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Editorial on the Research Topic

Drug Hypersensitivity: From Mechanisms to Improved Diagnosis and Standards of Care

Adverse drugs reactions occur in 10-15% of hospitalized patients and cause 3-6% of hospital
admissions, constituting adn important public health issue (Dona et al., 2012). Some of them are
unpredictable and occur after exposure to a drug at doses normally tolerated. These reactions,
called drug hypersensitivity reactions (DHRs), can be immunologically mediated (allergic
reactions) or non-immunologically mediated (non-allergic hypersensitivity reactions), which
comprise most reactions induced by nonsteroidal anti-inflammatory drugs (NSAIDs) (Pichler,
2019).

Their diagnosis and management is complex due to the lack of knowledge about underlying
mechanisms, immunochemistry of the drugs that identify the epitope finally recognizes by the
immunological system, variety of clinical symptoms, and heterogeneity among diagnostic protocols
used in different centers (Torres et al., 2019). Therefore, an update on drug pharmacology, DHR
classifications and mechanisms, and development of new tools and protocols to improve diagnosis
and management is essential.

Regarding epidemiology, in a prospective study of 1,553 Kuwaiti patients reporting DHRs,
performed by Al-Ahmad et al., NSAIDs and betalactams (BLs) were confirmed as the most
commonly implicated drugs. In particular, reactions to BLs were mainly immediate
(i.e., occurring within 1h after drug administration) and the most common symptoms were
urticaria, angioedema, and respiratory ones.

In patients with DHRs, diagnostic procedures must be performed by trained personnel in
specialized facilities. These procedures include detailed clinical history, in vivo tests, mainly skin
(STs) and drug provocation tests (DPTs), and in vitro assays (Romano et al., 2020). However, the
allergy work-up of DHRs inevitably involves costs (Sobrino et al., 2020). In this regard, Sobrino-
Garcia et al. analyzed 20 studies regarding the costs of drug hypersensitivity assessment, especially
those associated with mislabeling in NSAID or BL hypersensitivity. Their analysis revealed that the
diagnosis of DHRs is not expensive, particularly considering the economic and clinical consequences
of labeling patients with DHRs. Indeed, proper diagnostic work-ups of DHRs can save money to the
health systems.

Nevertheless, the current diagnostic tests are not 100% sensitive (Mayorga et al., 2016).
Regarding BLs, the chemical stability of benzylpenicillin reagents used for STs, the best validated
in vivo method for immediate reactions to BLs, is essential to improve sensitivity. Mayorga et al.
noted that butylamine-benzylpenicilloyl conjugates, present in commercial kits for STs, can
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suffer from an epimerization process, affecting their
recognition by patients’ IgE. This phenomenon may have
important implications for the reproducibility and
sensitivity of both in vivo and in vitro diagnostic tests.

Traditional diagnostic procedures include many steps, among
which the last is DPT, although it is considered the gold standard.
In fact, DPT can re-induce the index reaction and, for this reason,
it is contraindicated in severe reactions (Romano et al., 2020).
Felix and Kuschnir analyzed studies that used a different
diagnostic approach, which consisted on performing DPTs
with the suspected BLs without previous STs and which
demonstrated that this strategy is safe and effective in children
with mild non-immediate cutaneous reactions. However, they
concluded that further studies involving various populations and
age groups are needed to recommend this diagnostic approach,
which may still prove to be a feasible and cost-effective strategy in
the coming years.

DPT has been recommended not only to identify the culprit
drug but also to identify safe alternatives in iodinated contrast
media (ICM) allergy (Rosado Ingelmo et al., 2016). Dona et al.
prospectively evaluated 101 patients reporting HSRs to ICMs by
performing STs with a wide panel of ICMs. In negative STs, a
single-blind placebo controlled DPT was carried out. If STs or
DPTs were positive, tolerance was assessed with an alternative
ICM negative in STs. Among the 101 subjects, 36 (35.6%) were
allergic to more than one ICM. The percentage of patients
reporting anaphylaxis was higher in patients allergic to
multiple ICMs compared with patients allergic to a single ICM
(50% vs. 25%).

Regarding in vitro tests, the lack of knowledge about the
exact epitope, formed by part of the drug and part of the
protein to which it is conjugated, able to induce the reaction,
can be one of the causes for their non-optimal sensitivity
(Ariza et al, 2015). This is specially challenging for
clavulanic acid (CLV). Interestingly, Martin-Serrano et al.
assessed the suitability of biotinylated analogues of CLV as
probes to study protein haptenation by this BL. They
demonstrated that these analogues could be valuable to
identify protein targets and to get insights into the
activation of the immune system by CLV and mechanisms
involved in BL allergy. It is also challenging in drugs that are
metabolized, like lapatinib, an anticancer drug generally used
for breast and lung cancer. Andreu et al. showed that the
parent drug and their metabolites have a high affinity to
human proteins, especially to human serum albumin (HSA).

All these diagnostic approaches are aimed at identifying the
responsible drug, which is essential for a correct patient
management. Copaescu et al. provided an updated review of
diagnostic methods in delayed T-cell-mediated DHRs, which
include in vivo and in vitro tests. Regarding the latter
methods, those most used are lymphocyte transformation test
(LTT) and enzyme-linked ImmunoSpot (ELISpot) assay of
cytokine release, typically of IFN-yp, after the patient’s
peripheral blood mononuclear cells are stimulated with the
suspected drug. These tests and HLA-typing have shown to be
really useful helping clinicians to prescribe safe and optimal
treatments.

Editorial: Drug Hypersensitivity: Mechanisms, Diagnosis, Management

Regarding delayed DHRs mainly affecting the skin, it is crucial
to consider the importance of a false allergy label due to viral-
induced skin lesions leading to the unnecessary avoidance of
drugs (Torres et al., 2003). Anci et al. reviewed current knowledge
on the different aspects and potential roles of viruses in DHRs.
They believed that further studies are needed to understand better
the link between viruses and DHRs to improve management of
patients presenting skin eruptions during treatments and, above
all, to avoid useless drug avoidance, which is related to increased
morbidity and mortality.

Once the culprit drug has been identified, the most common
treatment is drug avoidance. However, sometimes this is not
possible because the drug is the best or the only treatment for a
certain pathology. In these situations, desensitization must be the
preferred option (Broyles et al., 2020). This process is associated
with inhibition of mast cell degranulation and cytokine
production. Vultaggio et al. described the involvement of an
antigen specific regulation of adaptive response, with an increase
in regulatory cytokines, mainly represented by IL-10, and the
appearance of IL-35 producing T regulatory cells during
desensitization procedure.

Regarding NSAIDs hypersensitivity, the existence of a
phenotypic  heterogeneity of the NSAID-Exacerbated
Respiratory Disease (NERD) has led to establishment of
precision medicine strategies tailored/adapted to individual
phenotypes/endotypes (Kowalski, 2019). Seong-Dae Woo et al.
reviewed the knowledge on pathophysiologic
mechanisms and diagnosis/management approaches of this
pathology. Therapeutical options may involve the avoidance of
the drug, desensitization to acetylsalicylic acid (ASA), treatment
with biologicals, or even dietary interventions.

There is still a lack of information on the complete molecular
picture of the pathogenic mechanisms of NERD, although the
involvement of platelet-adherent leukocytes and integrins has
been described (Laidlaw et al.,, 2012). Jurado-Escobar et al.
investigated such involvement in NSAID-induced urticaria/
angioedema (NIUA), the most frequent clinical phenotype.
Their results supported the participation of platelet-adherent
leukocytes and integrins in this pathology and provided a link
between these cells and arachidonic acid metabolism, although,
unlike NERD, in NIUA they did not find a systemic imbalance in
the frequency of CD61" cells/integrin expression or levels
of LTE4.

Finally, Ghada et al. reviewed the current knowledge on
hypersensitivity to rituximab, a chimeric monoclonal antibody
used to  treat  various lymphoid  malignancies,
lymphoproliferative diseases, and rheumatologic disorders.
Increased use of rituximab has been associated with an
increase in several types of hypersensitivity reactions. The
authors made a great effort to review several aspects of
hypersensitivity reactions to this drug, in particular the
clinical  presentations, pathogenic  mechanisms, and
management of the reactions, including rapid desensitization.

In summary, in this Research Topic it has been revised the current
knowledge on all aspects related to DHRs, especially epidemiology,
pathogenic mechanisms, immunochemistry of the drugs, diagnosis,
and management, including the latest developments.

current
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Nonsteroidal antiinflammatory drug (NSAID)-exacerbated respiratory disease (NERD) is
characterized by moderate-to-severe asthma and a higher prevalence of chronic
rhinosinusitis/nasal polyps, but is a highly heterogeneous disorder with various clinical
manifestations. Two major pathogenic mechanisms are: (1) overproduction of cysteinyl
leukotrienes with dysregulation of arachidonic acid metabolism and (2) increased type 2
eosinophilic inflammation affected by genetic mechanisms. Aspirin challenge is the gold
standard to diagnose NERD, whereas reliable in vitro biomarkers have yet not been
identified. Therapeutic approaches have been done on the basis of disease severity with
the avoidance of culprit and cross-reacting NSAIDs, and when indicated, aspirin
desensitization is an effective treatment option. Biologic approaches targeting Type 2
cytokines are emerging as potential therapeutic options. Here, we summarize the up-to-
date evidence of pathophysiologic mechanisms and diagnosis/management approaches
to the patients with NERD with its phenotypic classification.

Keywords: nonsteroidal antiinflammatory drugs, hypersensitivity, asthma, rhinitis, eosinophil, leukotrienes,
diagnosis, treatment

INTRODUCTION

Aspirin (acetylsalicylic acid, ASA) and nonsteroidal antiinflammatory drugs (NSAIDs) are the most
commonly prescribed drugs in the world (Dona et al., 2012); however, they are considered the most
common causes of hypersensitivity reactions to drugs (Blanca-Lopez et al., 2018). Hypersensitivity
reactions to NSAIDs have recently been classified by the European Academy of Allergy and Clinical
Immunology (EAACI) and European Network of Drug Allergy (ENDA): 1) pharmacologic
reactions (mediated by cyclooxygenase [COX]-1 inhibitions) include NSAID-exacerbated
respiratory disease (NERD), NSAID-exacerbated cutaneous disease (NECD) and NSAID-induced
urticarial/angioedema (NIUA), and present cross-intolerance to various COX-1 inhibitors; 2)
selective responses (mediated by immunologic mechanisms) include single NSAIDs-induced
urticaria, angioedema and/or anaphylaxis (SNIUAA) and single NSAIDs-induced delayed
hypersensitivity reactions (SNIDHR) (Kowalski and Stevenson, 2013). NERD is a major
phenotype among cross-intolerant categories of NSAID hypersensitivity and had been called
ASA-induced asthma, ASA-intolerant asthma, ASA-sensitive asthma; however, NERD and ASA-
exacerbated respiratory disease (AERD) are commonly used (Sanchez-Borges, 2019). The
prevalence of NERD is reported to be 5.5% to 12.4% in the general population (Lee et al., 2018a;
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Chu et al, 2019; Taniguchi et al, 2019), 7.1% among adult
asthmatics and 14.9% among severe asthmatics (Rajan et al,
2015), while it rarely occurs in children (Taniguchi et al., 2019).
No relationships were found with family history or NSAID
administration history (Kowalski et al., 2011; Taniguchi
et al., 2019).

NERD is characterized by moderate-to-severe asthma and a
higher prevalence of chronic rhinosinusitis (CRS) nasal polyps
(NPs) with persistent eosinophilic inflammation in the upper
and lower airways (Taniguchi et al., 2019) as well as NSAID
hypersensitivity where cysteinyl leukotrienes (CysLTs) over-
production and chronic type 2 airway inflammation are key
findings (Taniguchi et al., 2019). The diagnosis of NERD is
confirmed by ASA challenge (via orally, bronchially or nasally
route) and supported by potential biomarkers (Pham et al., 2017;
Cingi and Bayar Muluk, 2020). In addition, in vitro cell activation
tests and radiological imaging with nasal endoscopy can aid in
NERD diagnosis (Taniguchi et al., 2019). This review updates the
current knowledge on pathophysiologic mechanisms including
molecular genetic mechanisms as well as the diagnosis and
treatment of NERD.

CLINICAL FEATURES

NERD is characterized by chronic type 2 inflammation in the upper
and lower airways; therefore, patients suffer from chronic persistent
asthmatic symptoms and CRS with/without NPs, which are
exacerbated by ASA/NSAID exposure and refractory to
conventional medical or surgical treatment. Some patients are
accompanied by cutaneous symptoms such as urticaria,
angioedema, flushing or gastrointestinal symptoms (Buchheit and
Laidlaw, 2016). Previous studies suggested that NERD is more
common in females (middle-age onset) and non-atopics (Choi et al.,
2015; Trinh et al, 2018). It was reported that rhinitis symptoms
appear and then evolve into CRS which worsens asthmatic
symptoms, subsequently followed by ASA intolerance (Szczeklik
et al.,, 2000). However, their clinical presentations and courses have
been found to be heterogeneous. It has been increasingly required to
classify the subphenotypes of NERD according to its clinical
features. One study demonstrated 4 subphenotypes by applying a
latent class analysis in a Polish cohort: class 1 patients showing
moderate asthma with upper airway symptoms and blood
eosinophilia; class 2 patients showing mild asthma with low
healthcare use; class 3 patients showing severe asthma with severe
exacerbation and airway obstruction; and class 4 patients showing
poorly controlled asthma with frequent and severe exacerbation
(Bochenek et al., 2014). Another study showed 4 subtypes
presenting distinct clinical/biochemical findings in a Korean
cohort using a 2-step cluster analysis based on 3 clinical
phenotypes (urticaria, CRS and atopy status): subtype 1 (NERD
with CRS/atopy and no urticaria), subtype 2 (NERD with CRS and
no urticaria/atopy), subtype 3 (NERD without CRS/urticaria), and
subtype 4 (NERD with acute/chronic urticaria exacerbated by
NSAID exposure) (Lee et al, 2017). Each subtype had distinct
features in the aspect of female proportion, the degree of

eosinophilia, leukotriene (LT) E; metabolite levels, the frequency
of asthma exacerbation, medication requirements (high-dose ICS-
LABA or systemic corticosteroids) and asthma severity, suggesting
that stratified strategies according to subtype classification may help
achieve better clinical outcomes in the management of NERD.

PATHOPHYSIOLOGY

The major upper and lower airway symptoms of NERD are
mediated by increased levels of CysLTs with dysregulation of
arachidonic acid (AA) metabolism and intense type 2/
eosinophilic inflammation (Cingi and Bayar Muluk, 2020).

CysLTs Overproduction

In the COX and LOX pathways, AA is metabolized to CysLTs
(mostly LTE,, via 5-lipoxygenase [5-LO] and LTC, synthase
[LTCA4S]), prostaglandin (PG) pathway (PGE,, PGF,, PGI, and
PGD,) and thromboxanes (TBX) A, by PG synthase and TBX
synthase (Szczeklik, 1990), where enhanced synthesis of CysLT's
synthesis with reduced level of PGE, is a major finding in NERD
(Pham et al., 2016; Pham et al., 2017; Lee et al., 2018a; Yin et al.,
2020). NERD patients have higher levels of CysLTs (especially
LTE,) mainly derived from various inflammatory cells, including
neutrophils, monocytes, and basophils, eosinophils and mast
cells, which further increases after ASA/NSAID exposure
compared to asthmatic patients with ASA/NSAID tolerance
(ATA). Moreover, the increased expression of 5-LO and
LTC4S was noted in NERD patients with overproduction of
CysLTs; increased CysLTs bind to CysLT receptor 1/2,
subsequently inducing bronchoconstriction and amplifying
inflammatory signal pathways (Jonsson, 1998; Yonetomi et al.,
2015; Steinke and Wilson, 2016; Sekioka et al., 2017). Among
PGs, PGE,/PGD; play a major role in the pathogenesis of NERD.
Increased PGD, (released from mast cells and eosinophils) binds
to prostanoid receptors to induce bronchoconstriction (Siafholm
et al, 2015), and also binds to chemoattractant receptor-
homologous molecule expressed on TH2 cells (CRTH2) to
induce chemotaxis and activate eosinophils/basophils/Th2
cells/innate lymphoid cells (ILC2) (Hirai et al.,, 2001;
Woessner, 2017), accelerating type 2 airway inflammation
(Chang et al., 2014). The down-regulation of PGE,
biosynthesis, especially in peripheral blood leukocytes, nasal
epithelial cells and nasal fibroblasts, was noted in patients with
NERD (Laidlaw and Boyce, 2013; Cahill et al., 2016; Pham et al.,
2017). PGE,; has protective effects against bronchoconstriction,
recruitment of eosinophils and degranulation of mast cells after
binding to E prostanoid 2 (EP,) receptors (Feng et al., 2006;
Sturm et al., 2008); therefore, reduced levels of PGE, in NERD
cannot suppress the signal of 5-LO pathways through IL-10-
dependent mechanisms (Harizi et al., 2003). Furthermore, the
lower expression of EP, receptors is closely associated with
abnormal regulation of the autocrine loop involved in COX
pathways (IL-1R1, COX-2, mPGES) in NERD patients (Cahill
et al., 2015; Machado-Carvalho et al.,, 2016). This can be
explained that COX-2 could not sufficiently produce PGH,
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(the first unstable precursors of PG products from AA
metabolism) without COX-1 (Uematsu et al., 2002). Therefore,
reduction in PGE, and its receptor levels could contribute to
CysLTs overproduction in NERD patients. Lipoxin (LX) A4 and
its epimer (15-epi-LXA4) are also called as the ASA-triggered
lipoxins, and have antiinflammatory effects in airway
inflammation (Pham et al., 2017; Sokolowska et al., 2020).
Their receptor termed formyl peptide receptor 2 (FPR,) is
expressed on human neutrophils, eosinophils, macrophages, T
cells, ILCs (ILC2 and NK cells) and epithelial cells of the
respiratory tract. After binding their receptors, it leads to the
restoration of epithelial barrier function and resolution of allergic
inflammation through down-regulation of chemotaxis and cell
activation (Barnig et al., 2013; Sokolowska et al., 2020). In the
context of NERD, the concentration of LXA4 in the whole blood,
sputum and bronchoalveolar lavage fluid, and 15-epi-LXA4 in
the urine from NERD patients were lower than those in ATA
patients. Additionally, their level has a negative correlation with
worsening of airflow obstruction in patients with severe asthma
(Christie et al., 1992; Sanak et al., 2000; Kupczyk et al., 2009;
Yamaguchi et al., 2011). There was a significant increase in the
FPR, expression of NK cells and ILC2s from patients with severe
asthma compared with those with milder asthma (Barnig et al.,
2013). All of the studies suggested that LXA4 and its epimer can
be considered the potential therapeutics in the treatment of
NERD (Figure 1). NSAID-induced inhibition of the COX
pathway leads to shunting of AA metabolism down the 5-LO
arm (Palikhe et al., 2009; Dominas et al., 2020). This is indirectly

evidenced through the decreased level of antiinflammatory PG/
LX (LXA,, 15-epi-LXA,, PGE,) and increased levels of the pro-
inflammatory CysLTs (Christie et al., 1992; Sanak et al., 2000;
Harizi et al., 2003; Kupczyk et al., 2009; Yamaguchi et al., 2011).

Enhanced Type 2 Airway Inflammation

NERD is characterized by persistent eosinophil activation
(presenting severe asthma, CRS and NPs) and CysLTs
overproduction in which increased CysLTs contributes to
driving type 2 inflammatory responses (Lee et al., 2018a;
Rusznak and Peebles, 2019; Taniguchi et al., 2019). The key
inflammatory cells in NERD are eosinophils and mast cells,
which are closely interacting with other inflammatory and
structural cells including basophils, platelets, neutrophils and
epithelial cells. Regarding the activation mechanisms of
eosinophils, both Th2 cells and ILC2 could activate eosinophils
via release of IL-4, IL-5 and IL-13; moreover, activated
eosinophils release the eosinophil extracellular traps (EETSs),
enhancing type 2 inflammation via interacting with epithelial
cells and autocrine functions of eosinophils in the asthmatic
airway (Pham et al,, 2017; Choi et al., 2019b; Yin et al,, 2020).
There have been some data demonstrating epithelial dysfunction
related to type 2 inflammation in NERD: 1) lower levels of SPD
(protective function against eosinophilia) (Choi et al., 2019a), 2)
increased epithelial folliculin and periostin levels (Kim M. A.
et al., 2014; Trinh et al.,, 2018; Choi et al., 2019b), 3) increased
CysLT-induced signaling (binding to CysLT2R or CysLT3R) in
airway epithelial cells to induce the release of pro-inflammatory
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cytokines including IL-33, TSLP and IL-25 (Corrigan et al,
2005), leading to type 2/eosinophilic inflammation and
remodeling in NERD (Ulambayar et al., 2019).

Recent studies suggested that the activation of neutrophils
may be related to the severity of airway inflammation in NERD
(Kim et al., 2019), although the exact mechanism is still not fully
elucidated. Increased LTB4 levels (mostly formed from
neutrophils) and reactive oxygen species release after N-formyl-
methionyl-leucyl-phenylalanine stimulation were noted in
patients with NERD compared to ATA patients (Mita et al,
2004; Kim et al, 2019). In addition, platelets are activated by
CysLTR2 on their surfaces to release IL33 and to interact with
leukocytes through binding P-selectin (CD62P)-P-selectin
glycoprotein ligand 1, GPIIb/IITa-Mac-1 and CD40
ligand (CD40L)-CD40 (Laidlaw et al., 2012; Mitsui et al., 2016;
Liu et al,, 2019; Taniguchi et al., 2019). The activation of platelets
and adherent leukocytes with platelets leads to the transmigration
of leukocytes into inflammatory airway tissue with increased
CysLTs, suggesting that platelet-aggregated granulocytes
promote severe and persistent airway inflammation in NERD
patients (Laidlaw and Boyce, 2013; Laidlaw et al., 2014; Mitsui
et al., 2016).

Genetic Mechanisms

Many genetic studies have focused on CysLTs-related and
eosinophil activating genes (major pathogenic mechanisms)
according to single nucleotide polymorphisms (SNPs) and
genome-wide association studies (GWASs) (Pavon-Romero
et al., 2017). (Table 1) HLA DPB1*0301 has been regarded as
a strong genetic marker and replicated in the 2 ethnic groups
Polish and Korean populations (Dekker et al., 1997; Choi et al.,
2004a). Patients suffering from this allele manifested the typical
clinical characteristics of NERD, and had lower FEV1 levels and
a higher prevalence of CRS and/or NPs (Choi et al., 2004a). The
GWAS demonstrated several significant SNPs (HLA-DPBI,
rs3128965, DPP10 rs17048175 in a Korean population, TSLP
rs1837253 in a Japanese population, etc.) which were associated
with the phenotypes of NERD (Park et al., 2013; Kim S. H. et al,,
2014; Kim et al, 2015). The genetic polymorphism studies
identifying the SNPs related to CysLTs synthesis demonstrated
several significant SNPs: the promoter polymorphisms at the
LTC4S -444 A>C in a Polish population (Sanak et al, 1997),
although it was not replicated in the other populations as the US,
Japanese and Korean (Van Sambeek et al., 2000; Kawagishi et al.,
2002; Choi et al, 2004b). The SNPs of G-coupled receptors
(CysLTRI -634C>T, -475 A>C, -336 A>G, CysLTR2 -819 T>G,
2078 C>T, 2534 A>G) lead to amplify the biological activity of
CysLTs, the SNPs of prostanoid receptor genes (PTGER2 -616
C>G, -166 G>A, PTGER3 -1709 T>A, PTGER4 -1254 A>G,
PTGIR 1915 T>A, TBXA2R -4684 C>T, 795 T>C) were
associated with the development of NERD (Park et al., 2005;
Kim et al., 2006; Kim et al., 2007). Regarding the SNPs related to
eosinophil activation, including those of the chemokine CC
motif receptor (CCR3 -520 T>C), chemoattractant receptor
molecular expressed in Th2 cells (CRTH2 —466 T>C) and IL5R
(-5993 G>A), were reported (Kim et al., 2008; Palikhe et al., 2010;
Losol et al., 2013). Epigenetic factors, including exposure to

NSAIDs and other stimuli, be also revealed to contribute to the
development of NERD (Pham et al., 2017; Yin et al., 2020); DNA
methylation associated with some SNPs (PGE synthesis, PGS,
ALOX4AP, LTCA4S, etc.) may contribute to presenting more
severe phenotypes of NERD (Lee et al., 2019). Further
replication studies in diverse ethnic groups are needed to
clarify their functional roles in parallel with other omics
markers with subphenotype classification.

DIAGNOSIS

A diagnosis of NERD is fundamentally based on the patient’s
history. NERD is suspected in patients having a history of upper/
lower respiratory reactions after ingestion of ASA/NSAIDs or
suffering from asthma along with CRS and NPs, (Choi et al,
2015). Some patients have a definitive history of adverse reactions
to ASA/NSAIDs: however, many patients have not experienced
hypersensitivity reactions (Palikhe et al., 2009). One study showed
that 14% of patients who thought they had NERD based on
symptoms were negative for oral aspirin challenge (Dursun et al.,
2008). Thus, ASA challenge, as the gold standard for diagnosing
NERD, is required to confirm or exclude hypersensitivity in patients
with unclear history of adverse reactions.

There are 3 types of the ASA challenge test via the oral,
bronchial and nasal routes. The oral challenge test is a more
commonly used and convenient approach compared to other
challenge tests in that it mimics natural exposure (Adkinson
et al., 2013). It may be more suitable for investigating systemic
adverse reactions to NSAIDs. Bronchial challenge with lysine-
aspirin is safer and quicker, but shows lower sensitivity than the
oral test. Nasal challenge is recommended for patients with
predominant nasal symptoms, but the sensitivity is lower (Lee
et al.,, 2018a; Kowalski et al., 2019). The EAACI recommended
the oral challenge protocol with starting 20-40 mg of aspirin and
gradually increasing the dose at 2 hour intervals. When no
reactions occur within 3 hours after 325 mg of aspirin, the
challenge is considered to be negative (Kowalski et al., 2019).
Patients with lower FEV1 (<70% of the predicted value) or
unstable asthma status are not recommended, and the test
should be performed in a hospital with resuscitative equipment
under the supervision of special training physicians (Adkinson
et al., 2013). These tests may be influenced by bronchial
hypersensitivity, ASA dosage, and the concurrent use of
leukotriene modifier drugs and antihistamines (White et al,
2005; White et al., 2006). When patients are false-negative for
ASA challenge, subsequent confirmatory challenges are
recommended for holding leukotriene modifier drugs,
antihistamines and oral corticosteroids for at least 1 week and
employing high-dose ASA challenges (White et al., 2013).

There is no in vitro test available for the diagnosis of NERD.
LTE, (especially in urine) is suggested to be the most reliable
biomarker for the diagnosis of NERD. Several studies
demonstrated that patients with NERD had higher baseline
concentrations of urinary LTE, as well as greater increase after
aspirin/NSAID exposure than in patients with ATA, suggesting
that urine LTE, level could be used as a clinical diagnostic test
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TABLE 1 | Genetic polymorphisms associated with NERD.

Gene SNP Analysis methods Ethnic Patients OR P-value Reference
group (95% CI) (compared
with ATA)
CysLTs LTC4S  -444 A>C  Amplified-fragment single- Polish ~ NERD: 47, ATA: 3.89 <0.001 (Sanak et al.,
overexpression strand conformation 64, NC: 42 (1.57-8.98) 1997)
polymorphism
CysLTR1 -634 C>T, Direct sequencing method Korean NERD: 105, ATA: 2.71 0.020 (Kim et al.,
-475 A<C, 110, NC: 125 (1.10-6.68) 2006)
-336 A<G 2.89
(1.14-7.28)
CysLTR2 -819T>G  ABI PRISM 3700 DNA Korean  NERD: 134, ATA: 2.04 0.031 (Park et al.,
2,078 C>T  analyzer 66, NC: 152 (1.06-3.85) 0.013 2005)
2,634 A>G 2.28 0.031
(1.19-4.40)
2.02
(1.07-3.84)
PTGER2 -616 C>G  Direct sequencing Korean  NERD: 108, ATA: 0.64 0.038 (Kim et al.,
-166 G>A 93, NC: 140 (0.42-0.98) 0.023 2007)
2.60
(1.14-5.92)
PTGER3 —1,709 T>A 3.02 0.043
(1.04-8.80)
PTGER4 -1,254 1.77 0.024
A>G (1.08-2.90)
PTGIR 1,915 T>A 0.41 0.018
(0.20-0.86)
TBXA2R -4,684 0.42 0.032
C>T (0.19-0.91)
795 T>C 0.67 0.049
(0.45-1.00) 0.032
2.57
(1.09-6.09)
Enhancement of CCR3 -520 T>C  MDR method Korean  NERD: 94, ATA: ND ND (Kim et al.,
type 2 inflammation 1562 2008)
CRTH2  -466 T>C  Primer extension methods Korean NERD: 107, ATA: ND 0.044 (TT) (Palikhe
115, NC: 133 0.037 (CC) et al., 2010)
IL5R -5,993 Primer extension method ~ Korean ~ NERD: 139, ATA: ND 0.685 (GG) (Losol et al.,
G>A 171, NC: 160 0.495 (AG) 2013)
0.408 (AA)
Others HLA DPB1*0301 DNA methods Polish  NERD: 59, ATA: 5.3 <0.001 (Dekker
57, NC: 48 (1.90-14.40) et al.,, 1997)
ABI 3100 Genetic analyzer Korean NERD: 76, ATA: 5.2 0.004 (Choi et al.,
73, NC: 91 (1.80-14.70) 2004a)
HLA- rs3128965  Affymetrix Genome-Wide  Korean NERD: 264, ATA: 1.8 0.098 (AG) (Kim S. H.
DPB1 Human SNP array 387, NC: 238 (1.22-2.68) 0.001 (AA) etal, 2014)
3.1
(094-10.70)
HLA- rs104215 GoldenGate assay with Korean NERD: 117, ATA: 2.40 <0.001 (fine-  (Park et al,,
DPB1 the VeraCode microbead 685 (1.68-3.42) mapping study) 2013)
DPP10  rs17048175 Affymetrix Genome-Wide  Korean NERD: 139, ATA: ND 0.0883 (TT) (Kim et al.,
Human SNP array 171, NC: 160 0.072 (CT) 2015)
0.022 (CC)

NERD, NSAID-exacerbated respiratory disease; ATA, aspirin-tolerant asthma, CysLTR, cysteinyl leukotriene receptor; LT, leukotriene; PG, prostaglandin; TX, thromboxane; CRTHZ,
chemoattractant receptor homolog expressed by type 2 helper T cells; CCR, chemokine receptor; HLA, human leukocyte antigen; DPP, dipeptidyl peptidase; IL, interleukin; ND, no data.

(Hagan et al, 2017; Bochenek et al, 2018). Recent studies
demonstrated higher levels of serum periostin, and folliculin as
potential biomarkers of NERD, however, further validation studies
are needed in other cohorts (Kim M. A. et al., 2014; Trinh et al.,
2018). The Polish group proposed the Aspirin-Sensitive Patients
Identification Test (ASPI Test), however, it was not replicated in
other centers (Kowalski et al,, 2005). Despite the basophil

activation test (BAT) has been investigated for in vitro diagnosis of
NERD, variable values of sensitivity and specificity were reported
depending on the protocols used, remaining limitations of the
clinical use (Schafer and Maune, 2012). More efforts are needed to
establish in vitro diagnostic tests for reducing the risks of challenge
tests with identifying reliable biomarkers for the diagnosis of
NERD and the classification of its subphenotypes.
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MANAGEMENT

The standard management of NERD involves the guidelines
established for the management of asthma and CRS with ASA/
NSAID avoidance. The complete avoidance of culprit agents and
cross-reacting NSAIDs with use of alternative agents (highly
selective COX-2 inhibitors such as celecoxib, and partial
inhibitors such as acetaminophen, meloxicam or nimesulide) is
essential. ASA desensitization can be beneficial for NERD
patients when indicated.

Pharmacologic Treatment

Treatment strategies for asthma should follow stepwise
management guidelines with maintaining inhaled corticosteroids
with or without long-acting beta 2 agonists, leukotriene modifier
drugs and/or biologic agents on the basis of disease severity and
rescue medications (GINA-guideline, 2020). Because the
overproduction of CysLTs is a key feature in the pathogenic
mechanisms, targeting the leukotriene pathway with CysLT1
receptor antagonists (montelukast, zafirlukast and pranlukast)
and 5-LO inhibitors (zileuton) should be considered to improve
upper and lower airway symptoms. Several studies have shown
that these leukotriene modifiers lead to improvement in asthma
symptoms, pulmonary function, quality of life, nasal function and
lower use of bronchodilators (Rodriguez-Jimenez et al., 2018).

Initial treatment for CRS includes intranasal corticosteroids
with intranasal saline irrigation. Intranasal corticosteroids have
shown to be highly effective in reducing nasal inflammation and
in shrinking NPs, which are recommended as a first-line
treatment in patients with CRSWNP (Choi et al., 2015; Simon
et al,, 2015; Rodriguez-Jimenez et al., 2018). Because rinsing the
nasal cavities with saline is helpful in removing secretions and
washing away allergens and irritants, nasal irrigation prior to
administration of topical medications can improve the response
to the medications (Simon et al., 2015; Rodriguez-Jimenez et al.,
2018). Systemic corticosteroids and broad-spectrum antibiotics
can be additionally required according to the severity of nasal
symptoms. Adding antihistamines or oral/nasal decongestants
may provide symptom relief (Adkinson et al., 2013).

Despite the heterogeneity of NERD, therapeutic approaches
have been proposed according to symptom severity. However,
these different phenotypes contribute to the variability in
response to treatment. A recent study found that clinical
severity and courses differ among the 4 subtypes of NERD,
which affect antiasthmatic medications required (Lee et al,
2017). Subtype 1/2 patients had severe clinical courses,
requiring higher-dose of antiasthmatic medications including
higher dose of ICS and systemic corticosteroids, while subtype 3
patients required low doses of these drugs with less frequent
asthma exacerbation. These results suggest that a personalized
approach according to subtype classification is needed to achieve
better outcomes in the management of NERD.

ASA Desensitization
ASA desensitization is an effective treatment option when
standard medical treatments are not effective or daily ASA/

NSAIDs therapy is required for other medical conditions, such
as coronary artery disease or chronic inflammatory disease
(Stevenson and Simon, 2006). Multiple studies have
demonstrated the effectiveness of ASA desensitization in
reducing NP size and the need for sinus surgery as well as in
improving nasal and bronchial symptoms with decrease in the
doses of topical and oral corticosteroids (Swierczynska-Krepa
et al,, 2014; Waldram et al., 2018). A recent study showed the
long-term safety and efficacy of ASA desensitization in patients
who underwent continuous daily ASA therapy for more than 10
years (Walters et al., 2018). ASA desensitization is a provocative
procedure by starting at low doses of ASA and gradually
increasing to the dose of 650 to 1300 mg over a period of 1 to
3 days, which can induce hypersensitivity reactions (White and
Stevenson, 2018). Thus, as safety is an important issue, ASA
desensitization should be carried out in a well-equipped hospital
under the supervision of special training physicians. The
protocol with gradually increasing the dose over 2 days was
suggested by the EAACI to secure safety and efficacy of aspirin
desensitization (Kowalski et al., 2019).

Biologics
The emergence of biologics in the management of asthma and
CRSWNP has represented potential and promising therapy for
NERD. New biologics targeting type 2 cytokines, such as IL-4,
IL-5 and IL-13 as well as IgE, have been reported in clinical trials,
which could reduce asthma exacerbation and oral corticosteroid
use, and improve lung function (Kim and Jee, 2018; McGregor
etal, 2019). In addition, they have been shown to improve nasal
symptom severity and reduce NP size in patients with CRSWNP,
leading to a significant increase in quality of life (Bachert et al.,
2020). Because NERD is strongly associated with mast cell
activation and eosinophilic airway inflammation, the efficacy of
biologics may be different from those usually observed in severe
asthma (Hayashi et al., 2016). Here, we summarized the available
studies for these biologics in patients with NERD (Table 2).
Omalizumab, a humanized recombinant monoclonal anti-IgE
antibody, prevents IgE from binding to its high-affinity receptor and
reduces Fc receptor expression on mast cells and basophils,
subsequently suppressing their activation (Chang et al, 2015).
Several studies have suggested the efficacy of omalizumab in the
management of NERD, demonstrating a reduction in asthma
exacerbation and the need for systemic steroids and short acting
beta-2 agonist (SABA) as well as an improvement in upper and
lower airway symptoms (Hayashi et al., 2016; (Lee et al., 2018b; Jean
et al., 2019). Furthermore, there are some studies suggesting that
omalizumab treatment can be beneficial for reducing respiratory
symptoms during ASA desensitization and even can restore ASA
tolerance without the need for ASA desensitization (Phillips-Angles
et al, 2017; Lang et al,, 2018; Hayashi et al., 2020). Omalizumab
could improve upper and lower airway symptoms with suppression
in urinary markers of mast cell activation, LTE; and PGD,
metabolites, in patients with NERD and lead to the development
of ASA tolerance with a reduction in urinary LTE, concentrations
during oral ASA challenge (Hayashi et al., 2016;
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Hayashi et al,, 2020), suggesting that omalizumab has inhibitory
effects on mast cell activation in NERD.

Dupilumab is a human monoclonal antibody that targets the IL-
4o receptor and inhibits signaling of both IL-4 and IL-13. Although
the study was conducted in a small number of patients with NERD,
dupilumab could improve nasal and asthma-related symptom
scores and lung functions (Laidlaw et al., 2019), although studies
with a larger sample size are needed to confirm its effectiveness.
Mepolizumab and reslizumab are both monoclonal antibodies that
prevent IL-5 from binding to its receptor on eosinophils, and
benralizumab is a monoclonal antibody that targets the alpha
subunit of the IL-5 receptor. The respiratory tract of NERD
patients is characterized by intense eosinophilic inflammation,
with higher levels of eosinophils in NPs and bronchial mucosa
biopsies than in ATA patients (Tuttle et al., 2018; Eid et al., 2020).
These biologics inhibiting IL-5, eosinophilic maturation and
differentiation factor could be effective in the management of
patients with NERD (Choi et al, 2004b). In addition, based on
recent study results on the pathogenic mechanisms, P2Y12 receptor
antagonists, CRTH2 antagonists and anti-TSLP/IL-33 antibodies
could be potential options in the management of NERD patients
(Rodriguez-Jimenez et al., 2018).

