, the presence of antigen-specific public TCR
was observed in a variety of infectious and autoimmune diseases
and turned out to be useful for the development of vaccines and
therapeutic intervention (90). Recently, Pan et al. identified a
public abTCR from the cytotoxic T cells of patients with
carbamazepine-mediated SCAR and a bias for HLA-B*15:02 was
also reported (91). A likely hypothesis is a pi-concept response
with a public TCR recognizing a small chemical antigen presented
by the preferred HLA molecule from the preexisting memory T
cells. However, the cause and the role of TCR sharing within the
drug/chemical-reactive naive T-cell pool of multiple individuals is
still poorly addressed (Figure 2).
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HYPOTHESIS FOR THE ORIGIN OF DRUG/
CHEMICAL-RESPONDING NAIVE
T-CELL REPERTOIRE
Although based on a limited number of tested drugs and
experiments, we can now acknowledge that most, if not all,
individuals harbor a naive T‐cell repertoire for drugs and
chemicals. However, while our understanding of the molecular
mechanisms of TCR recognition by drugs/chemicals is
expanding, the question of the mechanism driving the
existence of drug/chemical-responding naive T-cell repertoire
is still a challenge to be solved. Due to the artificial nature
of drug-T-cell epitopes, it is unclear whether thymic selection
of drug-specific T cells is a common phenomenon, remains
limited to few donors, or simply does not exist. Selection of
drug/chemical‐specific T cells could be a relatively rare event
accounting for the low occurrence of drug/chemical allergy. On
the other hand, the large T‐cell repertoire found in multiple
donors underlines the potential of chemical/drug to be
recognized by many donors. This latter hypothesis suggests
Frontiers in Immunology | www.frontiersin.org 5140
that drugs/chemicals could be accidentally recognized by a
TCR specific for another target.

Our immune system must be able to discriminate harmless
non-self from dangerous non-self. There is multiple evidence
that some chemicals have found very specific ways to activate the
immune system by acting as danger signals (55, 64, 68, 92–102).
Therefore, our immune system may have evolved to mount a
specific defense mechanism avoiding prolonged exposure to
reactive drugs/chemicals. Consequently, one can speculate that
drug/chemical-reactive T cells are taking advantage of the
imperfect central tolerance to reach the periphery and mount a
protective immune response (Figure 1). However, there is no
experimental evidence in favor of this hypothesis. It is more likely
that the T-cell clones that are positively selected to recognize foreign
antigens are accidently reactive with drugs or chemicals. Drugs/
chemicals may alter self-pMHC complexes and haptenated self-
pMHC have a high affinity for their corresponding TCR
(Figure 1B). This concept was first elegantly described with
trinitrophenyl (TNP)-reactive T cells in the context of mouse
MHC-class I restricted responses (H-2Kb) (45, 56, 72, 103, 104).
FIGURE 2 | Drug/chemical-reactive naive T-cell repertoire: the tip of the iceberg. The naive T-cell repertoire of every individual harbors T cells able to recognize drugs
and chemicals of different origins and structures. This concept is now well recognized and accepted but is only the tip of the iceberg. However, the origin of these T cells,
the nature of their TCR (public vs private) as well as the correlation between their frequency and their chemical reactivity are still largely unknown. The origin of these cells
is not yet clearly determined, cross-reactivity with viral antigens or specific recognition of the chemical moiety bound to a self-peptide are a working hypothesis. Do we have
specific TCRs that will be more likely to expand depending on the type of recognition by TCRs (peptide-drug bioconjugates and hapten, pi-concept)? Is the frequency
of naïve T cells specific for drugs and chemicals very different between individuals? Is the frequency of these T cells constant with time suggesting a constant thymic
selection of T cells capable of expanding upon recognition of a drug or a chemical? All these questions are still open and are the unknown part of the iceberg.
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https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Bechara et al. Drug/Chemical Naive T-Cell Repertoire
This MHC class I typically harbors an octameric sequence with Phe
or Tyr in position 5 and hydrophobic aliphatic amino acids in
position 8 as anchors (45). As expected, this pMHC complex did
not induce a strong cytotoxic T-cell response. Nevertheless, TNP-
modification, mainly in position 4 of the peptide sequence, leads to
CD8+ T-cell activation (45, 56). Thus, TCR recognized TNPmainly
in the form of MHC-associated with haptenated peptides, and the
immunodominant TNP epitopes were largely independent of the
carriers’ amino acid sequence. However, how drugs/chemicals
increase the affinity of pMHC to TCR is largely unknown.
Haptenation of a specific amino acid could block protease-
mediated enzymatic processing and/or modify the peptide-
binding affinity to the transporter associated with antigen
processing (TAP) (43), thereby creating structurally distinct
peptide-HLA complexes. In addition, in contrast to albumin-
derived peptides, BP-haptenated peptides, derived from BP-
albumin conjugate, can be recognized by multiple T-cell clones
and like TNP-peptides, the position of the lysine modified by BP
dictates the T-cell response (18, 64). In these settings, many T cells
react to haptens in a MHC-restricted but carrier-independent
fashion. Thus, drug/chemical protein modification results in a
particularly repetitive array of cross-reactive, immunodominant
determinants that may explain the unusual strong antigenicity of
these compounds (22).

Chemical reactivity may dictate the number of different
proteins or residues that are haptenated. High chemical
reactivity may increase the number of generated T-cell epitopes
and consequently may be translated into an increase in the
number of recruited naive T cells bearing different TCRs (22).
Consistently, it has been shown that strong contact sensitizers
induced a polyclonal T-cell response (105). Similarly, b-lactam
antibiotics covalently bind to lysine residues of many proteins (20,
21, 64, 106), generating multiple binding sites on proteins and
expanding the number of haptenated peptides to be recognized by
T cells (22). Moreover, binding on a specific amino acid such as
lysine with BP can generate more than one immunogenic epitope
demonstrating that drug conjugates have some TCR specificity
(43). The consequence is an augmentation of the size of the
repertoire of T cells involved in b-lactam recognition.

The situation for some drugs/chemicals (e.g., carbamazepine,
abacavir) may be somehow more restrictive (Figure 1C). Indeed
a specific HLA, a drug‐peptide complex and a unique TCR are
the drivers of the T-cell response to certain drugs (51, 107). The
most significant example is the association between abacavir
hypersensitivity reaction and HLA-B*57:01 (51). Moreover,
carbamazepine‐specific T cells could be primed from PBMCs
of healthy human donors, carriers of both HLA‐B*15:02 and a
specific TCR Vb (108). It should be also noted that some drugs
(e.g., abacavir) may alter the intracellular processing of self-
proteins and generate new antigenic determinants for TCRs that
may not be removed from the naive T-cell repertoire during
thymic selection. In these settings, naive T-cell activation may be
perceived as an accident due to genetic predispositions or specific
features of the molecule of concern.

Numerous patients suffering from allergic reactions are
concomitantly treated for infections. Specifically, SMX-reactive
T cells as well as Bandrowski’s base-responding T cells could be
Frontiers in Immunology | www.frontiersin.org 6141
primed from the memory pool of healthy donors (16). Thus, one
can speculate that chemical or drug naïve T-cell repertoires are
mainly pathogen-specific and in some cases, these T cells may
have a high propensity to cross-react with drugs or chemicals
(109). Indeed, T cells responding to abacavir were also shown to
recognize herpes viruses such as HSV1/2 derived-peptides (110).
Moreover, carbamazepine, allopurinol, or SMX-induced DRESS
can be a result of cutaneous and systemic manifestations of
CD8+ T cells directed against herpes virus antigens (109, 111).

In some cases, a nonspecific inflammation, independent of
chemical/drug exposure, may be sufficient to bypass the general
tolerance feature of naïve T cells, irrespective of their antigen
specificity. Similarly, a break in immune tolerance due to co-
inhibitory molecule blockade (e.g., PD‐1 and CTLA‐4) enhanced
the priming of naïve T cells to drugs (74, 89). These observations were
consistent with clinical studies showing increased incidence of drug
hypersensitivity reactions in patients receiving immune checkpoint
inhibitor therapy (112, 113). Collectively, in these different situations,
the immune system may be fooled by the presence of drugs or
chemicals which could lead to immunopathology.
CONCLUDING REMARKS

It has been 30 years since the chemical-responsive naive T-cell
repertoire was first described. Since then, multiple examples have
been documented and there is no doubt that more will be
uncovered. Not surprising anymore that drugs/chemicals, in their
majority, seem to be recognizedby the samemolecularmechanisms
as protein antigens. However, whether thymic selection of drug/
chemical-specific T cells is a common phenomenon, remains
limited to few donors, or simply does not exist is still unclear
(Figure 2). If the naive T-cell repertoire contributes to drug/
chemical allergy, then it is plausible that these reactions stem
from de novo responses to the drug/chemical, where these specific
T cells took advantage of the imperfect central tolerance to reach the
periphery andmount a protective immune response. Yet, it ismore
likely that naive T cells are accidently reactive to a drug or a
chemical. Several studies support the theory that chemical
modification of self-proteins increases the affinity of self-pMHC
to their cognate TCR or results in new antigenic determinants
(Figure 1). Good progress has also been made in our mechanistic
understanding of TCR recognition of drugs and chemicals (13, 43).
However, less is known about the origin of these T cells, the nature
of their TCR (public vs private) as well as the correlation between
their frequency and the chemical reactivity (Figure 2). Answering
these questions can be expected to open up new and exciting
avenues for drug/chemical allergy.
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Many adverse reactions to therapeutic drugs appear to be allergic in nature, and are
thought to be triggered by patient-specific Immunoglobulin E (IgE) antibodies that
recognize the drug molecules and form complexes with them that activate mast cells.
However, in recent years another mechanism has been proposed, in which some drugs
closely associated with allergic-type events can bypass the antibody-mediated pathway
and trigger mast cell degranulation directly by activating a mast cell-specific receptor
called Mas-related G protein-coupled receptor X2 (MRGPRX2). This would result in
symptoms similar to IgE-mediated events, but would not require immune priming. This
review will cover the frequency, severity, and dose-responsiveness of allergic-type events
for several drugs shown to have MRGPRX2 agonist activity. Surprisingly, the analysis
shows that mild-to-moderate events are far more common than currently appreciated. A
comparison with plasma drug levels suggests that MRGPRX2 mediates many of these
mild-to-moderate events. For some of these drugs, then, MRGPRX2 activation may be
considered a regular and predictable feature after administration of high doses.

Keywords: MRGPRX2 receptor, anaphylaxis, mast cells, perioperative anaphylaxis, morphine, atracurium,
vancomycin, rocuronium
INTRODUCTION

Acute adverse reactions to therapeutic drugs are those which occur within minutes to hours of drug
exposure, and many of these present clinically as allergic episodes (1, 2). Mild-to-moderate
symptoms include rash, erythema, pruritus, tachycardia, local tissue swelling, moderate
bronchospasm, transient hypotension, and gastrointestinal distress (3, 4). The most extreme of
these reactions are classified as “anaphylaxis” and can be life-threatening; these include more severe
hypotension, bronchospasm, and tissue swelling, and even collapse of the cardiovascular system
(3, 4).