Considering the heterogeneity of NERD phenotypes/
endotypes, selecting right patients and right targets (biologics)
are essential in the management of NERD. In phenotypic clusters
of NERD, subtype 4 patients (NERD with urticaria) would need
omalizumab as an effective option, which can inhibit activated
basophils and mast cells, the key elements of NERD and urticaria
(Lee et al., 2017); subtype 2 patients with severe eosinophilia may
need anti-IL-5 as a first option. Despite the development of

biologic therapies, unmet needs remain in NERD patients to be
understood with regard to their comparative efficacy and long-
term safety. Further studies are needed to answer questions on
the selection of right patients and targets with right safety.

Dietary Interventions

Dietary intervention may be beneficial for controlling symptoms in
patients with NERD. Some studies demonstrated that restricting
dietary salicylates, including fruits, vegetables, berries, herbs, and
spices, improves nasal and asthmatic symptoms, which can be
explained by the known contribution of salicylates in the
pathogenesis (Ta and White, 2015; Sommer et al., 2016). A previous
study showed thatalcohol ingestion can more commonlylead to upper
and lower respiratory reactions in NERD patients, although the
underlying mechanism is not clear (Cardet et al., 2014). Thus,
restricting the diet, when experienced respiratory symptoms after
the ingestion, can be additionally effective.

CONCLUSION

Patients with NERD present with a variety of clinical features
affected by chronic type 2 eosinophilic inflammation with the
overproduction of CysLTs in the upper and lower airways.
Although NERD tend to be associated with severe asthma and
CRSwNP, an improved understanding of clinical features and
underlying pathogenesis of NERD will aid in diagnostic
evaluations and new therapeutic strategies for improving
clinical outcomes. With the increasing recognition of
phenotypic heterogeneity of NERD, efforts are needed to

TABLE 2 | Biologics in NERD patients: Summary of available studies.

Biologics Study design Route, Dose and Study period Efficacy outcomes Reference
(Target) (Number of
participants)
Omalizumab  Double-blind, Subcutaneous injection every 2 or 4 weeks  Improvement in ACT, ACQ-6, SNOT-22 and VAS scores in (Hayashi
(IgE) randomized, placebo-  based on total IgE level and body weight for  omalizumab group compared with placebo group after 3-month etal,
controlled trial 3 months treatment. (All, P<.001) 2020)
(16 Omalizumab vs. Improvement in FEV1 (%) in omalizumab group compared with
16 Placebo) placebo group after 3-month treatment (P=.003)
Omalizumab  Retrospective analysis ~ Subcutaneous injection for 1 year Reduction in use of OCS and SABA during 1 year on omalizumab  (Jean
(IgE) (29 Omalizumab) treatment compared with 1 year before initiating omalizumab. (All, etal,
P=.001) 2019)
Dupilumab Post hoc analysis Subcutaneous injection of 300 mg weekly for Improvement in NPS, ACQ-5 and SNOT-22 total scores in (Laidlaw
(IL-4Ra) (8 Dupilumab vs. 11 16 weeks dupilumab group compared with placebo group after 16-week etal,
Placebo) treatment (All, P<.005) 2019)
Changes in FEV1 (L) from baseline in dupilumab group compared
with placebo group after 16-week treatment. (P<.05)
Mepolizumab Retrospective analysis  Subcutaneous injection of 100 mg every 4 Reduction in absolute eosinophil count from baseline after 3-month  (Tuttle
(IL-5) (14 Mepolizumab) weeks for 3 months treatment. (P=.001) etal,
Improvement in SNOT-22 and ACT scores from baseline after 3- 2018)
month treatment. (P=.005 and P=.002, respectively)
No significant improvement in FEV1 (%) from baseline (P=.16)
Reslizumab  Post hoc analysis Intravenous injection of 3 mg/kg every 4 Difference in frequency of asthma exacerbation in reslizumab, 0.29  (Weinstein
(IL-5) (28 Reslizumab vs. 28  weeks for 52 weeks vs placebo, 1.95 (P=.001) during 52-week treatment. etal,
Placebo) Changes in FEV1 (L) from baseline in reslizumab, 0.327L vs 2019)

placebo, 0.002L (P<.001) after 52-week treatment.

IL, interleukin; IL-4Re, interleukin-4 receptor alpha subunit; ACT, asthma control test; ACQ-6, 6-item asthma control questionnaire; SNOT-22, 22-item sino-nasal outcome Test; VAS,
visual analog scale; OCS, oral corticosteroid;, SABA, short-acting 2 agonist; NPS, nasal polyp score; ACQ-5, 5-item asthma control questionnaire.
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establish precision medicine strategies tailored to individual
phenotypes/endotypes with potential biomarkers.
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INTRODUCTION

Beta-lactams (BLs) are frequent causes of drug allergies (Har and Solensky, 2017; Torres et al.,
2019). Drug hypersensitivity reactions (DHRs) are defined by the World Allergy Organization
(WAO) as “objectively reproducible symptoms or signs initiated by exposure to a defined stimulus
at a dose tolerated by normal persons. When immunologic mechanisms have been demonstrated,
either antibody or cell-mediated, the reactions should be referred to as drug allergy” (Johansson
et al., 2004).

DHRs are generally classified according to the onset time after drug exposure. Immediate
reactions occur within the 1°* h until 6 h following drug administration and are commonly mediated
by IgE (Demoly et al., 2014). Examples include urticaria, angioedema, rhinitis, bronchospasm, or
anaphylaxis (Demoly et al., 2014). Non-immediate reactions occur at least 1 h after drug exposure
and are mediated by T cells (Demoly et al., 2014). They often appear as a maculopapular exanthema
(MPE), but severe reactions may also emerge (Demoly et al., 2014).

About 10% of patients report allergy to penicillin, but 90% or more of these individuals may be
able to tolerate penicillins (Har and Solensky, 2017). The misdiagnosis of penicillin allergy results
from overestimated reports by health professionals and patients. Some symptoms (e.g., abdominal
pain, nausea, headache) are usually side effects, but can be mistaken for allergic reactions (Har and
Solensky, 2017). In addition, MPE may have been caused by an underlying infection or even by an
interaction between a virus and the antibiotic (Har and Solensky, 2017). Another consideration is
that there is a natural decrease in IgE antibodies against a penicillin over time (Har and Solensky,
2017). When assessing individuals with a clear history of immediate reaction and negative allergic
tests, we must consider the time elapsed since the subject’s last drug exposure.

The diagnosis of BL allergy begins with clinical history. Some tests, as in vivo (skin tests and drug
provocation tests) and in vitro tests (specific IgE levels, basophil activation tests, lymphocytic
transformation tests) may help elucidate the diagnosis (Demoly et al., 2014). A detailed history is
crucial for evaluation of BL allergy (Macy, 2014). Nevertheless, it can be vague or imprecise, leading
to an incorrect diagnosis (Har and Solensky, 2017). Skin tests (ST's) are painful and have suboptimal
sensitivity (Moral and Caubet, 2017). The oral provocation test (OPT) is considered the most
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accurate test, with high positive and negative predictive values
(PPV/NPV) (Moral and Caubet, 2017). Thereby, direct OPT
without previous STs has been increasingly used in patients,
especially children with a history of mild non-immediate
reactions to BLs (Moral and Caubet, 2017; Graham et al., 2018;
Torres et al., 2019).

Our aim was to review literature on diagnosis of allergy to BLs
and to discuss the safety and efficacy of direct OPT in the
diagnosis of BL allergy in children.

WHY IS IT IMPORTANT TO CORRECTLY
DIAGNOSE BL ALLERGY?

The misdiagnosis of BL allergy may affect the health system in
two ways: 1) false allergy label, with an unrealistic increase in
incidence of BL allergy and impact on treatment options; and 2)
false label of non-allergic, with important consequences in
patient safety through prescription errors, leading to more
severe reactions (Mayorga et al., 2019).

The patient with “penicillin allergy” is at increased risk of
receiving broad-spectrum antibiotics, such as fluoroquinolones
and clindamycin, which are associated with an increased
prevalence of infections by multi-resistant bacteria (Lee et al.,
2000; Macy and Contreras, 2014; van Dijk et al, 2016). In
addition to antimicrobial resistance, studies have shown that
patients “allergic to penicillin® have a higher frequency of
postoperative complications, longer hospital stays, higher
treatment costs and a higher rate of treatment failure
(Solensky, 2014; Jefferson et al., 2018; Lucas et al., 2019).

WHO SHOULD BE EVALUATED FOR BL
ALLERGY?

Due to the deleterious consequences of a false label of BL
allergy, we should evaluate all individuals with a history
suggestive of hypersensitivity to BLs (Torres et al., 2019). If
the history is incompatible with an allergic reaction, for
example, gastrointestinal symptoms, headache, dizziness, or
other manifestations suggestive of side effects, the patient can
receive treatment with BLs again (Har and Solensky, 2017). On
the other hand, if the patient does not know details about his
previous reaction, the best approach is to perform a complete
investigation with in vitro tests, STs (immediate/delayed
reading) and OPT. It is important to emphasize that patients
who have a family history of allergy to BLs, with no personal
history of previous reaction, do not need to be tested and can
receive BLs safely (Har and Solensky, 2017).

HOW IS THE DIAGNOSIS OF BL
HYPERSENSITIVITY PERFORMED
TODAY?

Currently, the diagnosis of BL hypersensitivity is conducted by
history, in vitro tests, STs and OPTs (Demoly et al., 2014; Har and

Solensky, 2017; Torres et al., 2019). In vitro tests have low
sensitivity, being performed in selected cases (Mayorga et al,
2016). If the patient had an immediate reaction, in vitro tests
and STs (prick and intradermal tests) with immediate reading are
performed. If they are negative, OPT is conducted (Blanca et al.,
2009). In the case of mild non-immediate reactions in children,
STs are less used and OPT is a safe procedure (Moral and Caubet,
2017; Graham et al., 2018). Mild non-immediate reactions include
delayed-appearing urticaria and mild/moderate MPEs. OPT is
formally contraindicated if there is history of severe cutaneous
adverse reactions (SCARs) such as Drug Reaction with
Eosinophilia and Systemic Symptoms (DRESS), Stevens-Johnson
syndrome (SJS), and toxic epidermal necrolysis (TEN) (Blanca
et al,, 2009; Macy, 2014).

The role of STs in mild non-immediate reactions to BLs has
been questioned. The accuracy of STs suffers influence of various
factors such as pre-test probability and type of reagents used. In
Brazil, for example, the major and some of minor benzylpenicillin
determinants are not commercially available, which reduces the
sensitivity of STs. Recently, a systematic review and meta-analysis
assessing the accuracy of STs and specific IgE in evaluation of
patients who report allergy to BLs have been published (Sousa-
Pinto et al, 2020). They included 105 primary studies (31,761
participants). STs had sensitivity of 30.7% and specificity of 96.8%.
Specific IgE had sensitivity of 19.3% and specificity of 97.4%
(Sousa-Pinto et al., 2020). Their results suggest that STs (at least in
mild non-immediate reactions) and specific IgE have high
specificity and NPV, but low sensitivity and PPV (Sousa-Pinto
et al., 2020). In immediate reactions, it is difficult to define PPV in
individuals with positive STs, as OPT is contraindicated in these
patients. In non-immediate reactions, few studies have
investigated PPV. Caubet et al. performed STs and OPTs in 88
children with non-immediate reactions to BLs and found a PPV of
36% (Caubet et al.,, 2011).

HOW CAN WE IMPROVE THE DIAGNOSIS
OF PENICILLIN ALLERGY?

To simplify the algorithm and reduce the cost of diagnostic
procedures, various investigators are performing direct OPTs
without prior STs in low-risk patients. Whether there is
agreement on the high-risk patient, there is no uniform
definition of low-risk patient. The last EAACI position paper
on diagnosis of BL hypersensitivity presented a risk stratification
according to the index reaction (Romano et al, 2019). In
summary, the high-risk group included those with history of
severe immediate reactions (e. g., anaphylaxis, hypotension,
laryngeal edema, bronchospasm, urticaria/angioedema) and
severe non-immediate reactions (e. g., SJS, TEN, DRESS,
serum-sickness-like disease, organ-specific manifestations)
(Romano et al., 2019). Mild and moderate MPEs were
considered of low risk, especially in children. Mild MPE was
defined as “a more or less widespread rash, with less than a week
of duration, without systemic involvement” and moderate MPE,
those with more than a week of duration, without systemic
symptoms (Romano et al,, 2019).
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First studies evaluating direct OPTs were done with children
who presented non-immediate reactions, such as MPE. More
recently, children with non-severe immediate reactions and
adults were also investigated. Currently, there are already some
studies suggesting that this strategy may be safe and effective for
a selected group of “low-risk” patients (Table 1).

Vezir et al. evaluated 119 children with history of mild non-
immediate cutaneous reactions induced by BL through direct
OPTs (Vezir et al., 2016). Only four (3.4%) reacted with urticaria
during OPTSs, and there was no severe reaction (Vezir
et al,, 2016).

In Canada, Mill and colleagues investigated 818 children with
suspect allergy (immediate and non-immediate) to amoxicillin
(Mill et al., 2016). Exclusion criteria were SJS and TEN. There
were no reactions in 770 (94.1%), mild immediate reactions in 17
(2.1%), and non-immediate reactions in 31 (3.8%) patients (Mill

et al,, 2016). Immediate reactions consisted of hives and non-
immediate reactions varied from MPE to serum sickness-like
reaction (Mill et al., 2016). They also conducted a follow-up of
250 participants. Of these, 55 received full treatment with
amoxicillin, and 49 (89.1%) tolerated the treatment (Mill
et al., 2016).

In United States (US), lammatteo and colleagues investigated
patients > 7 years-old with history of mild penicillin allergy
through direct OPT with no prior STs (Mill et al., 2016). Of 155
patients who completed OPTs, 120 (77.4%) had negative tests, 31
(20%) had non-allergic reactions and four participants (2.6%)
experienced allergic reactions; all were mild (Mill et al., 2016).

In addition, also in the US, Mustafa et al. investigated children
and adults with history of penicillin allergy and developed a
randomized trial comparing two strategies: ST plus OPT versus
direct OPT to amoxicillin in low-risk patients (Mustafa et al.,

TABLE 1 | Studies that evaluated efficacy and safety of direct beta-lactam provocation tests.

Study Age Country Index reaction Exclusion criteria Diagnostic tests Results Safety
Vezir et al.,  Children and Mild non-immediate Severe reactions (SJS, TEN, Direct OPT OPTs with the suspected No
2016 adolescents; reactions without systemic ~ DRESS, AGEP, nephritis, (5 doses were drug were performed in 119 severe
0-18 yo involvement (MPE or pneumonitis, hepatitis, and ~ administered with 30-  patients. Four patients (3.4%) reactions
(n=119) delayed-appearing urticaria/  vasculitis) min intervals in had a reaction during OPT. were
angioedema) increasing doses). OPT recorded
was continued for 5 during
days. OPT.
Mill et al.,  Children; History of allergy to SJS/TEN Direct OPT (10% of the  Among all, 770 (94.1%) No
2016 median age amoxicillin (immediate and dose of amoxicillin, tolerated the OPT; 17 (2.1%)  severe
1.7 yo non-immediate reactions) then 20 minutes later had immediate reactions and  reactions
(n=818) 90% of the dose). 31 (3.8%) non-immediate were
reactions. recorded
during
OPT.
lammatteo  Children (= 7 History of non-life- Bronchospasm or laryngeal  Direct OPT Of 155 patients who No
etal, yo) and threatening reactions to edema requiring intubation;  (placebo followed by a  completed OPT, 120 (77.4%) severe
2019 adults penicillin anaphylactic shock; or 2-step OPT to had negative tests, 31 (20%)  reactions
(n=155) severe non-lgE-mediated amoxicillin). had non-allergic reactions and  were
reactions (e. g. SJS, TEN, four participants (2.6%) recorded
DRESS, nephritis, hepatitis, experienced mild allergic during
anemia, vasculitis, SSLR, reactions. OPT.
pneumonitis). Pregnancy
and antihistamine use.
Mustafa Children and History of penicillin allergy. Pregnancy. History of a Randomized trial 13 children (< 5 yo) No
etal, adults For the randomized study,  severe cutaneous non IgE-  comparing penicilin ST underwent direct OPT (all severe
2019 (n=363) patients needed to be aged mediated adverse drug followed by OPT with negative); 159 patients were reactions
510 17 years with a history  reaction or SSLR. amoxicillin versus direct randomized to direct OPT or ~ were
of cutaneous reaction (> 1 OPT. Reagents used ST. STs were negative in 70 recorded
year ago) or aged 18 years for STs were of 80 (87.5%) patients. All 70 during
and older with a history of benzylpenicilloyl patients had negative OPTs. OPT.
cutaneous reaction (> 10 polylysine (Pre—Pen®) Direct OPT was negative in 76
years ago). and penicillin G 10,000  of 79 (96.2%) patients.
U/mL.
Kuruvilla Adults (n=50) History of benign rash or Recent reaction (<12 OPT with a single dose  Four patients (8%) were de- No
etal, benign somatic symptoms,  months), a history of a of oral amoxicilin 500 labeled based on history. severe
2019 or another unknown history  penicillin-associated mg was performed. Twenty subjects (40%) were reactions
associated with their last blistering rash, hemolytic submitted to OPT, and none  were
penicillin exposure if it anemia, or organ developed immediate, or recorded
occurred > 12 months ago.  involvement. Antihistamines delayed hypersensitivity during
or steroids use. reactions. OPT.

Acute generalized exanthematous pustulosis (AGEP), drug reaction with eosinophilia and systemic symptoms (DRESS); MPE, maculopapular exanthema; OPT, oral provocation test; SJS,
Stevens-Johnson syndrome; SSLR, serum sickness-like reaction; ST, skin test; TEN, toxic epidermal necrolysis; US, United States.
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2019). Of the total, 13 children (<5 years) were submitted to
direct OPTs (all were negative) and 159 patients (=5 years old)
with mild cutaneous reactions underwent ST or direct OPT.
Eighty patients underwent STs and 70 (87.5%) had negative
results. These 70 patients with negative STs underwent OPT (all
were negative). Direct OPT was performed in 79 patients and, in
76 (96.2%) participants, they were negative. There was no
severe reaction.

Lastly, Kuruvilla et al. evaluated direct OPT without prior STs
in adults with a “low-risk” history of penicillin allergy (Kuruvilla
et al, 2019). There were 50 patients with penicillin allergy label
and 38 of them met their criteria for direct OPT. Four subjects
were de-labeled based on history. Twenty participants were
submitted to OPT, and none developed hypersensitivity
reactions (Kuruvilla et al., 2019).

DISCUSSION

Evidence is increasingly supporting direct OPT with no prior ST's
in mild non-immediate reactions to BLs, especially for
the pediatric age group. Therefore, many guidelines are
already suggesting this approach in the management of BL
hypersensitivity in children (Mirakian et al., 2015; Gomes
et al., 2016; Romano et al., 2019; Torres et al., 2019). There are
some peculiarities in the management of DHRs in children
(Gomes et al.,, 2016). Viral and bacterial infections are
important differential diagnoses, as they may act as cofactors
or triggers of exanthemas in young children (Gomes et al., 2016).
In addition, diagnostic procedures such as intradermal ST's are
painful and less tolerated in this age group (Gomes et al., 2016).
Another aspect is that lifelong avoidance of BLs in children is
more difficult (Gomes et al., 2016). Thus, there are more studies
investigating direct OPTs in children and adolescents with
history of mild non-immediate reactions compared to adults,
and their results suggest that this approach is safe and effective in
this age group.

Optimization of diagnostic protocols is of outmost
importance in penicillin allergy de-labeling programs. This
optimization should balance accuracy, risks, costs, and labor-
intensity. Direct OPT has many advantages such as being less
time-consuming, less expensive and more accurate. To ensure
safety, it is essential to perform risk stratification, as OPT can
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Rituximab is a chimeric monoclonal antibody (mAb) against CD20 molecule which is
expressed on human B cells. It has been used for the treatment of various lymphoid
malignancies, lymphoproliferative diseases, and rheumatologic disorders. Rituximab is
generally well tolerated. However, increased use of rituximab has been associated with
hypersensitivity reactions (HSRs), which can be classified as infusion-related, cytokine-
release, type | (IgE/non-IgE), mixed, type lll, and type IV reactions. Immediate infusion-
related reactions to rituximab are quite common and decrease in frequency with
subsequent infusions. However, in about 10% of patients, severe infusion-related
reactions develop, which prevent its use. Some of the immediate infusion reactions are
due to a cytokine-release but some reactions raise concerns for type | (IgE/non-IgE)
hypersensitivity. Recent studies have shown the presence of serum anti-rituximab
antibodies, either represented by the IgG or IgE isotype. In some cases, clinical
manifestations of IgE-mediated reactions and cytokine-release reactions partially
overlap, which is called a mixed reaction. Classified as Type lll reaction, rituximab-
induced serum sickness reactions have been reported in patients with autoimmune
diseases and hematological malignancies. The classic serum sickness triad (fever, rash,
and arthralgia) has been observed in patients mainly with an underlying rheumatologic
condition. Severe delayed type IV hypersensitivity reactions including non-severe
maculopapular rash to severe reactions such as Stevens—Johnson syndrome and toxic
epidermal necrolysis have been rarely reported following rituximab injection.
Comprehensive reviews focused on rituximab-induced HSRs are scarce. We aimed to
review clinical presentations, underlying mechanisms of rituximab hypersensitivity, as well
as management including rapid drug desensitization.

Keywords: biologic agents, rituximab, hypersensitivity, desensitization, drug allergy, serum sickness, monoclonal
antibody, infusion reaction

INTRODUCTION

Monoclonal antibodies (mAbs) have become mandatory for neoplastic targeted therapies as well as
chronic inflammatory and autoimmune diseases (Beck et al., 2010; Li et al., 2013; Patel and Khan,
2017; Picard and Galvdo, 2017; Ozyigit et al., 2020). Rituximab is a chimeric IgG mAb directed
against CD20 antigen that is expressed on normal and malignant B cells (Plosker and Figgitt, 2003).
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It was initially approved as an anti-neoplastic agent (Vikse et al.,
2019). Later on, it became a bright treatment opportunity instead
of the conventional treatment for chronic granulomatosis and
inflammatory diseases (Wong and Long, 2017).

Rituximab treatment results in two main categories of adverse
reactions, including immunodeficiency and hypersensitivity
reactions (HSRs). The drug is considered to be of good and
accepted tolerability, (Vidal et al, 2011; Makatsori et al., 2014);
however, increased use of rituximab has been associated with HSRs
(Brennan et al., 2009; Patel and Khan, 2017; Picard and Galvao,
2017; Isabwe et al, 2018). Comprehensive reviews focused on
rituximab-induced HSRs are scarce. This article aimed to review
and describe clinical presentations, underlying mechanisms of
rituximab hypersensitivity as well as management including rapid
drug desensitization (RDD).

HYPERSENSITIVITY REACTIONS TO
RITUXIMAB

Classification and Prevalence

Adverse drug reactions are classified into two major types: type A
reactions are common and may occur in any individual. Type B
reaction, also called “Drug Hypersensitivity”, is uncommon,
unpredictable, and occurs only in susceptible individuals. Drug
Hypersensitivity occurs via immune (allergic) or non-immune
mechanisms. Allergic drug reactions can manifest with many
different clinical presentations, and to better explain these
variations in clinical presentations, traditional Gell and
Coombs classification is used (Pichler, 2006).

Like other pharmaceutical agents, biological agents can cause
adverse drug reactions. Because of the inherent differences
between biologicals and pharmaceutical drugs, adverse
reactions to biologicals cannot be classified according to the
traditional classification. Therefore, alternative classification

schemes have been suggested. One proposal by Pichler is based
on the immunological activity of biologicals and to distinguish it
from the classification of adverse drug reactions, the Greek
alphabets, alfa, beta, gamma, delta, and epsilon have been used.
This classification includes five groups: (Type ) high cytokine
levels, (Type PB) hypersensitivity reactions, IgE, IgG, and T
cell mediate reactions, (Type 6) immune imbalance syndrome,
(Type 7) cross-reactivity with native proteins, and (Type &) non-
immunologic adverse effects (Pichler, 2006; Patel and Khan,
2017; Wong and Long, 2017). Alfa reactions are associated
with high cytokine levels, and in most cases, high cytokine
levels occur due to endogenous cell activation, that is called a
cytokine release reaction. Beta-type reactions are HSRs and are
further defined as immediate and delayed and occur with IgE,
IgG, and complement or T cell involvement. (Pichler, 2006;
Corominas et al., 2014; Picard and Galvao, 2017).

However, recently a new classification was proposed
considering phenotypes, endotypes, and biomarkers indicating
underlying endotype. Phenotype and endotypes were based on
the clinical presentation, the cells and mediators involved in the
reaction respectively. The classification proposes four patterns of
phenotypes: type I reactions (IgE/non-IgE), cytokine-release
reactions, mixed reactions (type I/cytokine-release), and delayed-
type IV reactions (Isabwe et al., 2018) (Table 1). This new
classification encompasses the classic HSRs described by Gell
and Coombs as well as reactions outside the classification, but it
has no space for type II or III reactions since this classification
focuses on the reactions that might benefit from desensitization.

Infusion-Related Reactions

Patients mostly suffer from common acute infusion reactions
that occur in a short time after infusion. Although the
pathogenesis of these reactions is not very clear, it’s usually
affected by the rate of infusion, pointing out to the possibility of a
non-immunologic mechanism and the role of the inflammatory

TABLE 1 | Classifications of hypersensitivity reactions to biological agents including rituximab.

Type of Mechanism/Diagnostic criteria References No=

reaction

Infusion- Non-immunologic, monocytes, macrophages, cytotoxic T cells, natural killer cells activation/clinical Pichler, 2006; Corominas et al., 2014; Galvao

related presentations and course, levels of IL-1, IL-6, and TNF-o and Castells, 2015; Khan, 2016; Isabwe et al.,

reaction 2018

Cytokine Non-immunologic, monocytes, macrophages, cytotoxic T cells, natural killer cells activation/clinical Pichler, 2006; Corominas et al., 2014; Galvao

release presentations and course, levels of IL-1, IL-6. and TNF-o and Castells, 2015; Khan, 2016; Isabwe et al.,

reaction 2018

Type | IgE or non- IgE dependent mast cell, basophil activation/clinical presentations, level of tryptase, skin Pichler, 2006; Corominas et al., 2014; Galvao

reaction (IgE/  tests, BAT and Castells, 2015; Khan, 2016; Isabwe et al.,

non-1gE) 2018

Mixed IgE or non-IgE dependent mast cell, basophil activation and monocytes, macrophages, cytotoxic T Pichler, 2006; Corominas et al., 2014; Galvao

reaction cells, natural killer cells activation/clinical presentations, skin tests, BAT, levels of tryptase, IL-1, IL-6, and Castells, 2015; Khan, 2016; Isabwe et al.,
and TNF-o 2018

Type lll Not clear, may be related to C-fixing IgM and IgG antibodies and Fc-IgG receptor-mediated neutrophil  Karmacharya et al., 2015

reaction activation clinical presentations, RF, immunoglobulins, and HACA levels

Type IV T-cell mediated or other mechanisms/clinical presentations, immunohistological examination Henning and Firoz, 2011; Macdonald et al.,

reaction 2015; Fallon and Heck, 2015; Chen et al., 2018

C, complement; HACA, human anti-chimeric antibody; TNF-o, tumor necrosis factor-o.
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cytokines such as IL-6 and tumor necrosis factor-o (Khan, 2016;
Patel and Khan, 2017). Clinical presentations resemble type I or
cytokine-release, but they are mild to moderate in severity and
subside gradually with the following infusions (Plosker and
Figgitt, 2003; Galvao and Castells, 2015).

Cytokine Release Reactions

The phenotype is defined as fever/chills, nausea, pain, headache,
and rigors not responding to premedication/slower infusion rate
during the first infusion. Clinical symptoms and signs are usually
due to the cytokine release that is characterized by elevated
serum TNF-o. and IL-6 levels at the time of the reaction
compared with their normal baseline (Isabwe et al., 2018).

Type | Reactions (IgE/Non-IgE)

The reaction is defined as flushing, pruritus, urticaria, shortness
of breath, wheezing, hypotension, and life-threatening
anaphylaxis. Reactions are associated with IgE or non-IgE
mediated mast cell/basophil degranulation leading to massive
histamine, leukotrienes and prostaglandins release. Skin test
positivity and/or specific IgE to rituximab is indicative of both
IgE-mediated and mixed reactions (Patel and Khan, 2017; Wong
and Long, 2017; Isabwe et al., 2018).

Mixed Reactions

Mixed reactions are a combination of cytokine release and IgE-
mediated reactions. Clinical presentations are characterized by
wheezing, flushing, urticaria, pruritus, with fever/chills, nausea,
pain, headache, and rigor. Skin test positivity and/or specific IgE
to rituximab as well as increased levels of tryptase, IL-1, IL-6 and
TNF-o can occur (Patel and Khan, 2017; Isabwe et al., 2018).

There are limited data on the frequency of HSRs and standard
infusion reactions to rituximab. Additionally, the lack of
consensus on the definition and classification of HSRs makes
the data even confusing (Table 2). Among biological agents,
rituximab has the highest reported infusion reactions, with up to
77% reported with the first infusion (van Vollenhoven et al.,
2013). It also has a relatively high rate of HSRs, consistent with
the IgE-mediated reactions, reported with 5 to 10% of infusions
(Brennan et al., 2009; Galvdo and Castells, 2015). In a study by
Isabwe et al., prevalence of type I, cytokine-release, mixed type,
and delayed-type IV reactions were reported as 63, 13, 21, and
3% respectively (Isabwe et al., 2018).

Brown classification is commonly used in the classification of
severity of HSRs to mAbs. Grade 1 (mild) represents only skin/
subcutaneous involvement, Grade 2 (moderate) presents
gastrointestinal, cardiovascular or respiratory system affection,
and Grade 3 (severe) consisted of failure of neurologic,
respiratory, or cardiovascular systems (Brown, 2004).

Serum Sickness Reactions

Rituximab-induced serum sickness (RISS, type III) reactions
have been observed less commonly. A systematic review
reported 33 cases from 25 articles, the majority with
underlying rheumatoid diseases. However, the systematic
review has limitations such as the lack of confirmatory tests in
all cases. Although the pathogenesis is not clear, it seems to be

related to complement-fixing IgM and IgG antibodies targeted at
an immunogenic part of the drug. The typical presentation has
been found in 48.5% of cases. Symptoms are usually benign and
self-limited in mild cases. Corticosteroid treatment may be
beneficial, but premedication is not always effective. Correct
diagnosis of RISS remains an unmet need (Karmacharya
et al., 2015).

Type IV Reactions

Delayed type IV reactions are mostly presented with a
maculopapular rash (Macdonald et al., 2015). Severe cutaneous
reactions may occur, but they are probably rare. Two cases of
Stevens-Johnson syndrome (SJS), one case of toxic epidermal
necrolysis (TEN), and two cases of SJS-TEN caused by rituximab
have been reported in a review (Chen et al., 2018). The U.S. FDA
adverse events report seven cases of rituximab induced TEN
(Fallon and Heck, 2015). There might be a false diagnosis of a
case of SJS due to similarities in clinical findings, pathology, and
prognosis resembling paraneoplastic pemphigus (PNP). To
confirm cases of SJS/TEN in rituximab and differentiate them
from PNP, direct and indirect immunofluorescence could be
used (Joly et al., 2000; Henning and Firoz, 2011).

DIAGNOSIS

The detailed clinical history is crucial for determining the type
and severity of the HSR (Picard and Galvéo, 2017; Yang and
Castells, 2019; Gorgtlii et al., 2019). Different hypersensitivity
mechanisms such as type I IgE or non-IgE reactions could give
rise to the same clinical picture (Isabwe et al., 2018). In vivo tests
such as skin prick test (SPT) and intradermal testing (IDT), drug
provocation test (DPT), and in vitro tests including specific IgE,
basophil activation test (BAT), serum levels of tryptase, IL-1, IL-
6, TNF-0,, or lymphocyte transformation test (LTT) are used to
define the phenotype of the HSR. Clinical history, in vivo and in
vitro tests are all essential for personalized and precision
medicine, but there is remarkable heterogeneity on diagnostic
approaches (Santos and Galvao, 2017; Isabwe et al., 2018;
Madrigal-Burgaleta et al., 2020).

Skin Testing as Diagnostic and Predictor
for Breakthrough Reactions During
Desensitization

Skin testing is the primary step for assessing HSRs to rituximab
(Brennan et al., 2009). Skin test positivity demonstrated through
SPT or IDT to rituximab suggests an IgE-mediated reaction.
Despite insufficient evidence for optimal timing, skin testing with
the culprit drug can be done within 2-4 weeks following the
reaction to avoid false negative results (Alvarez-Cuesta et al.,
2015; Santos and Galvao, 2017; Isabwe et al., 2018; Madrigal-
Burgaleta et al., 2020). SPT is done using a drop of concentrated
rituximab 10 mg/ml, and if it is negative, IDT is then performed
with dilutions from 1:1,000 up to 1:1 (Wong and Long, 2017;
Santos and Galvao, 2017; Isabwe et al., 2018). Positivity to
rituximab is usually seen with IDT more than SPT. In a study,
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TABLE 2 | Prevalence and severity of HSRs to rituximab.

References

Brennan et al.,
2009
n = 14 patients

Clinical presentations

Severity

van Vollenhoven  -Acute infusion related reactions: 77% of patients

Types, clinical features, and severity

Approximately 57% cutaneous, 50% cardiovascular, 50% respiratory, 30% fever, 30% throat, 20%
gastrointestinal, and 30% neurological reactions
Grade I: 25%, Grade II: 50%, Grade IIIl: 30%

63% of reactions during 1! infusion, 9% during 2" infusion, 15% during cycles 3-10, 7% during cycles 11—

et al., 2013

n=3194

patients

Levin et al., Incidence of reactions in relation

2017 to the number of infusions 20, 6% during cycles 20-53

n = 67 patients  Clinical presentations

63% cutaneous reactions, 45% generalized pruritis, 21% flushing, 16% hives
Grade 1A: 18%, Grade 1B: 9%, Grade 2: 61%, Grade 3: 10%, Grade 4: Less than 1%

Severity
Isabwe et al., Reactions Acute infusion reactions: 20-50%
2018 Type | reactions: 63%
n=>52 Cytokine-release reactions: 13%
patients Mixed reactions: 21%

Delayed reactions: 3%

Severity Grade I: 13%, Grade II: 0%, Grade Ill: 29%
Gorgllu et al., Reactions Type | (IgE/non-IgE): 46%
2019 (Based on Isabwe et al., 2018) Cytokine-release reaction: 12.5%

n = 24 patients
Clinical presentations

Mixed reactions: 41.5%
Cutaneous symptoms 92%, Respiratory symptoms 88%, Cardiovascular symptoms 67 %, Gastrointestinal

symptoms 55%, Neurologic/muscular symptoms 29%, Fever (>38.3°C) 46%

Severity

Grade I: 0%, Grade II: 63%, Grade Ill: 37%

30% of patients with HSRs to rituximab were positive in IDTs,
and none of them were positive in SPT (Gorgiili et al., 2019).
Similarly, in an early study, IDT for rituximab was positive in six
out of nine patients (Brennan et al., 2009). However, in another
study, 20% of the patients were SPT positive, and 32% were IDT
positive among 52% of skin test positive patients (Isabwe
et al., 2018).

Skin test positivity was found to be correlated with the frequency
of respiratory symptoms, but not to the severity of the initial
reaction to rituximab (Gorgiilii et al, 2019). However, Isabwe
et al. have found that positive rituximab skin testing was strongly
associated with severe initial rituximab HSRs. The percentage of
type I breakthrough reactions during desensitization was as high as
69% in patients with a positive skin test. Therefore, skin testing
could be helpful in the prediction of the type of breakthrough
reactions. On the other hand, breakthrough reactions for skin test
negative patients were lower in severity during desensitization
(Isabwe et al,, 2018). Madrigal-Burgaleta et al. showed that
patients with a positive SPT tend to encompass an important
percentage of breakthrough reactions during desensitization
(Madrigal-Burgaleta et al,, 2019). Wong and Long have concluded
that there is no significant difference in the risk of a breakthrough
reaction if the patient is skin test positive or negative (Wong and
Long, 2017). The differences may be due to patient selection,
different concentrations and volume used for skin tests, the
clinical symptoms of the patients, their severity, the time between
the reaction and the study, such differences need to be clarified
(Wong and Long, 2017).

Drug Provocation Test
Data on the use of DPT to biological agents are scarce and come
from a few specialized centers. The Ramon y Cajal University

Hospital (RCUH) group is the pioneer of DPT with the largest
reported series with antineoplastics and biologicals. They
positioned the use of DPT in patients with negative or
equivocal skin test results provided the risk-assessment is
favorable. There are no international guidelines for DPT with
these drugs but the RCUH protocol is based on direct re-
administration of the culprit drug under standard conditions
(Alvarez-Cuesta et al., 2015; Madrigal-Burgaleta et al., 2019;
Madrigal-Burgaleta et al., 2020; Marti-Garrido et al., 2020). If
patients showed positive skin testing or positive DPT, then the
HSR would be confirmed; conversely, a negative DPT would rule
out an HSR. Thus, not doing DPTs routinely in the diagnosis of
an HSR to biologics could bias the safety or the efficiency of
RDD. However, this approach needs trained personnel and well-
equipped center that limit its wide implementation (Madrigal-
Burgaleta et al., 2019).

In Vitro Tests

In a patient with two immediate reactions to rituximab, non-
isotype-specific and sIgE to rituximab were positive in the serum
samples. More importantly, rituximab stimulated peripheral
blood mononuclear cells displayed a response associated with a
Th2 cytokine production profile (Vultaggio et al., 2012). The use
of sIgE, BAT, serum levels of tryptase, IL-1, IL-6, TNF-c, and
LTT as diagnostic tools to biologicals are restricted to selected
patients in expert centers (Madrigal-Burgaleta et al., 2020).

MANAGEMENT

There’s a general agreement about avoiding rituximab that has
caused type IV HSR such as SJS, TEN, EM and DRESS as well as
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RISS (Hong and Sloane, 2019; Yang and Castells, 2019). For mild
to moderate common infusion reactions to rituximab, the
manufacturer’s instructions are to reduce the rate of infusion
and premedicate the patients with an antihistamine,
acetaminophen and methylprednisolone prior to dosing and
liaise the allergist if required (https://www.ema.europa.eu/en/
documents/product-information/mabthera-epar-product-
information_en.pdf). In the event of an HSR to rituximab such as
Type 1, cytokine release, mixed reaction and delayed
maculopapular rash, RDD is a safe and valid alternative. The
management by multidisciplinary teams led by expert allergists
and access to adequate facilities for allergy procedures has shown
to be the optimal approach, with the best efficacy and safety
results (Isabwe et al, 2018; Gorgilii et al, 2019; Hong and
Sloane, 2019).

Patient Selection for Rapid Drug
Desensitization

Patients with a clinical history of HSR to biologicals and who
have a confirmation from their referring specialist to use the drug
as their first line of choice with no better alternatives are possible
candidates for RDD (Sloane et al., 2016; Patel and Khan, 2017;
Picard and Galvao, 2017). Different groups use different criteria
for patient selection for RDD. The Brigham and Women’s
Hospital (BWH), a very well-known center for RDD,
recommends that RDD should always be performed on
patients with positive in vivo/in vitro tests, regardless of the
grade of the initial HSRs. If the test restults are negative and the
initial HSR is Grade I (low risk), a challenge may be performed. If
there is no reaction during the challenge, the patient can be sent
back to regular infusion. However, if there is a reaction, RDD
should be performed for the next drug exposure. If the test results
are negative and the initial HSR is Grade II/III (moderate-high
risk), RDD is indicated (Castells, 2009; Galvao and Castells, 2015;
Isabwe et al., 2018). RCUH considers that DPT should always be
performed systematically prior to RDD, but only if the risk-
assessment for the patient is favorable. This risk-assessment
strategy involves a number of factors (e.g. ST, serum
biomarkers, patient comorbidities, and patient wishes) and is
discussed in a collaborative decision-making process including
the referring physician, the allergist, and the patient (who makes
the final decision) (Alvarez-Cuesta et al., 2015; Madrigal-
Burgaleta et al., 2019).

Premedication in Rapid Drug
Desensitization

Premedication is a controversial issue and there is no categorical
recommendation. BWH recommends routine pre-medications
in all desensitization protocols such as cetirizine 10 mg,
montelukast 10 mg, or zileuton to prevent bronchospasm,
famotidine 20 mg for H1 and H2 blockage, and aspirin 81 to
325 mg to prevent flushing caused by prostaglandins. As well as
ibuprofen 200 to 800 mg, meperidine 25 mg, or acetaminophen
650 mg for prevention of rigors, pain, and fever. 40 to 50 mg
methylprednisolone or other steroids are needed in cases of more

severe reactions. Benzodiazepines can be added to control
anxiety (Brennan et al, 2009; Castells, 2009; Gorgiilii et al,
2019; Yang and Castells, 2019).

Contrary, RCUH Allergy Division Desensitization Program
showed that in a limited number of patients with confirmed
hypersensitivity to Paclitaxel, desensitization alone might be
more than enough to control allergic reactions, and
premedication with antihistamines and corticosteroids made
no difference to the breakthrough reactions (Lopez-Gonzalez
et al,, 2018). The same group currently reported that they used
only standard premedication for each drug (according to
prescribing information by the manufacturer and institutional
protocols) but for some cases additional premedication
customized to their initial or breakthrough reactions
(Madrigal-Burgaleta et al., 2019). Their results show no
significant increase in the number or severity of breakthrough
reactions when compared with results reported by other groups
(Brennan et al., 2009; Sloane et al., 2016; Picard and Galvao,
2017; Isabwe et al., 2018).

Even if evidence is weak and the topic is controversial,
whenever possible, f§-blockers and ACE-Inhibitors should be
avoided one day prior to desensitization as the former blocks the
action of epinephrine and the latter may even aggravate
immediate reaction (Aberer et al., 2003; Lebel et al., 2016;
Gorgiilt et al., 2019; Madrigal-Burgaleta et al., 2019; Yang and
Castells, 2019).

Available data suggest that systematic use of premedication
may not play a significant role in improving the effectiveness and
safety of RDD and should be carefully and individually discussed
if their only purpose is to prevent breakthrough reactions. All
groups seem to be recommended a personalized approach and
further studies are needed for optimal premedication protocols
(Table 4).

Rapid Desensitization Protocols

Several protocols have been proposed (Puchner et al., 2001; Jerath
et al., 2009; Amoros-Reboredo et al., 2015; Madrigal-Burgaleta et al,,
2019). However, the protocol developed by the BWH has gained
wide acceptance. The 12-step protocol consists of three bags, where
tolerance to the offending antigen dose is obtained by giving the
patient 2 to 2.5 incremental doses of the drug, through increasing the
rate of infusion and the concentration of the drug at fixed 15-min
intervals. The remaining amount of the total dose is infused at a
steady rate of infusion in the last step. A 4-bag, 16-step protocol can
be initiated for more severe reactions (Castells, 2009). Few studies
specifically focused on rituximab desensitization (Table 3) (Brennan
et al,, 2009; Amoros-Reboredo et al., 2015; Ataca et al., 2015; Tal
et al,, 2016; Wong and Long, 2017; Gorgiilii et al,, 2019). A recent
study with 141 RDD in reported that only 14 RDD were interrupted
by breakthrough reactions leading to the incompletion of two
desensitizations only due to development of anaphylaxis, with a
success rate for RDD of 98.5%. Usually, breakthrough reactions are
mild and develop in the last steps of the protocol (Gorgiilii et al.,
2019). In another study, five patients have had 19 desensitizations to
rituximab where all RDDs were successful. Only two patients have
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TABLE 3 | Rapid desensitization protocols data from different studies.

Reference Patients/Desensitization RDD protocol Success rate BTRs Skin test
number positivity
Brennan et al., 2009 14/55 12-step protocol 40% of patients Grade 1 IDT: 6/9 patients
100% successful reaction
Amoros-Reboredo et al., 5/19 12-step protocol 2 patients IDT: 2/5 patients
2015 100% successful had neuromuscular reactions
Tal et al., 2016 7/53 Modified 12-step protocol Grade 1 reaction in 3 RDDs ND
100% successful
Wong and Long, 2017 25/170 3 protocols: 29% of patients IDT: 5/18
High-risk, intermediate and rapid protocols (3-8 (53% Grade 1 patients
steps) 37% Grade 2
100% successful 9% Grade 3)
Gorgllu et al., 2019 24/141 12-step protocol 14 patients IDT: 6/
16-step in patients with severe reactions -Grade 1: 17% 20patients
98.5% successful -Grade 2: 33%
-Grade 3: 8%
-2 RDDs couldn’t be
completed
Madrigal-Burgaleta et al., 21/130 10-step protocol Not reported Not reported
2019* 100% successful*

BTRs, Break Through Reactions; NP, No data; IDT, Intradermal test.

*Data was not provided specifically on the rituximab-reactive patients but extracted from biological patients as a whole.

TABLE 4 | Unmet needs and future research for HSRs to rituximab.

Classification  Clear and acceptable classification for the type of reaction
Well defined criteria for this classification

Clear clinical and laboratory criteria to differentiate the type of
reactions

Effective biomarkers for clear endotyping underlying reactions

Epidemiology  Lack of data about morbidity and mortality of each type

of reactions

RISS* Clinical trials in such patients with allergist involvement to
obtain better evidence for the diagnostic criteria and
management

SCARs** Clearly understanding the mechanism and diagnostic
methods
The differential diagnosis in case of exposure to other

concomitant medications that are known to cause SCARs

Skin tests Non-irritant dose of rituximab

The high cost of rituximab to use for skin tests

Lack of skin test reagents containing all the immune epitopes
Perfect timing for doing skin tests after an HSR

Role of skin test in the prediction of breakthrough reactions

The role of patch test in the diagnosis of delayed-type reaction
In vitro tests Their roles in diagnosis

Desensitization Optimal premedication protocols
Candidates for desensitization

Cross- Between rituximab, obinutuzumab, ofatumumab, veltuzumab
reactivity and ocrelizumab
OVERALL A multidisciplinary team study including allergists,

pharmacologists, nurses, oncologists, hematologists, and
other specialties to improve the diagnostic approach and
management of HSR s to mAbs and to overcome the
unmet needs

*Rituximab induced serum sickness, **Severe cutaneous adverse reaction.

developed breakthrough reactions in the form of neuromuscular
reactions. Two out of five patients had positive IDT (Amoros-
Reboredo et al,, 2015). Wong and Long have demonstrated that
out of 25 patients, 29% have experienced breakthrough reactions.
IDTs only were positive in five of 18 patients. All 170 RDDs were
conducted successfully using high-risk, intermediate or rapid
protocols that consisted of 3-8 steps (Wong and Long, 2017).
Brennan and colleagues have successfuly completed all 55 RDDs
to rituximab for 14 patients with a 12-step protocol, where 40% of
patients had symptoms of grade 1 breakthrough reactions. Only nine
patients underwent IDT showing six positive results (Brennan et al.,,
2009). A different study has performed 53 RDDs on seven patients
without skin testing. They used a modified 12-step protocol with
100% success. Grade 1 breakthrough reactions were reported in
three RDDs (Tal et al., 2016).

Management of Breakthrough Reactions
During Desensitization
The rapid desensitization protocol does not need to be suspended
because of a breakthrough reaction. Once the reaction is controlled,
the RDD protocol can be reinitiated and followed to completion.
Breakthrough reactions to rituximab were generally mild.
However, moderate and severe reactions may appear, although
less frequently than mild reactions, and the majority of
desensitizations were completed (Lebel et al, 2016; Gorgila
et al., 2019). Cutaneous involvement has been the main feature
of breakthrough reactions (Brennan et al.,, 2009; Gorgiili et al.,
2019). If a breakthrough reaction occurs, the infusion must be
immediately stopped, and specific medications should be given
according to the symptoms experienced. For future RDD,
protocols should be customized based on the severity,
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symptoms and type of breakthrough reaction such as additional
premedication and/or dilutions (Madrigal-Burgaleta et al., 2019;
Yang and Castells, 2019).

CONCLUSION

Although rituximab is generally well tolerated, its widespread use
has entailed an increase in the number of HSRs. There are
different proposed classifications for HSRs to mAbs including
rituximab with some degree of overlap. Each type of HSR has its
features, course, and management. The new proposed
classification seems to have clinical implication in terms of a
personalized and precise approach. Skin tests, done 2-4 weeks
after reaction, is the first step in the diagnostic algorithm and in
case of negativity, should be followed by DPT in the availability
of adequate settings. RDD is considered a cornerstone of
treatment for patients with immediate-type HSRs to rituximab,
whereas it seems to be performed in few centers. Therefore,
desensitization approach needs more awareness and needs to
gain more acceptance. Overall, institutional multidisciplinary
teams promoted by allergists to manage HSRs to mAbs
including rituximab is crucial.
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The incidence of hypersensitivity reactions (HSRs) to iodinated contrast media (ICM) has
risen over last years, representing an important health problem. HSRs to ICMs are
classified into immediate reactions (IRs) and non-immediate reactions (NIRs) according to
if they occur within 1 h or longer after ICM administration. The diagnosis of HSRs to ICM is
complex as skin test (ST) sensitivity ranges widely, and drug provocation test (DPT)
protocols are heterogeneous. In this manuscript, we describe the clinical characteristics of
a series of patients confirmed as HSR to ICM and the diagnosis procedure carried out,
looking into those cases confirmed as HSRs to multiple ICMs. For this purpose, we
prospectively evaluated patients suggestive of HSRs to ICMs and classified them as IRs or
NIRs. STs were carried out using a wide panel of ICMs, and in those with a negative ST, a
single-blind placebo controlled DPT was performed with the culprit. If ST or DPT were
positive, then tolerance was assessed with an alternative negative ST ICM. We included
101 cases (12 IRs and 89 NIRs) confirmed as allergic. Among them, 36 (35.64%) cases
were allergic to more than one ICM (8 IRs and 28 NIRs). The most common ICM involved
were iomeprol and iodixanol. Although not statistically significant, the percentage of
patients reporting anaphylaxis was higher in patients allergic to multiple ICMs compared
with patients allergic to a single ICM (50 vs. 25%). Likewise, the percentage of positive
results in STs was higher in patients allergic to multiple ICMs compared with those allergic
to a single ICM (for IR 62.5 vs. 25%, p > 0.05; and for NIR, 85.71 vs. 24.59%, p < 0.000).
In cases allergic to more than one ICM, DPT with negative-ST ICM was positive in more
than 60% (24/36) of cases. Therefore, allergy to multiple ICMs is common, associated to
severe reactions in IRs, and confirmed frequently by positive STs. The allergological work-
up should include DPT not only to establish the diagnosis but also to identify safe
alternative ICM, even if ICM is structurally unrelated and ST is negative. More studies are
needed to clarify mechanisms underlying cross-reactivity among ICMs.

Keywords: anaphylaxis, drug allergy, drug provocation test, exanthema, hypersensitivity, iodinated contrast media,
skin test, urticaria
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INTRODUCTION

Over the last decade, the incidence of hypersensitivity reactions
(HSRs) to iodinated contrast media (ICM) has risen in parallel
with their increased usage (Brockow et al., 2005; Brockow, 2020),
being estimated to occur in about 0.5-2% of patients receiving
ICMs (Brockow et al., 2005). HSRs to ICMs are classified into
immediate (IRs) and non-immediate reactions (NIRs) according
to if they occur within one hour or within hours or even days,
respectively, after administration (Brockow et al., 2005; Brockow,
2020). Reactions may vary from mild to severe, being skin the
organ most frequently involved (Brockow et al., 2005; Torres
etal., 2012; Salas et al., 2013; Brockow, 2020). HSRs to ICMs have
traditionally been considered as non-allergic, but growing
evidence points to immune mechanisms. Positive results in
skin tests (STs), basophil activation tests, and specific IgE
detection in IRs suggests a likely IgE-mediated mechanism
(Laroche et al., 1998; Mita et al,, 1998; Laroche et al., 1999;
Trcka et al., 2008; Brockow et al., 2009; Pinnobphun et al., 2011;
Salas et al., 2013; Steiner et al., 2016); and the analysis of skin
biopsies obtained from positive-ST and -drug provocation tests
(DPTs) in NIR patients, the monitorization of the immune
response during the acute and resolution phases, and the
proliferative response in lymphocyte transformation test
supports a T cell involvement (Romano et al, 2002; Kanny
et al., 2005; Lerch et al., 2007; Torres et al., 2008; Antunez et al.,
2011; Torres et al., 2012).

The diagnosis of HSRs to ICMs is complex. It is based on the
clinical history, STs, and DPTs, although their role has not been
fully established. The diagnostic sensitivity of STs has been
reported to range from less than 5% to more than 90%
(Vernassiere et al., 2004; Kvedariene et al., 2006; Trcka et al.,
2008; Brockow et al., 2009; Dewachter et al., 2011; Goksel et al.,
2011; Torres et al, 2012; Prieto-Garcia et al., 2013; Morales-
Cabeza et al., 2017), being its routine use still matter of debate
(Brockow et al., 2009; Caimmi et al., 2010; Goksel et al., 2011;
Prieto-Garcia et al., 2013; Yoon et al., 2015; Soria et al., 2019).
DPT is considered the gold standard for diagnosing HSRs to
drugs (Aberer et al., 2003), and, in the case of HSRs to ICMs, it is
recommended to be performed with the ICM giving negative
results in STs for confirming diagnosis or looking for a safe
alternative (Rosado Ingelmo et al., 2016; Brockow, 2020).
However, its use is controversial as it is a not-risk free
procedure (Aberer et al., 2003) and doses administered during
the allergological work-up lack of consensus, varying from 10 to
120 cc and being injected on a single day or incrementally
increased over several days (Vernassiere et al., 2004; Torres
et al.,, 2012; Prieto-Garcia et al., 2013; Salas et al., 2013; Sese
et al., 2016; Lerondeau et al., 2016; Morales-Cabeza et al., 2017;
Gracia-Bara et al., 2019; Soria et al., 2019; Trautmann
et al,, 2019).

The management of patients diagnosed as having HSRs to
ICMs involves prohibiting the use of the culprit ICM and
identifying non-cross-reactive agents that can be safely used by
the patient (Brockow, 2020). Currently, controversies exist
regarding the pattern of cross-reactivity. Frequent cross-
reactions between iodixanol, iopamidol, iomeprol, iohexol,

ioversol, and ioxitalamate have been described. Cross-reactivity
seems to be related to the chemical structure of ICMs, as the most
frequent association has been observed between iodixanol and
iohexol, being iohexol the monomer of iodixanol (Vernassiere
et al.,, 2004; Hasdenteufel et al., 2011; Torres et al., 2012;
Lerondeau et al.,, 2016). In fact, a classification of ICMs based
on the cross-reactivity between the different molecules and
related to chemical structure similarities has been proposed
(Lerondeau et al., 2016). However, recommending a safe
alternative in patients with HSRs to ICMs is in some cases
difficult and exceptionally not possible due to the high degree of
cross-reactivity. In clinical studies, reactions to several ICMs
have been observed (Vernassiere et al., 2004; Torres et al., 2012;
Morales-Cabeza et al., 2017; Schrijvers et al., 2018; Trautmann
et al., 2019), ranging widely from 14.3% (Prieto-Garcia et al,,
2013) to 88% (Brockow et al., 2009).

In this manuscript, we have analyzed a population of patients
with a confirmed diagnosis of HSRs to ICMs focusing on those
with HSRs to multiple ICMs.

METHODS

We prospectively evaluated patients with symptoms suggestive of
HSRs to ICMs referred to the Allergy Unit of the Hospital
Regional Universitario of Malaga for the period of October
2005-April 2020. Patients confirmed as allergic following a
stardardized procedure including clinical history, STs, and
DPTs were finally included (Rosado Ingelmo et al., 2016). In
those with a confirmed diagnosis of allergy to ICM, cross-
reactivity with a panel of ICMs was assessed.

Patients were classified as IRs or NIRs if reactions appeared
within 1 h after ICM administration or after (Demoly et al.,
2014). The clinical categories included urticaria, angioedema,
and anaphylaxis for IRs, and maculopapular exanthema and
delayed urticaria for NIRs (Brockow et al., 2019; Brockow, 2020).
Patients with severe cutaneous reactions as Stevens-Johnson
syndrome, toxic epidermal necrolysis, acute generalized
pustulosis, or drug reaction with eosinophilia and systemic
symptoms were excluded from the study. Severity was graded:
mild when no treatment was required, moderate when the
patient responded to treatment and did not require
hospitalization, and severe when the patient required
hospitalization (Brockow et al., 2009).

The study was conducted according to the principles of the
Declaration of Helsinki. All the participants were orally informed
about the study and signed the corresponding informed consent.

Skin Test

STs were carried out as described (Torres et al.,, 2012; Brockow
et al,, 2013; Salas et al., 2013; Brockow, 2020) using a battery that
included the following ICMs: iomeprol (Iomeron, Rovi, Madrid,
Spain), iodixanol (Visipaque, GE Healthcare Biosciences, Madrid,
Spain), iobitridol (Xenetix, Guerbet, Madrid, Spain), iohexol
(Omnipaque, GE Healthcare Biosciences, Madrid, Spain),
iopromide (Clarograf, Bayer, Barcelona, Spain), ioversol
(Optiray, Covidien, Barcelona, Spain), and ioxaglate (Hexabrix,
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Guerbet, Madrid, Spain). For IRs, skin prick tests (SPTs) were
performed using undiluted ICM and if negative, and intradermal
tests (IDTs) were performed using 10-fold dilutions, being read
20 min after testing. For NIRs, IDT's were performed using 10-fold
diluted, and if negative, undiluted ICM, being read at 20 min, 1, 2,
and 3 days after testing. Positive responses were considered for
SPTs if a wheal larger than 3 mm surrounded by erythema
appeared with a negative response to the control saline; and for
IDTs, if the size of the initial wheal increased 3 mm or more in
diameter, surrounded by erythema (Brockow et al., 2002).

Drug Provocation Test

In case of negative STs, a single-blind placebo controlled DPT was
performed with the ICM involved if known, as described (Aberer
et al,, 2003; Torres et al,, 2012; Salas et al., 2013). Additionally, in
patients in which the culprit ICM was unknown and in those with
a positive ST or DPT, tolerance was assessed with an alternative
negative-ST ICM. For IRs, ICM was administered intravenously in
saline at 45-min intervals using 5, 15, 30, and 50 cc (cumulative
dose 100 cc). For NIRs, this was performed in two runs sufficiently
separated to detect reactions, according to the time interval
between the ICM administration and the onset of the reaction
reported in the clinical history. In the first run, 5, 10, and 15 cc of
ICM at 1-h intervals were administered, and if no reaction
occurred, in the second run, 20, 30, and 50 cc (cumulative dose
of 100 cc). Concomitant medications were stopped before DPT as
previously described (Aberer et al., 2003; Rosado Ingelmo et al.,
2016). As prophylaxis against renal damage, DPT procedures were
separated at least 1 week, renal function was checked before ICM
injection, and hydration with intravenous saline solution (0.9%)
was administered if needed (Rudnick et al., 2008).

DPT was considered positive if cutaneous and/or respiratory
symptoms or alterations in vital signs appeared during the
procedure, then it was stopped, and the symptoms were
evaluated and treated. For IRs, positive response was considered
if manifestations occur up to 1 h after the DPT, and for NIRs, if
cutaneous eruptions with similar clinical characteristics to those
with the initial reaction occurred up to 7 days after the DPT.

Statistical Analysis

Data analysis was performed using Chi-square analysis to test
differences in nominal variables between groups, Fisher test was
used when there were no criteria for using Chi-square test and
Mann-Whitney test was used for quantitative variables. All
reported p values represented two-tailed tests, with values
<0.05 considered statistically significant.

RESULTS

A total of 321 subjects with a history of suggestive HSRs after at
least one ICM were evaluated (106 reported IRs and 187 NIRs).
From these, 220 were excluded from this study: 192 tolerated the
culprit ICM (94 subjects reporting IRs and 98 NIRs) and in 28
the allergological work-up was not completed (17 IRs and 11
NIRs) due to comorbidities that contraindicated DPT (n = 15);

the rejection by the patient (n = 12); and the severity of the
reported reaction that contraindicated DPT (Stevens-Johnson
syndrome) (n = 1). A total of 101 cases confirmed as allergic were
included: 12 (11.3%) IRs and 89 (48.6%) NIRs (Figure 1). We
included data from two previously published studies by our
group that were performed in 2006-2011 (Torres et al., 2012;
Salas et al., 2013).

Clinical Characteristics and Diagnosis
Approach of the Patients Included
The median age of the subjects was 62 (interquartile range: 49—
69) years, and 52 (51.48%) were women. The most common ICM
involved in the reactions were iodixanol (31; 30.69%) and
iomeprol (33; 32.67%), followed by iohexol (16; 15.84%),
iobitridol (2; 1.98%), iopramide (2; 1.98%), and ioxaglate (1;
0.99%), and in 16 (15.84%) cases, the ICM was unknown. No
differences regarding age, gender, and involved ICM were found
comparing IRs and NIRs. A total of 87 cases reported a single
episode after ICM administration, and 14 had two episodes (all
of them NIRs). Regarding the time interval between ICM
administration and development of symptoms, IR patients
experienced the symptoms within 1 h after administration: 9
(75%) reacted within the 30 min after the ICM administration,
and 3 (25%) after 30-59 min. NIR symptoms appeared 12 h
(interquartile range: 12-21) after the administration: 35 (39.32%)
after 13-24 h, 34 (38.2%) after 25-48 h, 11 (12.25%) after 7-12 h,
8 (8.98%) more than 48 h later, and 1 (1.12%) after 1-6 h.
According to the information obtained from the clinical history,
7 out of 12 (58.33%) cases reporting IRs developed urticaria, and
5 (41.66%) symptoms compatible with anaphylaxis. According
to the severity scale of Ring and Messmer (Ring and Messmer,
1977), seven cases had grade I reactions, two had grade II
reactions, and three patients had grade III reactions. No
patients had grade IV reactions. Regarding NIRs, 60 (67.41%)
cases had maculopapular exanthema, and 29 (32.58%) had
delayed-appearing urticarial. The median time interval between
the last reaction and the study was 5 months (interquartile range:
3-10). No differences were found comparing IRs and NIRs.
Regarding the results of the diagnostic methods, 6 (50%)
subjects reporting IRs were diagnosed by a positive ST: 3 by SPT
(1 to iodixanol, 1 to iomeprol, and 1 to iohexol) and 3 by IDT (3
to iohexol, 2 to iodixanol, 2 to iomeprol, and 1 to iobitridol). In
positive-ST patients, DPT was performed with an alternative
ICM, being positive in 2: one to iobitridol and one to iodixanol.
In cases with a negative ST to all ICM tested, DPT was carried
out with the culprit ICM if known, being positive in six cases: 4 to
iomeprol, 3 to iodixanol, 2 to iobitridol, and 1 to iohexol.
Regarding NIRs, 39 (43.82%) of the subjects had a positive
IDT: 24 to iomeprol, 11 to iodixanol, 7 to iohexol, 5 to iobitridol, 4
to ioxaglate, and 1 to iopramide. In positive-ST patients, DPT was
performed with an alternative ICM, being positive in 14 cases: 10
to iodixanol, 4 iohexol, 4 to iobitridol, 2 to iopramide, and 1 to
iomeprol. In cases with a negative ST to all ICM tested, DPT was
carried out with the culprit if known, being positive in 50 cases: 41
to iodixanol, 10 to iomeprol, 4 to iobitridol, and to 4 iohexol.
Patients with positive DPT experienced similar symptoms to
those recorded in their clinical history; however, they were
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FIGURE 1 | Flow-chart for the patients included in the study. *Due to contraindications for DPT: 15 cases due to comorbidities and 1 case due to the severity of the

generally milder disappearing within 1-2 h after taking
corticosteroid and antihistamine drugs. Only one patient
reporting IR required a dose of 0.3 cc of adrenaline by
intramuscular route to resolve their reaction within one hour.

Clinical Characteristics and Diagnosis
approach of the Patients Allergic to
Multiple ICMs
A total of 36 (35.64%) cases were allergic to more than one ICM,
eight cases reporting IRs and 28 NIRs. This represents the 66.66% of
all cases with a confirmed IR and the 31.46% of cases confirmed as
NIR. The median age of the subjects was 64 (interquartile range: 49—
69.5) years, and 20 (55.55%) were women. The ICMs involved in
the reported reactions were iodixanol in 12 (33.33%), iomeprol in 10
(27.77%), iohexol in 7 (19.44%), ioxaglate in 1 (2.77%), and
unknown in 6 (16.66%). No differences in age, gender and
involved ICM were found comparing IRs and NIRs. Regarding
the time interval between ICM administration and development of
symptoms, IRs experienced the symptoms within 1 h after ICM
administration: 7 (87.5%) cases within 30 min after the ICM
administration and 1 (12.5%) with an interval if 31-59 min. NIRs
appeared 10.3 (interquartile range: 6-12) h after ICM
administration: 11 (39.28%) after 13-24 h, 10 (35.71%) after 25—
48 h, four (14.28%) after 7-12 h, and three (10.71%) more than 48 h
later. The clinical features of the reported reactions in cases allergic
to multiple ICMs were urticaria in 12 (33.33%), anaphylaxis in 4
(11.11%), and MPE 20 (55.55%) (Tables 1, 2).

The analysis of ST results in patients with allergy to multiple
ICMs showed that 5 (62.5%) cases with IRs had a positive ST: 3
by SPT (1 to iodixanol, 1 to iomeprol, and one to iohexol) and

two by IDT (2 to iohexol, 2 to iodixanol, 2 to iomeprol, and 1 to
iobitridol). Regarding NIRs, 24 (85.71%) subjects had a positive
IDT: 16 to iomeprol, eight to iodixanol, sto iohexol, 3 to
iobitridol, 3 to ioxaglate, and 1 to iopramide (Tables 1, 2).
DPT was performed with negative-ST ICM, being positive in 5
cases with IRs: 3 to iomeprol, 3 to iodixanol, 2 to iobitridol, and 1
to iohexol. Six cases reporting IRs were confirmed as being
allergic to 2 ICMs, 1 to 3 ICMs and 1 to 4 ICMs. DPT was
positive in 19 cases reporting NIRs: 12 to iodixanol, 8 to
iobitridol, 4 iohexol, 3 to iomeprol, and 2 to iopramide (Tables
1, 3). A total of 18 subjects reporting NIRs were confirmed as
being allergic to 2 ICMs, 8 to 3 ICMs, and 2 to 5 ICMs (Table 1).
In 14 cases, no tolerated alternative was found: 12 cases refused
to perform more DPTs with others negative-ST ICMs (patients 7,
9,13, 21, 24, 25, 27, 29, 32, 33, and 35), and 2 cases (patients 28
and 31) were confirmed to be allergic to the 5 ICMs available in
our hospital (Table 1). The most common associations detected
were iodixanol and iomeprol in 17 cases (10 by ST plus DPT, 4
by STs, and 3 by DPT) and iodixanol and iohexol in 12 cases (7
by STs, 3 by DPT, and 2 by STs plus DPT) (Table 1).

Comparison of Clinical Characteristics
and Diagnosis Approach in Both Patients
Allergic to Multiple ICM and Those Allergic
to a Single ICM

Comparing patients allergic to more than one ICM with those
allergic to a single ICM, we found that the percentage of patients
reporting anaphylaxis was higher in patients allergic to multiple
ICM (50 vs. 25%; p > 0.05) (Table 2). The percentage of cases
giving positive results in STs was higher in patients allergic to
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TABLE 1 | Characteristics of patients allergic to multiple ICM.

Pat Type of Symptoms  Culprit ICM
reaction
IOME IOHE 10DIX

1 IR ANAPH |IODIX Neg Pos Pos
2 IR ANAPH IODIX Pos Pos Pos
3 IR ANAPH IOME Pos Neg Neg
4 R URT IODIX Neg Pos Pos
5 IR URT IODIX Neg Neg Neg
6 IR URT IOME Pos Neg Neg
7 IR ANAPH UK Neg Neg Neg
8 IR URT IOHE Neg Neg Neg
9 NIR MPE IODIX Pos Neg Neg
10 NIR MPE IOME Pos Neg Neg
11 NIR MPE |IODIX Neg Pos Pos
12 NIR URT IOME Pos Neg Neg
13 NIR MPE IOME Pos Neg Neg
14 NIR MPE IOXGL Pos Neg Neg
15 NIR URT IOME Pos Neg Neg
16 NIR URT IOME Pos Neg Neg
17 NIR MPE IODIX Neg Pos Pos
18 NIR MPE UK Pos Neg Neg
19 NIR URT IODIX Pos Pos Pos
20 NIR MPE UK Pos Neg Neg
21 NIR MPE IOME Pos Neg Neg
22 NIR URT IOHE Neg Neg Neg
23 NIR MPE IOHE Neg Neg Neg
24 NIR MPE IOHE Pos Neg Neg
25 NIR MPE IODIX Pos Neg Neg
26 NIR URT IOHE Neg Neg Pos
27 NIR MPE IODIX Neg Neg Neg
28 NIR URT |ODIX Pos Pos Pos
29 NIR MPE IODIX Neg Neg Neg
30 NIR MPE IOHE Neg Pos Neg
31 NIR MPE UK Neg Pos Pos
32 NIR URT UK Neg Neg Neg
33 NIR MPE UK Neg Neg Neg
34 NIR MPE IOME Pos Pos Pos
35 NIR MPE IOME Pos Neg Pos
36 NIR MPE IOHE Neg Neg Neg

ST DPT

IOBIT IOPR IOV IOXGL IOME |IOHE IODIX IOBIT IOPR
Neg Neg Neg  Neg Neg ND ND ND ND
Neg Neg Neg  Neg ND ND ND Pos Neg
Neg Neg Neg Neg ND ND Pos Neg ND
Neg Neg Neg  Neg Neg ND ND ND ND
Neg Neg Neg  Neg Pos Pos Pos Neg ND
Pos Neg Neg  Neg ND Neg ND ND ND
Neg Neg Neg  Neg Pos ND ND Pos ND
Neg Neg Neg Neg Pos ND Pos Neg ND
Neg Neg Neg  Neg ND ND Pos ND ND
Neg Pos Neg  Neg ND Neg ND ND ND
Neg Neg Neg  Neg Neg ND ND ND ND
Neg Neg Neg  Pos ND Neg ND ND ND
Neg Neg Neg  Neg ND ND Pos ND ND
Neg Neg Neg  Pos ND ND Pos Neg ND
Neg Neg Neg  Neg ND Pos Pos Neg ND
Neg Neg Neg  Neg ND Neg Pos ND ND
Neg Neg Neg  Neg Neg ND ND ND ND
Neg Neg Neg  Neg ND Pos Pos Neg ND
Neg Neg Neg  Neg ND ND ND Neg ND
Pos Neg Neg  Neg ND ND Neg ND ND
Neg Neg Neg  Neg ND Pos ND ND ND
Pos Neg Neg  Neg Neg ND ND ND ND
Pos Neg Neg  Neg Neg ND ND ND ND
Neg Neg Neg  Neg ND ND Pos ND ND
Neg Neg Neg  Neg ND ND Pos ND ND
Neg Neg Neg  Neg Neg Pos ND ND ND
Neg Neg Neg  Pos ND ND Pos ND ND
Neg Neg Neg  Neg ND ND ND Pos Pos
Neg Neg Neg  Neg ND ND Pos Pos ND
Neg Neg Neg  Neg ND ND Pos Pos ND
Neg Neg Neg  Neg Pos ND ND Pos Pos
Neg Neg Neg  Neg Pos ND Pos Pos ND
Neg Neg Neg  Neg Pos ND ND Pos ND
Neg Neg Neg  Neg ND ND ND Neg ND
Neg Neg Neg  Neg ND ND ND Pos ND
Neg Neg Neg  Neg Neg ND ND Pos ND

ANAPH, anaphylaxis; DPT, drug provocation test; IOBIT, iobitridol; IODIX; iodixanol; IOHE, iohexol; IOME; iomeprol; IOPR, iopramida; IOV, ioversol; IOXGL, ioxaglate; ND, not done; Neg,

negative; Pat, patient; Pos, positive; UK, unknown; URT, urticaria. ST, Skin test.

multiple ICMs compared with those allergic to a single ICM in
both IR and NIR groups (for IR, 62.5 vs. 25%, p > 0.05; and for
NIR, 85.71 vs. 24.59%, p < 0.000), being iomeprol the most
common ICM giving positive results, mainly in NIRs (Table 2).
Todixanol was the ICM giving most frequently positive results in
DPT (p = 0.002) in both IRs and NIRs, whereas iomeprol was the
most frequently tolerated ICM in DPT (p > 0.05) (Table 3).
Although not statistically significant, patients allergic to multiple
ICMs reacted in DPT to a lower dose than those cases allergic to a
single ICM in both IRs [20 (20-50) vs. 35 cc [27.5-42.5), p =
0.8079) and NIRs [25 (20-82.5) vs. 50 cc (37.5-100), p = 0.1207)].

DISCUSSION

The incidence of HSRs to ICMs has increased over last decades
(Brockow et al., 2005; Brockow, 2020), maybe due to the increase
in the use of non-ionic ICMs, with approximately 75 million
administrations conducted yearly worldwide (Sanchez-Borges
et al.,, 2019). This increased incidence is a concern for doctors

and patients as HSR diagnosis implies avoiding ICMs, which are
required for radiological examination or treatment of different
entities. The evaluation of HSRs to ICMs has been gaining
attention over recent years (Brockow et al, 2005; Brockow
et al., 2009; Hasdenteufel et al., 2011; Torres et al., 2012; Salas
et al,, 2013; Lerondeau et al., 2016; Sese et al., 2016; Soria et al.,
2019; Trautmann et al., 2019; Brockow, 2020). The allergological
work-up not only confirms or excludes the diagnosis but also
finds safe alternative ICM. However, in some patients, finding a
tolerated alternative may be difficult, as cross-reactivity among
ICMs has been reported (Vernassiere et al., 2004; Kanny et al.,
2005; Kvedariene et al., 2006; Brockow et al., 2009; Hasdenteufel
etal, 2011; Torres et al., 2012; Salas et al., 2013; Lerondeau et al.,
2016; Morales-Cabeza et al., 2017; Schrijvers et al., 2018). HSRs
to multiple ICMs have been widely observed, ranging from 14%
(Prieto-Garcia et al., 2013) to 88% (Brockow et al., 2009). This
variability may be due to the different criteria used for patient
inclusion and the different sample size in each study. In our
population, 35.64% of patients were found to be allergic to two or
more ICMs, being this percentage higher in IRs (66.66%) than in
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TABLE 2 | Demograhic and clinical characteristics of patients allergic to multiple ICM and those allergic to a single ICM.

A. Immediate reactions.

Allergic to multiple ICM n =8 Allergic to a single ICMn = 4 p

Age; median (interquartile range) years 59 (49-65.5) 55 0.6278

(38.25-62.25)

Gender; n (%) female/n (%) male 5 (62.5)/3 (37.5) 2 (60)/2 (50) 1

Symptoms reported; n (%) Anaphylaxis 4 (50) 1(25) 0.5758
Urticaria 4 (50) 3 (75)

ICM involved lodixanol 4 (50) - NA
lomeprol 2 (25) 1 (25) 1
lohexol 1(12.5) - NA
lopramide - 1(25) NA
Unkown 1(12.5) 2 (50) 0.2364

Time interval between ICM administration <30 min 7 (87.5) 2 (60) 0.2364

and reaction onset; n (%) 31-59 min 1(12.5) 2 50)

N° of episodes 1 episode 8 (100) 4 (100) 1
2 episodes - -

Positive results in STs 5/8; 62.5% 1/4; 25 0.5455

lomeprol 3 lohexol 1
lohexol 3
lodixanol 3
lobitridol 1
B. Non-immediate reactions
Allergic to multiple ICM n = 28 Allergic to a single ICMn = 61 p
Age; median (interquartile range) years 64.5 (49-69.25) 61 (52.35-63) 0.4356
Gender; n (%) female/n (%) male 15 (638.57)/13 (42.85) 30 (49.18)/31 (50.81) 0.7004
Symptoms reported; n (%) Urticaria 8 (28.57) 21 (34.42) 0.5842
MPE 20 (71.42) 40 (65.57)

ICM involved lodixanol 8 (28.57) 19 (27.86) 0.8061
lomeprol 8 (28.57) 22 (32.78) 0.4874
lohexol 6 (21.42) 9 (18.11) 0.4348
lobitridol - 2(3.27) NA
lopramida - 1(1.63) NA
loxaglate 1(3.57) - NA
Unkown 5(17.85) 8 (13.11) 0.5564

Time interval between ICM administration 1-6h - 1(1.63) NA

and reaction onset; n (%) 7-12h 4 (14.28) - NA
13-24 h 11 (39.28) 28 (45.9) 0.8795
25-48 h 10 (85.71) 27 (44.26) 0.7435
>48 h 3(10.71) 5(8.19) 0.6998
No of episodes 1 episode 26 (92.85) 49 (80.32) 0.1317
2 episodes 2(7.14) 12 (19.67)
Positive results in STs 24/28; 85.71% 15/61; 24.59% 0.00000006785
lomeprol 16 lomeprol 8
lohexol 7 lodixanol 3
lodixanol 8 lobitridol 2
lobitridol 3 loxaglate 1
loxaglate 3
lopramida 1

A.ICM, iodinated contrast media;, MPE, maculopapular exanthema; NA, not applicable.