Most of these are assumed to be driven by activation of mast cells by drug-specific
Immunoglobulin E (IgE) antibodies, which are called Type I immediate hypersensitivity
reactions (1, 2, 5). Prior exposure to the drug, or to a compound with a structurally similar
element, stimulates production of antibodies that recognize the drug or a conjugate formed when
the drug or a metabolite binds to an endogenous protein. These antibodies then associate with
org August 2021 | Volume 12 | Article 6763541146
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high-affinity IgE receptors on the surface of mast cells in a
manner that leaves their drug-binding sites free. When a drug
recognized by the antibodies is administered, it (or the conjugate)
binds to multiple antibodies at the same time. This brings the IgE
receptors associated with the antibodies into prolonged close
contact, triggering activation of the receptors and the release of
mediators like histamine that generate the allergic responses (6).

Another cause of acute mast cell activation has been proposed, in
which drugs trigger reactions very similar to Type I events – but
without the need for antibodies or immune priming – by activating
mast cells directly through a receptor called Mas-related G protein-
coupled receptor X2 (MRGPRX2). MRGPRX2 is a seven
transmembrane G protein-coupled receptor which is expressed
almost exclusively by a subset of mast cells that populate
connective tissues like the skin (7, 8). It is classified as an orphan
receptor (9), meaning that the ligand(s) it is intended to recognize
has not been determined. However, multiple screens with hundreds
of small molecules, peptides, and proteins have established that it is
responsive to a wide range of molecules, and that the overwhelming
majority of them carry a net cationic, or positive, charge (8, 10–14).
A recent review identified that most also have bulky hydrophobic
groups, perhaps to increase affinity for plasma membranes (15). In
2015 a study reported that several therapeutic drugs with cationic
groups, all of which induce high rates of allergic-type reactions, are
agonists for MRGPRX2 (12). Moreover, activation of a cell line
called LAD2, which has properties similar to human mast cells and
often is used as a surrogate because primary cells are very difficult to
extract, was dependent upon MRGPRX2 (12). Other drugs capable
of activating MRGPRX2 have since been found, many of which also
trigger allergic-type events. This finding raises the possibility that
side effects that appear to be Type I – i.e., allergic and IgE-mediated
–may in some cases arise instead from direct activation of mast cells
through MRGPRX2. Such events have been called “pseudo-allergic”
or “anaphylactoid” to distinguish them from true allergies. All
events that present as allergic episodes will be referred to as
“allergic-type” in this review, as the etiology is not always clear.

This review will present an analysis of the frequencies of
allergic-type events for many drugs/MRGPRX2 agonists that are
particularly closely associated with such events. Calculated EC50

values for MRGPRX2, compiled from several studies, are
presented in Table 1 (12–14, 16–19). Two specific issues are
addressed for each drug: 1.) whether the mild-to-moderate
events truly are mast cell-mediated; and 2.) whether
Frontiers in Immunology | www.frontiersin.org 2147
MRGRPX2 involvement is supported. The first issue is
important because, while anaphylaxis elicits a stereotyped and
coordinated set of symptoms with a clear mast cell origin, the
milder events only include some of these, and mast cell activation
is not the only possible cause of the symptoms. The second issue,
of whether MRGPRX2 is involved, is impossible to prove without
specific antagonists. However, if events are much more common
only when plasma levels are high enough to activate MRGPRX2,
it certainly supports a role for this receptor. Therefore, plasma
concentrations are provided for each drug. A more detailed
discussion on methods of distinguishing IgE from MRGPRX2
or other non-IgE origins is provided in Section II.

The most surprising finding from this analysis is that mild-to-
moderate allergic-type events can be very frequent, much more
so than generally presumed. These events generally are neglected
in favor of anaphylactic episodes, which are much more serious
but are extremely rare. In contrast, mild-to-moderate events have
been reported to occur in a majority of patients at some drug
dosages. These are not trivial and may have serious impacts on
health when patients already are highly compromised. Peak drug
plasma concentrations support MRGPRX2 involvement in these
events for several drugs; this suggests that MRGPRX2 activation
might be considered a common, not a rare, feature when these
drugs are administered.
DETERMINATION OF IGE- VS. MRGPRX2-
MEDIATED MAST CELL ACTIVATION

A pressing issue in the field is how to determine whether mast
cell activation is mediated by IgE or MRGPRX2 when a patient
has suffered an allergic-type event due to a drug that is an
MRGPRX2 agonist. These drugs also may be immunogenic, so
simply exhibiting MRGPRX2 agonism does not rule out IgE.
Technically, distinguishing between these is not yet possible
because there are no biomarkers that reliably identify or
exclude one or the other mechanism, such as a mediator only
released after stimulation of one but not the other receptor.
However, specific measurements can be made that support the
involvement of each pathway.

MRGPRX2 Involvement
MRGPRX2 should be suspected if an event is only observed at
concentrations high enough to activate the receptor, and resolves
when the concentration drops below this. As described in detail in
th next section, the drug concentrations needed to activate
MRGPRX2 are very high and only achieved transiently for most
drugs. Many allergic-type reactions also are very transient and only
occur at very high drug concentrations. In contrast, there is a
widespread assumption that IgE-mediated mast cell activation
occurs even at very low concentrations of an antigen – for
example, food allergies only require miniscule amounts of food-
though this is not proven for every allergy. Another factor is that
mediator release after IgE-driven mast cell activation persists for
much longer than after antibody-independent mast cell stimulation
(20), so events that are short-lived are less likely to be IgE-driven,
TABLE 1 | Calculated EC50 values for selected MRGPRX2 agonists.

Name EC50 Reference

Vancomycin ~ 60 micrograms/ml (14)
Atracurium 28.6 micrograms/ml (12)
Mivacurium 39 micrograms/ml (16)
Cisatracurium 103 micrograms/ml (17)
Rocuronium 261 micrograms/ml (12)
Morphine 4.5 - 7 micromolar

(1.3 – 2.0 micrograms/ml)
(13, 18, 19)

Ciprofloxacin 6.8 micrograms/ml (12)
Levofloxacin 22.7 micrograms/ml (12)
Moxifloxacin 9.9 micrograms/ml (12)
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especially if they only occur at high drug concentrations and
disappear when plasma or tissue concentrations drop below EC50

values for MRGPRX2.
EC50 values for MRGPRX2 can be used to determine whether

plasma or tissue drug concentrations are high enough to activate the
receptor. However, several additional factors should be considered
when evaluating these. First, plasma concentration measurements
may not reflect concentrations in some tissues; specific examples are
discussed in the fluoroquinolones and neuromuscular blocking drug
sections. Second, EC50 values must be taken in context, as caveats
exist. The values were calculated for the most common MRGPRX2
variant, but dozens of others with slightly different amino acid
compositions, due to natural variations in the coding DNA, have
been identified (21, 22). These sometimes have altered properties;
most of the ones characterized are loss-of-function, but ones with
enhanced signaling have also been reported (23, 24). It is quite
possible that alleles that respond tomuch lower drug concentrations
are expressed by some patients, and if so, EC50 values for those
variants should be used instead. Also, MRGPRX2 expression levels
vary tremendously between subjects (25), and those with
abnormally high expression may also respond to low drug
concentrations, even when the canonical receptor variant is
expressed. Another consideration is that EC50 values usually are
calculated in cell lines, not in primary cells. Finally, concurrent
illnesses may either enhance or reduce mast cell responsiveness, or
how tissues respond to mast cell mediators. An example is provided
below in the vancomycin section, in which bacterial infections
appear to dramatically reduce systemic mast cell responses. On
the other hand, patients with chronic spontaneous urticaria appear
to have much stronger responses to MRGPRX2 agonists (26). This
is an emerging topic and more research needs to be performed, but
it is clear that comorbidities can have a profound influence on
allergic-type reactions.

IgE Involvement
IgE-mediated mast cell activation should be suspected when
events occur at low drug concentrations, when the events are of
long duration, or when drug-specific IgE titers are high. Four
tests are recognized by the World Allergy Organization to help
determine whether a patient has drug-specific IgE antibodies: a
skin prick test, intradermal injection of the drug, plasma or
serum IgE quantification, and basophil activation tests (27).
Protocols are not standardized, and interpretation of the
results can be quite controversial (28, 29). Of these, skin prick
and intradermal injection tests are, by far, the most common
methods for identifying IgE involvement. The concept behind
them is that concentrations are too low to activate MRGPRX2,
but are sufficient to trigger IgE reactions. However,
concentrations are not standardized and in many cases likely
are enough to activate MRGPRX2 – for instance, a commonly-
used skin prick test concentration for morphine and atracurium
is 1 mg/ml (30), dozens of times higher than their EC50 values for
MRGPRX2 activation (Table 1). Intradermal concentrations
generally do not exceed these values, though morphine is
recommended at 10 micrograms/ml, over 5 times higher than
its EC50 value. As mentioned above, MRGPRX2 variants may
have greater sensitivity and may trigger signaling at even lower
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drug concentrations. Even when several tests are used, the results
can be equivocal. In one study, all four tests were conducted in
each of 140 instances of anaphylaxis after administration of the
neuromuscular blocker rocuronium (31). Strikingly, the tests all
were in agreement in less than 15% of the cases. This is not
meant to imply that IgE tests are not useful, only that they are not
yet optimized, and that tests for MRGPRX2 involvement should
be conducted, as well.

Unfortunately, the assays described for MRGPRX2 and IgE
essentially never are conducted together. Plasma drug
concentrations and MRGPRX2 allele analysis are almost
exclusively limited to controlled experiments in which mild-to-
moderate but not anaphylactic events are observed. Conversely, IgE
tests are used as a diagnostic only after anaphylactic episodes. Until
they are all performed in tandem, even a perfect IgE test cannot rule
out MRGPRX2; likewise, evidence of extraordinarily high drug
concentrations cannot rule out IgE. It even seems quite plausible
that both can operate together in some cases. It is hoped that future
studies with a more comprehensive approach will be undertaken to
help clarify this matter, particularly in cases of anaphylaxis.
ALLERGIC-TYPE ADVERSE EVENT
FREQUENCIES AND ANALYSIS

This section summarizes and analyzes the available data on allergic-
type event frequency for several drugs known to have MRGPRX2
agonist properties. It also discusses evidence for and against a mast
cell origin for these events, as well as peak plasma drug concentrations
to help evaluate whether MRGPRX2 plays a role when mast cells are
involved. Plasma drug concentrations are almost totally unknown in
patients who have suffered anaphylactic episodes, so correlations
cannot be made for these events.

Vancomycin
Vancomycin is a glycopeptide antibiotic used for difficult-to-
treat Gram-positive bacterial infections like methicillin-resistant
Staphylococcus aureus (32, 33). It is given orally or, more
frequently, intravenously as a slow infusion, and is closely
associated with allergic-type reactions – often regrettably
described as “Red Man Syndrome” – that begin during or
shortly after infusion (34).

Allergic-Type Event Frequency and Mast
Cell Dependence
Allergic-type reactions are the most common side effects of
vancomycin, and are characterized by erythema of the head
and neck, hypotension, tachyphylaxis, pruritus, and occasional
angioedema (33, 35, 36). These usually are associated with
elevated plasma histamine (37–41), and often can be mitigated
by antihistamines (42–46), confirming mast cell involvement in
these reactions.