NIRs (31.46%). Indeed, 33.33% of our patients were allergic to
three or more ICMs, and even in two patients, none of the
available ICMs was tolerated. However, this percentage may be
higher as in a percentage of the patients attending to our clinic
because of a reaction after an ICM administration, the involved
ICM was unknown, as in clinical practice, the exact name of the
ICM is not always recorded in the radiologist clinical history. In
these cases, as well as in those in which ICM was known but STs

were negative, tolerance was assessed, and if no reaction occurs,
no more ICMs are tested. This may also be the reason why the
percentage of confirmed allergic patients in our population
is low.

It has been considered that the diagnostic value of ST's may be
insufficient. A meta-analysis on STs in HSRs to ICM found an
overall positive rate of STs of 17% in IRs and 26% in NIRs (Yoon
et al,, 2015). This may happen because the inclusion criteria are
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TABLE 3 | Comparison of DPT results in patients allergic to multiple ICM.

ICM used in p
DPT
Positive Negative
(reacted) (tolerated)
Totaln =36  lomeprol 6 (40) 9 (60) 0.1243
lohexol 5 (50) 5 (50) 0.6187
lodixanol 15 (88.23) 2 (11.76) 0.002
lobitridol 10 (55.55) 8 (44.44) 0.8721
lopramida - 3 (100) NA
IRn=8 lomeprol 3 (60) 3 (50) 1
lohexol 1(33.33) 2 (66.66) 1
lodixanol 3 (75) 1(25) 0.3034
lobitridol 2 (40) 3 (60) 1
lopramida - 1(100) NA
NIR n =28 lomeprol 3(33.33) 6 (66.66) 0.05282
lohexol 4 (57.14) 3 (42.85) 1
lodixanol 12 (92.3) 1(7.69) 0.006
lobitridol 8 (61.53) 5 (38.46) 0.9877
lopramida 2 (66.66) 1(33.33) 1

DPT, drug provocation test; ICM, iodinated contrast media; NA, not applicable; IR,
immediate reaction; NIR, non-immediate reaction.

based in many cases on the clinical history. In our study, we have
only included patients with a confirmed diagnosis based on ST's
or DPTs and in this situation 50% of IRs and 43% of NIRs gave
positive results in STs. Indeed, the percentage of positive results
in STs was higher in cases allergic to more than one ICM (62.5%
for IR and 85.71% for NIR). It is not known the reason for this
observation. For IRs, it has been reported that positive STs are
associated to severity reaction (Salas et al., 2013; Yoon et al,
2015; Trautmann et al,, 2019). In our study, the percentage of
patients reporting severe reactions (anaphylaxis) was higher in
the group of patients allergic to multiple ICMs compared with
those allergic to a single ICM, although this difference was not
statistically significant, probably due to the small sample size.
Moreover, the time interval between the reaction and the study
may also influence in having positive results in ST's (Salas et al,,
2013; Yoon et al, 2015), however in our study no differences
were found comparing patients allergic to multiple and to a
single ICM. Another factor that must to be taken into account is
the dilution used in STs. In a previous article by our group
(Torres et al., 2012), we found a higher sensitivity for IDT using
undiluted ICMs than 10-fold diluted ICM with 100% specificity.
Moreover, no patient with negative IDT had a positive patch test.
This is the reason why we did not include patch test in the
allergological work-up for this study.

It has been proposed that STs should be performed with a
wide panel of different ICMs in order to identify tolerated
alternative ICM (Vernassiere et al., 2004; Kvedariene et al.,
2006; Caimmi et al., 2010; Torres et al, 2012; Yoon et al,
2015; Gracia-Bara et al., 2019; Brockow, 2020), mainly when
the culprit is unknown. However, choosing non-cross-reactive
ICM basing only on a negative ST could not completely prevent
the recurrence of HSR, as in our study, 55% of patients reacted in
DPT despite being negative in ST's, what it is in line with previous
data (Vernassiere et al., 2004; Torres et al., 2012). Moreover, in
the group of patients allergic to multiple ICMs with a positive ST,

tolerance to a negative-ST ICM could not be guaranteed, as DPT
was positive in almost 50% of cases. Therefore, DPT should be
considered not only to establish the diagnosis but also to choose
the alternative even if STs are negative. The underlying
mechanism of HSRs to ICMs is not well known, mainly in
those cases with negative STs and positive DPT, and there may
be a non-immune mediated mechanism involved. However,
previous evidence supports an underlying immune mechanism
in these reactions. In this sense, positive results in basophil
activation test in patients with IRs and negative STs and
positive DPTs to ICMs (Salas et al., 2013), indicate that an
IgE-mechanism may be involved in IRs to ICM. Regarding NIRs,
it has been previously demonstrated similar results in skin
biopsies obtained from positive IDTs and DPTs (Torres et al.,
2012), supporting a T cell involvement.

The most frequent cross-reactivity associations detected in
our study were iodixanol and iomeprol, and iodixanol and
iohexol. This pattern agrees with other reports (Vernassiere
et al, 2004; Brockow et al., 2009; Hasdenteufel et al., 2011;
Torres et al., 2012; Gracia-Bara et al.,, 2019). Mechanisms
underlying the cross-reactivities between ICMs are not fully
understood and further studies are necessary. Cross-reactivity
has been related to the chemical structure (Vernassiere et al.,
2004; Hasdenteufel et al., 2011; Lerondeau et al., 2016). ICMs are
monomeric or dimeric derivatives of triiodobenzoic acid, with
different organic side chains attached to the central benzene ring
shared by all ICMs (Lerondeau et al., 2016). According to their
chemical structure, four groups have been described: ionic tri-
iodized monomers, ionic hexa-iodized dimers, nonionic tri-
iodized monomers, and nonionic hexaiodized dimers. It has
been reported a higher cross-reactivity between ICMs from the
same group and a lower one between ICMs from different groups
(Hasdenteufel et al., 2011). Such a high cross-reactivity in NIRs
has been proposed to be attributed to nonspecific stimulation or
pharmacological interaction with immune receptors across ICM.
The presence of T cell clones has been demonstrated in previous
studies (Lerch et al., 2007) along with specific recognition of the
ICM in T cell receptors (Keller et al., 2010). In fact, it has been
reported that iobitridol shows low cross-reactivity, mainly in
patients with NIRs. The results of an in vitro test of T cell clones
have shown that iobitridol is the least stimulatory ICM (Lerch
et al., 2007). In our study, the ICM that less frequently induced
reactions in DPT were iobitridol and iohexol in IRs and iomeprol
in NIRs. This difference compared with published data may be
related to a bias in our study as we could not performed DPT
with all ICMs in all patients. Nevertheless, our aim was to
describe the clinical characteristics of a series of patients
allergic to multiple ICMs and the role of the different methods
used for their diagnosis in real allergological practice.

Summarizing, this study has investigated HSRs to multiple
ICMs. It shows that allergy to multiple ICMs is common,
associated to severe reactions in IRs and confirmed frequently by
positive STs. However, even in the case of negative-ST
results, tolerance to an alternative ICM (including structurally
unrelated ones) must be proven by DPT, as ST sensitivity is not
sufficient. Therefore, DPT is necessary not only to confirm the
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diagnosis but also to identify safe alternative ICM before
radiological examination.
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Regional Universitario de Malaga and Allergy Research Group, Instituto de Investigacion Biomédica de Malaga-IBIMA, Malaga,
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Lapatinib (LAP) is an anticancer drug generally used to treat breast and lung cancer. It
exhibits hypersensitivity reactions in addition to dermatological adverse effects and
photosensitivity. Moreover, LAP binds to serum proteins and is readily biotransformed
in humans, giving rise to several metabolites, such as N- and O-dealkylated products
(N-LAP and O-LAP, respectively). In this context, the aim of the present work is to
obtain key information on drug@protein complexation, the first step involved in a
number of hypersensitivity reactions, by a combination of fluorescence,
femtosecond transient absorption spectroscopy and molecular dynamics (MD)
simulations. Following this approach, the behavior of LAP and its metabolites has
been investigated in the presence of serum proteins, such as albumins and «-acid
glycoproteins (SAs and AGs, respectively) from human and bovine origin. Fluorescence
results pointed to a higher affinity of LAP and its metabolites to human proteins; the
highest one was found for LAP@HSA. This is associated to the coplanar orientation
adopted by the furan and quinazoline rings of LAP, which favors emission from long-
lived (up to the ns time-scale) locally-excited (LE) states, disfavoring population of
intramolecular charge transfer (ICT) states. Moreover, the highly constrained
environment provided by subdomain IB of HSA resulted in a frozen conformation of
the ligand, contributing to fluorescence enhancement. Computational studies were
clearly in line with the experimental observations, providing valuable insight into the
nature of the binding sites and the conformational arrangement of the ligands inside the
protein cavities. Besides, a good correlation was found between the calculated binding
energies for each ligand@protein complex and the relative affinities observed in
competition experiments.

Keywords: femtosecond transient absorption, fluorescence, hypersensitivity reactions, lapatinib, metabolites,
molecular dynamics simulations, protein binding
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FIGURE 1 | Chemical structures of lapatinib (LAP) and its main metabolites N-LAP and O-LAP.
INTRODUCTION hapten) has the ability to trigger an immune response. This

can be accomplished by different pathways, including
The human epidermal growth factor receptor (HER) family is = noncovalent interactions of drugs with immune receptors or
composed of four different members that have been thoroughly ~ covalent binding of drugs to a protein, producing hapten-

investigated due to their important role in cancer progression.  protein conjugates, which can induce an immune response. It
HER receptors are transmembrane proteins that control a variety  is noteworthy that sometimes the drug itself does not participate
of cell functions such as cell differentiation, proliferation, in the key event but instead a reactive metabolite or a
apoptosis, migration and angiogenesis (Nicholson et al., 2001;  photoactivated species becomes covalently bound to the

Hynes and Lane, 2005; Thomas and Weihua, 2019). However,  protein and generates the allergic process (Nuin et al., 2016;
pathological alterations including overexpression or mutations in ~ Limones-Herrero et al, 2020). In this context, photoallergic
the tyrosine-kinase site to HER-1 and/or HER-2 are directly  reactions are related to immunological mechanisms, in which
associated with the development of different types of human  the photoactivated drug (photosensitizer) is the key chemical
cancer (Hynes and Lane, 2005; Gonzalez and Lage, 2007; Ross ~ entity capable to interact with proteins (Andreu et al., 2010).
et al., 2016; Sigismund et al., 2018; Thomas and Weihua, 2019).  Indeed, it has recently been demonstrated that LAP and N-LAP
Lapatinib (LAP) is an orally administered drug that strongly ~ are able to induce phototoxicity and photogenotoxicity to cells,
inhibits HER-1 and HER-2. It is generally used to treat breast ~ while O-LAP did not display any photosensitized damage.
cancer, but due to its dual HER targeting it is expected to exhibit =~ Besides, the parent drug showed higher activity in membrane
higher activity than monotargeted tyrosine-kinase inhibitors; in ~ phototoxicity and protein oxidation than N-LAP (Garcia-Lainez
addition, its relatively small size allows LAP to cross the blood- et al., 2020).
brain barrier, evidencing antitumor activity against brain Interestingly, LAP is known to bind to blood proteins
metastases (Lin et al., 2008; Lin et al., 2009; Johnston et al,, (>99%), mainly serum albumins (SAs) and «;-acid
2017). The LAP mechanism of action involves reversible binding ~ glycoproteins (AGs) (Medina and Goodin, 2008). The
to the adenosine triphosphate site, stopping cellular growth and ~ binding of drugs to transport proteins, such as SAs and AGs,
proliferation, which results in enhanced apoptosis (Spector et al.,  attracts increasing attention because key properties such as drug
2005; Schroeder et al, 2014). Furthermore, LAP undergoes  function, pharmacokinetics, toxicity and transport to the target
extensive biotransformation in humans leading to a number of  cells are strongly modulated through drug@protein
metabolites, including N- and O-dealkylated products (N-LAP complexation (Krasner, 1972; Peters, 1995). Moreover,
and O-LAP, respectively; see Figure 1) (Medina and Goodin,  exposure of these complexes to sunlight may result in
2008; Towles et al., 2016). photosensitivity ~ disorders  mainly  associated  with
Lapatinib gives rise to T cell-mediated hypersensitivity =~ phototoxicity and photoallergy (Vargas et al.,, 1993; Miranda
reactions in the skin explant assay (Ahmed et al, 2019). et al, 1994; Quintero and Miranda, 2000; Cosa, 2004;
Moreover,  dermatological  adverse  events including = Montanaro et al, 2009; Nuin et al,, 2016; Vaya et al., 2016;
papulopustular rash, pruritus, xerosis, and nail abnormalities ~ Blakely et al., 2019). In this context, it is known that drugs
have been reported with LAP, similar to those described for  containing the quinazoline moiety (the core chromophore of
many other TKIs (Friedman et al, 2016). Generally, LAP) can induce skin diseases such as allergic photodermatitis
hypersensitivity reactions occur when a drug (acting as a (Ishikawa et al., 1994; Selvam and Kumar, 2011).
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Fluorescence and transient absorption spectroscopies are
useful techniques to investigate drug/protein interactions. This
is because excited state properties of drugs are very sensitive to the
microenvironment; thus, the yield of transients formation, as well
as their spectral profile and kinetic evolution, may be strongly
affected by the surroundings of the investigated chromophore
(Vaya et al,, 2014). In particular, fluorescence and femtosecond
transient absorption are highly sensitive techniques that may
provide key information on the structural and dynamic features
of drug@protein complexation, revealing the nature of the early
primary processes occurring from the excited states in a time
window from the fs to the ns range, such as intersystem crossing,
energy/electron transfer or charge separation. In a parallel
approach, molecular dynamics (MD) simulations can be used
to study drug@biomolecule interactions (Spitaleri and Rocchia,
2019). Thus, properties such as the strength of interaction and the
conformational orientation of a drug in the neighborhood of the
amino acid residues of the protein binding sites can be
investigated in detail (Pérez-Ruiz et al., 2017; Pinheiro and
Curutchet, 2017; Molins-Molina et al., 2019; Spitaleri and
Rocchia, 2019).

In this framework, preliminary findings on LAP@SA
complexation point to a moderate binding of the drug in the
so-called site III (subdomain IB) of the protein (Shen et al., 2015;
Wilson et al., 2015; Kabir et al,, 2016). In addition, a recent
photophysical study on the interactions between LAP, N-LAP or
O-LAP and HSA (Vayd et al., 2020) has shown that within the
constrained environment provided by the HSA cavities emission
occurs from long-lived locally excited (LE) states, whereas in the
bulk solution shorter-lived (70-90 ps) intramolecular charge
transfer (ICT) states predominate. This is related to the
relative conformational orientation of the furan vs. the
quinazoline ring in the different media.

With this background, the aim of the present work is to obtain
relevant information about the complexation of LAP and its N-
and O-dealkylated metabolites with serum proteins (SAs and
AGs) from human and bovine origin, as a model for the first step
involved in (photo)sensitivity reactions. To this end, a
combination of photophysical techniques (fluorescence and
femtosecond transient absorption spectroscopies) with MD
simulation studies has been employed. The obtained results
are relevant in connection with the capability of LAP to elicit
hypersensitivity reactions with special emphasis on its
photosensitizing potential.

EXPERIMENTAL SECTION

Chemicals and Reagents
Lapatinib (CAS 231277-92-2), serum albumins and o;-acid

glycoproteins, from human and bovine origin, were purchased
from Sigma-Aldrich (Madrid, Spain). N-De[2-(methylsulfonyl)
ethyl lapatinib (N-LAP, CAS 697299-82-4) and O-De(3-
fluorobenzyl) lapatinib ditosylate salt (O-LAP; CAS 1268997-
70-1) were provided by Santa Cruz Biotechnology (Dallas, United
States) and Toronto Research Chemicals (North York, Canada),
respectively. PBS buffer was prepared by dissolving phosphate-

Lapatinib and Metabolites Protein Binding

buffered saline tablets (Sigma-Aldrich) using ultrapure water
from a Millipore (Milli-Q Synthesis) system.

Spectroscopic Measurements
Steady-state absorption spectra were recorded in a JASCO V-760

spectrophotometer. Steady-state fluorescence spectra were
obtained using a JASCO-8500 spectrofluorometer system
provided with a monochromator in the wavelength range
200-900 nm, with an excitation wavelength of 295 or 340 nm
at 25°C. Measurements on drug or metabolite@protein complexes
were performed in aerated PBS of 1:1 M ratio mixtures at 5 yM.
Competing interactions were evaluated for solutions containing
LAP (or its metabolites) within a mixture of proteins in a 1:1:1 M
ratio (each component at 5 yM).

Time-resolved fluorescence measurements were done using an
EasyLife X system containing a sample compartment composed
of an automated Peltier cuvette holder to control the temperature,
a pulsed LED excitation source and a lifetime detector. The
employed LED excitation source was 340 nm, with emission
filter of GG400.

The UV and fluorescence measurements were recorded using
10 x 10 mm” quartz cells at 25°C. The absorbance of the samples
at the excitation wavelength was kept below 0.1.

Femtosecond transient absorption experiments
performed using a typical pump-probe system. The
femtosecond pulses were generated with a mode-locked Ti-
Sapphire laser of a compact Libra HE (4 W power at 4 kHz)
regenerative amplifier delivering 100 fs pulses at 800 nm (1 m]J/
pulse). The output of the laser was split into two parts to generate
the pump and the probe beams. Thus, tunable femtosecond pump
pulses were obtained by directing the 800 nm light into an optical
parametric amplifier. In the present case, the pump was set at
330 nm and passed through a chopper prior to focus onto a
rotating cell (1 mm optical path) containing the samples in
organic or aqueous solution. The white light used as probe
was produced after part of the 800 nm light from the amplifier
traveled through a computer controlled 8 ns variable optical delay
line and impinge on a CaF, rotating crystal. This white light was
in turn split in two identical portions to generate reference and
probe beams that then were focused on the rotating cell
containing the sample. The pump and the probe were made to
coincide to interrogate the sample. The power of the pump beam
was set to 180 yW. A computer-controlled imaging spectrometer
was placed after this path to measure the probe and the reference
pulses to obtain the transient absorption decays/spectra. The
experimental data were treated and compensated by the chirp
using the ExciPro program.

were

Molecular Docking
These calculations were performed using GOLD 5.8.1 program

(CCDC, 2020) and the protein coordinates were taken from: 1)
the crystal structure of HSA in complex with hemin and myristic
acid (PDB entry 109X) (Zunszain et al., 2003); 2) the crystal
structure of BSA in complex with 3,5-diiodosalicylic acid (PDB
entry 4JK4, chain A) (Sekula et al., 2013); 3) the crystal structure
of HAG in the unbound form (PDB entry 3KQO) (Schonfeld et al.,
2008); and 4) our previously reported homology model of BAG
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using the Phyre2 (Kelley et al, 2015) homology modeling web
server (Limones-Herrero et al., 2017). The experimental procedure
similar to that described for: 1) 2-acetoxy-4-
trifluoromethylbenzoic acid (triflusal) (Molins-Molina et al.,
2019) and HSA protein with the exception that the position of
hemin was used to define the binding pocket, and the radius was set
to 10 A; and 2) carprofen methyl ester and the homology model of
BSA (Limones-Herrero et al.,, 2017). The protonated forms of the
ligands (secondary and primary amines) were employed.

‘was

Molecular Dynamics Simulation Studies
The highest score solution obtained by docking was subjected to

100 ns of dynamic simulation. The experimental protocol
involved: 1) the minimization of the ligands (LAP, N-LAP and
O-LAP); 2) the generation and minimization of the binary LAP@
protein, N-LAP@protein, and O-LAP@protein complexes
(protein = HSA, BSA, HAG, and BAG) using the poses
obtained by docking; and 3) MD simulations of the resulting
minimized ligand@protein complexes. The protocol was
performed as described for triflusal and carprofen methyl ester
(Limones-Herrero et al., 2017; Molins-Molina et al., 2019). The
analysis of the trajectories and the rmsd of the atomic positions of
the protein and the ligands during the simulation were analyzed
by using the cpptraj module in AMBER 16 (Case et al., 2016). The
binding free energies of LAP in the LAP@HSA and LAP@BSA
complexes were calculated using the MM/PBSA (Miller et al,
2012) approach in explicit water (generalized Born, GB) as
implemented in Amber. The protein figures disclosed were
created by using the molecular graphics program PyMOL
(DeLano, 2020). For figures related to HSA, BSA and HAG
proteins, the amino acid numbering described in PDB entries
109X, 4JK4, and 3KQO, respectively, was employed. For figures
related to BAG protein, the numbering of the protein sequence
was used.

RESULTS AND DISCUSSION

The photobehavior of LAP and its metabolites was investigated in
aqueous buffer solution and in the presence of an equimolar
amount of protein. For this purpose, two types of transport
proteins were selected: serum albumins and o -acid
glycoproteins from human (HSA and HAG) and bovine (BSA
and BAG) origin, respectively. As previously observed, LAP and
N-LAP formed aggregates in PBS solution (Wilson et al., 2015;
Vaya et al., 2020); however, upon interaction with proteins they
were completely solubilized. The UV absorption spectra of LAP,
N-LAP and O-LAP bound to HSA, BSA, HAG and BAG did not
reveal significant differences (Supplementary Figure S1).
Emission of the protein-bound LAP (or metabolites) was first
investigated at \ex. = 295 nm, where both the protein and the drug
absorb light. In PBS, the fluorescence of LAP was weak and
unstructured (\may ~ 475nm) due to aggregation but most
importantly due to emission from intramolecular charge
transfer (ICT) states, which are favored in a twisted
orientation between the furan and quinazoline rings due to the
freedom in the degrees of movement of the drug in solution (Vaya

Lapatinib and Metabolites Protein Binding

et al,, 2020). However, in the presence of protein, which provides
a more constrained environment, a clear enhancement of LAP
fluorescence in addition to quenching of the protein emission
(Amax ~ 340 nm) was noticed (see Supplementary Figure S2).
This effect was previously detected for the drug complexed to
HSA, and was associated to singlet-singlet energy transfer (SSET)
from HSA to LAP (Vaya et al.,, 2020). On the other hand, the
spectra within each protein were unstructured and displayed their
maxima at shorter wavelengths (ca. 450 nm) compared to the free
drug in PBS. Quenching of the protein fluorescence (Apax ~
340 nm) upon interaction with LAP, N-LAP and O-LAP was
different for each complex (Supplementary Figures S2-S4;
Supplementary Table S1). In general, higher quenching due
to SSET was detected for the human proteins; besides, SAs
appeared to induce greater deactivation than AGs. This can be
associated to the encapsulation of the drug (or metabolite) inside
the protein, which was stronger for LAP@protein compared to
N-LAP and O-LAP.

More relevant from the photobiological point of view was the
emission behavior of LAP and its metabolites upon excitation
with UVA light (\exc = 340 nm), as this type of radiation is
selectively absorbed by the drug chromophore and does not
interact directly with biomolecules. The obtained results for
LAP, N-LAP and O-LAP, upon excitation at 340 nm are
shown in Figure 2.

In contrast to the strong and structured fluorescence with
maxima at ca. 425 nm detected for LAP and N-LAP within HSA
(Figures 2A,B), the emissions of the other ligand@protein
complexes were much weaker and unstructured, and the
maxima were found at longer wavelengths (~450 nm). The
behavior within HSA was associated to the more constrained
environment provided by the protein but also to the frozen
coplanar orientation adopted by the furan and quinazoline
rings of LAP or N-LAP, which favors emission from LE
(locally excited) states (Vaya et al, 2020). On the contrary,
binding to BSA, HAG or BAG might disfavor emission from
LE states due to a certain degree of freedom for twisting between
both rings, resulting in a diminished and red-shifted emission of
the encapsulated LAP or N-LAP. This would imply that the
confinement and the conformational arrangement of the ligands
within the protein cavities are key factors controlling the
photobehavior. As regards the fluorescence lifetimes, decay
kinetics were measured upon excitation at 340 nm
(Supplementary Figure S5). In general, shorter lifetimes
(<1 ns) were determined for LAP and N-LAP bound to AGs
than those determined within SAs, which ranged from 1 to 1.5 ns
(Supplementary Table S2). Besides, the decay traces were faster
for N-LAP than for the parent drug, which is in line with the
steady-state results. Again, little if any emission was detected for
O-LAP in the presence of the different proteins, suggesting the
feasibility of alternative deactivation pathways, for instance
excited state deprotonation of the phenol moiety.

Furthermore, both SAs and AGs are transport proteins present
in the plasma. Under normal conditions, the concentration of the
former is higher; however, this situation may change significantly
under a variety of conditions (for instance, during inflammatory
processes), where AGs can play a significant role (Kremer et al.,
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FIGURE 2 | Fluorescence spectra at Aexc = 340 nm for (A) LAP@HSA (solid black), LAP@BSA (solid red), LAP@HAG (dashed black) and LAP@BAG (dashed red);

(B) N-LAP@HSA (solid black), N-LAP@BSA (solid red), N-LAP@HAG (dashed black) and N-LAP@BAG (dashed red); (C) O-LAP@HSA (solid black), O-LAP@BSA (solid
red), O-LAP@HAG (dashed black) and O-LAP@BAG (dashed red). All mixtures were at 1:1 Mratio (5 uM) in PBS under air, using isoabsorptive solutions at the excitation
wavelength. The inset in (C) shows a zoom of the low emissive states for the O-LAP@protein complexes.
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FIGURE 3 | Fluorescence spectra at Agy. = 340 nm for (A) LAP@HSA (solid black), LAP@HAG (dashed black) and LAP@HSA+HAG (solid blue), and (B) LAP@BSA
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1988; Bteich, 2019). Thus, it makes sense to investigate competing
interactions of LAP or N-LAP with SAs and AGs in protein
mixtures, upon selective excitation of the drug chromophore, to
check the relative affinities to both types of proteins.

As it is shown in Figure 3, the emission spectra of LAP@
HSA+HAG upon excitation at 340 nm was intermediate between
the LAP@HSA and the LAP@HAG profiles; however, the shape
and position of the band was more similar to that of LAP@HSA.
A similar trend was also detected for LAP in a mixture of BSA and
BAG, where LAP preferentially binds to BSA. Competing
interactions of LAP in mixtures containing other protein
combinations are shown in Supplementary Figure S6. Thus,
it can be concluded that LAP interacts more strongly with the
human proteins than with those of bovine origin; the weakest
interaction was evidenced for BAG. A similar behavior was
revealed for N-LAP in a mixture of proteins, as it can be
deduced from the emission spectra shown in Supplementary
Figure S7.

In order to get a deeper insight into the nature of LAP-protein
binding, the photobehavior of the complexes was examined in the
very early stages after exposure to UVA light, by means of
femtosecond transient absorption measurements, upon

excitation at 330nm. The spectral shapes of the species
detected for LAP in its complexes with BSA, HAG and BAG
(Supplementary Figure S8) were in good accordance with that
obtained previously for LAP@HSA (Vaya et al,, 2020). Thus, a
transient absorption band with relative maxima at ca. 425 and
530 nm was observed for LAP@BSA; similar profiles were noticed
for LAP@AGs, with maxima around 425 and 550 nm. These
transients were assigned to the LE singlet-singlet absorption
species; their kinetic traces decayed double-exponentially
(Figure 4). Thus, for SAs, short components with lifetimes of
ca. 12 ps were evidenced, while the longer components were
species-dependent and decayed faster for BSA than for HSA,
reaching the ns time-scale. For the AGs, the short components
decayed with lifetimes around 6 ps while the long ones survived
until the ns time-scale. The two lifetime components could be
associated to the LE states of LAP within the constrained
environment provided by the protein; the short components
would arise from the reorganization of the drug in the initial
steps after excitation, whereas the long ones would correspond to
the stabilized conformation within the protein cavities. Actually,
the signature of ICT states was not evidenced in any of the LAP@
protein complexes.
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FIGURE 4 | Femtosecond transient absorption decays for (A) LAP@HSA (black) and LAP@BSA (red) monitored at 530 nm, and for (B) LAP@HAG (black) and
LAP@BAG (red) monitored at 550 nm, in PBS after excitation at 330 nm.
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Less embedded
arrangements
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FIGURE 5 | Overall view of the proposed binding modes of LAP (pink), N-LAP (orange) and O-LAP (yellow) to HSA (magenta, A,B) and BSA (blue, C,D) as obtained
by MD simulation studies. (A,C) Superposition of the binding modes of the three ligands to subdomain IB of HSA (A) and BSA (C). (B,D) Detailed views of the proposed
binary ligand@HSA (B), and ligand@BSA (D) complexes.

In order to understand the marked experimental differencesin  the preferred binding site in HSA was previously obtained using
the photobehavior of LAP and its metabolites interacting with  selective site I and site II probes such as warfarin (WRF) and
SAs and AGs, the binding mode was investigated by  ibuprofen (IBP), respectively (Vayd et al, 2020). The resulting
computational studies. This was first analyzed by molecular  ligand@protein binary complexes were submerged in a truncated
docking using the program GOLD, version 5.8.1, and further = octahedron of water molecules and further analyzed by MD
validated by MD simulation studies. simulations (100 ns) using the molecular mechanics force field

For SAs, the ligands LAP, N-LAP and O-LAP were dockedto ~ AMBER to achieve reliable models (G6tz et al., 2012; Le Grand
subdomain IB. Experimental evidence to assign subdomain IBas et al, 2013; Salomon-Ferrer et al, 2013). All ligand@protein
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FIGURE 6 | Interactions of LAP (pink, A,D), N-LAP (orange, B,E), and O-LAP (yellow, C,F) to HSA (gray, A-C) and BSA (green, D-F) as obtained by MD simulation
studies. Snapshots after 80 ns are shown. Relevant side chain residues are shown (lines) and labeled. Ligands are indicated as sticks. Hydrogen bonding interactions
between the ligands and the protein are shown as blue dashed lines. (G) Variation of the dihedral angle between the furyl and quinazoline rings for LAP bound to HSA or
BSA during the whole simulation. The bonds involved in the dihedral angle are highlighted in pink.

complexes proved to be very stable during simulation, as
evidenced by the low values of the root-mean-square deviation
(rmsd) for the whole protein backbone (C*, C, N and O atoms)
calculated for all complexes (average values range from 0.7 to
2.04) (Supplementary Figures S9-S12).

The results of the MD simulation studies carried out for the
ligand@SA complexes revealed that: 1) all ligands displayed a
more deeply embedded arrangement in subdomain IB when
bound to HSA than to BSA; 2) for the BSA complexes, a
portion of the ligands was exposed to the solvent
environment, particularly in the case of LAP. Specifically, the
overall arrangement adopted by LAP or N-LAP was found to be

clearly different in HSA compared to BSA (Figure 5). Thus, for
LAP@BSA only part of the ligand interacted within the protein
binding site, while N-LAP was rotated 180° within BSA to locate
the ammonium moiety in close contact with the solvent. In any
case, all ligands would be stabilized by numerous apolar
interactions with the side chain residues within subdomain IB,
as well as hydrogen bonding interactions through the ammonium
group and the nitrogen atoms of the quinazoline ring. In addition,
conformational analysis of the ligands within subdomain IB
showed that: 1) only LAP and O-LAP would achieve an
almost coplanar arrangement of the furyl and quinazoline
rings upon binding to HSA, showing average dihedral angles
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FIGURE 7 | Overall view of the proposed binding modes of LAP (pink, A,E), N-LAP (orange, B,F) and O-LAP (yellow, C,G) to HAG (gray) and BAG (green) as
obtained by MD simulation studies. (D,H) Superposition of the binding modes of the tree ligands in the recognition pocket of HAG (D) and BAG (H). Note how the furyl
and quinazoline rings of the ligands for the HAG complexes would be aimost coplanar and all ligands would show a similar arrangement.

O-LAP@BAG

of 8.3" and 7.3°, respectively, being their relative conformations
frozen within the pocket; 2) on the contrary, free rotation around
the linkage of the furyl and quinazoline rings was possible for
LAP@BSA, O-LAP@BSA and the two N-LAP@SA complexes
(Figure 6; Supplementary Figure S13).

Unlike SAs that can undergo large conformational changes
upon binding a variety of ligands, specifically in domains I and I1I
(Curry etal., 1998; Pérez-Ruiz et al., 2017), the plasticity of AGs is
intrinsically more limited. Their central motif, which is composed
by an eight-stranded p-barrel and is flanked by an a-helix, makes
them constrained receptacles for ligand recognition. It is
therefore not surprising that the MD simulation studies
carried out for the ligand@AG complexes showed that the
overall flexibility of LAP or its metabolites within the binding
pockets would be restricted to some extent (Figures 7A-C;
Supplementary Figure S14). This effect was found to be more
pronounced for the ligand@HAG complexes, where the drug and
its metabolites would be well surrounded by the protein. In
addition, a similar arrangement of LAP, N-LAP and O-LAP
within HAG was observed, with an almost coplanar
arrangement of the furyl and quinazoline rings (Figure 7D;
Supplementary Figure S15). However, although this effect
would favor emission from LE states, the weaker intensity
observed for HAG compared to HSA could be associated with
the larger binding site of the former (Supplementary Figure
$16), which may reduce the matrix effect provided by the protein
cavities. On the contrary, for ligagnd@BAG it can be summarized
that: 1) no common pattern of recognition was identified; 2) more
solvent-exposed complexes were obtained; and 3) no coplanarity
between the aromatic moieties was observed (Figures 7E-H;

Supplementary Figures S14 and S15). In general, the MD
simulation results are in line with the experimental data, as
they justify the higher emission of LAP bound to HSA
compared with the other proteins, in addition to the stronger
affinity to the human proteins, as a result of the deeper embedded
arrangement with higher restriction in the degrees of movement
compared to the bovine proteins. Besides, the stronger emission
of N-LAP within HSA and the weaker emission of the drug and its
metabolites in BAG are also explained.

Finally, the binding free energies of LAP, N-LAP and O-LAP
interacting with the investigated proteins (HSA, BSA, HAG and
BAG) in the corresponding ligand@protein complex were
calculated using the MM/PBSA approach (Miller et al., 2012)

TABLE 1 | Calculated binding free energies using MM/PBSA.?

Ligand Protein Complex Energy

LAP HSA LAP@HSA -56.7 + 0.2°
— BSA LAP@BSA -36.2 +0.3°
— HAG LAP@HAG -54.3 + 0.3°
— BAG LAP@BAG -50.4 + 0.4°
N-LAP HSA N-LAP@HSA -43.5 +0.2°
- BSA N-LAP@BSA -35.3 +0.2°
— HAG N-LAP@HAG -39.1+0.2°
— BAG N-LAP@BAG -40.2 + 0.3°
O-LAP HSA O-LAP@HSA -37.2+0.2°
— BSA O-LAP@BSA -35.9 + 0.2°
- HAG O-LAP@HAG -41.3 +0.2°
— BAG O-LAP@BAG -34.0 + 0.2°

2Energy units = kcal mol™.
PStandard error of mean.
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in explicit water (generalized Born, GB) as implemented in
Amber (Table 1). These energies were estimated by
subtracting the free energy of the corresponding unbound
components, i.e. ligand and protein, to the free energy of the
ligand@protein complex. The results revealed that the binding
affinity of LAP to the human proteins is higher than to the bovine
ones, especially in the case of SAs. Thus, LAP would have a 1.6-
fold higher affinity for HSA than for BSA. This is mainly caused
by the distinct amino acid sequence of the subdomain IB for both
SAs (Supplementary Figure S17). These differences in the
intraprotein microenvironments that surround the ligands are
responsible for the type and strength of the stabilization
interactions, as it can be observed from Figures 6A-F. This
effect is even greater when comparing SAs and AGs in which the
ligand-binding pockets are markedly different, either in amino
acid sequence (Supplementary Figure S18) as well as in their
tridimensional arrangement. In addition, the affinity of both
metabolites to the investigated proteins was found to be
weaker than that of the parent drug, following the order LAP
>> N-LAP > O-LAP. Again, these results are qualitatively in line
with those obtained from the fluorescence measurements, where
higher affinity of either LAP or its metabolites was found for the
human proteins, with the highest one observed for LAP@HSA.

CONCLUSION

The interaction of Lapatinib (LAP) and its N- and
O-dealkylated metabolites (N-LAP and O-LAP) with model
proteins (serum albumins and a;-acid glycoproteins, SAs and
AGs), of human and bovine origin, has been investigated by a
combined photophysical and computational approach. In this
context, the present work reveals key information on drug@
protein complexation, the first step involved in a number of
hypersensitivity reactions, including photosensitivity disorders.
Photophysical results (fluorescence and ultrafast transient
absorption) agree with strong and specific interactions of the
drug and its metabolites with the selected proteins, pointing to a
higher affinity to the human proteins, especially in the case of
the LAP@HSA complex. The observed behavior can be
rationalized by the coplanar orientation adopted by the furan
and quinazoline rings within subdomain IB of HSA, in
conjunction with the degree of confinement provided by this
constrained intraprotein microenvironment. The experimental
findings can be undoubtedly explained by the MD simulation
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Clavulanic acid (CLV) and amoxicillin, frequently administered in combination, can be
independently involved in allergic reactions. Protein haptenation with g-lactams is
considered necessary to activate the immune system. The aim of this study was to
assess the suitability of biotinylated analogues of CLV as probes to study protein
haptenation by this g-lactam. Two synthetic approaches afforded the labeling of CLV
through esterification of its carboxylic group with a biotin moiety, via either direct binding
(CLV-B) or tetraethylenglycol linker (CLV-TEG-B). The second analogue offered
advantages as solubility in agueous solution and potential lower steric hindrance for
both intended interactions, with the protein and with avidin. NMR reactivity studies showed
that both CLV and CLV-TEG-B reacts through g-lactam ring opening by aliphatic amino
nitrogen, however with different stability of resulting conjugates. Unlike CLV conjugates,
that promoted the decomposition of clavulanate fragment, the conjugates obtained with
the CLV-TEG-B remained linked, as a whole structure including biotin, to nucleophile and
showed a better stability. This was a desired key feature to allow CLV-TEG-B conjugated
protein detection at great sensitivity. We have used biotin detection and mass
spectrometry (MS) to detect the haptenation of human serum albumin (HSA) and
human serum proteins. MS of conjugates showed that HSA could be modified by
CLV-TEG-B. Remarkably, HSA preincubation with CLV excess only reduced
moderately the incorporation of CLV-TEG-B, which could be attributed to different
protein interferences. The CLV-TEG-B fragment with opened g-lactam was detected
bound to the *“%4~*3°HSA peptide of the treated protein. Incubation of human serum with
CLV-TEG-B resulted in the haptenation of several proteins that were identified by 2D-
electrophoresis and peptide mass fingerprinting as HSA, haptoglobin, and heavy and light
chains of immunoglobulins. Taken together, our results show that tagged-CLV keeps
some of the CLV features. Moreover, although we observe a different behavior in the
conjugate stability and in the site of protein modification, the similar reactivity indicates that
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Tagged Clavulanate in Protein Haptenation

it could constitute a valuable tool to identify protein targets for haptenation by CLV with high
sensitivity to get insights into the activation of the immune system by CLV and mechanisms

involved in p-lactams allergy.

Keywords: betalactam, biotin tag, biotinylation, clavulanate, drug allergy, haptenation

INTRODUCTION

p-lactam antibiotics are the second most consumed drugs and the
most frequent ones eliciting allergic reactions (Dona et al., 2012).
This poses an important clinical problem since, in the most severe
cases, allergic reactions may be life-threatening and reduce the
therapeutic options against infections. The frequency of allergic
reactions associated with each drug varies over time according to
consumption patterns (Martin-Serrano, 2018). Hence, currently,
amoxicillin (AX) is the antibiotic most frequently eliciting
immediate (IgE-mediated) allergic reactions (Fernandez et al,
2017). In addition, AX is nowadays frequently administered in
combination with clavulanic acid (CLV), a g-lactam compound
which inhibits g-lactamases activity (Torres et al., 2016). As a
consequence of the increase in the frequency of AX-CLV
administration, selective reactions to CLV are on the rise,
reaching 30% of the allergic reactions induced by this
combination (Torres et al, 2010; Blanca-Lopez et al., 2015;
Fernandez et al., 2017; Salas et al., 2018).

Diagnosis of a suspected reaction after AX-CLV intake is a
challenge, as it involves determining which of the two drugs is
the responsible one (Torres et al., 2016). Skin test to CLV is only
available in some countries and its sensitivity is not optimal.
Therefore, drug provocation tests must be performed indirectly
using both AX and AX-CLV to establish a diagnosis of CLV
allergy (Dona et al., 2019). However, these in vivo tests are
contraindicated in severe life threatening reactions. The ideal
alternative is the performance of risk-free in vitro tests
(Mayorga et al, 2016), although immunoassays for
quantifying IgE specific to CLV are not available and have
never been reported. Only in vitro tests such as basophil
activation tests or histamine release tests have been used for
the evaluation of patients (Torres et al., 2010; Pineda et al., 2015;
Salas et al., 2018; Barbero et al., 2019). These functional assays
use the CLV molecule to evaluate whether the drug induces
cellular activation, but they show suboptimal sensitivity (Ariza
et al., 2016b; Dona et al., 2017).

In the context of IgE-mediated reactions to p-lactams, drugs
behave as haptens as they are assumed to covalently bind to
carrier proteins to induce an immunological response (Ariza
et al,, 2011; Gonzalez-Morena et al., 2016). Both, the resulting
structure of the conjugated drug (antigenic determinant) and
part of the protein to which it is attached may be involved in the
IgE recognition process (Ariza et al., 2015; Ariza et al., 2016a;
Martin-Serrano et al., 2016). Developing new approaches for
diagnosing CLV allergy and improving the existing ones
requires the inclusion of CLV derivative structures
recognized by the immune system, whose identification is
much more complex compared with other p-lactam drugs.
Complex reactivity of CLV and instability after protein

conjugation have delayed the isolation and characterisation
of the main CLV antigenic determinants (Barbero et al,
2019), and the lack of monoclonal antibodies against CLV
has impeded the identification of proteins involved.
Therefore, elucidating the mechanisms and structures
involved in the immune system activation by CLV is
required to advance in diagnosis.

Protein haptenation by CLV is assumed to occur similarly
to other g-lactams (Edwards et al., 1988; Barbero et al., 2019),
i.e., benzylpenicillin and AX, by nucleophilic opening of the
p-lactam ring by protein amino groups from lysine residues
(Batchelor et al., 1965; Yvon et al., 1990; Garzon et al., 2014).
However, unlike penicillins, which render stable penicilloyl
determinants, the resulting acylated structure of CLV is
unstable and degrades, leading to small and heterogeneous
epitopes with a very low density in the carrier (Edwards et al,,
1988; Torres et al., 2016). We have recently reported the
identification of a CLV determinant: N-protein, 3-
oxopropanamide, which was addressed through a synthetic
approach of its analogues and their ability to activate basophils
in a higher proportion of patients compared with the native
CLV (Barbero etal., 2019). Moreover, the same CLV fragments
bound to protein were identified by proteomic approaches
(Barbero et al., 2019). Based on its extraordinary ligand-
binding capacity, human serum albumin (HSA) has been
traditionally considered the main target protein in the
haptenation process for p-lactams, and most studies have
focused on characterisation of the penicilloyl-HSA
conjugates (Jenkins et al., 2009; Martin et al, 2010;
Whitaker et al., 2011; Garzon et al., 2014; Meng et al., 2016;
Azoury et al., 2018). Regarding CLV, only a couple of recent
studies have reported HSA haptenation, identifying stable
N-protein, 3-oxopropanamide determinant on lysine
residues in in vitro conjugation at physiological pH
(Barbero et al., 2019) and in patients treated with the drug
(Meng et al., 2016), whereas direct binding of CLV to lysine
residues, subsequent degradation products, pyrazine
conjugates and cross-linking conjugates were identified at
high concentrations in vitro (Meng et al., 2016).

Besides HSA, other proteins can be target of haptenation
with p-lactams. Transferrin (Magi et al., 1995; Ariza et al., 2012;
Garzon et al, 2014) and immunoglobulins (light and heavy
chains) (Ariza et al., 2012; Garzon et al.,, 2014) have been
reported to be target serum proteins to be modified in vitro
by ampicillin and/or AX. Besides serum proteins, surface and
intracellular proteins have been reported to form antigenic
determinants with p-lactams (Binderup and Arrigoni-
Martelli, 1979; Watanabe et al., 1986; Watanabe et al., 1987;
O’'Donnell et al., 1991; Gonzalez-Morena et al., 2016; Sdnchez-
Gomez et al., 2017) and the intracellular haptenation process
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has been suggested to be cell type-dependent (Ariza et al,
2014). The identification of novel drugs or reactive metabolite
conjugates with proteins is extremely challenging and relevant
due to the role of these structures in the activation of the
immune system (Labenski et al., 2009). The gold standard to
detect and identify drug-protein conjugates is high resolution
mass spectrometry (Garzon et al., 2014); nevertheless this
approach requires sophisticated equipment that is not
available to every laboratory. Alternatively, specific
antibodies can be used through immunoassays (ELISA,
immunoblotting) for the detection of these conjugates
(Martin-Serrano, 2018); however, the lack of specific
antibodies for some epitopes and the lack of sensitivity for
the detection of low concentrations of conjugates or low degree
of protein modification is the major drawback of these
detection techniques (Tailor et al., 2016). The use of labeled
drugs or reactive metabolites to enrich the drug modified
fraction in complex samples and to improve the detection is
an option to be considered (Koizumi et al., 2011; Ariza et al,,
2014; Gonzalez-Morena et al., 2016). The avidin-biotin
interaction provides great affinity and sensitivity, as well as
the possibility of coupling modification of proteins by
biotinylated compounds with several methods for detection,
purification, and imaging (Ariza et al., 2014; Martin-Serrano,
2018). Previous studies have combined biotin labeling with
proteomic techniques for the identification of potential protein
targets for haptenation (Garzon et al.,, 2010; Ariza et al., 2014;
Sanchez-Gémez et al., 2017; Shan et al., 2017) or modified
protein residues (Havelund et al., 2017). The use of
biotinylated AX (AX-B) has been shown to increase the
detection sensitivity of AX modified serum proteins by
immunological methods (Ariza et al., 2014) and has allowed
the detection of novel cellular targets (Sdnchez-Gomez et al.,
2017).

Unlike AX, no antibody specifically targeting CLV is
available, which has hampered the immunological detection
of protein-CLV conjugates. To overcome this issue, in this work
we envisaged an alternative strategy consisting in the design of
appropriate biotinylated derivatives of CLV as highly sensitive
and straightforward tools to study haptenation and developing
methods to identify CLV target proteins. Two different
structures, CLV-Biotin (CLV-B) and CLV-tetraethylenglycol-
Biotin (CLV-TEG-B), were synthesized as probes for detecting
haptenated serum proteins through streptavidin-based
amplification technique. Both compounds bear biotin moiety
linked through CLV carboxylic group without altering p-lactam
group, which is reactive against proteins. The reactivity of
biotinylated analogs of CLV and their ability to form
conjugates was studied with a simple nitrogen nucleophile, as
well as with HSA as protein model for haptenation. In addition,
conjugation to a simple model peptide was analyzed, choosing
1827195 HS A peptide due to its previous identification as target of
AX (Garzon et al., 2014) and CLV (Barbero et al., 2019). The
biotinylated ~ derivative ~was demonstrated to be a
straightforward tool to identify serum proteins target of
modification.

Tagged Clavulanate in Protein Haptenation

MATERIALS AND METHODS

Chemical Synthesis
Synthesis of Clavulanate-Biotin

Methyl Biotinate

The reported procedure (Martin-Serrano, 2018) was followed and
adapted (Soares da Costa et al., 2012). Thionyl chloride (45 uL)
was added slowly to a suspension of biotin (50 mg, 0.204 mmol)
in methanol (1.2mL) and the mixture was stirred at room
temperature for 1 h. The reaction mixture was concentrated in
vacuo to give quantitatively the methyl ester as a white solid
(52 mg). Spectral data are in agreement with those reported in the
literature (Tao et al., 2007).

Biotinol

The reported procedure(Martin-Serrano, 2018) was followed and
adapted (Soares da Costa et al., 2012). To a suspension of methyl
biotinate (52 mg, 0.204 mmol) in dry THF (2 mL) was added
carefully LiAlH, (31 mg, 0.816 mmol) and stirred at room
temperature overnight. The reaction mixture was quenched
with methanol (1 mL) and water (1 mL). MgSO, was added to
the mixture and it was stirred for additional 20 min. Then, the
reaction mixture was concentrated in vacuo, filtered and washed
with 1:4 MeOH/CH,Cl, (10 mL). The filtrate was concentrated in
vacuo to give quantitatively the target product as a white solid
(47 mg). Spectral data are in agreement with those reported in the
literature (Corona et al., 2006).

Biotin Tosylate

The reported procedure (Martin-Serrano, 2018) was followed and
adapted (Soares da Costa et al., 2012). Tosyl chloride (47 mg,
0.245 mmol) was added to a suspension of biotinol (47 mg,
0.204 mmol) in dry pyridine (1.0 mL) in an ice bath. The
reaction mixture was stirred at zero degrees for 1h and at
room temperature overnight. Then, it was diluted with CH,Cl,
(5mL) and washed with aqueous HCl 1M (5mL), aqueous
saturated NaHCO; (5mL), water (5mL), and brine (5mL).
The organic layer was dried over anhydrous MgSO,, filtered,
concentrated in vacuo and purified by flash chromatography
eluting with 5% methanol in CH,Cl, to give a white solid
(29%). Spectral data are in agreement with those reported in
the literature (DeLalLuz et al., 1995).

Biotin Iodide

The reported procedure (Martin-Serrano, 2018) was followed
(Iglesias-Sanchez et al, 2010). Biotin tosylate (75 mg,
0.196 mmol) and Nal (60 mg, 0.391 mmol) were stirred at
reflux in acetone (10 mL) for 24 h. The solvent was removed
under reduced pressure and the residue was dissolved in CH,Cl,
and the organic layer was successively washed with aqueous
saturated sodium thiosulfate (10 mL) and water, dried over
anhydrous Mg,SO,, and concentrated in vacuo. Purification of
the crude material by flash chromatography eluting with 5%
methanol in CH,Cl, gave the target compound as a white solid
(52 mg, 78%). Spectral data are in agreement with those reported
in the literature (Iglesias-Sanchez et al., 2010).
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2-Biotin Clavulanate (CLV-B)
The reported procedure (Martin-Serrano, 2018) was followed and
adapted (Brown et al., 1984). Commercially available potassium
clavulanate (44 mg, 0.173 mmol) and previously synthesized
biotin iodide (49 mg, 0.144 mmol) under nitrogen atmosphere
were stirred in dry DMF (2 mL) at room temperature overnight.
The solvent was removed in vacuo and the crude was purified by
flash chromatography eluting with 5% methanol in CH,Cl, to
give the target compound as a white solid (35 mg, 60%).
"H-NMR (400 MHz, DMSO-dg): 6 6.43 (1H, s, NH), 6.36 (1H,
s, NH), 5.69 (1H, d, ] = 2.7 Hz, Hs), 5.18 (1H, s, H,), 4.73 (1H, t,
J=6.8 Hz, H,"), 4.30 (1H,t, ] = 7.3 Hz, H;,'), 4.14-3.94 (5H, m,
Hg'+ H,' + H,"),3.62 (1H, dd, ] = 16.8, 2.7 Hz, H, diastereotopic
protons), 3.13-3.09 (2H, m, He + H;'), 2.82 (1H, dd, ] = 12.5, 5.1
Hz, H,5', diastereotopic protons), 2.58 (1H, d, ] = 12.5 Hz, H,5'),
1.60-1.23 (8H, m, Hs' + Hs' + Hy' + Hy'); '>’C-NMR (400 MHz,
DMSO-de): 5 175.5 (C7), 167.2 (C1'), 162.7 (C10'), 150.4 (C3),
101.2 (C1'), 87.5 (C5), 65.5 (C2'), 61.0 (C8"), 69.9 (C2), 59.2
(C12"), 55.5 (C2"), 55.4 (C7’), 46.0 (C6), 28.14, 28.11, 27.7 (C5',
C4',C3"),25.2 (C6'). C13' signal overlaps with DMSO-d6 solvent
signal (see HSQC). HRMS (C;3H,5N304S-H, 410.1385), found:
410.1385.

Synthesis of Clavulanate-Tetraethylenglycol-Biotin
2-(2-(2-(2-Iodoethoxy)ethoxy)ethoxy)ethyl Biotinate

The reported procedure (Martin-Serrano, 2018) was followed and
adapted (Li et al.,, 2008). DMSO (5 mL) was added into a 25-mL
schlenk containing biotin (244 mg, 1.0 mmol) under nitrogen
atmosphere at room temperature. Then, NaH (44 mg, 1.1 mmol,
60% dispersion in mineral oil) was added under N, atmosphere
and the reaction mixture was allowed to stir for 10 min. Then,
previously prepared 1-iodo-2-(2-(2-(2-iodoethoxy)ethoxy)ethoxy)
ethane (I-TEG-I) (555 mg, 1.4 mmol) in DMSO (2 mL) was
added to the reaction and the mixture was stirred at room
temperature overnight. Then, saturated aqueous NH,Cl was
added. Subsequently, it was extracted with EtOAc (3 x 10 mL)
and the combined organic phases were dried over anhydrous
MgSO,, filtered and concentrated in vacuo. The crude was
purified by flash chromatography eluting with 5% methanol
in CH,Cl, to give the target compound as a white solid
(184 mg, 35%).

"H-NMR (400 MHz, CDCL): 5 6.29 (1H, s, NH), 5.83 (1H, s,
NH), 4.38-4.35 (1H, m, Hy), 4.18-4.15 (1H, m, H,), 4.10-4.07
(2H, m, Hy'), 3.62 (2H, t, ] = 6.7 Hz, H,,'), 3.57 (2H, t, ] = 4.9 Hz,
H,"), 3.53 (s, 8H, Hg', Ho', Hyo', Hyy', Hy'), 3.13 2H, t, ] = 7.0
Hz, Hi5'), 3.04-2.99 (1H, m, Hs), 2.76 (1H, dd, J = 12.8, 5.0 Hz,
H,, diastereotopic protons), 2.61 (1H, d, J = 12.7 Hz, H;), 2.24
(H, t, ] = 7.6 Hz, H,'), 1.64-1.48 (4H, m, H,’, H,'), 1.36-1.27
(2H, m, Hy'). *C-NMR (400 MHz, CDCl,): 5 173.6 (C5'), 164.0
(C2), 71.8, 70.5, 70.46, 70.40, 70.07, 69.04 (C7’, C8', C9/, C10,
Cl1', C12'), 63.3 (C6'), 61.8 (C8), 60.0 (C4), 55.5 (C5), 40.4
(C7),33.7 (C4'), 28.26, 28.11 (C2', C3"), 24.6 (C1'), 3.1 (C13").
HRMS (C,gH3,IN,0¢S + H, 531.1020), found: 531.1015.

2-Tetraoxadodecane-Biotin Clavulanate (CLV-TEG-B)
The reported procedure (Martin-Serrano, 2018) was followed and
adapted as follows (Brown et al., 1984). Commercially available
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potassium clavulanate (53 mg, 0.223 mmol) and previously
synthesized 2-(2-(2-(2-Iodoethoxy)ethoxy)ethoxy)ethyl biotinate
(130 mg, 0.246 mmol) under nitrogen atmosphere were stirred
in dry DMF (2mL) at room temperature overnight. The
solvent was removed under vacuum and the crude was
purified by flash chromatography eluting with 5% methanol
in CH,Cl, to give the target compound as colourless oil
(20 mg, 15%).

"H-NMR (400 MHz, CDCl,): 5 5.90 (1H, s, NH), 5.68 (1H, d,
J=2.3Hz, H;), 5.35 (1H, s, NH), 5.05 (1H, d, ] = 1.1 Hz, H,), 4.97
(1H, dt, ] = 6.9, 1.3 Hz, H,"), 4.51-4.47 (1H, m, H,), 4.31-4.19
(7H, m, Hy,', H,', Hyr, Hy'), 3.71-3.58 (12H, m, Hy', H,', Hy/,
H¢', H,', Hy'), 3.48 (1H, dd, J = 16.7, 2.8 Hz, H,, diastereotopic
protons), 3.16-3.11 (1H, m, H,5"), 3.08 (1H, d, ] = 16.7 Hz, Hy),
2.89 (1H, dd, J = 12.8, 5.0 Hz, H,,', diastereotopic protons), 2.74
(1H, d, ] = 12.8 Hz, H,,'), 2.36 2H, t, J = 7.3 Hz, H,,'), 1.74-1.63
(4H, m, Hy,, Hyy), 148-1.39 (2H, m, H;3s). “C-NMR
(400 MHz, CDCl;): 8 174.8, 173.8, 167.3, 163.7 (C=0), 152.0
(C3), 101.0 (C1"9), 87.9 (C5), 70.8, 70.6, 70.4, 69.3, 69.8
(oxygenated chain), 63.51, 63.49 (C2’, C9'), 62.0 (C20"), 61.7
(oxygenated chain), 60.5, 60.2 (C2, C16'), 57.2 (C2"), 55.6
(C15'), 46.5 (C6), 40.6 (C21'), 33.9 (C11'), 28.4, 28.3 (C12’,
C13'), 24.8 (C14'). HRMS (C,¢H4oN50,,S + H, 602.2378),
found: 602.2378.

Stability Studies
Freshly prepared solutions of CLV or CLV-TEG-B 1:1, at 10 mM

concentration, in deuterated PBS were placed in an NMR tube
and incubated at 37°C. The reactions were monitored by
"H-NMR registration after 1, 16, and 40 h (Martin-Serrano,
2018).

Evaluation of CLV and CLV-TEG-B
Reactivity Toward Amino Nucleophiles
Mixture solutions of CLV or CLV-TEG-B 1:1 with butylamine, at
10 mM concentration for each species were prepared in
deuterated PBS and incubated at 37°C. The reactions were
monitored by "H-NMR registration after 15 min, 1, 16 and
40 h (Martin-Serrano, 2018).

In vitro Modification of HSA or Serum

Proteins by CLV-B or CLV-TEG-B
HSA-CLV-TEG-B conjugates were prepared by incubation of
HSA at 10 mg/mL (0.15mM) in PBS for 16h at 37°C with
decreasing concentrations of CLV-B and CLV-TEG-B (15 mM,
1.5 and 0.15mM) in PBS, at 1:100, 1:10 and 1:1 protein/drug
molar ratio. They were purified by dialysis filtration using
Amicon filters (Merck- Millipore) and analyzed by matrix-
assisted laser desorption/ionization-time of flight (MALDI-
TOF) mass spectrometry (MS).

In addition, each biotinylated derivative, CLV-B and CLV-
TEG-B, were freshly dissolved in DMSO and PBS (pH 7.4),
respectively. For modification by biotinylated CLV derivatives,
HSA at 10 mg/mL (0.15 mM) in PBS was incubated for 16 h at
37°C with decreasing concentrations of CLV-B or CLV-TEG-B
(90 mM-0.05 pM). Then, conjugates were purified by dialysis
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filtration using Amicon filters (Merck-Millipore). For
modification of serum proteins, human serum from healthy
donors was incubated with CLV-TEG-B freshly prepared in
PBS (pH 7.4) at 0.03 mM for 16 h at 37°C. All conjugates were
analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis ~ (SDS-PAGE) followed by modification
detection with streptavidin-horseradish peroxidase (HRP) and
ECL (Martin-Serrano, 2018), as described below.

In Vitro Modification of HSA Peptide by
CLV-TEG-B

CLV-TEG-B was freshly prepared in PBS (pH 7.4) at 0.15 mM
(Ariza et al., 2012) and incubated with 13.5mM '$*7'°HSA
peptide (1,518.68 Da) in PBS (pH 7.4) for 24h at 37°C.
Resulting conjugates were purified using PD G-10 Desalting
Columns (GE Healthcare) and then analyzed by mass
spectrometry (Martin-Serrano, 2018), as described below.

Competition Between CLV and CLV-TEG-B
for HSA Modification

HSA (10 mg/mL, 0.15mM) was preincubated with CLV
(80-96,000 uM) in PBS (pH 7.4) for 16h at 37°C. After
preincubation, CLV-B was added to each sample to a final
concentration of 80 uM and then incubated for 2h at 37°C.
Resulting conjugates were than analyzed by SDS-PAGE and
drug modification was detected by transfer to membrane and
biotin detection with avidin-HRP (Martin-Serrano, 2018).

CLV- Enrichment of Protein-Biotinylated
Drug Fraction by Avidin Affinity
Chromatography

Resulting samples of the incubation of proteins with biotinylated
compounds were filtered and then purified using agarose beads
coated with Neutravidin (Thermo Fisher Scientific). Samples
were incubated with the beads for 2h at room temperature
and then resin was washed with 50 mM Tris-HCl pH 7.4,
1 mM EDTA, 1 mM EGTA, 1% NP-40 and 5% SDS buffer
to eliminate unspecifically bound proteins (Garzon et al., 2010;
Martin-Serrano, 2018). Finally, biotinylated fraction was
released from the resin using a buffer containing SDS and
p-mercaptoethanol. In parallel, control HSA was subjected to
affinity purification to assay the possibility of unspecific
retention with the resin (Garzén et al., 2010; Martin-
Serrano, 2018).

Mass Spectrometry Analysis of CLV-TEG-
B- Modified HSA

The MALDI-TOF mass spectra of HSA protein and peptide
modification with CLV-TEG-B were acquired at Central
Service for Research Support (SCAI, University of Malaga),
Proteomic Unit, using a MALDI TOF TOF Bruker
UltraFlextreme (Martin-Serrano, 2018). Experiments were
recorded by dissolving conjugates in milliQ water containing
0.1% trifluoroacetic acid (TFA) and using sinapinic acid (SPA) or
a-cyano-4-hydroxycinamic acid (CHCA) as the matrix for
proteins or peptides, respectively.

Tagged Clavulanate in Protein Haptenation

In vitro HSA modification with CLV-TEG-B (enriched
biotinylated fraction prepared at 1:10 protein/drug molar
ratio) studied by liquid chromatography-mass
spectrometric (LC-MS/MS) analysis, acquired at Proteomic
Laboratory at National Center of Biotecnology (CNB,CSIC,
Madrid). After sample digestion with trypsin, chymotrypsin
and LysC, collision-induced dissociation (CID) fragmentation
was performed using a TripleTOF 5600 Q-TOF mass
spectrometer (SCIEX) for peptide sequencing and protein
matching (MASCOT). The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium via the
PRIDE (Perez-Riverol et al., 2019) partner repository with the
dataset identifier PXD021727.

was

SDS-PAGE Electrophoresis and
Biotinylation Detection by Blot Followed by
Biotin Detection

Samples of HSA and human serum conjugates with CLV-B or
CLV-TEG-B containing 2-4 pg of protein were separated in 12%
SDS-PAGE. Then, proteins were transferred to a PVDF
membrane (Trans-Blot Turbo Mini PVDF Transfer Packs,
Bio-Rad) using Trans-Blot Turbo Transfer System from Bio-
Rad following manufacturer’s indications. For biotin detection,
blots were incubated with HRP-streptavidin (Amersham, GE
Biosciences) at 1/1,000 dilution and ECL detection (Clarity
Western ECL Substrate, Bio-Rad). Estimation of the
biotinylation degree was made by comparison with a
biotinylated BSA standard (Pierce) (Gharbi et al, 2007). To
check HSA load, blots were previously incubated with anti-
HSA primary antibody (Santa Cruz Biotechnology) at 1 ug/mL
and polyclonal rabbit HRP-anti-mouse IgG (DAKO) at 1/2,000
dilution and then stripped with HCl guanidine 8 M before
biotinylation detection. Chemiluminiscence was used for
detection (Clarity Western ECL Substrate, Bio-Rad) and
images were analyzed using ImageQuant LAS4000 (GE
Healthcare) (Martin-Serrano, 2018). We analyzed images
obtained with Image] software (National Institutes of Health)
for three replicates and expressed the results as pmol biotin/
pmol HSA.

Two-Dimensional Electrophoresis and

Protein Identification

For two-dimensional electrophoresis, samples were processed by
a procedure similar to that previously described (Ariza et al,
2012) (Martin-Serrano, 2018). Aliquots of control and CLV-
TEG-B-treated human serum (protein:drug ratio 1:0.192)
containing 20 pg of protein were precipitated with cold
acetone stirring for 16 h at 4°C. Then, acetone was decanted
and the pellet completely dried using a SpeedVac system. The
dried pellet was resuspended in 278.4 uL of IEF simple buffer (4%
CHAPS, 2 M thiourea, 7 M urea, 100 mM DTT, and 0.4% Bio-lyte
ampholytes). Sample was then divided in two aliquots and loaded
on two ReadyStrip IPG Strips (pH 3-10 lineal, 7 cm, Bio-Rad) for
isoelectric focusing on a Protean IEF cell (Bio-Rad), following the
instructions of the manufacturer. Before the second dimension,
strips were equilibrated in 6 M urea, 2% SDS, 0.375 M Tris-HCI
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pH 8.8, 20% glycerol and bromophenol blue containing 130 mM
DTT for the first equilibration step and 135 M iodoacetamide for
second step. Strips were then placed on top of duplicated 10%
polyacrilamide SDS gels. One of the gels was subsequently
transferred to a PVDF membrane and used for localization of
proteins modified by CLV-TEG-B by biotin detection.

The duplicate gel was stained for total protein with Comassie
staining and it was used for spot excising and identification at the
CAI Técnicas Biolégicas, Unidad de Protedmica, Facultad de
Farmacia (Universidad Complutense de Madrid, Madrid, Spain).
The spots of interest were then manually excised from gels.
Proteins selected for analysis were in-gel reduced, alkylated
and digested with trypsin according to previous literature
(Sechi and Chait, 1998; Martin-Serrano, 2018). Briefly, the
samples reduced with 10mM DTT in 25mM
ammonium bicarbonate for 30 min at 56°C and subsequently
alkylated with 25 mM iodoacetamide in 25mM ammonium
bicarbonate for 15min in the dark. Finally, samples were
digested with 12.5ng/uL sequencing grade trypsin (Roche
Molecular Biochemicals) in 25 mM ammonium bicarbonate
(pH 8.5) overnight at 37°C. After digestion, the supernatant
was collected and 1 uL was spotted onto a MALDI target plate
and allowed to air-dry at room temperature. Then, 0.6 uL of a
3 mg/mL of a-cyano-4-hydroxy-cinnamic acid matrix (Sigma) in
50% acetonitrile were added to the dried peptide digest spots and
allowed again to air-dry at room temperature. MALDI-TOF MS
analyses were performed in a 4800 Plus Proteomics Analyzer
MALDI-TOF/TOF mass spectrometer (Applied Biosystems,
MDS Sciex, Toronto, Canada). The MALDI-TOF/TOF
operated in positive reflector mode with an accelerating
voltage of 20,000 V. All mass spectra were calibrated internally
using peptides from the auto digestion of trypsin. For protein
identification SwissProt 20170116 (553222 sequences; 198133818
residues) with taxonomy restriction to human was searched using
MASCOT 2.3 (www.matrixscience.com) through the software
Global Protein Server v 3.6 (ABSciex). Search parameters were set
as  follows: enzyme, trypsin; fixed modifications,
carbamidomethyl (C); variable modification, oxidized
methionine; one missed cleavage allowed; peptide tolerance,
50 ppm. Probability scores greater than the score fixed by
MASCOT were considered significant if p < 0.05.

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE (Perez-
Riverol et al, 2019) partner repository with the dataset
identifier PXD021675.

were

RESULTS

Synthesis and Characterisation of
Biotinylated Clavulanic Acid (CLV-B and
CLV-TEG-B)

Two different biotin derivatives of CLV were designed as probes
for detecting haptenated serum proteins. Both approaches
consisted in the successful labeling of CLV through its
carboxylic group with a biotin moiety, via either direct
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binding or hydrophilic spacer linker, without affecting the
CLV p-lactam ring.

The first approach consisted in the straight labeling CLV
resulting in CLV-B (Figure 1A). The synthetic sequence
involved biotin esterification to form the methyl ester, further
reduction to alcohol and subsequent tosylation that eventually
allowed substitution by an iodide group. The resulting biotin
iodide was used for esterification of CLV allowing biotinylation of
the drug. The product was isolated with 73% average yield. The
chemical structure of CLV-B and the synthetic intermediates
were confirmed by conventional techniques of NMR and MS. The
resulting compound was not completely soluble in water and
DMSO was used to make it soluble in aqueous media for NMR
characterisation (Supplementary Figures S1, S2) as well as for
further protein incubation experiments.

The second approach employed an  extending
tetraethylenglycol (TEG) linker between CLV and the biotin
moiety by means of a two-step synthetic process (Figure 1B).
First, hydroxyl groups from TEG chain were tosylated and further
substituted by iodide. Esterification reaction of biotin with TEG
di-iodide (I-TEG-I) afforded biotin-TEG-iodide (I-TEG-B),
which was used for the esterification of CLV leading to the
target molecule CLV-TEG-B, isolated with 62% average yield.
The hydrophilic TEG linker provides solubility to the compound
in aqueous media. Reactions were monitored using 'H-NMR
(Supplementary Figure S3) to confirm the completion of
reactions. Final and intermediate products were appropriately
purified and chemical structures were confirmed by conventional
NMR (Supplementary Figures S4, S5) and MS techniques. This
second derivative was completely soluble in water. Since aqueous
solubility was a valuable property to perform following protein
modification experiments, we mainly focused on CLV-TEG-B
further on.

Stability and Reactivity of CLV and
CLV-TEG-B

Due to their similar structures it is expected that both biotinylated
compounds, ie., CLV-B and CLV-TEG-B, present similar
stability and reactivity. The main difference between both
molecules is the presence of the PEG spacer that confers water
solubility to CLV-TEG-B, which are the optimal conditions to
evaluate stability and reactivity for further protein experiments.

We compared both the stability of CLV and CLV-TEG-B at
neutral pH and physiological salt concentration and their
acylation reactivity toward nitrogen nucleophile at NMR scale.
Proton chemical shifts for H5 and H6 in the p-lactam ring were
used to monitor these processes.

We performed stability studies of CLV-TEG-B dissolved in
deuterated PBS (Supplementary Figure S6). Spectra revealed
that after 1 h of incubation 20% of the p-lactam ring was opened
and kept on opening over time, with 50% of opened p-lactam at
16 h and 58% at 40h. In addition, after 1h, the peak
corresponding to the oxazolidine ring (signal 1') seems to be
affected, which could indicate some kind of degradation (as
oxazolidine ring opening or double bond isomerisation).
Spectra were analyzed to compare the stability between CLV
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FIGURE 1 | Synthesis of biotinylated derivatives of clavulanic acid (CLV). (A) CLV-B and (B) CLV-TEG-B. CH.Cl,, dichloromethane; DMF, dimethylformamide;
DMSO, dimethyl sulfoxide; LIAIH,, lithium aluminum hydride; MeOH, methanol; Nal, sodium hydride; ON, overnight; rt, room temperature; SOCls, thionyl chloride; THF,
tetrahydrofurane; TsCl, tosyl chloride.

and CLV-TEG-B in deuterated PBS, at neutral pH and
physiological salt concentration, showing that CLV is more
stable than CLV-TEG-B since p-lactam opening did not take
place for the former (Supplementary Figure S7).

The acylation abilities of CLV-TEG-B and CLV were
studied toward butylamine, a simple nitrogen nucleophile
molecule that mimics lateral chain of lysine residues, and
therefore can conjugate to p-lactam (Figure 2). Results of
CLV-TEG-B reactivity studies showed that after 15 min
incubation with 1 equivalent of butylamine there was no
remaining signal corresponding to methylene protons next
to the amine in butylamine at 2.6 ppm and the appearance of a
triplet at 3.2 ppm, both consistent with amide bond formation
(Supplementary Figure S8). A shift in signals corresponding

to p-lactam protons (H5 and H6) was observed after 15 min of
incubation and the shift was complete after 16 h (see changes
in signals H5 and H6), which could evidence p-lactam ring
opening and/or other kind of ring modification. Spectra of
CLV incubated with butylamine for 15 min showed that 60%
of butylamine was forming amide and 40% remained as

butylamine, as deduced by integration of signals
corresponding to methylene protons closest to the
butylamine nitrogen (Supplementary Figure S9).

Moreover, the percentage of CLV conjugated to butylamine
seems to degrade into other compounds whose structures
cannot be elucidated with obtained data. Only a decreased
integration of original shifts of CLV can be observed,
consistent with the percentage of amide formed, however
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FIGURE 2 | Reactivity of clavulanic acid (CLV) and CLV-tetraethylenglycol-Biotin (CLV-TEG-B). "H NMR of each compound at similar conditions: (A) CLV
control and (D) CLV-TEG-B control, after 15 min incubation in deuterated PBS. (B) CLV and (E) CLV-TEG-B, incubated with 1 equivalent of butylamine for 15 min
(C) CLV and (F) CLV-TEG-B, incubated with 1 equivalent of butylamine for 16 h min. After addition of butylamine is observed amide formation for both
compounds. Subsequently, degradation occurs in the case of CLV and shifted signals for protons corresponding to p-lactam (H5 and H6) are observed in the
case of CLV-TEG-B.

discerning where signals shift is not clear, unlike in the case of
CLV-TEG-B.

Characterisation of HSA-CLV-TEG-B
Conjugates by MALDI-TOF and LC-MS

To confirm that conjugation takes place with proteins similarly
with CLV and CLV-TEG-B, we used CLV- and CLV-TEG-B
treated-HSA as model and analyzed the conjugates using
proteomics. First MALDI-TOF MS techniques showed that
incubation of HSA in the presence of CLV-TEG-B at 1:100, 1:
10 and 1:1 M ratio caused an increase in the mass of the protein,
which indicates incorporation of the drug derivative.
(Supplementary Figures S10-S13). MS spectra of the dialyzed
conjugates shows a peak at 66,467, 66,596 and 68,091 Da, shifted

by 35, 164 and 1,659 Da with regard to the HSA control sample,
for 1:100, 1:10 and 1:1 respectively, indicating a modification
dependent of the biotinylated drug concentration, as previously
reported with CLV treated-HSA (Barbero et al., 2019). The shift
of the peak correspond to an average of different species as no
homogeneous haptenation of the HSA may happen, and
therefore we could not confirm neither the number of CLV
derivatives bound to the protein nor the molecular weight of
the added fragments.

To study in depth HSA residues modified by CLV-TEG-B
and compared with previous results obtained with CLV
(Barbero et al., 2019), HSA-CLV-TEG-B 1:10 conjugate was
analyzed on a SCIEX 5600 TripleTOF spectrometer with CID
fragmentation. The attempts to analyze the dialyzed conjugate
were unsuccessful, however we observed that for the enriched
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biotinylated conjugate digested with chymotrypsin, a
peptide modified with a mass increment of 600.2 Da was
found (Supplementary Figures S14, S15): ****°HSA
(QNALLVRYTKKVPQVSTPTLVEVSRNL). Both MS1,
showing the m/z value corresponding to the parental ion
(Supplementary  Figure S14) and MS2  spectra
(Supplementary Figure S15), are fully compatible with this
modified ***"**°HSA peptide. The fragmentation spectrum
(Supplementary Figure S15) shows interesting information
corresponding to the y2, y3, y4, y5, y6, y7, y8, y9, y10 and y11
ion fragments, as well as bl and b6 ions, in addition to some
secondary fragments. The involved residue cannot be identified
based on these ion series, although they suggest the discarding
the TPTLVEVSRNL and QNALLV fragments, and therefore
the addition could be in any nucleophilic aminoacid of the
RYTKKVPQVS fragment.

The mass increment (600.2 Da) is consistent with the in vitro
CLV-TEG-B covalent binding to HSA, by the p-lactam
opening. In order to characterize the modification in a
simpler model, an HSA peptide containing several lysine
residues, '®*'’HSA  peptide (LDELRDEGKASSAK),
previously identified as target of AX (Garzon et al, 2014)
and CLV (Barbero et al., 2019), was incubated with a 90 M
excess of CLV-TEG-B and analyzed by MALDI-TOF MS
(Supplementary Figure S16). Spectra show that only a low
proportion of peptide was modified, but the mass increment
(600.2 Da) is in agreement with the previous approach,
indicating the coupling of one moiety of CLV-TEG-B.