The reported frequency of allergic-type reactions is highly
variable, with most studies reporting either 5% or less [e.g (47–
54)] or over 70% [e.g (38–40, 42, 46, 49, 55–57)]. No systematic
differences in dosage exist between the high and low incidence
studies, suggesting that other factors were responsible for this
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vast disparity. Notably, with very rare exceptions (43, 58), the
studies reporting high incidence rates were conducted
specifically to examine side effects, while the studies with low
rates were designed to assess antibacterial efficacy. It is plausible
that the different aims resulted in different thresholds for what
constituted a medically relevant side effect.

Another difference between the high and low incidence studies is
the makeup of the study populations. The high incidence studies
examined healthy subjects or hospital patients without infections,
while the low incidence studies were almost all of patients with
severe bacterial infections. Mast cells can be activated by bacteria
(59), and it is possible that persistent activation during infection
leads to mast cell desensitization to further stimuli, and/or systemic
desensitization to mast cell mediators. In support of this, one small
study compared responses in healthy volunteers to those in infected
patients, and found that no infected patients had any reactions,
while nearly all of the healthy controls did (49). No definitive
conclusion can be drawn yet, but the inverse correlation between
infection and mast cell responsiveness appears to be quite strong.

In a massive study of over four million patients given
vancomycin, anaphylaxis was reported to occur with a
frequency of 0.018%, or approximately 1 in 5000 (54).

Peak Plasma Concentrations and Potential
MRGPRX2 Involvement
Vancomycin is a weak agonist, with a calculated EC50 of about 60
micrograms/ml (14). Recorded peak plasma levels of
vancomycin cluster around the 30-50 micrograms/ml range,
which is enough to activate mast cells but not to a large extent.
Patients with more severe reactions may have plasma levels on
the upper end of this range – indeed, levels exceeding 70
micrograms/ml have been reported (55). Importantly, most
measurements were taken after the infusion was complete and
they may underreport the actual peak. Small differences in
concentration are important when considering MRGPRX2
activation, as the reported dose-response curve in cell lines is
very steep (14) and slight changes can have large effects. For
example, in one study, reducing the average peak concentration
from 65.7 to 40.3 micrograms/ml was sufficient to completely
abolish all allergic-type reactions (55). Plasma drug levels and
MRGPRX2 allele expression were not recorded in the large study
that calculated anaphylaxis rates (54), so no correlations
are available.

Atracurium, Cisatracurium,
and Mivacurium
These all are non-depolarizing neuromuscular blocking drugs
(NMBDs). NMBDs are routinely used during surgical
procedures to facilitate tracheal intubation of breathing tubes,
and to reduce aberrant muscle activity during the surgeries. They
bind to and block acetylcholine receptors expressed by muscles,
preventing innervation by nerves (60). High doses of atracurium
and mivacurium are associated with allergic-type side effects
(61); these are much less frequent after cisatracurium
administration (62, 63), which may be due to the fact that
relatively low doses are used.
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Allergic-Type Event Frequency and Mast
Cell Dependence
Non-depolarizing NMBDs are associated with flushing, erythema,
and hypotension (61). Preclinical studies suggested that high doses
of atracurium would cause hypotension and histamine release in
patients (64). This was indeed the case – after rapid injection of 0.5
mg/kg or more, elevated histamine levels in the plasma were
recorded (65–69), drops in mean arterial blood pressure (MAP)
of at least 20% were observed in most studies, and this could be
blocked by pre-treatment with a combination of H1 and H2
histamine receptor antagonists (65–68). Flushing or erythema also
were blocked in studies that monitored this AE (66, 69). The choice
of antihistamine may be important, as some can counteract their
own effects by blocking the enzyme that breaks down histamine,
which would elevate histamine levels (65). One study demonstrated
that the anesthetic thiopental, commonly used with atracurium, also
can cause a drop in MAP, and suggested that this is the primary
reason for the drop (69). However, this does not explain the cases
where thiopental was not used (68) or was administered well before
atracurium (66, 67), nor does it explain why the drop in MAP could
be abolished by slowing down the atracurium injection time (65,
66), which would produce a lower peak plasma concentration.
Taken together, the data strongly suggest that the immediate drop in
MAP and cutaneous allergic-type effects, the primary side effects of
atracurium, are caused by mast cell activation.

Mivacurium injection is associated with elevated plasma
histamine levels, flushing/erythema, and drops in mean arterial
pressure (MAP) of greater than 20%, which all correlate with the
speed of injection and drug dose. Elevated histamine levels were
frequently observed when measured, sometimes in more than
50% of patients (70–73). Flushing/erythema has been observed in
from 6% to 73% of patients (70–72, 74–82). MAP changes also
occur at a lesser frequency, from 0% to 50% (70, 72, 73, 77,
80–83). Studies that examined all at once found that MAP
changes nearly always were accompanied by flushing and
histamine release (70, 73, 78). Antihistamines block all these
effects (72, 78). It should be noted that occasional studies only
reported average changes in histamine levels and/or mean
arterial pressure, which sometimes did not achieve significance
as a group (71, 79, 82, 84). This does not mean that zero patients
in the group suffered from an AE. The heterogeneity of
responses, compared to atracurium, likely stems from the
variety of mivacurium doses and speeds of injection.

Cisatracurium is very rarely associated with allergic-type side
effects, with incidence rates of 0.5% or less (62, 63), even in
patients with existing cardiovascular morbidity (85). Elevated
plasma histamine levels, though usually mild, have been
recorded after high doses (0.2 mg/kg or more) of cisatracurium
in approximately 5-10% of patients, so it is possible that the
allergic-type events are indeed mast cell-mediated (86–89).

Recent studies have estimated the incidence of atracurium-
induced anaphylaxis at approximately 1 in 20,000-50,000
(90–93). Anaphylactic episodes after cisatracurium administration
are exceedingly rare, as low as 1 in 250,000 (92), though data are
not common and estimates are not necessarily representative.
Anaphylaxis after mivacurium was estimated as occurring in less
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than 1 in 1,000,000 administrations in a recent study (90), though,
as with cisatracurium, data are relatively sparse, compared to
rocuronium and atracurium. Plasma drug levels and MRGPRX2
allele data are not available for these events.

Peak Plasma Concentrations and Potential
MRGPRX2 Involvement
Peak recorded plasma concentrations after rapid atracurium
injections are usually less than 10 microgram/ml range, even
when high concentrations of 0.5 mg/ml or more are
administered (94, 95). This is lower than the calculated EC50

for MRGPRX2 of 28.6 micrograms/ml (12), and it is not clear
from intradermal injection studies that mast cells respond to
lower concentrations (96). However, even though measurements
were taken 1-2 minutes after injection, there is reason to believe
that these are not truly peak plasma or interstitial concentrations.
Two studies found that extending injection times from 5-30
seconds to 75 seconds was sufficient to abolish most AEs (65, 66).
This suggests that rapid injections produce plasma or interstitial
concentrations somewhere in the body that are enough to
activate mast cells; these are achieved for only several seconds
and a very slight reduction in injection speed is enough to
prevent this. These might not be captured in blood samples,
even shortly after injection; notably, the cited pharmacokinetic
studies did not include information about injection speed.

Peak reported plasma concentrations of the combined
isomers of mivacurium cluster in the 3 to 10 micrograms/ml
range when measurements are taken within a few minutes of
injection (97–101). These also are too low for efficient activation
of MRGPRX2, if the recorded EC50 of 39.0 micrograms/ml is
accurate (16), and skin tests provide little evidence for activation
at lower concentrations. Interestingly, 10-15 second injection
times produced far more AEs than when administration was 30
seconds or more (70, 77, 80). This suggests that, as with
atracurium, the true peak plasma and/or interstitial
concentrations may be missed by the recordings.

Data on peak cisatracurium plasma concentrations are
relatively scarce, but usually are less than 2 micrograms/ml
(102, 103). This is far below the calculated EC50 of 103
micrograms/ml (17). These seem to be too far apart to
consider any side effects to be MRGPRX2-related. However,
skin reactions to intradermal cisatracurium have been observed
at 12 micrograms/ml (104, 105), and LAD2 cell activation by
cisatracurium is dependent on MRGPRX2 (17), so it is possible
that the EC50 for primary mast cells may be lower.

Rocuronium
Rocuronium is a member of the aminosteroid group of NMBDs
that, like atracurium, acts as a muscle nicotinic receptor antagonist
(60). Its onset is only slightly slower than the fastest-acting NMBD,
succinylcholine, while its duration is longer (106). One attractive
reason to use rocuronium is that its effects can be reversed rapidly
by administering sugammadex, which binds to and inactivates
rocuronium (107) and allows for precise control over paralysis.
Unlike atracurium, very few adverse events related to off-target
activity like mast cell degranulation are reported (106, 108–111).
Somewhat surprisingly, the incidence of anaphylactic reactions,
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while still rare, has been estimated in some studies as being
higher after administration of rocuronium that of most other
NMBDs (91, 93).

Allergic-Type Event Frequency and Mast
Cell Dependence
The most commonly-reported acute side effect specifically
associated with rocuronium is tachycardia (112). Tachycardia,
or increase in heart rate, has been observed with histamine-
releasing drugs, but in the case of rocuronium, this is thought to
be caused by off-target block of acetycholine receptors that
regulate cardiac pacemaker activity (112). In fact, elevated
histamine levels are extremely rare (72, 73, 113) and
immediate hypersensitivity events are not observed in the vast
majority of patients (108–111), though occasional mild skin
reactions do occur (72). Estimates of anaphylaxis are highly
variable (90, 114, 115) but are as high as 1 in 2500-4000 patients
(91, 92, 116).

One plausible mast cell-related AE is an injection site
reaction, which occurs in up to 80% of patients given
rocuronium (106). However, while intravenous rocuronium
can cause a local rash (117), intravenous and intradermal
rocuronium injections are associated not with itch – typical of
mast cell-driven reactions – but with sharp pain and involuntary
limb withdrawal (118, 119). One study in mice suggests that
rocuronium directly activates skin C-fibers, which transmit
noxious sensations like pain (119). This apparently is pH-
dependent, as neutralizing its pH from 3.5 to 7.4 abolished
pain sensation in one human study (120). Another study
reported that pain was reduced after pretreatment with the
antihistamine chlorpheniramine maleate (121). However, it is
quite possible that this is due to off-target activity, as the dosage
given was 10 times higher than the standard amount and also
was given as an intravenous bolus, which results in extremely
high plasma concentrations, compared to an equivalent oral dose
(122). In sum, mast cells may play a role in injection site
reactions, but it seems likely that other mechanisms
also contribute.

Peak Plasma Concentrations and Potential
MRGPRX2 Involvement
Peak recorded plasma concentrations of rocuronium within a
few minutes after rapid injection are between 6-15 micrograms/
ml (123–128). The calculated EC50 for MRGRPX2 activation is
261 micrograms/ml (12), so even with the caveat that plasma
concentration measurements underestimate the peak when taken
after infusion, it seems impossible that MRGPRX2 could be
systemically activated. This readily explains why histamine-
associated AEs are so rare. MRGPRX2 alleles and drug
concentrations are generally not available for patients who
have suffered anaphylactic episodes. One study identified
expression of an allele in one patient (129), though this does
not appear to increase receptor sensitivity (130).