Detection of HSA-Biotinylated CLV
Conjugates by Blot and Biotin Detection
We analyzed the ability of biotinylated derivatives of CLV to bind
covalently to proteins and their usefulness for the detection of
CLV-protein conjugates by blot followed by biotin detection,
since no anti-CLV antibodies are available. We incubated HSA
with increasing concentrations of biotinylated derivatives of CLV
in PBS (pH 7.4) (protein/biotinylated CLV ratios from 1:3.07 x
10~* to 1:600) Results showed that both biotinylated derivatives of
CLV bind covalently to HSA and that protein modification was
dose-dependent. Signal detected by blot and detection with
avidin-HRP was specific for biotinylated derivatives bound on
HSA since no signal was detected for control HSA, and it was
detected even at very low protein/biotinylated ratio, which
confirms the high sensitivity of the method. A similar
haptenation pattern was obtained for both biotinylated
derivatives, and CLV-TEG-B was selected for performing
further studies due its better water solubility properties
compared with CLV-B (Supplementary Figure S17). Then, a
more detailed dose-response analysis was performed with HSA-
CLV-TEG-B conjugates, confirming their usefulness in the
detection of HSA conjugates with high sensitivity (Figure 3A).
The degree of incorporation of CLV-TEG-B was estimated by
comparison with a biotinylated BSA standard and results
representative of three assays showed values of 0.0935; 0.013;
0.00055 pmol biotin/pmol HSA for molar ratios of HSA:CLV-
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TEG-B 1:100; 1:10 and 1:1, respectively (Figure 3B). These results
suggest that the extent of protein modification is not complete.
Since the presence of non-conjugated protein could interfere in
further detection analysis of the drug-protein conjugate,
enrichment of the fraction of modified proteins would
improve the characterisation and identification of conjugates.
Protein fractions purified on neutravidin-agarose were analyzed
by SDS-PAGE, and as it is shown in Supplementary Figure S18,
the enrichment of HSA-CLV-TEG-B fraction increase the signal
detection.

CLV and CLV-TEG-B Competition for
Protein Binding Sites

In order to compare the binding capacity of both structures,
competition assays were performed. HSA was incubated for 2 h
with 80 uM CLV-TEG-B, after preincubation (16h) with
increasing concentrations of CLV. Results showed that the
preincubation of HSA in the presence of an excess of CLV
reduced the formation of conjugates containing CLV-TEG-B
(Figure 4), which may indicate that both compounds may
bind on HSA common binding sites. Incubations using the
highest concentration of CLV resulted in protein aggregation,
which could be explained by the formation of cross-linking
conjugates that has been reported at high CLV concentration
in vitro (Meng et al., 2016). This is similar to the observed
behavior in HSA incubations with high concentrations of AX
(Ariza et al,, 2012).

Detection of CLV-TEG-B Candidate Target

Proteins in Human Serum

In addition to HSA, other plasma proteins may be covalently
modified by CLV-TEG-B and, to analyze that possibility, we
incubated human serum with CLV-TEG-B and modified proteins
were detected by transfer to membrane and biotin detection with
avidin-HRP. Monodimensional SDS-PAGE allowed the
observation of multiple positive bands, even with the lowest
concentration of CLV-TEG-B used (Figure 5A), confirming
that besides HSA, other serum proteins were target of
haptenation. In order to identify the target proteins, samples
were analyzed by two-dimensional electrophoresis followed by
peptide fingerprint analysis by tryptic digestion and MALDI-TOF
MS (Figure 5B; Table 1). Identified proteins included HSA,
heavy and light immunoglobulin chains and haptoglobin.
Although not included in this analysis, the haptenation of
transferrin could be proposed on the bases of its molecular
weight and isoelectric point in 2D gels.

DISCUSSION

CLV is a potent inhibitor of p-lactamase enzyme of increasing
interest. Due to the increasingly worrying problem of antibiotic
resistance, its consumption is on the rise and, as a consequence,
the number of reported selective allergic responses induced by
CLV after AX-CLV intake has increased significantly (Fernandez
etal., 2017; Montafiez et al., 2017). Unfortunately, the diagnostic
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FIGURE 3 | Detection of modification of HSA by CLV-tetraethylenglycol-
Biotin (CLV-TEG-B). Human serum albumin (HSA) was incubated in the
presence of CLV-TEG-B for 16 h at 37°C. HSA:CLV-TEG-B molar ratios are
shown in figure (A) Aliquots of the haptenation reactions containing 2 pg

of protein were analyzed by SDS-PAGE and CLV-TEG-B modification was
detected by blot with streptavidin-HRP and ECL detection (B) 0.15 pg
aliquots of HSA-CLV-TEG-B (left) and 0.006-0.377 pmol aliquots of BSA-B
standards (right) were analyzed by SDS-PAGE followed by blot with
streptavidin-HRP and ECL detection.

work-up aiming to identify which drug of the AX-CLV
combination is responsible for a reaction is not trivial. Risky
in vivo tests show suboptimal sensitivity for CLV due to the fact
that testing must be performed with AX-CLV combination, in
which CLV is always in a lower ratio. This impedes both
discriminating the drug eliciting the reaction and reaching
CLV concentrations high enough to trigger reactions
(Fernandez et al.,, 2017). On the other hand, in vitro tests to
diagnose IgE-mediated reactions to CLV are limited to the
basophil activation test using native CLV, with 40-50% of
sensitivity (Mayorga et al., 2019). However, a recent study has
reported that the inclusion of synthetic determinants of CLV
increased the sensitivity of this assay up to 69%. Interestingly,
only determinants with a N-protein, 3-oxopropanamide structure
and ability for protein conjugation (spontaneous reactivity
against amino groups) were found to induce basophil
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FIGURE 4 | Competition assay between clavulanic acid (CLV) and CLV-
tetraethylenglycol-Biotin (CLV-TEG-B). Human serum albumin (HSA) was
preincubated with increasing concentrations of CLV (80, 800 and 8,000 uM)
for 16 h at 37°C and then with a fixed concentration of CLV-TEG-B

(80 uM) for 2 h at 37°C. Resulting adducts were analyzed by SDS-PAGE and
CLV-TEG-B modification was detected by blot with streptavidin-HRP and
ECL detection (top panel). Total protein was detected by Coomassie staining
(bottom panel).

activation (Barbero et al, 2019). This finding indicates that
drug-protein conjugates play a crucial role in the induction of
allergies. Therefore, after getting insight into potential
determinants responsible for allergies to CLV, herein we
investigate potential proteins targets of CLV haptenation. A
convenient strategy would be to follow a procedure similar to
that reported for immunological detection of AX-protein
conjugates with antibodies recognizing the lateral chain of the
AX molecule, which successfully allowed the identification of
serum proteins coupled to AX (Ariza et al., 2012). However, the
lack of a suitable antibody against CLV has prevented the use of
immunological detection approaches for our objective. Therefore,
we considered label-drug techniques. Despite the fact that label-
dependent techniques cannot be used to study conjugate
formation in patients and usually do not provide information
on the site of modification and/or structure of the conjugates,
they are quite useful to visualize conjugates and to identify the
modified proteins (Gonzalez-Morena et al., 2016). This is a big
step to gain insight into conjugates formation in cases in which
there are no specific antibodies against the drug or the
conjugation takes place in such a low extension that it
hampers detection using label-free approaches.

With the aim of detecting serum proteins that conjugate to
CLYV, biotin was chosen as a tag due to its extremely high affinity
for streptavidin and the lack of impact on the properties of its
substrate in most cases (Diamandis and Christopoulos, 1991).
The strength of the biotin-streptavidin interaction makes this
approach very sensitive. However, in order to retain their proper
biological activity, different factors should be taken into account
to design tagged molecules, such as the introduction of a biotin
moiety into the parent molecule that could result in steric
hindrances of its interaction with certain targets (site of
protein recognition), the preferential solubility in aqueous
media, the presence of intact functional groups that are
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FIGURE 5 | Detection of modification of serum proteins by clavulanic acid (CLV)-tetraethylenglycol-Biotin (CLV-TEG-B) and identification of targets. Human sera
were incubated in the presence of CLV-TEG-B for 16 h at 37°C. (A) 4 ug aliquots of resulting adducts were analyzed by SDS-PAGE and CLV-TEG-B modification was
detected by blot with streptavidin-HRP and ECL detection. Lower panel shows the Coomassie staining for total proteins visualization. (B) 50 pg aliquots of resulting
adducts were subjected to 2D-eletrophoresis on duplicate gels, after which, one of the gels was used for detection of modified proteins by transfer to membrane

and biotin detection with avidin-HRP and the other one was used for protein staining with Coomassie. Matched spots were excised from the gel and used for tryptic
digestion and peptide fingerprint analysis. The blot in the middle panel is deliberately overexposed in order to show the signals corresponding to modified
immunoglobulin chains. The red arrow point towards a spot that could be proposed as transferrin, on the bases of its molecular weight and isoelectric point.

TABLE 1 | Identification of human serum proteins as targets for haptenation by CLV-tetraethylenglycol-Biotin by mass spectrometry. Data under superscripts ¢ through h are
from MASCOT.

Spot Accession Protein name Total Limit MW (Da)? pl® Matched Coverage
number?® code® score® score peptides’ (%)°

1 P02768 Human serum albumin 470 56 71,317 5.92 43 69

2 PO1857 Ig gamma-1 chain C region human 119 56 36,596 8.46 13 52

3 PO1857 lg gamma-1 chain C region human 197 56 36,596 8.46 18 66

4 PO0738 Haptoglobin human 128 56 45,861 6.13 18 35

5 P00738 Haptoglobin human 102 56 45,861 6.13 16 33

6 P01834 Ig kappa chain C region human 101 56 11,773 5.58 8 76

7 P0O1834 Ig kappa chain C region human 81 56 11,773 5.58 7 76

aSpot numbering as shown in 2-DE Coomassie gel in Figure 5.

bProtein accession code from NCBI database.

“Mascot total score.

9Theoretical molecular weight (Da).

®Theoretical pl.

Number of matched peptides.

9Protein sequence coverage for the most probable candidate as provided by Mascot.
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involved in the protein conjugation, and the stability of resulting
biotinylated drug coupled to protein after conjugation. In search
of all these aspects is a challenge in the case of CLV, especially due
to its complex reactivity and instability after p-lactam opening
(Finn et al., 1984; Martin et al., 1989; Baggaley et al., 1997;
Brethauer et al, 2008). This probably has hampered any
success in the detection of specific IgE antibodies through
immunoassays as well as the production of antibodies
against CLV.

CLV was successfully labeled with a biotin moiety in the
carboxylic group at C3, through two different approaches that
keep the p-lactam ring intact. Direct coupling rendered CLV-B,
which was not soluble in water, needing proportions of DMSO to
solubilize in aqueous media for performing protein incubation
experiments. An improved design consisted in CLV-TEG-B,
which included an extending TEG linker between CLV and
the biotin moiety. Such hydrophilic linker increases the
hydrophilicity of the compound, which provides solubility in
aqueous media, besides the flexibility and length of the spacer
would allow enough distance between CLV molecule and the
biotin tag to potentially result in less steric hindrance interactions,
both in the protein-CLV conjugation process, and making biotin
moiety more available to interaction with streptavidin, leading to
higher detection efficiency. Due to these advantages we focused
mainly on CLV-TEG-B conjugation studies.

Since CLV degrades at basic pH (Martin et al, 1989),
physiological pH conditions were used for the biotinylated
derivative conjugation as previously optimized for CLV
(Barbero et al., 2019). This differs from optimized AX or other
penicillins conjugations which have been reported to be
performed in basic pH and which ensure lysine amino group
deprotonation and favor nucleophilic attack to -lactam carbonyl
(Ariza et al,, 2012; Pajares et al., 2020). Here we observed that
CLYV is very stable at physiological pH whereas 50% of CLV-TEG-
B suffers hydrolysis in its p-lactam at 16 h, which would still
permit 50% of CLV-TEG-B to conjugate during incubation time.
We also have observed that both CLV and CLV-TEG-B display
reactivity toward simple amines, through g-lactam ring opening.
In spite of their similar reactivity in presence of nitrogen
nucleophiles, they differ in terms of stability subsequent to
conjugation. After amide formation the resulting conjugate for
CLV breaks down into multiple compounds, whereas the
conjugate formed with CLV-TEG-B does not suffer
degradation in its biotinylated drug linked (Figure 6). Similar
reactivity behavior was desired for both, parent and biotinylated
drug, in order the tagged drug can emulate conjugation process
occurring with the native drug (Ariza et al, 2014; Gonzalez-
Morena et al., 2016). Nevertheless, the stability of the conjugated
biotinylated analogue was a critical aspect for keeping the
biotinylated moiety attached to the drug, and therefore their
usefulness for detecting haptenated proteins.

Because published data identifies HSA as the main target for
haptenation with drugs, we used this protein as a model for our
study (Ariza et al, 2014). We observed that addition of CLV-
TEG-B to HSA takes place in vitro, as deduced by MALDI-TOF
MS, and that this modification is concentration-dependent,
consistent with recent studies involving CLV (Meng et al,

Tagged Clavulanate in Protein Haptenation

2016; Barbero et al, 2019). These results are in agreement
with the SDS-PAGE analysis of these conjugates, that showed
that the extent of biotinylation was concentration-dependent of
CLV-TEG-B and CLV-B used during incubation. MALDI-TOF
MS analysis provided not a single mass but a molecular weight
distribution containing protein species modified to a different
extent, including unmodified protein, thus yielding only an
estimate of the mass increment that may be related to the
degree of haptenation. Moreover, MS comparison between
conjugates with CLV-TEG-B and CLV (Barbero et al., 2019),
and taken into account that the molecular weight of identified
determinants of native CLV is 70 Da, indicates that haptenation
taking place with CLV-TEG-B occurs in a lower extent than with
CLV, which could be explained by the steric hindrances of the
biotinylated moiety. The identification of HSA sites modified by
CLV-TEG-B was only carried out for the conjugate formed using
1:10 protein:drug ratio, as performed previously with the native
CLV (Barbero et al,, 2019), although this concentration is higher
than that of the drug in vivo under therapeutic conditions
(Nagarajan et al., 2013). In the case of the biotinylated CLV,
to get an exact mass increment of the fragment that links to the
protein, enrichment of the biotinylated fraction was required to
get any result by LC-MS/MS. We searched a 601.2 Da mass
increase, related to the incorporation of a 602.2 Da with loss
of the hydrogen atom of the HSA lysine fragment, compatible
with the haptenation by one CLV-TEG-B thorough p-lactam ring
opening without any other fragmentation. However, only a mass
increment of 600.2 was found in the ******HSA peptide. An
identical mass increment was found in a CLV-TEG-B treated-
HSA peptide, used in a controlled experiment as a simpler model,
which confirms that CLV-TEG-B adds to the protein with a
600.2 Da mass addition, although a low level of haptenation was
obtained and the attached structure could not be elucidated. This
1827195 A peptide has been previously reported to be modified
in vitro by CLV-derived structures, consisting of N-protein, 3-
oxopropanamide identified determinant of CLV (Barbero et al.,
2019) or others bearing higher molecular weight (Meng et al.,
2016), and by a series of penicillins, such as benzylpenicillin
(Meng et al, 2011), AX (Garzon et al, 2014), flucloxacillin
(Jenkins et al., 2009), and piperacillin (Whitaker et al., 2011).
Besides lysine residues, the modified *****°HSA peptide
contains other amino acid nucleophiles as arginine, which
could be modified by acylation of the p-lactam. For instance,
HSA haptenation with native CLV has been reported to occur
also through histidine residues that are modified with the open
p-lactam of the complete CLV molecule or with its pyrazine
metabolite (Meng et al., 2016). However, modification of
residues different from lysine was not observed in our
previous study with native CLV (Barbero et al., 2019). In
the present study, the modified ***"**°HSA peptide seems to
be adducted on the *°*HSA sequence (RYTKKVPQVS).
From these residues, we assume lysine as the residue with the
highest reactivity toward this compound, due to its lower pka
and previous literature regarding CLV protein binding (Meng
etal., 2016; Barbero et al., 2019); however, at this point, there is
no experimental evidence about which aminoacid forms the
adduct with CLV-TEG-B. In any case, the modified peptide
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with CLV-TEG-B differ from those modified by original CLV,
attached as 70 Da antigenic determinant, observed at two
different residues, Lys 195 and Lys 475 (Barbero et al,
2019). This was somewhat expected, and could be explained
by the presence of the biotin moiety that may impose steric
impediments for binding to some targets or it may shield part
of the molecule (Ariza et al., 2014). In spite of this, both
compounds seem to compete for binding to proteins. This is in
agreement with a previous study suggesting that AX and its
biotinylated derivative could bind to protein common sites
(Ariza et al., 2014). Besides competition for common site
binding, other interferences in the protein could explain
this behavior such as a change in the conformation
structure of the protein and a binding/addition to closed
sites that involves changes in steric and electronic effects of
target lysine residues.

The chance of using biotinylated derivatives of CLV for the
identification of modified serum proteins was studied by SDS-
PAGE and blot followed by biotin detection since biotinylated
CLV could be detected with a high sensibility using streptavidin
conjugated with peroxidase. The analysis of HSA modification by
biotinylated-CLV showed that protein extent modification was
drug concentration-dependent. Importantly, the biotin moiety
remained linked to the protein after conjugation to provide
detection, and the method showed a great sensitivity for this
application. Moreover, a semiquantitative estimation of
biotinylation indicated that at 1:100 protein/drug molar ratio,
only a 9% of the protein would form conjugate, if only one site

were modified. This confirm the remarkable sensitivity of the
method and may suggest a low protein modification extension, in
agreement with the required enrichment of biotinylated fractions
for high resolution MS techniques.

Serum proteins identified as candidate targets of CLV-TEG-
B by 2D-electrophoresis and mass spectrometry were HSA,
haptoglobin, and immunoglobulin heavy and light chains. In
addition, the haptenation of transferrin could be proposed on
the bases of its molecular weight and isoelectric point in 2D
gels. This finding represents a great progress in our
understanding of the mechanisms driving CLV allergy.
Furthermore, these CLV derivatives could be useful for
complex systems study, in which modified proteins could be
purified with streptavidin columns. Previous studies of protein
haptenation by AX have allowed to confirm the results
obtained with biotinylated drug with those obtained with
the native drug. By assaying serum protein conjugates with
AX or biotinylated AX by 1D and 2D-electrophoresis and
following Western blot using anti-AX antibodies for the AX
detection or streptavidin for the biotin detection, it was
observed that both compounds bind to the same serum
targets (HSA, transferrin and IgE light and heavy chains),
with the only difference of a weak binding to haptoglobin,
which is undetectable using immunological AX detection, but
is detectable with biotinylated AX due to the higher sensitivity
of this method (Ariza et al., 2014; Martin-Serrano, 2018). The
lack of antibodies against CLV impedes the immunological
evaluation of protein-CLV conjugates and, therefore, we could
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not assess if the proteins haptenated by CLV are the same as
the modified by its biotinylated derivative. However, this
comparison study in the case of AX (Ariza et al, 2012;
Ariza et al., 2014) could be somewhat extrapolated to the
case of CLV.

CONCLUSION

We have set up a model that may shed light into the process of
protein haptenation by CLV through the use of highly sensitive
approaches, such as labeling with biotinylated analogues, which
allow the detection of its target serum proteins. These results
strongly suggest that both, CLV and biotinylated CLV, are able to
bind proteins through nucleophilic attack of the p-lactam
carbonyl group by the protein amino nitrogen, process leading
to the opening of the p-lactam ring. Unlike CLV protein
conjugation, that promotes the decomposition of clavulanate
fragment, the protein conjugates obtained with the CLV-TEG-
B are stable enough to allow detection at great sensitivity. The
results herein reported are of great interest since, for the first time,
serum proteins that may act as carriers in allergic reactions to
CLV are identified. Other alternative approaches for these studies
are hampered by the complex reactivity of CLV and instability
after conjugation. Further structural information on the binding
sites on various targets would provide potential antigenic
determinants to be used in diagnostic procedures and in
studies on the mechanisms of CLV induced allergy.
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Nonsteroidal anti-inflammatory drugs (NSAIDs) are among the most highly consumed
drugs worldwide and the main triggers of drug hypersensitivity reactions. The most
frequent reaction, named cross-reactive NSAID-hypersensitivity, is due to the
pharmacological activity of these drugs by blocking the cyclooxygenase-1 enzyme.
Such inhibition leads to cysteinyl-leukotriene synthesis, mainly LTE4, which are
responsible for the reaction. Although the complete molecular picture of the underlying
mechanisms remains elusive, the participation of platelet-adherent leukocytes (CD617)
and integrins have been described for NSAID-exacerbated respiratory disease (NERD).
However, there is a lack of information concerning NSAID-induced urticaria/angioedema
(NIUA), by far the most frequent clinical phenotype. Here we have evaluated the potential
role of CD617" leukocytes and integrins (CD18, CD11a, CD11b, and CD11c¢) in patients
with NIUA, and included the other two phenotypes with cutaneous involvement, NSAID-
exacerbated cutaneous disease (NECD) and blended reactions (simultaneous skin and
airways involvement). A group NSAID-tolerant individuals was also included. During the
acute phase of the reaction, the three clinical phenotypes showed increased frequencies of
CD61* neutrophils, eosinophils, and monocytes compared to controls, which correlated
with urinary LTE4 levels. However, no correlation was found between these variables at
basal state. Furthermore, increased expressions of CD18 and CD11a were found in the
three CD61* leukocytes subsets in NIUA, NECD and blended reactions during the acute
phase when compared with CD61 leukocyte subpopulations. During the acute phase,
CD61" neutrophils, eosinophils and monocytes showed increased CD18 and CD11a
expression when compared with CD61* leukocytes at basal state. No differences were
found when comparing controls and CD617 leukocytes at basal state. Our results support
the participation of platelet-adherent leukocytes and integrins in cutaneous cross-
hypersensitivity to NSAIDs and provide a link between these cells and arachidonic acid
metabolism. Our findings also suggest that these reactions do not involve a systemic
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Platelet-Leukocyte Interactions in NSAID-Hypersensitivity

imbalance in the frequency of CDB1" cells/integrin expression or levels of LTE4, which
represents a substantial difference to NERD. Although further studies are needed, our
results shed light on the molecular basis of cutaneous cross-reactive NSAID-
hypersensitivity, providing potential targets for therapy through the inhibition of platelet-

leukocyte interactions.

Keywords: nonsteroidal anti-inflammatory drugs-hypersensitivity, cysteinyl-leukotrienes, transcellular metabolism,

platelet-adherent leukocytes, integrins

INTRODUCTION

Nonsteroidal anti-inflammatory drugs (NSAIDs) are among the
most highly consumed drugs worldwide because of their
adequacy for treating pain and inflammatory processes (Fosbol
et al., 2008; Conaghan, 2012; Duong et al., 2014). However, they
are also responsible for 21-25% of adverse drug reactions,
including drug hypersensitivity (Kowalski et al, 2011). The
most frequent NSAID-hypersensitivity type belongs to the
cross-reactive category, with patients reacting to NSAIDs from
different chemical groups in the absence of specific
immunological recognition (Dona et al, 2012; Dona et al,
2014; Dona et al., 2020).

Three cross-reactive clinical phenotypes have been recognized
in the latest classification of NSAID-hypersensitivity by the
European Academy of Allergy and Clinical Immunology;
NSAID-exacerbated respiratory disease (NERD), in patients
with rhinitis and/or asthma with or without nasal polyposis;
NSAID-exacerbated cutaneous disease (NECD), in patients with
underlying chronic spontaneous urticaria; and NSAID-induced
urticaria/angioedema (NIUA), in otherwise healthy individuals
(Kowalski et al., 2013). The latter is the most frequent clinical
entity induced by drug hypersensitivity (Dona et al., 2014). Our
group has recently described a frequent phenotype, blended
reactions, with patients suffering from simultaneous cutaneous
and respiratory involvement (Dona et al., 2018).

Concerning the underlying mechanisms, the precipitation of
asthma attacks after acetylsalicylic acid (ASA) intake in NSAID-
hypersensitive asthmatics was linked to cyclooxygenase (COX)-1
inhibition, and subsequent prostaglandin synthesis blockage.
Such inhibition shunts the arachidonic acid (AA) metabolism
toward pro-inflammatory cysteinyl-leukotrienes (CysLTs; LTC4,
LTD4, and LTE4) biosynthesis, responsible for triggering a
reaction in susceptible individuals (Szczeklik et al, 1975;
Stevenson et al., 2001; Kowalski et al., 2019).

AA  released from cellular membranes by cytosolic
phospholipase A2 (cPLA2) is oxidized by 5-lipooxygenase (5-
LO) to leukotriene (LT) A4 in inflammatory leukocytes (Reid
et al., 1990). In monocytes, mast cells, eosinophils, and basophils
LTA4 is conjugated to reduced glutathione by LTC4 synthase
(LTC4S) to form LTC4. This is exported by the cell and
enzymatically converted into LTD4, and then into the stable
metabolite LTE4. In neutrophils, which lack LTC4S activity,
LTA4 is hydrolyzed by LTA4 hydrolase (LTA4H) to form
LTB4 (Lam et al., 1994).

This pathogenic model was initially proposed for NERD
(Szczeklik et al, 1975), and supported by the presence of

increased levels of CysLTs after ASA challenge (Szczeklik
et al, 1996; Antczak et al., 2002; Swierczynska et al, 2003;
Sanak et al., 2004; Gaber et al., 2008), and further extended to
NECD (Mastalerz et al., 2004; Setkowicz et al., 2009). Lower
baseline levels of PGE2 and increased values of CysLTs have been
found in induced sputum from NERD when compared with
ASA-tolerant asthmatics and chronic rhinosinusitis with nasal
polyposis patients (Mastalerz et al.,, 2019). Additionally, PGE2
decreased and CysLTs increased after ASA challenge in NERD
(Mastalerz et al., 2019), with significant differences compared
with their basal values and with ASA-tolerant asthmatics. In both
NIUA and NECD, we have recently reported increased LTE4 and
9a,11b-PGF2 levels after ASA challenge, which decreased at the
basal state to values similar to those found in controls (Dona et al.,
2019).

It is known that eosinophils, basophils, mast cells, and
macrophages synthesize LTC4 but not how LTA4 is provided
at sufficient quantities to produce the high basal levels of CysLT's
described in NERD (Oosaki et al., 1997; Mita et al., 2001).
Neutrophils have the highest 5-LO activity and their
production of LTA4 exceeds their capacity to form LTB4 via
LTA4H. The lack of LTC4S activity in neutrophils seems to be
balanced by platelets, which possess abundant LTC4S activity in
the absence of 5-LO (Penrose et al., 1995; Sala et al., 1999). In fact,
ex vivo studies have shown that platelets can convert LTA4 from
neutrophils or monocytes into LTC4 by a transcellular pathway
that requires P-selectin-dependent interactions between platelets
and leukocytes (Bigby and Meslier, 1989; Maclouf et al., 1994;
Maugeri et al, 1994). Moreover, a key role of P-selectin-
dependent platelets-leukocytes adherence have been described
in an asthma mouse model of allergen-induced pulmonary
eosinophilia and airway remodeling, which includes a
subsequent augmentation of leukocyte integrin function
(Pitchford et al., 2005). The underlying platelet-dependent
pathway in this model of asthma requires the binding of
platelet-associated P-selectin to leukocyte associated PSGL-1
(Pitchford et al., 2005). Such interaction primes leukocytes for
adhesion to endothelial cells by up-regulating the expression and
avidity of integrins, as it has been demonstrated in eosinophils,
neutrophils, and monocytes (da Costa Martins et al., 2006; Xu
et al., 2007; Johansson and Mosher, 2011). Concerning NSAID-
hypersensitivity, a key role of platelet-adherent leukocytes and
integrins (CD18, CD1la, CD11b, and CDllc) have been
proposed for NERD (Laidlaw et al., 2012).

As platelet adherence to leukocytes permit the adhesion of
both platelets and leukocytes to the endothelium, potentially
increasing transcellular metabolism, alterations in platelet-
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leukocytes interactions may influence CysLTs production and
trigger a cutaneous hypersensitivity reaction to NSAIDs, as
reported for NERD (Laidlaw et al., 2012). However, despite its
frequency, there is a lack of information concerning the role of
platelet-leukocytes interactions in NIUA.

The aim of this work was to evaluate the potential
participation of platelet-adherent leukocytes in NIUA, the
most common phenotype in drug hypersensitivity. In addition,
we have included a group of patients suffering from NECD and
other with blended reactions, the other two phenotypes
displaying cutaneous involvement.

METHODS

Subjects
We included patients aged 18-60 years with a confirmed

diagnosis of NSAID cross-reactive hypersensitivity who
attended the Allergy Unit of the Malaga Regional
University Hospital (Malaga, Spain) between March 2017
and February 2020.

Only patients reporting at least three episodes of acute
urticaria, i.e., NIUA, exacerbation of their underlying chronic
spontaneous urticaria, i.e., NECD, or blended reactions (skin and
airways involvement) to NSAIDs were considered. Cross-reactive
hypersensitivity was confirmed by a drug provocation test (DPT)
with ASA.

We also included a control group of age and sex-matched
individuals who reported regularly taking NSAIDs, including
strong COX-1 inhibitors such as ASA and indomethacin,
without developing a clinical reaction, and had no history of
chronic spontaneous urticaria, drug hypersensitivity, rhinitis
and/or asthma or nasal polyposis. A subset of these controls
was also administered ASA.

All participants gave informed consent. The study was
approved by the Ethics Committee of Malaga Regional
University Hospital and conducted according to the principles
of the Declaration of Helsinki.

Oral Drug Provocation Test
ASA DPT was performed in a single-blind manner as reported

previously (Dona et al., 2018), giving placebo capsules at different
times on the first day. ASA and placebo were given in opaque
capsules prepared by the hospital pharmacy service. Other
medications were withheld before testing, in accordance with
international guidelines (Dona et al., 2018).

For DPT to ASA, two doses were administered orally with an
interval of 3 h (50 and 100 mg) on the second day. If negative, two
larger doses of ASA (250 and 500 mg) were administered on the
third day, with a 3h interval. The procedure was stopped if
cutaneous and/or respiratory symptoms or changes in vital
signs (cardiac rhythm alterations, decrease in peak expiratory
flow or hypotension) appeared, and symptoms were evaluated
and treated (Dona et al., 2018). If no symptoms appeared
during these periods, this was followed by a 2 days/8 h course
of the therapeutic dose (500 mg) after a gap of 24 h (Dona et al,,
2018).

Platelet-Leukocyte Interactions in NSAID-Hypersensitivity

Flow Cytometry Analysis

Peripheral blood was collected in heparinised tubes from both
patients and controls, and immediately assayed. For patients, a
blood sample was obtained in the absence of clinical symptoms
(basal state) and another one during the first half an hour after a
positive DPT result (acute phase). For flow cytometry studies, in a
subset of controls taking ASA, a blood sample was obtained
before ASA intake and another during an hour after intake,
whereas for the rest of controls blood samples were obtained
at the moment of their enrollment in the study.

One hundred microliters of whole blood were directly
incubated with specific antibodies for CD45, CD16, CCR3
(CD193), CDe61, CDlla, CDI11b, CDllc, P-selectin
glycoprotein ligand 1 (PSLG-1; CD162), and/or CD18, or
adequate isotype controls (BioLegend) for 20 min. After
erythrocyte lysis and washing, at least 20,000 CD45" cells were
obtained in a FACSCanto cytometer (BD Biosciences), and
analyzed with the FlowJo software Version 10.6 (TreeStar).
According to their side scatter characteristics, CD45"
leukocytes were classified as granulocytes, monocytes, or
lymphocytes. In addition to their side scatter properties,
neutrophils and eosinophils were further defined from the
granulocyte population by the expression of CD16 or CCR3
(Supplementary Figure S1). All these populations were
assessed for the presence of adherent platelets by the
expression of CD61. Finally, in both platelet-adherent and
platelet-nonadherent  subsets, adhesion  markers
determined through their mean fluorescence intensity (MFI).

were

LTE4 Determination

Patient urine samples were collected at basal state, that is, before
challenge, and within the first 3 h after a positive challenge as
described (Dona et al., 2019). One urine sample was also obtained
from controls regularly taking NSAIDs. LTE4 was determined by
high-perfomance  liquid  chromatography-tandem  mass
spectrometry, and results were expressed in pg/mg of
creatinine (Dona et al., 2019).

Statistical Analysis
Descriptive statistics (frequency, mean, and SD) were used to

summarize data. Comparison between groups were performed
using the Kruskal-Wallis test followed by Mann-Whitney when
necessary, and related samples were evaluated with the Wilcoxon
test. Correlation between variables was estimated with the
Pearson correlation coefficient. All analyses were performed
with GraphPad version 7.04 for Windows (GrapPad Software,
La Jolla, CA, United States). All p-values < 0.05 were considered
statistically significant.

RESULTS

Demographic and Clinical Data
We finally included a total of 59 patients and 19 controls. Patients

were classified as having NIUA (n = 35), NECD (n = 14) or
blended reactions (n = 10). A subset of controls was administered
ASA (n = 10). The distribution of individuals between groups is

Frontiers in Pharmacology | www.frontiersin.org

70

November 2020 | Volume 11 | Article 594427


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

Jurado-Escobar et al.

TABLE 1 | Demographic and clinical data for patients and controls.

Platelet-Leukocyte Interactions in NSAID-Hypersensitivity

Controls (n = 19) NIUA (n = 35) NECD (n = 14) Blended (n = 10) p-value
Sex (female/male) 10/9 20/15 9/5 6/5 0.926
Age, median (range) 37 (33.2-45) 40.5 (31.5-48) 41 (30.2-50) 53.5 (43.7-60) 0.082
Acetylsalicylic acid cumulative dose NA 355 + 312.9 352.9 + 265.7 232 + 186.8 0.710
Time interval NA 54 + 34.3 75.7 + 43.9 28 +19.2 0.082

NA, not applicable; NIUA, NSAID-induced acute urticaria/angioedema; NECD, NSAID-exacerbated cutaneous disease.

shown in Table 1. None of the patients in the blended reactions
group suffered from nasal polyposis. No significant differences in
sex were found between patients and controls (p = 0.926). In
addition, although patients with blended reactions showed a
higher median age, no statistically significant differences were
found between the groups (p = 0.082) (Table 1).

Concerning the cumulative ASA dose that elicited a reaction
during this procedure, no significant differences were found
between the three groups of patients (p = 0.710), although the
lowest dose was found for those with blended reactions (Table 1).
Finally, no significant differences were found between the three

NSAID-hypersensitive groups of patients regarding the time
interval elapsed between the last dose administered via DPT
and the appearance of clinical symptoms (p = 0.082), although the
lowest interval corresponded to blended reactions (Table 1).

Platelet-Adherent Leukocytes

We evaluated the presence of platelet-adherent leukocytes in
whole blood by flow cytometry using the protein tyrosine
phosphatase CD45, which is a pan-leukocyte antigen. Positive
CD45 cells were further grouped into different categories based
only on their specific light side scatter characteristics (monocytes
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FIGURE 1 | Platelet-adherent leukocytes in peripheral blood during the acute phase in NIUA, NECD or blended reactions, and from controls. (A) Representative
histograms of platelet-adherent neutrophils [identified as CD45*CD16* cells in the granulocyte side scatter (SSC) gate], eosinophils (CD45 + CCR3+ in the granulocyte
SSC gate), monocytes (CD45" in the monocyte SSC gate), and lymphocytes (CD45™ in the lymphocyte SSC gate). The percentage of each cell type with adherent
platelets is presented. (B) Percentages of platelet-adherent leukocytes (CD61%) in patients during the acute phase and controls. Data are expressed as mean + SD
(*p < 0.05; *p < 0.001; **p < 0.0001).
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TABLE 2 | Platelet-adherent leukocytes in the different phenotypes of cross-
hypersensitivity to NSAIDs during the acute phase and the basal state.

% CD61" (mean + SD)

Neutrophils Eosinophils Monocytes Lymphocytes
NIUA Acute 229 +6.6 21.8+6.8 243 + 8.3 88+27
Basal 89+43 148 +8 11.9+64 9.7+52
p-value <0.001 0.001 <0.001 0.489
NECD Acute 23 + 9.1 242+ 44 274 £ 111 10.8 + 2.7
Basal 9.4 +42 11.3+54 123+ 4.2 10.3 + 4.1
p-value 0.003 0.003 0.003 0.807
Blended Acute 284 +6.5 271 +73 30.8 + 8.6 10.3+1.8
Basal 102 +5.4 122 +6.2 12.6 + 8.2 9.1+64
p-value 0.008 0.011 0.008 0.859

NIUA, NSAID-induced acute urticaria/angioedema; NECD, NSAID-exacerbated
cutaneous disease.

and lymphocytes) or also considering the expression of CD16 or
CCR3 (neutrophils ~ and  eosinophils,  respectively)
(Supplementary Figure S1). Platelet-adhesion was determined
through the CD61 antigen, which is an integrin expressed in
platelets (Pitchford et al., 2005). Our preliminary results did not
find any differences between in the ASA-controls group before
and after ASA intake for any of the variables analyzed (data not
shown), therefore ASA administration in controls was not
considered necessary for subsequent comparisons.

We detected the presence of platelet-adherent leukocytes in
both patients and controls (Figure 1A). During the acute phase,
i.e., after a positive challenge result, CD61" neutrophils were
more frequent in NIUA, NECD, and blended reactions than in
controls (p < 0.0001 for all comparisons) (Figure 1B). Similar
results were also found when evaluated CD61" eosinophils and
CD61" monocytes in all groups of patients respect to control
individuals (p < 0.0001 for all comparisons) (Figure 1B). In
addition, CD61" neutrophils were also increased in blended
reactions when compared with NIUA (p = 0.034). No
statistically significant differences were found between any of
the groups regarding CD61" lymphocytes (Figure 1B).

We further analyzed if there were differences in the percentage
of platelet-adherent leukocytes between the acute phase and the
basal state (Table 2). Such percentage significantly decreased
when compared these two time points in the three groups of
patients in neutrophils (22.9 + 6.6 vs. 8.9 + 4.3 in NIUA, p < 0.001;
23 +9.1vs.9.4 +4.2in NECD, p = 0.003; and 28.4 + 6.5 vs. 10.2 +
5.4 in blended reactions, p = 0.008); eosinophils (21.8 + 6.8 vs.
14.8 £ 8in NIUA, p=0.001;24.2 + 4.4 vs.11.3 + 5.4in NECD, p =
0.003; and 27.1 + 7.3 vs. 12.2 + 6.2 in blended reactions, p =
0.011), and monocytes (24.3 + 8.3 vs. 11.9 + 6.4 in NIUA, p <
0.001;27.4+ 11.1vs.12.3 £4.2in NECD, p = 0.003;and 30.8 + 8.6
vs. 12.6 + 8.2 in blended reactions, p = 0.008) (Table 2). No
statistically significant differences were found between these two
states in lymphocytes for any of the groups considered
(Supplementary Figure S2).