Injection site reactions may involve MRGPRX2. Rocuronium
is supplied as a 10 mg/ml injection solution, which is much
higher than the reported EC50 for MRGPRX2 of 261
micrograms/ml (12), and the threshold for evoking wheal and
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flare after intradermal injection is as low as 61 micrograms/ml
(104). Local leakage of the drug into the area surrounding the
injection site may trigger MRGPRX2-mediated mast
cell activation.

Morphine
Morphine is a small molecule alkaloid which is used clinically to
activate endogenous opioid receptors and relieve pain. It usually
is administered orally, intravenously, or spinally as an epidural or
intrathecal injection. It has been linked to allergic-type reactions
for over 100 years (131).

Allergic-Type Event Frequency and Mast
Cell Dependence
Pruritus is one of the most commonly-reported adverse events of
any kind associated with morphine (132–134). Frequencies after
epidural administration are from 8.5% to over 50% (135–137);
30% - 100% after intrathecal administration (136–138); up to
40% after intravenous administration (139); and generally 2 -
10% after oral delivery (140), though higher rates have been
reported (141). Oddly, other mast cell-associated adverse events
like rash and hypotension are not nearly as common, and are
rarely mentioned in clinical studies that use typical drug dosing
regimens (132–134). The unusually specific dominance of
pruritus can be explained, at least in part, by the fact that
morphine and other opioid receptor agonists can engage a
mast cell-independent mechanism to trigger pruritus. The
details of this mechanism have not been fully worked out, but
some evidence suggests that it is mediated by a subset of opioid
receptor-expressing neurons in the spinal cord that specifically
mediate itch transmission (142). This may be why epidural and
intrathecal administration of morphine still trigger pruritus – in
fact, they have the highest incidence rates of all routes of
administration – even though they bypass systemic exposure
and do not activate skin mast cells at all. This also may explain
why the mu opioid receptor agonist fentanyl, which does not
activate mast cells (or MRGPRX2) (13, 143), induces pruritus
with incidence rates comparable to, though somewhat less than,
morphine (144, 145). Thus, it is not clear how much of a role
mast cells play in morphine-induced pruritus after normal
clinical doses.

High doses of intravenous morphine produce side effects like
flushing, changes in mean arterial pressure and lowered vascular
resistance (131, 146–150), which almost certainly are mediated
by mast cells. Plasma histamine levels usually were highly
elevated when measured (146, 147, 150, 151), and in two
studies the cardiovascular effects were reduced by pretreatment
with H1 and H2 receptor antagonists (147) or the H1 receptor
antagonist promethazine (149). Local administration of high
doses of morphine into the forearm by skin prick, intradermal
injection, or infusion into a local artery produced wheals and
blood vessel dilation (often reported as a “flare”), which are
common markers of mast cell activation and which could be
reduced by antihistamines (152–156), though it is important to
note that not all of the drugs used are specific for histamine
receptors. Interestingly, an in vitro study of rat aortic endothelial
cells demonstrated that morphine could influence their behavior
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directly through opioid receptors (157), suggesting a direct effect
of morphine on blood vessels. This may have a minor role in
humans, as well, as skin responses could partially be blocked by
the opioid receptor antagonist naloxone (154, 156), at least when
relatively low morphine doses were used (158). Still, taken
together, the studies strongly suggest that most of the vascular
changes induced by high doses of morphine are due to mast
cell activation.

Anaphylaxis after morphine administration is thought to be
exceedingly rare, though exact calculations are lacking. It has
been proposed that some deaths from overdoses may involve
anaphylaxis, but this is still unclear (159).

Peak Plasma and Tissue Concentrations, and
Potential MRGPRX2 Involvement
Injection site reactions after morphine administration likely are due
toMRGPRX2, as formulations usually are at 10 mM concentrations
or higher and are well above the EC50 for MRGPRX2 activation of
4.5 to 7 µM (13, 18, 19). Typical systemic doses of morphine do not
achieve plasma concentrations high enough to activate MRGPRX2
to a significant extent. For instance, peak concentrations rarely
exceed 14 nM after oral dosing (160) and usually are 2 µM or less,
often substantially so, after intravenous administration (161–166).
This lends more support to a mast cell-independent origin for
morphine-induced pruritus. Higher doses and/or those delivered
rapidly are much more likely to result in concentrations that exceed
the EC50, though not enough recordings have been made to
determine just how high these are. As described above, this is
when typical events like rash and swelling are seen. Since human
skin mast cells do not express opioid receptors (7), it appears likely
that most true mast cell-mediated events are mediated
by MRGPRX2.

Fluoroquinolones
Fluoroquinolones are a group of small molecule antibiotics
which are structurally similar and are effective against Gram-
positive and Gram-negative bacteria (167). Popular members
are ciprofloxacin, levofloxacin, and moxifloxacin. They are
administered orally or intravenously. Fluoroquinolones are
associated with a constellation of mild-to-moderate adverse
events, including typical allergic-type effects and others that
potentially have a mast cell component. Fluoroquinolones also
are linked to extremely serious side effects (168–172), which,
while rare, are common enough that the FDA and European
Medicines Agency now discourage their use for relatively mild
infections, as the risks might outweigh the benefits (173). One of
these, anaphylaxis, certainly is related to mast cells; of the others,
tendinopathy and tendon rupture have been linked to mast cells
in other diseases.

Allergic-Type Event Frequency and Mast
Cell Dependence
Fluoroquinolones have a broad side effect profile and are not as
clearly linked to mast cell activation as the other drugs in this
review. Surprisingly, no systematic human studies have been
carried out – for instance, measuring blood histamine or tryptase
levels, and pretreating patients with antihistamines – to assess
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which of the symptoms are mast cell-driven. However, many
frequently reported mild-to-moderate adverse events are highly
suggestive of allergic-type reactions. Rash, pruritus, injection site
reactions, and hypotension have been reported in 1-4% of
patients (174–177), though occasionally frequencies are much
higher (178). A relatively generic description of “allergy”
occasionally is reported, with frequencies of up to 2% (179).
Gastrointestinal symptoms, which could be driven by mast cells
(180), occur at frequencies of up to 20% (170). With the
exception of anaphylaxis, the severe side effects of
fluoroquinolones – tendinitis and tendon rupture, peripheral
neuropathy, central nervous system effects, increased risks of
damage to the aorta, and decreases in blood sugar (171) – are not
typically linked to mast cell activation. Interestingly, mast cells
have been proposed to influence tendon healing after injury,
perhaps weakening them (181, 182), so it is possible that they are
involved in some way in fluoroquinolone-induced tendon
inflammation. The risk of tendinopathy or tendon rupture
depends dramatically on many other factors, including activity
level, age, and use of corticosteroids, but fluoroquinolone use can
increase this by several-fold (183). Unfortunately, the link
between mast cells and any of the above symptoms remains
speculative; an understanding of the full extent of mast cell
involvement in fluoroquinolone-induced AEs awaits dedicated
studies of the subject.

Anaphylaxis is rare but increasing in frequency; in fact,
fluoroquinolones now are the second-most frequent cause of
drug-induced anaphylaxis in total cases, behind beta-lactams
(172). The calculated frequency of these events is as high as 1 in
20,000 administered doses, though other estimates are
lower (184).

Peak Plasma and Tissue Concentrations, and
Potential MRGPRX2 Involvement
Reported peak plasma concentrations for fluoroquinolones
generally average 2-6 micrograms/ml after a single dose, with
intravenous administration often producing higher levels than
oral (174, 185–187). As seen in Table 1, only ciprofloxacin can
activate MRGPRX2 at these levels. However, plasma
concentrations can be much higher after multiple high dose
administration – for example, plasma levels exceeding 10
micrograms/ml have been recorded for ciprofloxacin (188),
and over 20 micrograms/ml for levofloxacin (189–191), even
several hours after intravenous infusion (189). Abnormally high
plasma concentrations may also occur in patients with renal
impairment (192) and poor metabolism (168). Peak
concentrations may be even higher, as sampling of blood
during infusions usually wasn’t measured. Nonetheless, it
seems likely that levels required for clinically relevant
MRGPRX2 activation are only transiently achieved. This may
account for the relative rarity of systemic mast cell-associated
reactions, compared to other MRGPRX2 agonists like
vancomycin. No measurements of drug concentrations have
been made immediately after anaphylactic events that could
help determine whether they might also involve MRGPRX2,
nor has an analysis of allele expression been conducted.
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An unusual property of many fluoroquinolones is that they
accumulate in specific tissues at concentrations well above peak
plasma concentrations (187, 193, 194), and can exceed those needed
to activate MRGPRX2. This is linked to the lipophilicity of the
molecule (194), and some are much more likely than others to
distribute unevenly. The lung, especially the epithelial lining fluid
(ELF), is a site of some of the highest reported concentrations (195)
– for instance, levofloxacin concentrations in the ELF have been
measured at over 40 micrograms/ml (189), and two hours after a
single dose of moxifloxacin, ELF concentrations reached 21
micrograms/ml (196). Limited data, mostly from experimental
animal models, suggest that fluoroquinolones also accumulate in
cartilage (197). This may have some significance, as
fluoroquinolones are associated with arthralgia, myalgia, and joint
damage in some studies (198), and mast cell mediators have been
shown to weaken tendons (181). In sum, this unusual tissue
distribution pattern of fluoroquinolones may result in intense
mast cell activation that is both delayed and restricted to certain
tissues. This would not be accompanied by the typical signs of
degranulation like rash and pruritus, but a closer look at mast cell,
and MRGPRX2, involvement in these delayed and long-lived side
effects might be justified.
DISCUSSION

A question that is raised repeatedly in the literature is whether
MRGPRX2 activation is capable of triggering anaphylaxis. This
likely would require a sustained period of high plasma drug levels,
and/or expression of a rare MRGRPX2 allele with greatly enhanced
sensitivity to the drug or abnormally strong signaling downstream
of receptor activation. Tandem testing of MRGPRX2 allele
expression, drug concentrations, and IgE titers in patients with
anaphylaxis would be extremely informative; unfortunately, these
tests are rarely conducted and most MRGPRX2 alleles remain
uncharacterized. Ultimately, an MRGPRX2 antagonist is needed
to provide direct proof of MRGPRX2 involvement. Development of
antagonists is in its infancy and none has made it to clinical trials
yet, though several promising candidates have been identified and
rapid development on this front is expected (15).

Perhaps the most surprising finding from the analysis is how
common the mild-to-moderate events are. These events are not
life-threatening like anaphylaxis is, and rightly should be a lesser
priority for clinicians. However, they should not be neglected,
either. For instance, one allergic-type response classified as
moderate is a drop in mean arterial pressure of over 20% - this
certainly is not a trivial effect and may have an impact on
vascular stability, especially in patients who have serious
cardiovascular impairment already. Comparisons with plasma
drug levels suggest that MRGPRX2 drives many of these mild-to-
moderate events. An MRGPRX2 antagonist is not yet available,
but if one enters clinical use, it would be interesting to see if
prophylactic administration before surgical procedures lowers
overall perioperative patient mortality. In sum, it is clear that
there is much still to be learned about MRGPRX2 and its impact
on human health.
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Elisa Maria Schunkert , Pranali Nitin Shah and Sherrie Jill Divito*

Department of Dermatology, Brigham & Women’s Hospital, Harvard Medical School, Boston, MA, United States

Delayed-type drug hypersensitivity reactions (dtDHR) are immune-mediated reactions
with skin and visceral manifestations ranging frommild to severe. Clinical care is negatively
impacted by a limited understanding of disease pathogenesis. Though T cells are believed
to orchestrate disease, the type of T cell and the location and mechanism of T cell
activation remain unknown. Resident memory T cells (TRM) are a unique T cell population
potentially well situated to act as key mediators in disease pathogenesis, but significant
obstacles to defining, identifying, and testing TRM in dtDHR preclude definitive conclusions
at this time. Deeper mechanistic interrogation to address these unanswered questions is
necessary, as involvement of TRM in disease has significant implications for prediction,
diagnosis, and treatment of disease.