Expression of Integrins
MFI of CD18, CD11a, CD11b, and CD11b for both platelet-

adherent and platelet-nonadherent leukocytes (CD61" and

Platelet-Leukocyte Interactions in NSAID-Hypersensitivity

CD617, respectively) during the acute phase are shown in
Figure 2. We found a statistically significant increased
expression in CD18 and CDlla in neutrophils, eosinophils
and monocytes in the CD61" subset in the three groups of
cross-hypersensitive patients during the acute phase. Such
increase was also detected in the control group (Figure 2).
Concerning CD11b, we only found a statistically significant
increase in platelet-adherent monocytes. Regarding CD11c, no
differences were found for any of these three leukocyte
populations in patients and controls when compared the
CD61" and CD61 populations. Finally, there
differences between the platelet-adherent and platelet-
nonadherent lymphocytes for any of the integrins evaluated in
patients and controls (Supplementary Figure S2).

We also explored potential changes in integrin expression in
the CD61" subset between the acute phase and the basal state in
the four cell types considered. MFI of CD18 and CD11a were
significantly increased during the acute phase in neutrophils,
eosinophils and monocytes for NIUA, NECD and blended
reactions, with no differences found in lymphocytes. CD11b
and CDll1c did not show expression changes when compared
the acute phase and the basal state for any of the group of patients
included (Table 3).

Finally, NIUA, NECD, and blended reactions showed a similar
pattern in the expression levels of PSLG-1 in all leukocytes
subsets, with no differences between the acute phase and the
basal state (Supplementary Figure S3).

were no

LTE4 Levels and Platelet-Adherent

Leukocytes
We determined urinary LTE4 levels during the acute phase and in
the basal state in all patients with NECD or blended reactions as
well as in a subset of NIUA patients (n = 24) and controls (n = 17).
Urinary LTE4 levels during the acute phase were increased when
compared with controls in the three clinical phenotypes: NIUA
(p=0.01), NECD (p < 0.0001) and blended reactions (p = 0.0002)
(Figure 3A, top). In addition, these levels were also increased
when compared the acute phase with the basal state (p = 0.045 for
NIUA, p = 0.0006 for NECD, and p = 0.001 for blended reactions)
(Figure 3A, bottom). We did not find differences between urinary
LTE levels when compared the basal state of the three groups of
patients with those from the control group (data not shown).
We also evaluated the potential correlation between urinary
LTE levels and platelet-adherent leukocytes during the acute
phase. We found a positive correlation between this variable
and platelet adherent-neutrophils in NIUA (r = 0.68, p < 0.0001),
NECD (r=0.71, p = 0.0001), and blended reactions (r = 0.65, p =
0.005). Concerning platelet-adherent eosinophils, statistically
significant correlation was found only for blended reactions
(r = 0.68, p = 0.003). Moderate correlations were also found
with platelet-adherent monocytes in NIUA (r = 0.52, p < 0.001),
NECD (r = 0.53, p = 0.003), and blended reactions (r = 0.6, p =
0.008). No correlations were detected regarding urinary LTE
levels and platelet-adherent lymphocytes. Besides, no
correlations were found between these levels and platelet-
adherent leukocytes during the basal state (data not shown).
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TABLE 3| CD61"* leukocyte expression of the integrins CD18, CD11a, CD11b, and CD11c¢ in the different phenotypes of cross-hypersensitivity to NSAIDs during the acute
phase and the basal state.

NSAID-induced urticaria/angioedema NSAID-exacerbated cutaneous Blended
disease
Integrins Leukocytes Acute Basal p-value Acute Basal p-value Acute Basal p-value
CD18 Neutrophils 53+27 37+12 0.006 53+23 35+ 1.1 0.011 4.8 +4.1 22+04 0.021
Eosinophils 128 +6.5 9.6 + 3.6 0.023 125 +6.8 5.6+ 2.1 0.003 101 + 4.6 35+18 0.015
Monocytes 13.4 £ 8.3 95+34 0.005 147 + 71 38+1.2 0.001 124 £ 5.2 49+13 0.018
Lymphocytes 106 + 4.4 9.8 +33 0.427 10.3 + 3.6 8.6 +29 0.249 11.8+4.2 10.22 + 4.2 0.310
CD11a Neutrophils 30 +17.7 20.5 £ 3.8 0.018 282 +£17.8 179 + 3.3 0.016 221 £ 1141 141 £ 39 0.038
Eosinophils 258 +14.3 184 +4.9 0.036 32.3+19.5 164 +5 0.013 22.7 + 8.3 11.8+29 0.008
Monocytes 57.7 + 25.7 424 +11.4 0.011 60.3 + 22.5 17.3 + 5.1 0.001 63.4 +14.2 21.2+43 0.018
Lymphocytes 43 + 20.1 42.5 +16.3 0.993 49.6 + 27.5 35.8 + 9.6 0.279 45.7 +11.8 459 + 9.6 0.176
CD11b Neutrophils 37.8+213 43.4 + 49.7 0.533 39.5 + 28 271 +37.2 0.101 27.7 +15.2 31.6 + 441 0.374
Eosinophils 39.3 +12.5 37.5 +10.7 0.317 38.1+123 29.4 + 33.4 0.133 33.4 +13.3 33.9 + 39.9 0.441
Monocytes 49.2 + 26.4 422 +14.2 0.235 37.6+17.6 26.5 + 28.8 0.101 36.8 + 16.9 34.8 + 32 0.441
Lymphocytes 10.7 + 6.8 11.5+6.1 0.412 9.2+6.5 11.6 + 8.7 0.463 9.9+ 6.3 9.5+ 111 0.374
CD11c Neutrophils 59.7 + 28.3 49.1 + 25.6 0.104 52.1+36.4 49.1 + 16.1 0.861 56.3 + 16.7 48.8 +21.9 0.265
Eosinophils 62.6 + 15.9 62.1 + 14.8 0.837 67.3 + 23.4 65.1 + 14.1 0.917 66.2 + 7.2 63.3 + 12.8 0.515
Monocytes 37.7 +22.6 31.7+21.4 0.238 41.9 + 30.6 259+ 13.8 0.196 29.8 +10.8 289 +46 0.859
Lymphocytes 79+6 9.9 + 125 0.688 7.3+84 5+34 0.701 9.6 +4.6 9.9 + 126 0.261
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FIGURE 3 | Platelet-adherent leukocytes and urinary LTE4. (A) LTE4 levels in patients with NSAID-induced urticaria/angioedema (NIUA), NSAID-exacerbated
cutaneous disease (NECD), or blended reactions during the acute phase, and controls (top), and comparisons between the acute phase and the basal state in patients
(bottom). (B) LTE4 in the three clinical entities induced by NSAID-hypersensitivity vs. the percentage of platelet-adherent neutrophils (top), eosinophils (middle), and
monocytes (bottom) in peripheral blood. Data are expressed as mean + SD (o < 0.05; **p < 0.001; ***p < 0.0001). The value of r represents the effect size,
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DISCUSSION

NSAIDs are widely accepted to be the main cause of drug
hypersensitivity reactions, and NIUA the most frequent
phenotype. In addition to NIUA, two other clinical entities
induced by cross-reactive hypersensitivity to NSAIDs show
cutaneous symptoms, i.e, NECD and blended reactions. The
underlying mechanism in cross-reactive hypersensitivity, initially
proposed for NERD, involves the pharmacological inhibition of
COX-1 by NSAIDs, blocking prostaglandins synthesis and
shunting the AA metabolism toward CysLTs production
(Szczeklik et al., 1975; Szczeklik et al., 1996). This mechanism
has been supported by multiple studies (Antczak et al., 2002;
Swierczynska et al., 2003; Sanak et al., 2004; Gaber et al., 2008),
and further extended to NECD and NIUA (Dona et al., 2020).

Although in more than 70% of patients with blended reactions
diagnosis can be achieved by nasal provocation test with Lys-ASA
(Dona et al., 2018), here we have included only blended patients
with a positive oral DPT to ASA to avoid potential differences in
the intensity of the stimulus due to the administration route. Here
we have showed for the first time that, after a positive DPT with
ASA, patients with blended reactions also showed an increase in
urinary LTE4 compared with their basal state, with no differences
between basal state levels and those of controls. These results
highlight an important difference between blended reactions and

NERD for which high baseline LTE4 concentrations have been
repeatedly reported (Christie et al., 1991; Kumlin et al., 1992;
Oosaki et al., 1997; Higashi et al., 2002; Gaber et al., 2008; Higashi
et al., 2010). Such difference may be a reflection of the underlying
respiratory disease, as none of patients we labeled as blended
presented nasal polyposis in their medical history (Bochenek et al,,
2018). Blended reactions represent a heterogeneous group of entities
which include cutaneous (urticaria/angioedema) and respiratory
symptoms (rhinitis/asthma with or without nasal polyposis);
cutaneous symptoms and glottis edema; cutaneous and respiratory
symptoms accompanied with glottis edema; and a combination of
cutaneous, respiratory and gastrointestinal symptoms (abdominal
pain, diarrhea, nausea, vomiting) (Dona et al., 2018). Moreover, we
cannot rule out that other phenotypes could be further included in
this category (Dona et al., 2020), as described for asthma (Mastalerz
et al,, 2015) and NERD (Celejewska-Wojcik et al., 2020).

Despite of the participation of COX-1 inhibition and CysLT's
in NSAID-hypersensitivity, the molecular basis of these reactions
remains elusive. In addition to their inflammatory role in
cardiovascular disease (Massberg et al., 2002) and allergen
response in bronchial asthma (Moritani et al., 1998), platelet-
adherent leukocytes have been shown to play a key role in NERD,
as well as integrin subunits expression (Laidlaw et al., 2012). In
fact, the frequency of CD61" neutrophils, eosinophils, and
monocytes are increased in NERD compared with controls,
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and these frequencies are correlated with systemic LTE4 levels
(Laidlaw et al., 2012).

We have also found that CD61" leukocyte levels increase in the
three groups of patients with cutaneous symptoms induced by
cross-reactive NSAID-hypersensitivity after a positive DPT to
ASA (acute phase) (Figure 1). However, we did not observe any
increase in the frequency of CD61" leukocytes in any group of
patients at the basal state compared to controls. In addition to
dermal edema, the classic histopathological description of urticaria
also includes a sparse perivascular infiltrate composed of
neutrophils, eosinophils, —macrophages and lymphocytes
(Zuberbier et al, 2009), although some subgroups of urticaria
may exist according to the predominance of neutrophils and
lymphocytes (Barzilai et al, 2017). As proposed for NERD
(Pitchford et al,, 2005), platelets may prime leukocyte adhesion to
the endothelium and amplify cutaneous inflammation during a
hypersensitivity reaction to NSAIDs as a consequence of a
pathogenic change in the homeostasis of this system. In fact,
altered platelet function has been described in severe food-
associated respiratory allergy (Obeso et al., 2018), and changes in
platelet-related genes have been described in some types of chronic
spontaneous urticaria (Gimenez-Arnau et al, 2017). Moreover,
platelets have been associated with the etiology of a wide range
of pathologies behind coagulation disorders (Gianazza et al., 2020),
and some of platelet-related compounds may represent potential
biomarkers (Duarte et al., 2013; Eguiluz-Gracia et al., 2018; Liao
et al., 2018; Liao et al., 2020; Sokolowska et al., 2020).

Interestingly, we have also found that the percentage of CD61"
leukocytes correlated with urinary LTE4 levels (neutrophils and
monocytes in the three phenotypes, and eosinophils in blended
reactions) during the acute phase (Figure 3). Nevertheless, no
correlation was found between the frequencies of CD61"
leukocytes and LTE4 levels at the basal state. In addition to
the lack of differences in LTE4 levels between blended reactions in
the basal state and controls described here, we have previously
reported that differences do not existed between LTE4 basal levels
in NIUA and NECD and LTE4 levels in controls (Dona et al.,
2019). Although COX-1 inhibition and the dysregulation of LTE4
synthesis is thought to be shared by the different clinical entities
induced by cross-reactive NSAID-hypersensitivity, our results
suggest that a specific pattern exists for NERD and another one
for the other three phenotypes as systemic LTE4 production does
not exist in NIUA, NECD or blended reactions in our studies.

As adhesion to the endothelium has been reported to require
up-regulation of integrins in neutrophils (Xu et al, 2007),
eosinophils (Johansson and Mosher, 2011), and monocytes (da
Costa Martins et al., 2006), we have also explored their expression in
NIUA, NECD and blended reactions. As for NERD, we did not find
any differences in PSGL-1 expression in our study. During the acute
phase, CD18 and CDlla were significantly increased in CD61"
leukocytes compared to CD61 leukocytes in all patient groups,
whereas CD11b was increased only in monocytes (Figure 2). We
also found that CD18 and CDlla expression were significantly
elevated in CD61" cells when in the acute phase compared to the
basal state (Table 3). CD18 interacts with the other molecules to form
p2 integrins in order to adhere leukocytes to endothelial and epithelial
cells. Our results agree in general with those obtained for NERD

Platelet-Leukocyte Interactions in NSAID-Hypersensitivity

(Laidlaw et al,, 2012); however, we did not find any difference
between CD61" and CD61 leukocytes when evaluating integrin
expression at the basal state (Supplementary Figure S2). These
results agree with our previous findings reporting no increases in
the frequencies of CD61" leukocytes at the basal state compared to
control samples, as well as the lack of correlation with urinary LTE levels
in such state. Unlike NERD, in the other three phenotypes induced by
cross-hypersensitivity to NSAIDs there is no systemic imbalance for AA
metabolism or in platelet-leukocytes interaction homeostasis.

In summary, we found that platelet-adherent leukocytes and
integrin expression are increased in cutaneous cross-reactive
NSAID-hypersensitivity, suggesting that a potential imbalance
in the interaction of these leukocytes and endothelial and/or
epithelial cells may participate in the underlying pathogenic
mechanism, as suggested for NERD (Laidlaw et al., 2012).
Primed platelets may bind to leukocytes before their
migration to the skin and modify the homeostasis of this
process. Platelet priming may be triggered by the inhibition
of PGE2 synthesis due to COX-1 blockade as it is known that
this prostaglandin usually increases the threshold for platelet
activation (van der Meijden and Heemskerk, 2019).
Although further studies are needed, which should include
affected skin and isolated platelets for functional analyses,
our results shed light on the molecular basis of non-
immunological, cutaneous hypersensitivity to NSAIDs and
open new treatment possibilities through the potential
inhibition of platelet-leukocytes interactions.
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Introduction: Being labelled as allergic to different drugs results in patients receiving other
treatments, which are more toxic, less effective and more expensive. We aimed to analyze
different studies of the costs of drug hypersensitivity assessment.

Methods: A bibliographic search on studies regarding this issue was performed, including
the available scientific evidence up to June 2020. We searched three databases with terms
related to costs and allergy testing in drug hypersensitivity reactions.

Results: Our search revealed 1,430 publications, of which 20 met the inclusion criteria. In
the manuscript, prospective studies evaluating the costs of the evaluation of patients with
suspected allergy to beta-lactams or non-steroidal anti-inflammatory drugs are analyzed.
Also, comment is made on the costs associated with incorrect labeling as non-steroidal
anti-inflammatory drug or penicillin hypersensitivity.

Conclusions: Taking all costs into account, the study of drug hypersensitivity is not
expensive, particularly considering the economic and clinical consequences of labeling a
patient with hypersensitivity to drugs.

Keywords: beta-lactam, cost, delabelling, drug hypersensitivity, non-steroidal anti-inflammatory drug, penicillin,
drug allergy

INTRODUCTION

Drug allergy can affect 7-10% of the general population and constitutes a Public Health issue (Park
etal., 2011; Macy and Ngor, 2013; Sagar and Katelaris, 2013). Nevertheless, most patients that claim
to have drug hypersensitivity are not really allergic after an allergological study (Park et al., 2011;
Macy and Ngor, 2013; Sagar and Katelaris, 2013).
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Beta-lactams are one of the drugs most usually implicated in
adverse immunological reactions (Bedolla-Barajas et al., 2018).
An unverified penicillin allergy results in patients receiving
broader-spectrum antibiotics that are frequently less clinically
and economically effective. In addition, the unnecessary use of
alternative antibiotics leads to more adverse reactions, treatment
failures, and healthcare infections (MacLaughlin et al., 2000; Sade
et al., 2003; Shehab et al., 2008; Picard et al., 2013; Macy and
Contreras, 2014; McDanel et al., 2015; Barlam et al., 2016).

Regarding children, about 10% of parents state that their
children are allergic to drugs, especially to beta-lactams,
probably related to high prescription rates (Atanaskovic-
Markovic et al., 2019; Calamelli et al., 2019; Roduit, 2019).
Nevertheless, only a small proportion of them are true drug
allergic reactions (Macy and Ngor, 2013). In this sense,
different studies concluded that fewer than 10% of patients
claiming to be allergic really are, so most children are
mislabeled as drug allergic (Seitz et al., 2011; Abrams et al,
2016; Mill et al., 2016).

Non-steroidal anti-inflammatory drugs (NSAIDs) are one of
the most frequent drugs causing hypersensitivity reactions with a
prevalence of 1-3%.This is higher in patients with chronic
rhinosinusitis, nasal polyposis, asthma, or chronic urticaria,
rising to 30% (Wohrl, 2018). The importance of its evaluation
is because the necessity of NSAIDs for analgesic/anti-
inflammatory or antiplatelet therapy (Modena et al., 2017).

Nevertheless, the costs associated with the evaluation of
patients claiming to be allergic to drugs should be considered.
In this review, the costs of evaluating drug hypersensitivity in
beta-lactam antibiotics and NSAIDs are analyzed.

Thus, the review aims were to analyze different studies of the
costs of drug hypersensitivity assessment, particularly prospective
studies of the evaluation of beta-lactam allergy in adults and
children patients, NSAID hypersensitivity in adults, and other
studies revealing the clinic and economic consequences and the
importance of delabelling.

METHODS

Literature Search

A bibliographic search on studies regarding this issue was
performed including the available scientific evidence up to
June 2020. The primary sources for the search included
PubMed, SCOPUS, and EMBASE.

The search terms for PubMed included (“costs and cost
analysis” [MeSH Terms] OR “cost-benefit analysis” [MeSH
Terms]) AND “allergy testing” [Other Term]) OR “allergy tests”
[Other Term]) OR “allergy evaluation” [Other Term]) OR
“delabelling” [Other Term]) AND “penicillin” [Other Term])
OR “beta-lactam” [Other Term]) OR “nsaid” [Other Term)].
Similar terms and methods were used for the other databases.

Inclusion and Exclusion Criteria

Only original articles or systematic reviews were selected.
Non-systematic reviews, comments, and other types of articles
were not selected.

Costs Associated With Drug-Allergy Evaluation

Only articles in English were considered.

Only articles explicitly dealing with hypersensitivity reactions
were included.

No age restriction was considered.

At least two blinded researchers independently reviewed titles
and abstracts from the initial search, and eligibility criteria
determined their inclusion or exclusion.

Prospective studies about the costs of evaluating patients
labeled as allergic to different drug such as beta-lactam in
adults (Blumenthal et al., 2018; Sobrino-Garcia et al., 2019)
and children (Sobrino et al., 2020) or NSAIDs (Sobrino-Garcia
et al., 2020) drive this field forward prioritized.

RESULTS

Firstly, database searches showed 1,430 results. After removing
duplicates and articles without abstracts, 1,233 abstracts
remained for screening. Articles not peer-reviewed, conference
proceedings, editorials or commentaries to review articles were
excluded after abstracts were evaluated. Other articles were
excluded because they did not explicitly analyze costs in drug
allergy. After applying inclusion and exclusion criteria, 20 articles
were included in the review (Figure 1).

Assessment of Costs
We only found three prospective articles evaluating patients with

suspected beta-lactam allergy, two of them performed in adults, and
one in children. There was also a prospective study evaluating the
costs of the evaluation of hypersensitivity to NSAIDs in adults.
Direct and indirect costs as explained by Soto-Alvarez (2020) were
systematically recorded in only a few studies(Blumenthal et al.,
2018; Sobrino et al. 2020; Sobrino-Garcia et al.,, 2019; Sobrino-
Garcia et al, 2020). Direct health costs were calculated by
(2018), who analyzed personnel costs,
consumables and space costs. Moreover, other studies (Sobrino
et al., 2020; Sobrino-Garcia et al., 2019; Sobrino-Garecia et al., 2020)
considered the number of consultations and all the diagnostic tests
performed. Direct non-health costs (Sobrino et al., 2020; Sobrino-
Garcia et al, 2019; Sobrino-Garcia et al, 2020) were calculated
taking into account the number of consultations and the distance
from their homes to the Allergy service. Finally, indirect costs
(Sobrino et al., 2020; Sobrino-Garcia et al., 2019; Sobrino-Garcia
et al,, 2020) were calculated considering the absenteeism of patients.

In the US, Blumenthal et al. (2018) prospectively calculated the
cost of evaluating beta-lactam allergy in outpatients and found a
cost of $220 (€209.37) for a case that included penicillin skin tests
and a drug provocation test (DPT) in one step with amoxicillin.
In cases where more resources were used, assessment of penicillin
allergy costs were around $540 (€482.45). In Europe (Spain,
Sobrino-Garcia et al, 2019) performed a prospective, one-
year-long study in 296 patients (46 positives), obtaining an
average cost of €187.49, with a maximum cost of €789.96.

In children, the only prospective study (Sobrino et al. 2020),
performed in Europe and one year lasting, evaluated 40 children
with suspected beta-lactam allergy (with only three children

Blumenthal et al.
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Records identified through database
searching Pubmed, EMBASE, SCOPUS

(n=1,430)

Records after duplicates removed
(n=1,392)

Records screened at title and abstract
(n=1,233)

Articles not peer-reviewed, conference
proceedings, editorials or commentaries
to a review article (n=1,183)

Full-text articles assessed for elegibility

(n=56) [Aruoles no related to economics (n=41) ]

Studies included in outcomes review
(n=20)

FIGURE 1 | Flow diagram for search methods.

finally diagnosed with beta-lactam allergy). The mean cost was
€275.27 with a maximum cost of €746.78.

Concerning NSAIDs the only prospective elective study (Sobrino-
Garcia et al,, 2020) included 233 patients (43 positives at the end of the
study), with an average cost of €185.30 (maximum €1,055.96).

DISCUSSION

Prospective studies concerning the costs of the elective evaluation
of drug allergy are scarce. Thus, two studies evaluated the costs of
the elective evaluation of adult patients labeled with beta-lactam
allergy (Blumenthal et al., 2018; Sobrino-Garcia et al, 2019)
Another study evaluated such costs in children (Sobrino et al.
2020) and yet another analyzed the costs of the elective evaluation
of adults labeled as hypersensitive to NSAIDs (Sobrino-Garcia
et al,, 2020). One of them was performed in the United States
(Blumenthal et al.,, 2018) and the other three in Europe (Sobrino
etal., 2020; Sobrino-Garcia et al., 2019; Sobrino-Garcia et al., 2020).

Beta-Lactam Studies in Adults
European studies (Sobrino et al., 2020; Sobrino-Garcia et al,

2019; Sobrino-Garcia et al., 2020) were performed following the
ENDA/EAACI protocols (Torres et al., 2003; Kowalski et al.,
2011; Moreno et al., 2016). According theses protocols in beta-
lactam allergy evaluation included the anamnesis followed by
STs. When negative, patients underwent DPT.

In one of the beta-lactam allergy studies (Sobrino-Garcia et al.,
2019) performed, additional visits for challenging with alternative
beta-lactams were done. All consultations were prospectively
collected. In the prospective beta-lactam study performed in
the United States, Blumenthal et al. (2018) (United States),
who studied 30 outpatients with suspected beta-lactam allergy,

Costs Associated With Drug-Allergy Evaluation

the mean cost was $220 (€209.37) for the base case (skin tests with
beta-lactam and DPT with amoxicillin). In cases where more
resources were used and testing was expanded, assessment of
penicillin allergy would only cost about $540 (€482.45).

The results of both studies are not entirely comparable for
several reasons (World Bank, 2019): 1) per capita income of the
United States and Spain are very different (€53,341 and €25,900,
respectively, in 2018), ii) there are apparent differences between
both countries regarding their National Health System (mainly
private in the United States and predominantly public in Spain);
iii) the differences between protocols, and iv) the exchange rate
between the euro and the dollar, which means that amounts
obtained require a conversion to be able to compare them (1 EUR
= 1.1250 USD). Thus, another study (Sousa-Pinto et al., 2020a)
designed an online questionnaire to study the practice and cost
perceptions of diagnostic tests used in beta-lactam allergy
evaluation. They concluded that there is a great deal of
diversity in performing beta-lactam allergy studies and
reported cost estimates, with median values ranging from €50
for SPT to €190 for DPT and providing information on the need
for context-based cost assessments and when these studies can be
economically effective. Sobrino-Garcia et al. studied different
factors that influenced the costs of their studies (Sobrino et al.,
2020; Sobrino-Garcia et al., 2019; Sobrino-Garcia et al., 2020). In
the study of beta-lactams in adults (Sobrino-Garcia et al., 2019),
the costs in patients with immediate reactions (€152.64 + 106.73)
and delayed reactions (€220.48 + 171.79), were significantly
different (p < 0.001). This fact was mainly related to the mean
number of visits (1.95 + 0.90 and 2.76 + 1.30, respectively, p <
0.001). For patients who worked and did not work for hire, wages
were also different (p < 0.001), with a mean loss of income of
€364.12 + 156.38 and €121.28 + 68.18, respectively.

Moreover, Sousa-Pinto et al. (2020b) concluded in a recent
study that penicillin allergy evaluation was cost-saving in twenty-
four base case decision models. For models evaluating the
performance of skin tests and DPT, allergy testing involved an
average savings of $657 for inpatients (USA: $1,444; Europe:
$489) and $2,746 for outpatients (US: $256; Europe: $6,045).

The main advantages of conducting an elective study of drug
allergy are delabelling false allergic patients, who are more
numerous than true allergy sufferers, and the correct diagnosis
of patients with true hypersensitivity. In addition, there are other
advantages, apart from economics.

Regarding beta-lactam antibiotics, patients mislabeled as
allergic to beta-lactams receive alternative drugs which are
generally less effective and less efficient. In this sense, Picard
etal. (2013) observed additional costs over a year in 1,738 patients
with suspected allergy to beta-lactams because of the use of other
antibiotics for more than $15,000. Sade et al. (2003) identified a
38% increase in costs in terms of antimicrobial prescribed at
discharge. Similarly, (MacLaughlin et al., 2000) showed that the
mean cost of antibiotic treatments prescribed to patients labeled
as allergic to beta-lactams ($26.81) was significantly higher
compared to patients without allergy to these antibiotics
($16.28). In Spain, (Sastre et al, 2012) evaluated 505
hospitalized patients with a history of drug hypersensitivity
and concluded that changes in treatments increased the mean
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TABLE 1 | Studies concerning the costs of the evaluation of drug allergy.
Study

Beta-Lactams (adults)
Blumenthal et al. (2018)
Sobrino-Garcia et al. (2019)

Picard et al. (2013)
Sade et al. (2003)

MacLaughlin et al. (2000)
Sousa-Pinto et al. (2020a)
Sousa-Pinto et al. (2020b)

Sastre et al. (2012)

Rimawi et al. (2013)
Bermingham et al. (2020)

Beta-Lactams (children)
Sousa-Pinto et al. (2018)

Au et al. (2019)
Sobrino-Garcia et al. (2019)

NSAIDs (adults)
Cubero et al. (2017)

Sobrino-Garcia et al. (2020)

cost of treatment four-fold (€273.47 per patient per day of
hospitalization). Macy and Ngor (2013)) concluded that
patients labeled as allergic to beta-lactams required 9.9% more
days of hospitalization (0.59 days: 95% CI, 0.47-0.71) compared
to controls. In addition, Chen et al. (2017) evaluated 252 patients
labeled as allergic to penicillin who were hospitalized for other
reasons and concluded that, after the allergy evaluation, a
penicillin allergy label was removed in 228 subjects (90.5%).
Another cross-sectional case-control study of hospitalized
patients also concluded that antibiotic costs doubled in
patients labeled with penicillin allergy (Borch et al, 2006).
Moreover a penicillin allergy (Rimawi et al., 2013). In the US,
an antimicrobial administration program at a tertiary hospital
observed that evaluating beta-lactam allergy, removing the label
in 145 of the 146 cases, resulted in an annual savings of $82,000
(Rimawi et al., 2013). Mattingly et al. (2018) observed that
patients with penicillin allergy had direct drug costs during
inpatient admission ranging from no difference to an
additional $609 per patient respect patients without penicillin
allergy. Moreover, outpatient prescription costs were estimated
from $14 to $193 per patient higher for penicillin allergic patients.
Moreover, in the case of allergy to beta-lactams, patients with
selective hypersensitivity have different degrees of cross-
reactivity, being able in these cases to check tolerance to other
beta-lactam antibiotics that can be used as an alternative in
certain situations. In fact, Sobrino-Garcia et al. (2019), showed

Costs Associated With Drug-Allergy Evaluation

Costs

$220 for the base case and $540 with more resources needed
Mean cost of the elective evaluation of patients with suspected
allergy to NSAIDs €187.49 + 148.14, with a maximum of €789.96
Additional costs over a year in 1,738 patients for more than
$15,000

38% increase in costs in terms of antimicrobial prescribed at
discharge

$26.81labeled as allergic vs. $16.28

Mean savings of $657 for inpatients and $2,746 for outpatients
Wide diversity in penicillin allergy testing practice (median values
ranging from €50 for SPT to €190 DPT)

€273.47 per patient with a history of drug allergy per day of
hospitalization

Removing the label resulted in an annual savings of $82,000
The cost of alternative antibiotics in patients with penicillin allergy
labels was 2.61 times higher

Hospitalization costs were higher (2,071 vs. €1,798) in children
with this label

Mean cost per patient was $8,171, compared to $6,278 in
patients without this label

Mean cost of the elective evaluation of patients with suspected
allergy to BL: €275.27 + €164.70, with a maximum of €746.78

Annual increase in the cost of using alternative drugs such as
clopidogrel or trifusal instead of AAS: 218.13 vs. €17.64 and
134.56 vs. €17.64, respectively

Mean cost of the elective evaluation of patients with suspected
allergy to NSAIDs: €185.30 + 146.77, with a maximum cost of
€1,055.96

that of patients with selective hypersensitivity to amoxicillin who
underwent a DPT with cephalosporins and carbapenems
(82.76%), all tolerated alternative beta-lactams. Therefore,
most patients could benefit from treatment with other beta-
lactams. In addition to the economic consequences, treatment
with non-beta-lactam antibiotics has multiple clinical
implications. These include a higher incidence of infection by
Clostridium difficile, Vancomycin-resistant Enterococcus, or
methicillin-resistant ~ Staphylococcus  aureus, which  are
associated with greater number of days of hospitalization
(Macy and Contreras, 2014) and readmissions. Furthermore,
alternative antibiotics are often less effective than beta-lactams
(vancomycin treatment for methicillin-sensitive S. aureus
bacteremia is associated with more significant frequency of
worsening of the disease (Barlam et al., 2016; McDanel et al.,
2015) and more frequently leads to adverse reactions, which may
contribute to the readmission of patients (Shehab et al., 2008).
Suspicion of a penicillin allergy already has a direct impact on the
choice of alternative antibiotics and entails the use of broader-
spectrum and less effective antimicrobials, often associated with
antimicrobial resistance (Shehab et al., 2008; Torres et al., 2019).
In this sense, Bermingham et al. (2020) investigated the impact of
being labeled as allergic to penicillin in a cohort of patients with
sepsis. Their results showed that these patients frequently receive
second-line antibiotics. Furthermore, they observed that the cost
of alternative antibiotics in patients with suspected penicillin
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allergy was 2.61 times higher. Another aspect that influences the
lower efficiency of antibiotic treatment in these patients is the fact
that there is a delay in administering the first dose of the antibiotic
(Conway et al., 2017). For its part, The United Kingdom Sepsis
Trust estimates that there are about 250,000 episodes of sepsis in
the United Kingdom per year. According to published data,
around 20% (Mirakian et al, 2015) are associated with
penicillin allergy labels that could be ruled out in 95% of cases
(Shenoy et al., 2019).

Delabelling penicillin allergy is associated with greater use of
penicillins and other beta-lactams. A systematic review and meta-
analysis (Sacco et al., 2017) of inpatient penicillin allergy testing
that included 24 studies demonstrated increase penicillin
utilization (9.9-49%) after skin testing. Penicillin allergy
testing in outpatient settings is also associated with
significantly less health care utilization and greater use of
penicillins and cephalosporins (Macy and Shu, 2017). There
are regional differences in approaches for delabelling patients
allergic to beta-lactams. A precise diagnosis is mainly based on
skin tests and DPT tools that are time-consuming and are not
without risks Torres et al., 2019. In the US, in recent years, there
has been a growing interest in the development of risk
stratification using a computerized clinical decision support
system or a multidisciplinary antibiotic stewardship program
with or without evaluation by an allergy specialist (Torres
et al., 2019). It has been suggested performing DPT without
previous skin tests in patients with low risk (Abrams et al., 2019;.
In this sense, Li et al., 2019 concluded that penicillin allergy
evaluation performing a DPT without previous STs might be
feasible for adult patients with a history of type B reactions to
penicillins without a history of anaphylaxis within the last ten
years or a type 2, 3, or 4 (severe) hypersensitivity reaction. There
is a consensus about this practice in children (Abrams et al., 2019;
Stone et al., 2020).

Beta-Lactam Studies in Children
In the case of children, it is necessary to consider that the

percentage of positive results for beta-lactam antibiotics after
the allergological evaluation is less than 10% (prevalence of 6%
(Ibaniez and Olaguibel, 2015)), so delabelling acquires more
significant importance in this population group. In this sense,
Abrams et al. (2016) proposed a diagnostic protocol for children
who are labeled as allergic to beta-lactams and insisted on the
importance of correctly labeling the allergy to beta-lactams in the
pediatric population, given its low prevalence (Seitz et al., 2011;
Abrams et al., 2016; Mill et al., 2016; Roduit, 2019). Sousa-Pinto
et al. (2018) identified 1,718 hospitalizations corresponding to
children with suspected allergy to beta-lactams. These children
had more extended days of hospitalization and a higher
comorbidity rate. Hospitalization costs were also higher
(€2,071 vs. €1,798), nevertheless, in this case, there was not a
significant difference. Also, Au et al. (2019) estimated the costs of
antibiotics used throughout their lives by patients labeled as
allergic to penicillin before ten years of age compared to those
who were not allergic to penicillin. Thus, they found that in the
first group, the mean cost per patient was $8,171, compared to
$6,278 in patients without this label.

Costs Associated With Drug-Allergy Evaluation

In the study of children with suspected beta-lactam allergy
(Sobrino et al.), indirect costs were higher than those of adult
studies (Sobrino-Garcia et al., 2019; Sobrino-Garcia et al.,,
2020) due to the significant number of legal guardians who
went to the Allergy Service and were employed, reaching 60%
of cases. In the prospective study of costs of beta-lactams in
children (Sobrino et al.) who went to the Allergy Service with a
legal guardian who worked for hire, total costs were
significantly higher (€352.70 + 167.98) than in those whose
legal guardian did not work for hire (€159.13 + 57.29),
p < 0.001.

NSAIDs Studies
Concerning NSAIDs, Aspirin® and other drugs in this group

represent one frequent cause of hypersensitivity reactions,
which affect 1-3% of the population (Stevenson et al., 2001;
Sanchez-Borges et al., 2010; Dofa et al., 2012; Kowalski and
Stevenson, 2013; Park et al., 2013; Demir et al., 2015; Kowalski
and Makowska, 2015; Lipscomb et al., 2019). This percentage
increases to 30% in patients with other pathologies, Szczeklik
and Stevenson (2003) and there are even studies in which
NSAIDs are the drugs most frequently involved in
hypersensitivity reactions (Dofa et al., 2011). Regarding the
economic cost of hypersensitivity to NSAIDs, some studies
have evaluated the costs associated with the use of alternative
drugs and desensitization. In Spain, Cubero et al. (2017)
confirmed that annual increase in the cost of using
alternative antiplatelet agents such as clopidogrel was
1,142.12% (€218.13 vs. €17.64) and with trifusal was
662.76% (€134.56 vs. €17.64). In turn, Shaker et al. (2008)
performed an economic analysis of desensitization to
acetylsalicylic acid in aspirin-exacerbated respiratory disease
(AERD), concluding that ambulatory desensitization is cost-
effective in patients with moderate to severe AERD and that it
continues to be a less expensive option for secondary
cardiovascular prophylaxis.

In the only prospective study of costs of NSAID
hypersensitivity (Sobrino-Garcia et al, 2020), mean costs in
patients with or without a final diagnosis of hypersensitivity
were €239.53 + 140.59 and €173.02 + 145.71, respectively (p =
0.004). This difference was related to the mean number of visits
necessary to reach the diagnosis: 4.23 + 1.46 in patients diagnosed
with hypersensitivity to NSAID and 3.34 + 1.42 in whom allergy
was discarded (p < 0.001).

In this case, being employed, or not, significantly increased the
cost: €304.10 + 172.55 in patients who worked for hire compared
to €14.93 + 62.55 in those who did not, p < 0.001.

Recently, the importance of correct labeling and delabelling of
patients with a possible hypersensitivity to drugs (Macy, 2020;
Solensky, 2020; Vyles et al., 2020) has also been highlighted in the
context of SARS-CoV-2 Castells, 2020 infection. In health alert
situations such as the present pandemic, it becomes more relevant
to know when there is a real hypersensitivity to a drug that
prevents its use, and when there is not. Thus, it is essential to
study patients with a suspected reaction to a drug, carry out
correct labeling and delabelling and, thus, reduce the risk for
patients (Castells, 2020).
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This review’s main limitations were the paucity of prospective
studies about the topic and the fact that the same group
performed three of them (Sobrino et al., 2020; Sobrino-Garcia
etal., 2019; Sobrino-Garcia et al., 2020). Another limitation is that
the studies’ results are not comparable due to how the studies
were performed. Thus, the American studyl (Blumenthal et al,,
2018) did not include indirect costs, whereas the European
studies (Sobrino et al., 2020; Sobrino-Garcia et al, 2019;
Sobrino-Garcia et al,, 2020) did. Table 1 shows a summary of
the costs in the studies discussed in the review.