Keywords: adverse drug reactions, delayed-type drug hypersensitivity reactions, fixed drug eruption,
maculopapular exanthem, drug reaction with eosinophil and systemic symptoms, Stevens-Johnson syndrome,
tissue-resident memory T cells, toxic epidermal necrolysis
INTRODUCTION

Delayed-type drug hypersensitivity reactions (dtDHR) are a significant public health problem with
potential for high morbidity and mortality and considerable cost to healthcare systems (1–5). Skin is
the most commonly affected organ with severity ranging from a mild exanthem (maculopapular
drug eruption, MPE), to life-threatening blistering and sloughing of skin (Stevens-Johnson
syndrome/toxic epidermal necrolysis, SJS/TEN), with potential for significant visceral
involvement (drug reaction with eosinophilia and systemic symptoms, DRESS). The
pathobiology of dtDHR remains poorly understood, impeding prediction and prevention,
diagnosis, identification of culprit drug, and effective treatment. DtDHR are immune-mediated
adverse drug reactions that typically appear days to weeks after drug exposure (3). The timing of
onset combined with epidemiological, histopathological and laboratory data incriminate T cells as
primary drivers of disease, however, the type of pathogenic T cell and the location and mechanism
of its activation are unknown. Tissue-resident memory T cells (TRM) are an increasingly appreciated
unique population of T cells that persist long-term in peripheral tissues including skin (6, 7). Critical
roles for skin TRM in cutaneous health and several inflammatory skin diseases have been identified
(6, 8), raising the question of whether skin TRM contribute to or cause dtDHR. This mini-review
aims to provide the reader with a clearer understanding of these enigmatic cells, evidence
supporting skin TRM involvement in dtDHR pathogenesis, and current barriers limiting
investigation in this field.
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AN OVERVIEW OF SKIN TRM BIOLOGY

T Cell Classification and Identification
T cell classification is increasingly complex due to significant
heterogeneity within T cell compartments and lack of consensus
on nomenclature. Differences between mouse and human
contribute further to confusion. This review therefore focuses
on the most salient features required to understand skin TRM in
the context of dtDHR.

Mature T cells are broadly classified into naïve, effector, and
memory subsets. When a naïve T cell is stimulated with cognate
antigen, changes in surface expression of multiple proteins occur
that are easily assayed by flow cytometry. In both humans and
mice, cell surface expression of CD44 is increased, thereby
differentiating naïve T cells (CD44low) from effector and
memory T cells (CD44high) (9, 10). Additionally, activated T
cells decrease surface expression of CD62L (L-selectin) and the
chemokine receptor CCR7, and transiently up-regulate CD69 (11–
14). In addition to these phenotypic changes, T cell proliferation,
migration to the site of inflammation, and acquisition of effector
function occur, ultimately resulting in resolution of the antigenic
insult (14, 15). Once resolved, the effector phase of the response
concludes with T cell contraction. However, a small population of
antigen-specific memory T cells survive that are capable of
responding faster and more robustly upon re-exposure to their
cognate antigen (14–16). In humans, different isoforms of CD45
expressed on T cells are generally helpful in distinguishing naïve T
cells, CD45RA+, from memory T cells, which are typically
CD45RO+ (17).

Memory T cells were previously classified into two major
subsets: central (TCM) and effector (TEM) memory T cells (18).
TCM reside predominantly in secondary lymphoid organs due to
their surface expression of CCR7 and CD62L and carry a high
proliferative capacity upon antigen re-exposure, but lack the
ability to rapidly produce effector molecules (18). Comparatively,
TEM lack CCR7 and have low CD62L expression allowing them
to circulate throughout the body during steady-state (18). In
keeping with their role as circulating sentinels, they are capable
of rapid effector function (18). More recently, TRM have been
appreciated as a unique memory T cell population playing key
roles in health and disease. TRM persist in robust numbers long-
term in peripheral tissues despite absence of inflammation.
Barrier sites including skin, gut, liver, lung, and mucosa are the
main tissues containing large numbers of TRM (19–24),
presumably due to the constant barrage of these tissues with
environmental antigens. Phenotypically, TRM have low/absent
expression of CD62L and CCR7 (16, 22), which helps prevent
migration to secondary lymphoid organs (25, 26), and low
expression of the transcription factor KLF2 and the protein
S1P1 while maintaining surface expression of CD69, which
further facilitates retention in peripheral tissue (27–30).

Skin TRM consist of both CD4+ and CD8+ type T cells, each
with variable phenotype and distribution throughout skin. A
subset of epidermal CD4+ and CD8+ TRM express CD103, the aE

subunit of aEb7 integrin, which helps anchor TRM to epithelial
cells expressing E-cadherin (29–32). The majority of TRM in
healthy human skin reside in the dermis and are phenotypically
Frontiers in Immunology | www.frontiersin.org 2160
CD4+CD103- (29). Skin TRM commonly express on their surface
the skin homing molecule cutaneous lymphocyte antigen (CLA)
(22) and variably the chemokine receptors CCR4, CCR6, CCR8,
CCR10, and CXCR6 (22, 33–37). Taken together, TRM are overall
best phenotypically identified in healthy human skin as CD3+,
CD4+ or CD8+, CD45RO+CD69+CLA+CCR7-CD62Llow and
either CD103+ or CD103–.

TRM Maintain Skin Health
TRM play an important role in immunity. Protective skin TRM can
be generated inmice by immunizing with vaccinia virus (38, 39) or
HSV (40, 41), and these TRM clear pathogens faster and more
effectively than, or even in the absence of, circulating T cells
(38–41). Skin TRM in humans likewise appear to effectively prevent
cutaneous infection in the absence of circulating T cells, as patients
depleted of circulating T cells by alemtuzumab, an anti-CD52
antibody, do not experience increased rates of infection (42). TRM

provide surveillance by actively patrolling skin (43, 44) and are
capable of rapid and potent pro-inflammatory cytokine release
(29), though data suggest that rapid cytotoxicity may be
constrained by PD-1 signaling (45). Surface expression of the
integrin CD49a reportedly denotes functionality of skin TRM, with
CD8+CD49a+ TRM capable of IFNg production and cytotoxicity,
while CD8+CD49a- TRM are polarized toward IL-17 production
(46, 47). Notably, localized skin infection generates TRM not only
at the site of infection but potentially at distant skin sites as well,
particularly in the setting of repeat inoculation (39, 48, 49).
Repeated exposure to a diversity of microbes could therefore
generate an army of sentinel antigen-specific T cells across the
expanse of skin, poised to rapidly defend against infection.

Skin TRM Are Instrumental in Several
Inflammatory Skin Diseases
Increasing data support skin TRM as potentially causal or
contributory to acute and chronic inflammatory skin
conditions. In atopic dermatitis and psoriasis, T Cell Receptor
(TCR) sequencing identified that pathogenic T cell clones
persisted in skin at the site of resolved lesions supporting their
classification as skin TRM (50, 51). T cells remaining in resolved
psoriatic lesional skin retained the propensity to produce
psoriasis-inducing cytokines, explaining predisposition to
disease recurrence at the same skin location after treatment
discontinuation (51, 52), and pathogenic TRM residing in non-
lesional skin from psoriasis patients are capable of eliciting a
psoriasiform reaction when stimulated ex vivo (53).

Moreover, human studies suggest a role for skin TRM in acute
graft-versus-host disease (GVHD), as skin T cells were shown to
survive robust chemotherapy ± total body irradiation and were
present and activated during acute skin GVHD (54). Findings
were complemented by a humanized mouse model showing that
human skin TRM could mediate a GVHD-like dermatitis in the
absence of donor T cells (54). These findings have direct
implications for dtDHR, as acute skin GVHD clinically and
histologically mirrors MPE in mild form and SJS/TEN in
severe form.

Finally, skin TRM have been directly implicated in allergic
contact dermatitis (ACD), another form of cutaneous delayed-
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type hypersensitivity reaction. In an ACD mouse model,
increased allergen dose and number of exposures resulted in
increased frequency of epidermal CD8+ TRM and worsened
disease (55), and skin TRM were observed to mediate allergic
reactions upon allergen re-exposure in the absence of circulating
T cells (49, 56). Allergen exposure induced antigen-specific TRM

locally and at distant skin sites, and concurrently antigen-specific
TCM in draining and distant lymph node, all bearing identical
TCR, indicating that the newly generated memory T cells derived
from a common clone (49). Interestingly, disease was exacerbated
by checkpoint inhibitor antagonists which stimulated TRM effector
function, intimating that checkpoint inhibitors do constrain the
TRM response (56).
DO TRM MEDIATE DTDHR?

T Cells in dtDHR
Ample evidence implicates T cell mediation of dtDHR. T cell
infiltrate and pro-inflammatory molecules commonly attributed
to effector T cells are observed within biopsies or blister fluid
from affected skin (57, 58). Additionally, drug-specific T cells
from peripheral blood have been identified by clonality studies,
and in some diseased patients T cells from peripheral blood
respond to drug in lymphocyte stimulation tests (59, 60).
Moreover, several HLA associations have been identified that
predispose patients to specific drug reactions (61–63). Prominent
examples include HLA*B57:01 which predisposes patients taking
the drug abacavir to DRESS (64), and HLA*B15:02 which
predisposes patients to SJS/TEN if administered carbamazepine
(65). T cell effector functions in dtDHR are increasingly
appreciated, particularly in SJS/TEN, as CD8+ T cell produced
cytotoxic granules and soluble granulysin are thought to mediate
keratinocyte death (58, 66). Comparatively, MPE is largely
considered CD4+ T cell/cytokine driven. Contradictory
findings have been observed in DRESS, with some research
supporting Th2 polarization, while other studies have observed
cytotoxic CD8+ T cells and IFNg and TNFa signatures (66).
Despite significant advancements in the above areas of research,
the type of T cell mediating disease (effector, central vs effector vs
resident memory) and the location and mechanism by which
T cells are stimulated against drug remains largely unknown.

Evidence Supporting a Role
for TRM in dtDHR
Studies directly investigating TRM in dtDHR are sparse, though
there is increasing circumstantial evidence suggesting that skin
TRM may be critical players in disease. Anecdotally, patients with
few circulating lymphocytes secondary to chemotherapy are
capable of developing dtDHRs. Iriki et al. reported a case of
SJS/TEN in a patient with severe lymphopenia secondary to
chemotherapy. They demonstrated by immunofluorescence
microscopy of affected skin the presence of CD45RO+CD69+

CD4+ and CD8+ T cells despite the lack of circulating T cells (67).
The presumption is that disease resulted from skin TRM that
survived chemotherapy, while naïve and central and effector
memory T cells were depleted by the treatment. However, the
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possibility that a low number of T cells survived chemotherapy in
secondary lymphoid organs and were recruited to skin to
mediate disease has not been ruled out.

A recent publication by Trubiano et al. investigated skin TRM

in patients with MPE and DRESS (68). The study reported
increased number of CD45RO+CD69+ CD4+ and CD8+ T cells
in skin after resolution of DRESS in one patient. In addition, the
authors performed a localized drug challenge by intradermally
injecting culprit drug into skin of patients with history of MPE or
DRESS. Skin biopsies performed acutely after challenge during
active localized inflammation and again 8 weeks after resolution
demonstrated accumulation of CD45RO+CD69+CD103+ CD4+

and CD8+ T cells at the 8-week time point. The increased
frequency of cells with this phenotype supports that skin TRM

are generated by systemic disease and localized drug exposure
(68). Similarly, patch testing suspected culprit drug in some cases
induces skin inflammation in patients with history of dtDHR,
affirming that drug-specific memory T cells are present in skin
after disease resolution. For example, patch testing against
abacavir has high sensitivity in patients with history of DRESS
who express HLA-B*57:01 (69). Comparatively, drug naïve
HLA-B*57:01 positive patients were demonstrated to have
circulating abacavir-reactive T cells yet patch test negative,
reinforcing the idea that drug exposure induces skin TRM (70).
Of note though, patch testing reportedly has low sensitivity for
dtDHR reactions (71–73), raising the question of whether skin
TRM accumulation is dependent on type of dtDHR, culprit drug,
and/or presence of specific HLA alleles, or alternatively low
sensitivity may be secondary to a technical issue for example
suboptimal drug concentration or vehicle applied during testing.

Lastly and perhaps most intriguingly, the idea that TRM-
mediated immunity is restrained by immune checkpoint
signaling further bolsters the link between skin TRM and
dtDHR (56). The coinhibitory molecules CTLA-4 and PD-1
have been linked to hypersensitivity reactions from multiple
drugs in both human and animal studies (74). Clinically,
immune checkpoint inhibitors (ICI) can induce dtDHR-like
reactions, most notably an SJS/TEN-like phenomenon (75, 76).
It is currently unknown whether these reactions develop due to
ICI-provoked loss of tolerance to a concurrently administered
drug or bystander activation in the setting of a robust anti-tumor
T cell response. Further investigation of these reactions has
substantial potential to illuminate pathobiology of dtDHR.

The Curious Case of Fixed Drug Eruptions
Perhaps the best case for skin TRM mediating at least one form of
dtDHR is that of fixed drug eruption (FDE). Remarkably, FDE
lesions reappear at the exact same skin site upon re-exposure to
causative drug. Studies in resolved FDE lesions in human skin
showed that intraepidermal CD8+ T cells constitutively
expressed CD69 in the absence of inflammation, and upon
drug challenge produced IFNg (77). Though these findings are
consistent with skin TRM, these T cells expressed primarily
CD45RA+ rather than CD45RO+ (77). A separate unique
subset of memory T cells termed Temra can express CD45RA
rather than CD45RO (18, 78, 79), but in this study, the
intraepidermal CD8+ T cells lacked CD57, a marker suggestive
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of Temra. This peculiar finding is yet to be resolved but highlights
the phenotypic heterogeneity of memory T cell populations and
a major challenge to accurately identifying TRM.
INSIGHT INTO POTENTIAL MECHANISMS
OF DRUG-REACTIVE T CELL
STIMULATION

The fact that only a subset of patients expressing a predisposing
HLA allele develop dtDHR upon exposure to the associated drug
(80) suggests that a second “X” factor is necessary for disease.
Evidence supports that viral infection or reactivation, particularly
with herpes family viruses (HHV6, HHV7, EBV, CMV), may be
this “X” factor (80–83). Presumably, the viral infection provides co-
stimulation necessary to break T cell tolerance to drug (Figure 1A).
In this scenario, drug-reactive naïve T cells could be primed in skin
draining lymph nodes by dendritic cells activated by virally induced
inflammation, the drug-reactive effector T cells migrate to skin and
mediate disease as a primary immune response, then after
contraction, a population of drug-reactive TRM remain in skin,
capable of mediating a reaction upon drug re-exposure. Though
most research has focused on infection/reactivation of herpes family
viruses in the context of DRESS, similar observations have been
made inMPE, the classic example being ampicillin-inducedMPE in
the context of EBV mononucleosis (84), and in two publications in
SJS/TEN (one reporting HHV6 reactivation and one EBV
reactivation) (85, 86). Another potential “X” factor could be
increased drug levels secondary to altered drug metabolism or
reduced drug clearance. For example, data demonstrate that
reduced renal function predisposes to allopurinol-induced severe
dtDHR (87, 88).

Alternatively, virus-specific skin TRM generated in response to
a previous viral infection could potentially cross-react to drug/
drug altered peptide repertoire presented by self-MHC expressed
on skin antigen presenting cells or keratinocytes (80) (Figure 1B).
In support of this, activated CD8+ T cells mediating cutaneous
and visceral symptoms of DRESS were shown to be EBV
reactive (81), and HIV-specific memory T cell clones were
demonstrated to react in vitro against abacavir-altered peptide
repertoire presented in the context of HLA-B*57:01 (89)
Whether cross-reactivity is causal to dtDHR other than
DRESS remains to be elucidated.

Either scenario may help explain the link between skin TRM

and dtDHR with systemic manifestations. Research supports that
cutaneous viral infection and ACD can generate clonal TRM and
TCM simultaneously in local and distant skin and secondary
lymphoid organs (39, 48, 49) and potentially antigen-specific
TRM in other tissues as well (90). In support of this concept,
identical pathogenic clones were identified in blood, skin, liver,
and lung of one patient with DRESS and blood, skin, and liver in
a second patient (81).

Moreover, either above scenario could account for
development of dtDHR upon first exposure to a drug. Lucas
et al. demonstrated that drug naïve, HLA-B*57:01 positive patients
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contained both naïve and memory T cells in circulation capable of
responding to abacavir upon in vitro stimulation (91). Presumably,
rapid development of DRESS upon first drug exposure reflects
mediation by cross-reactive memory T cells, while slower onset
points toward priming of a primary drug-specific immune
response. Whether this phenomenon occurs in other types of
dtDHR remains unknown.
LIMITATIONS TO THE STUDY OF SKIN
TRM IN dtDHR

Several barriers impede the study of skin TRM in dtDHR. First,
many studies rely on limited phenotypic analysis by flow cytometry
or tissue immunostaining to identify skin TRM. Flow cytometry
commonly requires digestion and disaggregation of skin by
chemical and/or physical measures resulting in loss of spatial
information and potential alteration of surface marker expression
(92–94). Standard tissue immunostaining overcomes these barriers
but is limited to co-staining of maximum 3 antigens, and some
antigens are difficult to reliably stain in formalin-fixed tissue.
Further, because no single marker or combination of markers
defines all skin TRM, cursory phenotypic analysis can be
misleading. This is especially true during active inflammation, as
CD69 can be expressed by other activated T cell populations, and as
alluded to above, CD45RO+CD45RA- phenotype is not universal
for all memory T cells (18, 78, 79, 95). More perplexing, the
definition that TRM remain resident in peripheral tissue without
recirculating has been called into question. Klicznik et al. reported
that CD4+CD69+CD103+ TRM are capable of downregulating the
tissue-retention marker CD69 and entering circulation (96).
Moreover, elegant work by Buggert et al., transforms the current
construct of memory T cell classification with observations that
well-differentiated cytolytic memory CD8+ T cells remain in
intravascular circulation under steady-state conditions, while less
differentiated non-cytolytic non-resident memory CD8+ T cells
recirculate between lymphoid and non-lymphoid tissues such as
liver and gut (97). Whether these findings apply to skin TRM in
steady-state or during dtDHR is unknown, though one can imagine
that preferential maintenance of less differentiated non-cytolytic T
cells rather than cytolytic T cells in tissue could be a potential means
of preventing bystander tissue damage.

A second major barrier is that researchers have limited ability
to investigate the immunologic events preceding clinical
manifestations of dtDHR due to either lack of predictability or
that it may be unsafe to (re)expose a patient to drug in the event
that a reaction is predictable. Prospective studies of active disease
can be equally challenging particularly for rarer forms of dtDHR
and for severe forms that may require rapid initiation of
treatment prior to sampling. This type of clinical scenario is
where mouse models become essential. Historically, dtDHR
research has been hampered by the lack of mouse models that
meaningfully recapitulate disease, but recent advances have been
achieved by administering drug to mice transgenically expressing
predisposing HLA alleles (98, 99). Though generation of, or
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mediation by, skin TRM has not yet been tested in these mice,
these models provide for the first time a platform allowing for
deeper mechanistic interrogation of TRM in disease.
CONCLUSIONS

A contribution from skin TRM in dtDHR pathogenesis is an
intriguing possibility with potential to shed light on a number of
Frontiers in Immunology | www.frontiersin.org 5163
unanswered questions in the field. From a basic immunology
perspective, it would address not only which T cells mediate
disease but would also provide insight into mechanism(s) of T cell
activation against drug. From a clinical perspective, it could aid
predictability anddiagnosis, allow fordevelopmentofnovel strategies
to identify culprit drug, and provide insight into alternative
approaches to treatment. Despite current obstacles to the study of
TRM in dtDHR, there is an increasingly strong framework in place
and clearly a clinical need to justify further investigation.
A

B

FIGURE 1 | Possible mechanisms by which drug-reactive TRM could be generated in skin. (A) Drug/drug altered peptide repertoire is presented to drug-reactive
T cells and concurrent viral infection/reactivation provides sufficient co-stimulation to break T cell tolerance to drug: 1. Inflammatory mediators secondary to infection
stimulate dendritic cells. 2. Activated dendritic cells in skin draining lymph nodes present drug/drug altered peptide repertoire to naïve drug-reactive T cells and
provide ample co-stimulation resulting in T cell priming. 3. Primed T cells proliferate and differentiate into effector cells, 4. migrate to skin, and 5. mediate damage as
a primary immune response. 6. Despite resolution of inflammation, drug-reactive TRM remain in skin, poised to mediate repeat dtDHR upon re-exposure to drug.
Alternatively, factors other than viral infection, for example altered drug metabolism or reduced clearance, could potentially lead to T cell activation (not shown).
(B) Drug-reactive T cells are cross-reactive to viral epitopes: 1. Virus-specific TRM accumulate in skin as a consequence of prior infection. 2. These virus-reactive
T cells are capable of recognizing (cross-reacting to) drug/drug altered peptide repertoire presented by MHC on the surface of skin dendritic cells, macrophages
and/or keratinocytes resulting in TRM stimulation. 3. The stimulated TRM produce pro-inflammatory molecules inducing DRESS, or potentially other dtDHR.
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Drug-Induced Anaphylaxis and
as a Therapeutic Target
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1 Department of Biochemistry and Pharmacology, The University of Melbourne, Parkville, VIC, Australia, 2 Department of
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Acute anaphylaxis to small molecule drugs is largely considered to be antibody-mediated
with immunogloblin E (IgE) and mast cell activation being key. More recently, a role for
drug-reactive immunoglobulin G (IgG) with neutrophil activation has also been suggested,
at least in reactions to neuromuscular blocking agents (NMBAs). However, the mast cell
receptor MRGPRX2 has also been highlighted as a possible triggering mechanism in
acute anaphylaxis to many clinically used drugs. Significantly, MRGPRX2 activation is not
dependent upon the presence of drug-recognising antibody. Given the reasonable
assumption that MRGPRX2 is expressed in all individuals, the corollary of this is that in
theory, anybody could respond detrimentally to triggering drugs (recently suggested to be
around 20% of a drug-like compound library). But this clearly is not the case, as the
incidence of acute drug-induced anaphylaxis is very low. In this mini-review we consider
antibody-dependent and -independent mechanisms of mast cell activation by small
molecule drugs with a focus on the MRGPRX2 pathway. Moreover, as a juxtaposition
to these adverse drug actions, we consider how increased understanding of the role of
MRGPRX2 in anaphylaxis is important for future drug development and can complement
exploration of this receptor as a drug target in broader clinical settings.

Keywords: anaphylaxis, mast cells, drug hypersensitivity, MRGPRX2, IgE (immunoglobulin E)
INTRODUCTION, OVERVIEW AND SIGNIFICANCE

The risk of adverse drug reactions such as anaphylaxis, whilst rare, remains a serious concern. In
susceptible individuals, specific drug exposure may trigger a sudden life-threatening reaction, and
unless a history of previous hypersensitivity exists, this response is mostly unpredictable. Even
within the perioperative setting, where facilities for resuscitation are optimal, drug-induced
anaphylaxis still causes a significant incidence of patient injury and mortality (1–3). Here we
examine recent mechanistic advances in the understanding of drug-induced anaphylaxis in humans,
with a focus on the critical role played by mast cell activation and the role of the Mas-related G
protein-coupled receptor X2 (MRGPRX2). It is noteworthy that there have been several recent
org November 2021 | Volume 12 | Article 6889301167
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excellent and comprehensive reviews of drug hypersensitivity
and MRGPRX2 involvement in human disease that complement
the present article (4–7).

Commonly, mechanisms of drug-induced acute anaphylaxis
are classified as either being ‘antibody (IgE)-dependent’ or ‘other’
depending upon the clinical diagnostic workup. With the
identification of MRGPRX2, the activation of this receptor has
emerged as a viable explanation to classify these previously
mechanistically uncertain cases (reported to be around 30% of
events). Studies in mice clearly support the involvement of
MrgprB2 (the murine homologue of MRGPRX2) in drug-
induced anaphylaxis to polybasic compounds such as NMBAs
(8). However, unsurprisingly, this is more challenging to prove in
humans. Whilst skin injection site reactions are observed very
commonly to certain knownMRGPRX2 activators (e.g. icatibant),
consistent with the high expression of MRGPRX2 in mast cells in
this location (discussed later), systemic anaphylactic responses to
such compounds have not been reported (9, 10). To date, there is
no means of unambiguously attributing a clinical event of drug-
induced acute anaphylaxis to MRGPRX2 activation.

From a patient perspective, defining the role of MRGPRX2 is
important as if confirmed, it may provide predictive, preventative
and therapeutic strategies for drug-induced anaphylaxis. Moreover,
the pharmaceutical industry is increasingly examining drug agonism
at MRGPRX2 in their pre-clinical drug candidate evaluations (11,
12). In one such study, around 20% of a drug-screening chemical
library was shown to be MRGPRX2-activating (11). Presumably,
such pre-clinical screening could be used to discard, or at least de-
prioritise, drug candidates/leads. Whilst this might be seen as
improving drug safety, using icatibant as an example, it may result
in future life-saving therapeutics being discarded unnecessarily. As
such, defining the true clinical role of MRGPRX2 in drug-induced
anaphylaxis has wide-sweeping importance.

Lost in Translation: Discriminating
Antibody-Dependent and MRGPRX2-
Dependent Drug-Induced Anaphylaxis
Conclusive evidence that MRGPRX2 activation is a primary
mechanism in drug-induced anaphylaxis continues to be a
clinical challenge. Here we largely compare IgE-dependent with
MRGPRX2-dependent reactions although we acknowledge that
this is oversimplistic and IgE and mast cell-centric. For instance,
IgG-dependent reactions involving neutrophils have been
reported, initially in mice, but more recently suggested to be
important to drug-induced anaphylaxis in humans, at least with
NMBAs (4, 13, 14). Involvement of the mast cell activating
complement anaphylatoxins (C3a/C5a) in immune-mediated
anaphylaxis has also been reported (13, 15).

Whilst it is well established that IgE is responsible for the
majority of drug-induced acute anaphylaxis, new information on
this pathway is also arising. A recent study has shown a role for a
subset of T follicular helper cells in the production of high-
affinity IgE to allergens (16). Whilst it is unclear if this extends to
small molecule drugs acting as haptens, it nonetheless suggests
that ‘quality over quantity’ might be important for IgE-
dependent anaphylaxis, which has implications for the
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identification of culprit pathways. For instance, it is possible
that the inability to attribute drug anaphylaxis to IgE is a result of
an inability to detect it rather than the lack of its presence. Drug-
‘specific’ serum IgE testing is however commonly incorporated
into diagnostic algorithms. For this, prototypic drugs that display
chemical structural features of common culprit agents (e.g.
morphine, penicilloyl conjugates) are often used in testing.
This approach not only lacks sensitivity (17) but also
specificity as it might ignore IgE that recognises diverse drug
epitopes. Whilst some clinical centres use a wider range of
potential culprit drugs in screening, this is relatively
uncommon and thus assays to detect true drug-specific IgE (or
indeed IgG) are needed.

Whilst it was originally thought that changes to serum levels
of tryptase could be used to discriminate between IgE and
MRGPRX2-dependent reactions, recent work has suggested
against this (18, 19) which supports in vitro studies that report
non-IgE-dependent secretion of tryptase (20, 21).

The use of the skin prick and intra-dermal tests are common
in clinical investigations to identify culprit anaphylaxis-inducing
drugs. Indeed, morphine/codeine have such predictable general
reactivity in intradermal testing that they are often used as a
positive control stimuli. This approach is thus clearly not a
discriminatory tool between IgE- and MRGPRX2-dependent
pathways as both could be active in skin mast cells.

More recently, addition of the basophil activation test (BAT) has
been suggested as a discriminatory assay in mechanistic attribution
of drug-induced anaphylaxis (22). The discriminatory utility of this
ex vivo assay is based on the observation that basophils, in general,
are not thought to have functional expression of MRGPRX2.
Basophil activation by NMBAs therefore would strongly suggest
an IgE-dependent mechanism. However, a recent study has
suggested functional expression of MRGPRX2 on basophils (23),
although this has been suggested to relate to basal activation of the
cells and consequent expression of a normally intracellular pool of
receptor (24). A broader discussion of the potential utility of the
BAT approach in identifying non-IgE-dependent pathways in drug-
induced anaphylaxis has been recently published (22).

The possibility of using the known differences in the FceRI
and MRGPRX2 signaling pathways (25) also has potential to
resolve the IgE vs MRGPRX2 conundrum. Bruton’s tyrosine
kinase (Btk) inhibitors, clinically used to treat leukemia, have
been shown to be powerful inhibitors of IgE-dependent human
mast cell activation (26). Importantly, based on the receptor’s
signalling cascade, these approved drugs would not be predicted
to affect the MRGPRX2 pathway. In theory, Btk inhibitors could
be used locally during skin challenge testing, and thereby provide
mechanistic evidence for the pathway underpinning anaphylaxis.
The feasibility and safety of this approach has already been
partially established using the Btk-inhibitor ibrutinib (27). Other
approved compounds such as fostamatinib, a spleen tyrosine
kinase (Syk) inhibitor, could be used in a similar way. Whilst
speculative, such extension of skin-prick testing is clinically
feasible although, from an ethical and safety perspective, would
be easier to incorporate into existing ex vivo approaches such as
in BAT analysis and/or in studies using skin biopsies.
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Accurate clinical differentiation of a likely MRGPRX2-
dependent subgroup of patients at risk of severe reactions to a
given medication would enhance prospects of developing
predictive biomarkers (Figure 1). What such a biomarker
might be remains elusive, but we consider some of the
possibilities and gaps in understanding below.

Elevated and/or Expanded Expression or
Function of MRGPRX2 in Mast Cells
Mast cells mature into their characteristic highly granular form
within tissues. However, variation in the type and levels of soluble
factors and extracellular matrix proteins results in differential mast
cell gene expression patterns and consequent functional
heterogeneity to drug stimulation (28–30). More recently,
antibody tools and transcriptomic and proteomic approaches
have characterised this heterogeneity more comprehensively at
the molecular level and provided alternative approaches for
quantifying mast cells and MRGPRX2 expression in tissues (31–
33). However, responses to compounds/agents now known to be
direct activators of MRGPRX2 (e.g. compound 48/80) can also be
used as a surrogate marker of the functional expression of
MRGPRX2. Using these combined approaches, MRGPRX2
expression is particularly pronounced and consistently found in
primary humanmast cells isolated from the skin and fat with more
variable expression in the gut and lung (32) that reflects the well-
reported heterogeneity of mast cells in the latter organs (29). There
is also evidence of MRGPRX2 functional expression in the heart
and synovial tissue (20, 34). Thus, while skin mast cells are
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undoubtedly a focal point, as observed with the common
injection reactions seen to some MRGPRX2 activating drugs,
mast cells in other locations also have the potential to be
triggered by the same compounds and may therefore contribute
to systemic adverse responses to drugs.

Given the strong expression of MRGPRX2 in skin mast cells,
it might be expected that cutaneous symptoms would be overt in
putative MRGPRX2-dependent anaphylaxis. However, this has
to our knowledge not been formally reported and might be
complicated by core hypotension and the rapid administration of
a variety of life-sustaining drugs upon signs of anaphylaxis.

It is possible that an elevated or more diverse tissue
expression of MRGPRX2, perhaps associated with disease, may
enhance an individual’s susceptibility to drug-induced
anaphylaxis. To our knowledge there are no published studies
that examine mast cell MRGPRX2 expression in the context of
acute drug-induced anaphylaxis. These studies are challenging as
given the highly selective expression of MRGPRX2 to mature,
tissue-resident mast cells, blood cell transcriptomics approaches
will likely not be optimal. Skin biopsies would be much more
useful in this regard especially with the increasing use of single
cell genomic approaches. Furthermore, whilst transcriptomic
approaches would seem the best approach to resolve this,
studies have shown that MRGPRX2 mRNA levels are not a
good measure of surface expression of the receptor (24, 35). This
suggests non-transcriptional factors may also dynamically
regulate MRGPRX2 surface levels, although the regulators of
this process are unclear.
FIGURE 1 | Proposed approaches to overcome the current deficiencies in clinical discrimination of patients who suffer MRGPRX2-dependent anaphylaxis and their
prospective value. Better defining patients who likely suffered MRGPRX2 dependent anaphylaxis enables more focused, powerful and feasible research that can be
used prospectively in predictive testing. The acute and commonly severe nature of drug-induced anaphylaxis means that discrimination between the pathways would
likely have little consequence to the present-day management of patient symptoms. However, further comparative insights might highlight approaches that could
perhaps provide more discrete benefit. (BAT- basophil activation test).
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Regulators of MRGPRX2 expression, at the transcriptional
and/or post-transcription levels remain unclear. Chronic IL-6
treatment during the generation of blood-derived mast cells only
modestly enhanced MRGPRX2 surface levels and function (36).
Thymic stromal lymphopoetin (TSLP) was recently shown to
selectively enhance MRGPRX2-mediated degranulation of skin
mast cells (37). This effect was mediated at the functional level
which again emphasises the possibility of MRGPRX2 pathway
enhancement beyond simple receptor expression level. Echoing
the importance of the microenvironment to mast cell
differentiation and functional responses, the culture of
normally unresponsive mast cells in fibronectin or with
fibroblasts has been shown to induce sensitivity to polybasic
stimuli (38). Development of complex, yet more physiologically
relevant mast cell culture systems (39), as well as proteomic (32)
and transcriptomic (31, 33) characterisation from patient tissue
samples will assist with better understanding the regulation of
mast cell MRGPRX2 expression in vivo.

There is evidence in some disease states, including severe
chronic urticaria (CSU) (35) and asthma (40), that MRGPRX2
levels on mast cells are elevated. A recent study has also provided
functional evidence for enhanced MRGPRX2 activation in
lesional biopsies taken from patients with ulcerative colitis
compared to matched non-lesional controls (41). However,
these conditions are not known to be strongly associated with
increased susceptibility to drug-induced anaphylaxis.

A clearer understanding of patients with diagnosed mast cell
disorders might also help clarify mechanisms leading to drug-
induced, IgE-independent anaphylaxis. Whilst mastocytosis has
been identified as a risk factor for a largely IgE-dependent
anaphylaxis to Hymenoptera stings (42), evidence for enhanced
drug-induced sensitivity is not as clear. A systematic review of
reactions to invasive procedures in patients with mastocytosis,
did indeed find an increased rate of reaction to drug exposure.
Compared to the general population this varied from 5% in some
studies, to 1% in larger studies (43), but significantly this rate was
lower than anticipated for this population. However, in the
surgical setting, patients with mast cells disorders are routinely
given prophylactic drugs, including antihistamines and
glucocorticoids, to protect from presumed reactions. This may
then account for the relatively low incidence of drug-induced
anaphylaxis recorded. Intriguingly, Deepak et al. have recently
demonstrated enhanced MRGPRX2 expression in patients with
maculopapular cutaneous mastocytosis (44). However, another
study has shown that a lower burden of skin mast cells is a risk
factor for anaphylaxis in systemic mastocytosis (45). This again
reinforces the lack of clarity in the role that MRGPRX2
expression plays clinically in drug-induced anaphylaxis even in
mast cell disease.

Mast cell models derived from patients who suffered acute
drug-induced anaphylaxis would be a highly valuable tool to
identify if elevated MRGPRX2 expression or function underpin
the drug hypersensitivity. In such studies, CD34+ blood
progenitor cells could be cultured into mature mast cells.
Numerous methods exist, and these have been recently
compared (36). A recent study has compared blood-derived
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mast cells from patients who had likely IgE-dependent with a
possible MRGPRX2-dependent drug-induced anaphylaxis (46).
Whilst the study was small in terms of patient numbers,
interestingly, they could show no difference in reactivity to
MRGPPRX2 agonists between the cohorts. Further work is
needed to extend and confirm these findings. Whilst blood
volumes might be a limitation to this targeted, patient-specific
approach, single cell analytical methods, including analysis of
mast cell function (47), increasingly make such limitations
less challenging.

Recently, a new approach has been described where mast cells
derived from human induced pluripotent stem cells (iPSCs)
exhibit responsiveness to MRGPRX2 agonists (48). Previous
studies using iPSC-derived mast cells have been reported, but
these did not examine MRGPRX2 activation (49, 50). Whilst
these studies used existing iPSC lines, they support the
generation of patient-specific mast cells from those who
experienced possible MRGPRX2-dependent, acute-drug-
induced anaphylaxis. The extensive time and costs associated
with this approach, again highlights the need to accurately
characterize drug-responsive patients to ensure the utility of
this endeavor.

Polymorphisms in MRGPRX2 and/or Other
Pathways That Might Heighten Mast Cell
Responses to Drugs
Perhaps the most straightforward explanation behind the rare,
proposed heightened sensitivity of some individuals to
MRGPRX2-dependent anaphylaxis is receptor polymorphism.
Given the incidence of drug-induced anaphylaxis, this
polymorphism would have likely low penetrance. The GPCR
database (GPCRdb.org) identifies numerous natural missense
mutations in the MRGPRX2 protein coding region with
predicted disruptive effects. Several studies have investigated
these polymorphisms on MRGPRX2 activity. One study,
examining some of the most common variants, revealed that
all had neutral activity or demonstrated a loss of function to
MRGPRX2 agonists (51). Importantly, the authors examined a
range of agonists as studies have demonstrated evidence for
biased agonism in MRGPRX2 activation (52, 53). Further studies
have examined MRGPRX2 mutants where indeed some gain-of-
function polymorphisms in the receptor C-terminal region were
identified with modest enhancement of degranulation (54, 55).
The clinical significance of these variants is however as
yet unclear.

It is also possible that gene variants in mast cell signaling
pathways underpin heightened sensitivity to MRGPRX2
agonists, increasing susceptibility to anaphylaxis. A precedent
for this possibility is a rare PLCG2 variant that is associated with
cold-induced mast cell activation and urticaria (56). Moreover, a
recent study has identified diminished levels of PGE2 as a
contributing factor to anaphylaxis (57). Whilst this study
focused exclusively on clinical samples from likely IgE-
dependent Hymenoptera sting-induced anaphylaxis, a
deficiency in PGE2 levels would also be predicted to potentiate
MRGPRX2 agonist-induced mast cell activation.
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Clearly, more expansive genetic analyses are needed to
correlate MRGPRX2 receptor or pathway polymorphism with
clinical episodes of drug-induced acute anaphylaxis. Again, this
connection will be greatly facilitated by improved clinical
classification of presenting patients, and if shown, could be
extraordinarily beneficial, given the potential rapid translation
to predictive testing.

Targeting MRGPRX2 for Therapeutic
Benefit: Iterative Learning From Drug-
Induced Anaphylaxis
To this point, we have focused attention towards considering if
and how MRGPRX2 contributes to drug-induced acute
anaphylaxis. As proposed in Figure 1, further research is
needed to establish this connection to an extent where it has
clinically predictive value. This improved understanding will
importantly also help inform the actual clinical risk of
MRGPRX2 activation by novel drug candidates across the
therapeutic spectrum and more clearly direct the proposed
modulation of MRGPRX2 in a number of clinical settings.
Whilst based on the discussion above, MRGPRX2 antagonists
would seem of most clinical utility, the potential value of agonist
drugs has also been examined. This makes clarification of the
role of MRGPRX2 in drug-induced anaphylaxis of particular
importance. Below, we summarise a number of current
approaches to regulating MRGPRX2 activity (Figure 2), which
has also been reviewed recently by others (5).
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Chemical antagonism of NMBAs such as rocuronium by the
reversal agent sugammadex has been proposed as a means of
managing acute drug-induced anaphylaxis, although a consensus
statement recommends against it (58). A recent study by our
group has however shown inhibitory activity of sugammadex on
some, but not all, endogenous activators of MRGPRX2 (59).
Whilst speculative, this raises the possibility of using
sugammadex, outside of the drugs conventional rocuronium-
reversal role, to selectively modulate MRGPRX2 activation by
endogenous agonists in certain disease states.

The selective expression of MRGPRX2 on mast cells has been
recently harnessed for mast cell ablation. Utilising an anti-
MRGPRX2 antibody conjugated to the compound IR700DX,
which is activated by near infrared light exposure, Plum et al.
demonstrated the depletion of dermal mast cells in a human skin
explant model (32). This work exemplifies the innovative
research that targets MRGPRX2 which could lead to new
therapeutic approaches for mast cell-mediated disease.

A number of small molecule MRGPRX2 antagonists have
been proposed/identified with many having relatively low
potency and uncertain mechanism of antagonism (60–62).
Recent compound screening efforts have identified some more
potent and diverse agents however (63–65). As evidence
continues to be established on the role of MRGPRX2 in
inflammatory diseases of the skin and airways, it is likely that
further momentum in this area will lead to compounds that
could be envisaged to enter clinical development. Assuming an
A

C

D

B

FIGURE 2 | Modulating MRGPRX2 for putative therapeutic benefit. Four major strategies have been advanced for modulating the activity of mast cells through
MRGPRX2 (labeled a-d). Antagonism at MRGPRX2 can be harnessed at both the ligand (A) and receptor (B) levels whilst complete or signaling-biased MRGPRX2
agonists (C) could be used in a number of settings to modulate immunity. Considerations around the safety of this later approach would be clarified through better
understanding if/how MRGPRX2 contributes to acute drug-induced anaphylaxis. The relatively unique and high-expression levels of MRGPRX2 in skin mast cells has
also been proposed as a strategy for antibody-targeted selective mast cell ablation (D). (CSU- chronic spontaneous urticaria).
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appropriate evidence-base, and predictive test, such compounds
could in theory also serve as prophylactic agents to minimize
MRGPRX2-dependent anaphylaxis risk, particularly in the
perioperative setting.

MRGPRX2 agonists have shown potential as both vaccine
adjuvants (66) and anti-microbial agents, both directly and
through enhancing adaptive immunity (67, 68). Several new
humanized mast cell mouse models have been developed that
will better facilitate the predictive value of such studies to the
human system (26, 69). Desensitisation of MRGPRX2 by
agonists biased towards receptor internalization has also been
proposed as a therapeutic option, particularly in cutaneous
disorders where mast cells can be targeted topically (53). The
broad safety of such an approach would benefit from a much
clearer appreciation of MRGPRX2 gained through investigation
of drug-induced anaphylaxis. It is plausible, for instance, that
polymorphisms in MRGPRX2 and/or its downstream signaling
might skew the nature of the biased agonism rendering this
approach inappropriate at least in some.

Summary and Conclusions
The number of clinically used drugs now known to act as
MRGPRX2 agonists, at least in a laboratory setting, continues
to expand. This reinforces the necessity of better understanding
the role of MRGPRX2 in drug-induced anaphylaxis to determine
if this receptor plausibly explains events where a clear connection
to IgE sensitization cannot be made. In this review, we have
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discussed potential patient-specific factors that might account for
rare and detrimental sensitivity. Throughout, the key value in
developing better clinical stratification of patients experiencing
drug-induced anaphylaxis, to highlight those likely to have a
MRGPRX2 basis, has also been emphasised. This improved
stratification, accompanied by more comprehensive cell,
genomic and proteomic approaches are needed to firstly
establish and secondly understand the basis of heightened
patient MRGPRX2 responses. This knowledge could be key to
predicting and hence avoiding these potentially devasting
anaphylactic reactions. This insight will moreover better
inform new drug development, establishing the real-world
implications of MRGPRX2 agonism and moreover assisting in
realising the full therapeutic potential of MRGPRX2 as a
drug target.
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