CONCLUSION

An allergy evaluation in patients with suspected drug
hypersensitivity is essential to establishing a correct diagnosis.
Allergy testing allows for delabelling in a substantial percentage of
patients with suspected drug allergy. The elective evaluation of
beta-lactams and NSAID hypersensitivity is affordable and
permits using more effective first-line drugs, which generally
involves cost savings. In prospective European studies (Sobrino
et al.,, 2020; Sobrino-Garcia et al., 2019; Sobrino-Garcia et al.,
2020), the average cost of evaluating beta-lactam allergy in adults
and children was €187.49 and €275.70, respectively, and the
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Drug desensitization (DD) allows transient clinical tolerance to the drug in reactive patients
and it is frequently and successfully used in the management of both IgE and non IgE-
mediated hypersensitivity reactions (HRs). The underlying mechanisms behind this
process is not well understood. The desensitization procedure is associated with the
inhibition of mast cells degranulation and cytokine production, that, is attributable, at least
partially, to the abrogation of Ca2+ mobilization; in vitro findings and in vivo mouse models
of rapid desensitization show that the organization and spatial distribution of actin is critical
for Ca2+ mobilization. Some clinical observations may suggest the induction of a longer
memory of tolerance by DD and they raise the suspicion that other cells and mechanisms
are involved in DD. Some data are emerging about the modifications of immune responses
during DD in patients with previous immediate HRs. In particular, an increase of regulatory
cytokines, mainly represented by IL-10, has been shown, and more importantly, the
appearance of IL-35 producing T regulatory cells has been described during DD. The
release of controlled cellular mediators by mast cells over time and the development of the
antigen-specific regulation of adaptive response allow to safely and successfully reach the
target dose of a first line drug during DD.

Keywords: desensetisation, allergy (hypersensitive anaphylaxis), mast cells, T reg cell, IL-10, IL-35

INTRODUCTION

The treatment of many disorders including cancer and autoimmune diseases can be complicated by
hypersensitivity reactions (HRs). Clinical manifestations vary considerably, ranging from mild to
severe and life-threatening reactions leading to drug discontinuation, which in turn can decrease
patients’ quality of life and/or life expectancy (Vultaggio et al., 2011; Sala-Cunill et al., 2019).
Phenotypes in drug allergy focus on symptoms and timing, classifying the reactions as immediate or
delayed, depending on the time between treatment administration and the onset of symptoms
(Bonamichi-Santos and Castells, 2016). The most frequently involved culprit drugs are represented
by antibiotics, aspirin, chemotherapeutics (mainly platinum compounds and taxanes) and biological
agents (Vultaggio and Castells, 2014).

Management of HRs, beyond an allergological work-up aimed to define the pathogenic
mechanism of the reaction, may include drug desensitization (DD) when there is no alternative
therapy available. The culprit drug is usually avoided in order to prevent future reactions and DD was
developed as a treatment option to maintain patients on first line therapy (Castells, 2017).

The activation of mast cells (MC) plays a critical role in HRs, not only limited to the immediate
release of an array of preformed inflammatory mediators including histamine, tryptase, serotonin,
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chymases, cytokines, and growth factors, but also de novo
synthesis of lipid mediators such as leukotrienes. In addition
to the classical IgE-mediated MC activation, other
mechanisms may be involved. Some medications can
directly activate MC via the recently identified Mas-related
G Protein Coupled Receptor-X2 (MRGPRX2) transmembrane
protein, as in the case of fluoroquinolones, neuromuscular
blocking agents, and vancomycin (McNeil et al., 2015; Boyce,
2019). Others may further activate mast cells via complement
activation leading to the production of anaphylotoxins C3a
and Cb5a (Jimenez-Rodriguez et al, 2018). The direct
activation of membrane receptors as in the case of opioids
and estrogens, represent a non-immunological pathway of MC
activation possibly involved in the induction of HRs (Spoerl
et al., 2017). Finally, cyclooxygenase-1 inhibition [as in the
case of Aspirin Exacerbated Respiratory disease (AERD)]
may occur.

The aim of this review is to evaluate the mechanisms involved
in successuful DD, highlighting the role of regulatory cells and
cytokines in the modulation of a drug-specific immune response.

DRUG DESENSITIZATION: GENERAL
CONCEPTS

Management of HRs in patients without treatment alternatives is
based on the DD procedure, able to induce a temporary
hyporesponsive state by incremental escalation of sub-optimal
doses of the offending drug, until reaching required dosage (De
las Vecillas Sanchez et al, 2017). Drug desensitization was
developed due to the pressing need to reintroduce drugs in a
safe fashion in patients who had developed both IgE-and/or non
IgE-mediated HRs to critical drugs. Because DD is able to induce
a temporary tolerance to the culprit drug, and considering that
some medications (chemotherapy, biologic agents) have
prolonged dosing intervals, subsequent administrations must
be preceded by a DD procedure in order to overcome the loss
of tolerance.

Desensitization is conceptually dedicated to patients in which
an IgE-mediated mechanism is demonstrated by positive skin
testing or serum IgE for culprit drug, however, patients who
suffered immediate reactions to taxanes and other
chemotherapies in which the IgE mechanisms cannot be
demonstrated have also been successfully desensitized
(Madrigal-Burgaleta et al., 2019).

Two types of DD protocols are available: rapid drug
desensitization which addresses type I reactions with mast
cells/basophils/IgE involvement, and slow drug desensitization
which addresses delayed type IV reactions with T-cell
involvement (Castells, 2015). Mixed reactions however have
become more frequent, so DD protocols have slowly changed
the segregation paradigm of DD vs. slow drug desensitization
(Pyle et al., 2014). Desensitization is contraindicated in patients
whose reaction suggests a history of severe cutaneous reactions,
such as Stevens-Johnsons syndrome, toxic epidermal necrolysis,
drug induced hypersensitivity syndrome, drug reaction (rash)
with eosinophilia and systemic symptoms and acute generalized

Desensitization Mechanisms

exanthematous pustulosis. Desensitization is also not considered
appropriate for reactions of serum sickness or haemolytic anemia
(Castells, 2017). Omalizumab is a humanized IgG1 monoclonal
antibody, initially approved for the treatment of severe allergic
asthma and more recently, for the treatment of chronic idiopathic
urticaria. In several case reports it has been applied to control the
reactions occurring during DD, for aspirin (Waldram et al,
2018), insulin (Mishra et al., 2018), elosulfasi a (Guvenir et al.,
2017), carboplatin (Oude Elberink et al., 2020), and oxaliplatin
(Prieto-Garcia et al., 2019).

MECHANISMS INVOLVED IN DRUG
DESENSITIZATION: MAST CELLS

Regardless of whether the reaction is the consequence of an IgE-
or non IgE-mediated mechanism, MC are key effector cells in the
majority of immediate drug reactions, and the desensitization
procedure is associated with the inhibition of MC degranulation
and cytokine production.

Both in vivo and in vitro studies have been used to understand
the cellular and molecular pathways influencing the function of
MC and basophils during DD.

Several observations displayed negative skin testing after
desensitization, indicating inhibition of the MC activation.
These data have been extensively described in DD for
chemotherapeutics and more recently for biological agents
(Lee et al., 2004). By using sensitized bone marrow-derived
MC under physiologic calcium conditions and by
administrating incremental doses of the drug at fixed time
intervals, cells were shown to become unresponsive (Sancho-
Serra et al., 2011). Recent data obtained in a subject sensitized to
infliximab (IFX) and grass pollen, who experienced an immediate
HR to IFX, showed that skin testing for IFX was positive before
cycles of DD but negativized after each procedure, while skin
testing for grass pollen remained positive before and after each
cycle (Vultaggio et al., 2020). These data obtained in humans were
confirmed by in vitro results. In fact, challenging with the culprit
drug after being desensitized did not induce in vitro activation of
MC that could still be activated by different antigen stimulation,
supporting the concept that DD is an antigen-specific process
(Gladys et al., 2016).

To understand the mechanisms by which DD procedures
impact MC mediator release, it is useful to define sequential
events starting from IgE/FceRI cross-linking to the intracellular
signals.

Phosphorylation of subunit ITAMs (immune-receptor
tyrosine-based activation motif) is important in initiating and
inducing downstream propagation of intracellular signaling
(Phong et al, 2015). Activated Lyn initiates signal
transduction through phosphorylation of the p and y ITAM
chain. In the first phase of the process, phospholipase Cy
phosphorylates and then hydrolyzes phosphatidyl inositol
bisphosphate to yield inositol trisphosphate (IP3) and
diacylglycerol (DAG). IP3 induces an increase in cytosolic
calcium jon (Ca2+) concentration, by binding to its receptor
in the endoplasmic reticulum and rapidly inducing the process of
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calcium mobilization. In the subsequent phase, a prolonged Ca2+
influx occurs (Nam and Kim, 2020).

Although several studies have attempted to examine the
underlying mechanisms regarding the effects of DD on MC, a
general consensus is not yet reached in the literature.

Initial studies suggested that MCs became unresponsive after
DD as the consequence of internalization of FceRI through
progressive cross-linking at low antigen concentrations (Shalit
and Levi-Schaffer, 1995; Morales et al., 2005). More recent studies
have shown that antigen/IgE/FceRI may remain on the surface
during DD (Gladys et al., 2016). In particular, it has been shown
that surface IgE was not completely internalized, leaving enough
IgE bound on the cell surface to bind Ag and potentially cause
degranulation.

It would seem that MCs’ hypo-responsiveness is attributable,
at least partially, to the abrogation of Ca2+ mobilization, a critical
determinant of degranulation and cytokine production in mast
cells (Gladys et al., 2016). Specifically, the organization and spatial
distribution of actin is critical for Ca2+ mobilization in several
cell types, including MCs, as demonstrated by in vitro findings
and in vivo mouse models of rapid desensitization.

Of note, MRGPRX2-related MC degranulation are probably to
DD preocedure as MRGPRX2 receptor does not undergo
internalization.

OTHER MECHANISMS INVOLVED IN DRUG
DESENSITIZATION: NOT ONLY MAST
CELLS

It is currently assumed that drug tolerance induced by DD is not a
permanent state and that it is sustained by a pharmacologic, and
not immunologic, tolerance. However, some clinical observations
may suggest the induction of a longer memory of tolerance
by DD.

Firstly, the rate of reactions during DD procedures
progressively  reduces increasing  number  of
desensitisations. As shown by Sloane et al.,, the percentage of
patients with any breakthrough reaction during the DD
procedures to chemotherapy and monoclonal antibodies
decreased in time with a corresponding increase in the
percentage of patients who tolerated the desensitization
procedure during repeated cycles (Sloane et al., 2016). Patients
initially presenting with anaphylaxis and desensitized in the
intensive care setting proceeded to repeated successful
desensitisations in the outpatient setting.

Secondly, although protocols are mostly empirical and the best
and safest protocol is unknown, it has been reported that after two
successful DD cycles, patients may tolerate even shorter
subsequent protocols (Sloane et al., 2016).

Finally, DD is widely used in the management of immediate
reactions, whereas in non immediate reactions where a T cell-
mediated mechanism predominates the role of DD is still
limited. However, in mild clinical conditions such as macula-
papular exanthemas and fixed drug eruptions, some DD
protocols are successfully applied (Castells et al., 2012;
Scherer et al., 2013).

over
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Opverall, these observations raise the suspicion that other cells
and mechanisms are involved in DD.

Modulation of Adaptive Immune Response
to the Drug During DD

The adaptive immune response sustained by drug-specific T cells
and its modification during DD procedures has been scarcely
evaluated until now. One study, focused on aspirin DD in patients
suffering from aspirin-exacerbated respiratory disease (AERD),
showed that one month after beginning of DD, no difference was
detectable in the percentage of CD4" T cells and their cytokine
production (IL-2, IL-4 and IFN-g) in comparison with baseline
(Atkas et al., 2013). However, the lack of effects on T cells
described do not exclude long-term effects of DD.

Concerning other immediate hypersensitivity reactions (HRs),
such as those induced by biological agents (BA), we have recently
shown that drug-specific T cell proliferation to infliximab (IFX)
was progressively reduced during DD procedures in a patient
suffering from allergic asthma with grass sensitization who had
experienced an IFX-induced anaphylaxis. Accordingly, the
humoral response to the drug (anti-IFX antibodies titer)
showed a parallel decrease over successful DD cycles
(Vultaggio et al, 2020). These DD-induced modifications of
both cellular and humoral response to IFX were drug-specific,
as anti-grass pollen IgE remained positive during the entire
protocol as well as the cellular response to Phl p5 was
consistently positive in all tested samples over DD cycles.

Some data are emerging about the modifications of immune
response toward biological agents (BA) during DD in patients
with delayed reactions. Teraki and Shiohara have shown a
decrease in the percentage of CD8+T cells infiltrating the
lesion in allopurinol fixed drug eruptions during DD
procedure (Teraki and Shiohara, 2004). Overall, these studies
provide limited and controversial information, not allowing any
significant understanding of the cellular immune mechanisms
operating during DD.

Drug Desensitization Increases Regulatory

Cytokines
The impairment of effector responses observed during DD
procedures  suggested the involvement of regulatory

mechanisms operating in successful DD, in a similar way to
what happens during allergen immunotherapy. The effects of DD
on regulatory cytokine levels in patients desensitized have been
evaluated in both immediate and delayed drug hypersensitivity
reactions. Gelincik and coworkers have described a significant
increase in IL-10 serum levels 24 h within the end of DD
procedures in 24 patients who underwent successful DD for
several oral or parental culprit drugs. In the same case series,
no changes of IL-4, IL-5 and IFN-y levels were observed. The
authors observed a greater increase in IL-10 levels in patients
desensitized for chemotherapeutic drugs (Gelincik et al., 2019).
An additional study focused on platinum desensitized patients for
immediate HRs has confirmed the increase of IL-10 serum levels
after DD, with a tendency to reach higher levels of IL-10 after
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multiple cycles (Ttizer et al. 2020). Regarding delayed HRs, in a
case report about DD to allopurinol after a fixed drug eruption, an
increase of IL-10 (and IL-6) production by peripheral blood
mononuclear cells, was observed. Intracellular IL-10 contents
in T cells, but not serum levels, have been analyzed in one study
involving patients during desensitization to aspirin in AERD. A
decrease of IL-10 (and IFN-y) intracellular expression in CD4"
T cells, was observed after 1 month of desensitization (Aksu et al,
2014). This discrepancy may be caused by the type of reaction
where DD has been applied (pathogenesis of AERD) and by the
fact that serum levels were not evaluated in this study.

IL-10 is an important regulatory and anti-inflammatory
cytokine, largely studied and involved in successful allergen
immunotherapy (AIT) (Ni et al,, 2015). Studies involving AIT
showed the role for IL-10 production by T cells (Treg) and B cells
(Breg) in inducing tolerance (Akdis et al.,, 2005, van de Veen,
2017). It important to note that before Treg and Breg cells appear,
early desensitization effect of AIT seems to be associated with IL-
10 produced by other cells, such as basophils and MCs (van de
Veen et al., 2017). In fact, different cells may produce IL-10, such
as cells of adaptive (T cells, B cells) and innate immunity
(dendritic cells, natural killer T cells, eosinophils, neutrophils,
basophils, MC) and keratinocytes (Saraiva and O’Garra et al.,
2010). The cellular source of IL-10 production during DD has to
be defined as yet, and further studies are required in this field,
however we might speculate that the immunological effects of DD
are similar to those observed during AIT.

IL-35 is the newest member of IL-12 family. It is a dimeric
protein consisting of two separate subunits, an IL-12 subunit a chain
(P35) and IL-27 subunit Epstein-Barr virus-induced gene 3 (EBI3)
chain; IL-35 has manifested suppressive actions on the immune
system. It is secreted by a variety of cells, and then activates its
receptors through JAK/STAT signaling to exert its anti-
inflammatory and immunosuppressive effects (Zhang, et al,
2019). In a patient desensitized to IFX, serum IL-35 was highly
increased after each DD cycle and a progressive increase of baseline
values in serum samples collected before each cycle was observed
(Vultaggio et al., 2020). Such response to high antigen dose during
DD is likely comparable to that described for AIT in which IL-35 has
been recently described to play a relevant role (Shamji and Durham,
2017; Shamji et al., 2018) and confirm the involvement of regulatory
cytokines in the DD-related immunological mechanisms.

Drug Desensitization Induces

Drug-SpecificTreg Cells

Regulatory T (Treg) cells are a subset of CD4" apT cells that play
a major role for maintaining self tolerance and preventing
autoimmunity, limiting chronic inflammatory diseases,
dampening  homeostatic ~ lymphocyte  expansion, and
suppressing immune responses to parasites and viruses and
tumors, including that induced by therapeutic vaccines. The
manipulation of Treg functions is an important goal of AIT,
since a successful AIT is sustained by the generation of allergen-
specific Tregcells (Palomares et al., 2010), and, as recently shown,
in particular by T cells producing the regulatory cytokine IL-35
(called Tr35) (Shamji et al. 2018).

Desensitization Mechanisms

The involvement of Treg cells in DD mechanisms has been
analyzed in few studies until now, mainly regarding DD after HRs
to monoclonal antibodies. An increase of CD4"CD25 * cells and
CD4"CD25 + FoxP3+ Treg cells in peripheral blood after DD for
rituximab has been described in a successful procedure in a
patient suffering from nephrotic syndrome (Aydogan et al,
2013). In addition, during DD for IFX, PBMC upon in vitro
stimulation with IFX were able to produce IL-35 in a MHC-Class
II-restricted manner, suggesting that the production of this
regulatory cytokine is sustained by the presence of drug-
specific Tr35. Notably these cells constitutively express check
point molecules, including PD1 (Turnis et al., 2016), and
accordingly, in the same case report, increased proportion of
circulating CD3"CD4+PD1+ and CD3"CD4+Foxp3+ T cells
were observed after the second and third cycle of
desensitization. Regarding delayed reactions induced by
allopurinol, Teraki and Shiohara showed that the number of
CD4"CD25 " T cells increased in skin lesions after the beginning
of DD, suggesting that Treg cells may migrate from blood to skin,
where they might act to suppress effector T cells, that conversely
decreased in proportion (from 91% to 35%) (Teraki and Shiohara,
2004). Even though these data obtained in single case reports
must be considered preliminary, overall, they suggest a possible
role of Tregulatory cells in the drug tolerance induced by DD.

DISCUSSION

Drug desensitization allows a transient clinical tolerance to the
culprit drug by administering, in a short time, increasing amounts
of the drug until reaching the therapeutic dose. Such procedure is
to be applied mainly in reactive patients with no alternative
treatment options.

Besides a profound change of MC reactivity with inhibition of
their activation pathways and mediators’ release (only partially
known until now), some reports strongly indicate that tolerance
induced by DD implies the modulation of drug-specific response
by regulatory mechanisms, confirming that this type of procedure
deeply impacts on the immune response, more than that has been
demonstrated to date. Of note, this regulatory activity is transient
and lasts a short and variable period after stopping the treatment.

Drug-specific immune response to BAs is down-regulated by a
panel of regulatory cytokines, including the traditional IL-10 and
a new molecule belonging to IL-12 family, IL-35. In particular, the
activation/expansion of drug-specific Tr35 cells, occurring during
the DD procedure to some BAs, may have a particular relevance
in the mechanisms of DD tolerance, since IL-35 orchestrates
other regulatory cells and cytokines. Figure 1 illustrates the
immunological modifications of both umoral and cellular
adaptive immune response to BA during DD.

It would be desirable to establish in the near future which
regulatory cells (Treg, Breg, ILCreg, DCreg etc) are involved in
each drug treatment, when they become operative during the DD
procedure, and how long they last after stopping the DD. In
addition, we cannot exclude that the type of drug, the route of
administration, the dose and the scheme could influence the
mechanisms operating in successful DD.
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Figure 1 | Adaptive immunological changes induced by drug desensitization. Drug desensitization may impact on adaptive immune response leading to reduction
of anti-drug antibodies levels. In addition, drug-specific T cell response seems to be affected by drug desensitization, due to expansion of T regulatory cells able to

In conclusion, DD procedure induces two independent
antigen-specific mechanisms: the release of controlled cellular
mediators by MC over time and the development of the antigen-
specific regulation of adaptive response. These mechanisms allow
to safely and successfully reach the target dose of the drug.
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Background: Drug hypersensitivity reactions (DHRs) are among the most frequent
reasons for consultation in allergy departments and are becoming more common due
to increasing prevalence and case complexity.

Objective: To describe the most common drugs associated with clinical reactions,
diagnostic methods used, and outcomes of allergic evaluations of a national drug
allergy registry over a 12-year period were used.

Methods: An observational, prospective, patient’s data registry-based study was conducted
to analyze all referrals to the drug allergy outpatient clinics at Al-Rashed Allergy Center, Kuwait,
between 2007 and 2019. Demographics, description of DHRS, and results of allergy tests to
potential causative medications were reviewed. Diagnostic methods were focused mainly on
skin tests (STs) and drug provocation test (DPT), when indicated.

Results: We evaluated 1,553 patients with reported DHRs. The mean age of the population
was 41.52 + 16.93 years, and the study population consisted of 63.7% female patients.
Hypersensitivity was finally confirmed in 645 (41.5%) of patients, probable in 199 (12.8%),
and not confirmed/nonallergic in 709 (45.6%) patients. Anti-inflammatory drugs and
analgesics contributed to 39.22% of all confirmed drug allergies, followed by antibiotics
38.1% (B-lactam antibiotics (BLs) constituted 73.98% of all antibiotics and 28.21% of all
drugs), anesthetics 1.8%, and radio-contrast media 0.31%. The majority of reactions were
non-immediate 51.44%. The most commonly presenting symptoms among confirmed
patients were urticaria 57.80%, angioedema 42.50%, respiratory symptoms 47.60%, and
erythema 33.60%. Symptoms of anaphylaxis/anaphylactic shock were reported by 284
patients (44.00%) among confirmed cases. The most common method of diagnosis was a
positive clinical history (54.4% in BLs and 90.45% in nonsteroidal anti-inflammatory drugs
(NSAIDs). Among confirmed allergy to BLs, a positive ST was obtained in 31.9% of patients
and positive DPT in 13.7%.

Conclusion: NSAIDs and antibiotics, mainly BLs, are the most commonly implicated in
confirmed allergy. In both confirmed and not confirmed/nonallergic cases, BLs are the
most frequently involved DHRs which are mainly immediate, and the most commonly presenting
symptoms were urticaria, angioedema, and respiratory symptoms. Diagnosis was confirmed
mainly by a positive clinical history and when indicated, by positive STs or a DPT.

Keywords: drug allergy, registry, hypersensitivity, allergy, NSAIDs, penicillin
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INTRODUCTION

A drug hypersensitivity reaction (DHR) can be defined as an
adverse drug reaction (ADR), with an immunological etiology, to
an otherwise safe and effective therapeutic agent (Park and
Demoly, 2012; Bohm and Cascorbi, 2016). Type I
hypersensitivity (IgE-mediated) reactions are the most studied
among other DHRs that were described by Gell and Coombs
(Demoly et al, 2008). DHRs are of significant concern for
clinicians and patients as suspected cases may result in
avoidance of first-line medications like in cases of suspected
B-lactam antibiotic (BL) allergy that leads to worse outcomes
and increased cost (Macy and Contreras, 2014; Su et al., 2017;
Sousa-Pinto et al., 2018), and in consequence, both under- and
overdiagnosis of DHRs are potential challenges in everyday
practice. Although in vivo and in vitro testing including the
gold standard drug provocation test (DPT) can confirm the
diagnosis, and clinicians have to challenge problems such as
the lack of standardized tests to most of the medications, the
contraindication for DPT in severe cases, or patient refusal to
undergo a DPT with the culprit drug. These problems push
clinicians to accept the diagnosis of drug allergy based on
clinical history alone on the cases that there is no standardized
test or DPT is not as suitable option. Throughout the years, two
main groups of drugs have consistently remained prevalent
worldwide, BLs and nonsteroidal anti-inflammatory drugs
(NSAIDs), with different clinical presentations like
cutaneous symptoms of urticaria, angioedema, and
respiratory symptoms, among others (Demoly et al., 2014).
Many factors affect the DHRs, some are related to the drug
itself as the ability to act as a hapten, prohapten, or binding to
immune receptors and others to patient factors like female sex,
age, history of drug reactions, concomitant infections, or
genetics (HLA genotypes) (Gamboa, 2009; Thong and Tan,
2011).

Despite the fact that many studies utilize data from patient’s
database and electronic medical records, there are not many
publications on specifically drug allergy databases, and none of
the previously published ones belong to the Middle East
region. The reasons might be related to the difficulties and
challenges of maintaining and following up patients in a
registry-based format. This might be due to the need of a
specific database on drug allergy using common standardized
procedures (Bousquet et al., 2009). The most remarkable
existing database from Europe is the Drug Allergy and
Hypersensitivity Database (DAHD) that has provided
information regarding cross-reactivity with cephalosporins
in confirmed allergic patients to BL (Sidoroff et al., 2010),
and of other BLs in proven allergy to cefazolin (Pipet et al.,
2011), the need for DPT after negative skin testing (Bousquet
et al., 2008), risk of systemic reactions during skin testing (Co
Minh et al., 2006), the accuracy of clinical history in patients
presenting with reactions to BL (Chiriac et al, 2018),
comparison of DHR prevalence in children and adults
(Demoly et al,, 2012), and NSAIDs patterns of reactions
and possible classifications (Caimmi et al, 2012). The
objective of this study, based on a national drug allergy

National Drug Allergy Registry

registry, was to determine the prevalence, clinical
presentation, and drug distribution of DHRs in a country
from the Middle East.

METHODS AND MATERIALS

Al-Rashed Allergy Center is a tertiary public center in Kuwait,
and it is a referral center for all drug allergy evaluation in the
country, covering both public and private health systems. An
initial drug allergy evaluation is performed on all patients
referred to our clinic for suspected DHRs, and patients
presenting with a suggestive history of DHRs from July 2007
to June 2019 were included in this study. The following data
were collected: patient demographics (age and gender), drug(s)
involved in the clinical reaction, signs and symptoms of DHRs
(as reported by the patient and/or obtained from their medical
records), time of onset of DHRs after drug(s) exposure, results
of DPT when indicated, and results of the final evaluation. All
patients were evaluated by a detailed clinical history related to
ADR or DHR including physical examination (Demoly et al.,
1999).

Regarding symptoms, different clinical categories were
established; anaphylaxis was defined as per the WHO
criteria as a serious allergic reaction that is rapid in onset
and might cause death (Simons et al., 2011) and anaphylactic
shock, defined as those with anaphylaxis and signs of critical
organ hypoperfusion (Thong et al, 2006). Urticaria was
defined as hives, angioedema as swelling of the skin,
erythema as redness of the skin or mucous membranes, and
respiratory symptoms as shortness of breath from upper or
lower airways.

Patients were included in the group “multiple” when they
refer to the same symptoms upon exposure to three or more
different groups of medication. In an attempt to include all
groups of drugs that were reported by the patients in our
registry, patients were included in the group “others” when
they were the only patient in our registry reporting a reaction to
a specific group of drugs, and on the contrary, on those cases
where more than a single patient refers to symptoms of a
specific group of drugs, the group was named by the name
of the drug itself (i.e., NSAIDs).

All patients were asked to determine the approximate
time elapsed since the intake of the drug and the start of
the reaction. Immediate defined when
presenting symptoms, compatible with hypersensitivity
reaction, appear till 1h after drug administration and
nonimmediate reaction was defined when presenting
symptoms appear after 1 h.

In our cohort, the cultural background of Middle Eastern
patients had a strong influence on the way we based our allergy
testing. Our patients are usually less prone to assume DPT risks,
and they are favoring a safe testing with alternatives, whenever
possible.

Patients were grouped according to the following three
categories:

reaction was
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FIGURE 1 | Diagnostic methods flowchart.

(1) Confirmed drug allergy: When patients had a positive clinical
history alone, defined as symptoms compatible with type I
hypersensitivity reactions (immediate), including pruritus,
urticaria/angioedema, shortness of breath, on two or more
occasions to the same or cross-reacting drugs (graphl), or
positive ST/DPT, or if they had an indication for
desensitization (Decker et al., 2010).

Probable drug allergy: When patients had a single reaction to
the offending drug, or in those presenting with severe
cutaneous reactions such as SJS/TEN (Stevens-Johnson
syndrome/toxic epidermal necrolysis), AGEP (acute
generalized exanthematous pustulosis), and DRESS/DIHS/
HSS (drug reaction with eosinophilia and systemic
symptoms/drug-induced ~ hypersensitivity =~ syndrome/
hypersensitivity syndrome).

Not confirmed/nonallergic: Patients are defined as not
confirmed when they did not consent for DPT, despite
being indicated and in case of contraindication for DPT
due to comorbidities or other factors: acute infections;
cardiac, hepatic, or renal diseases; pregnancy;
breastfeeding; or receiving beta-blockers. Patients are
defined as nonallergic when they had negative DPT.

)

An allergy workup was performed on patients with the
following drug categories (Figure 1):

(1) Essential medications: Antibiotic, NSAIDs, monoclonal

antibodies, chemotherapy, proton pump inhibitor,
corticosteroids, antidiabetic ~drugs, antihypertensive
drugs, anticoagulants, general anesthesia,

anticonvulsants, allopurinol, supplemental drugs (iron
and vitamin D), and interferon. Skin tests (STs) and

DPT with the culprit drug were used to confirm the
diagnosis in these cases. However, when a suitable same
efficacy alternative drug is available on those cases with a
positive DPT with the culprit drug, additional tests, STs,
and DPTs with the suitable alternative were considered in
case of cross-reactivity.

Nonessential medications: Other supplemental drugs,
hyoscine, antihistamines, and local anesthesia. DPT with
the culprit drug was not performed, and instead patients
were tested with STs and DPTs to a suitable alternative in
case of possible cross-reactivity.

2

On those patients reporting reactions to radio-contrast media
(RCM), the diagnosis was confirmed by STs. If ST's were negative,
a premedication prior to next infusion was recommended
(Pichler, 2010 and American Academy of Allergy; Demoly
al, 2014) and desensitization was performed, if
premedication fails (Al-Ahmad and Bouza, 2017).

Patients presenting with erythema alone were tested to the
offending medication. A risk assessment was performed by the
staff for each individual patient presenting with DHRs, and the
decision to proceed with STs/DPTs was decided on an
individual basis.

et

SKIN TESTING

STs were performed according to the European Network of Drug
Allergy (ENDA) (Brockow et al,, 2002) guidelines. STs were
performed using the dilutions shown in Table 1. The prick
test was initially performed, and in those with negative results,
was followed by intradermal testing. Intradermal testing is done
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TABLE 1 | Concentrations of the different drugs used for skin prick testing (SPT) and intradermal testing (ID).

Drug SPT
PPL 0.04 mg/ml
MDM 0.5 mg/ml
Amoxicillin 20 mg/ml
Clavulanic acid 5 m-20 mg/ml
Ampicillin 25 mg/ml
Penicilin G 10,000 U/ml
Meropenem 1 mg/ml
Cephalosporins 2 mg/ml
Hydrocortisone 2, 20 mg/ml
Methylprednisolone 2, 20 mg/ml
lohexol 350 mg I/ml
lodixanol 320 mg/ml
Lidocaine 20 mg/ml

ID DPT

0.0004-0.04 mg/ml
0.005-0.5 mg/ml

Amoxicillin/clavulanate 875/125 mg
Same as above

0.2 mg/ml Same as above
0.05-20 mg/ml Same as above
0.025-25 mg/ml Same as above
10-1,000 U/ml Same as above
0.1-1 mg/ml 1gm
0.002, 2 mg/ml Ceftriaxone 2 gm .V or
Cefuroxime 500 mg oral
0.2, 2 mg/ml Dexamethasone 5 mg
0.2, 2 mg/ml
35, 350 mg I/mL NA
3.2, 320 mg/ml
2 mg/ml Lidocaine 2 ml Of 20 mg/ml

Abbreviations: PPL, penicilloyl-polylysine; MDM, minor determinant mixture; amoxicillin/clavulanic acid (diater Madrid, Spain), iohexol (GE Health care), ampicillin sodium equivalent to
500 mg ampicillin activity (Bristol-Myers Squibb, United States), Hymox Forte in powder form (Biocheme Spimaco, Saudi Arabia), or amoxicillin commercial kit or clavulanic acid
commercial kit (cephalosporin), Penicillin G (Sandoz Gmb H, Kundl-Astria/ Autriche Sanduz), meropenem (AstraZeneca, UK), cefuroxime (Glaxo, Italy), or ceftriaxone (Sandoz, Austria).

by marking the bleb created by the injection of 0.3 ml. An
immediate positive response was considered when an increase
in the diameter of the wheal area was greater than 3 mm than the
saline control and accompanied by erythema that is read
15-20 min after testing (Demoly and Bousquet, 2002). A
reading was done after 24-48 h in the case of nonimmediate
reactions. Patch testing was performed in suspicion of type IV
reactions.

DPT

If ST's were negative or not available, DPT with the suspected
drug was performed (Aberer et al., 2003; Torres et al., 2003).
Single-blind  placebo-controlled DPT was performed
following the ENDA general guidelines (Torres et al,
2003), with slight modifications in some cases. Drugs were
administered at increasing doses every 30-90 min until the
full therapeutic dose was reached. In patients with reactions
induced by NSAIDs, DPT was performed as previously
described (Dofia et al, 2011). When patient-reported
symptoms (e.g., skin and respiratory) or changes in vital
signs were observed (heart rate and blood pressure) or a
decrease in the peak expiratory flow rate (PEFR), the
procedure was stopped, and patients’ symptoms were
evaluated and treated. If patients tolerated the given drug,
they were advised to report any nonimmediate reactions and
were considered negative DPT.

We followed the general ENDA recommendations for DPT
indications, contraindications, prohibited co-medication, and
enhanced safety measures (e.g, intravenous catheter) in case of
clinical history of anaphylaxis. Uniformed capsules/preparations,
including placebo, delivered in specified doses prepared by the
hospital pharmacy or commercially available drugs, were used for
DPTs. The oral route was chosen systematically, except for drugs with
only intravenous or subcutaneous preparations. All DPTs were
performed during one day.

ETHICS COMMITTEE

All patients were informed about the risk and outcomes of the
procedure and provided informed consent. Ethical clearance was
granted by Kuwait Research Ethics Committee at the Ministry of
Health (Research study number 808/2018).

STATISTICAL ANALYSIS

Nonparametric and parametric methods are used to calculate
statistical significance. The distribution value is determined
by D’Agostino and Pearsonomnibus test normality. Student’s
t-test, Mann-Whitney test, Fisher’s test, and x2 test were used
for calculating the difference between the groups. The
ANOVA test was used to calculate the relative difference
distribution variance between variables. The statistical
hypotheses were tested at a level of @ = 0.05, and the
difference between the groups in the sample was
considered significant when p < 0.05 or less. Statistical
significance was depicted as p < 0.05, p < 0.01, and p <
0.001. All data were analyzed using GraphPad Prism
version 7 (San Diego, California, United States). All the
percentages in the tables were calculated from the pooled
group of patients, and the difference between pooled groups
was calculated using the X2 test.

RESULTS

Description of the Total Sample

We have evaluated 1,553 patients with a history compatible of
DHRs, with 65.58% females with a mean age of 41.52 +
16.93 years. Among all episodes, 42.18% were attributed to
antibiotics (32.13% to BLs) and 28.65% to anti-inflammatory
drugs and analgesics (24.66% to NSAIDs). Drug allergy was
confirmed in 645 (41.5%), probable in 199 (12.8%), and not
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TABLE 2 | Clinical characteristics among patients with confirmed and not confirmed/nonallergic.

Clinical characteristic

Age (years)
Females (n; %)
Culprit drug Allopurinol
Anti-inflammatory and analgesics
Anesthetic

Antibiotics
Anticholinergic
Anticoagulants
Anticonvulsants
Antidiabetics
Antihistamines
Antihypertensive
Chemotherapy
Corticosteroids
Hormones

Hyoscine

Interferon

Monoclonal antibodies
Multiple®

Others®

Proton pump inhibitors
Prostaglandin inhibitors
Radio-contrast media
Supplementals

B lactams™*
Quinolones

Macrolides
Sulphomides
Metronidazole

NSAIDs

Paracetamol

Opioids

Urticaria

Angioedema

Erythema

Respiratory
Anaphylaxis/anaphylactic shock
Immediate
Nonimmediate

<1 year

>1 year

Clinical symptoms

Timing

Time elapsed between reaction and study

“Difference was significant statistically.

Confirmed Probable Not confirmed/ p value
(n=645;41.5%) (n =199; nonallergic
12.8%) (n=709; 45.6%)
42.6 + 16.02 40.7 +17.3 43.1+17.6 0.0625
432 66.98 126 63.3 463 65.03 0.6014
2 0.3 4 2.0 2 0.3 0.0069%
253 39.2 30 15.1 162 22.8 <0.0001#
12 1.9 1 0.5 47 6.6 <0.0001#
246 38.1 72 36.2 337 47.5 0.0004%
1 0.2 0 0.0 1 0.1 0.8609
4 0.6 2 1.0 4 0.6 0.7859
3 0.5 7 3.5 0 0.0 <0.0001#
6 0.9 0 0.0 4 0.6 0.3351
4 0.6 3 1.5 5 0.7 0.4406
4 0.6 0 0.0 2 0.3 0.3890
4 0.6 3 1.5 2 0.3 0.1299
8 1.2 2 1.0 14 2.0 0.4415
6 0.9 2 1.0 2 0.3 0.2615
4 0.6 0 0.0 0 0.0 0.0594
1 0.2 1 0.5 0 0.0 0.2112
7 1.1 3 1.5 3 0.4 0.2209
30 4.7 33 16.6 38 5.4 <0.0001%
32 5.0 25 12.6 16 2.3 <0.00012
8 1.2 2 1.0 2 0.3 0.1221
0 0.0 2 1.0 0 0.0 0.00112
2 0.3 1 0.5 60 8.5 <0.0001#
8 1.2 6 3.0 8 11 0.1221
182 28.2 21 10.6 296 1.7 <0.0001#
23 3.6 16 8.0 19 2.7 0.0019%
18 2.8 12 6.0 15 2.1 0.01422
13 2.0 7 3.5 3 0.4 0.00212
3 0.5 2 1.0 1 0.1 0.2027
220 34.1 22 111 141 19.9 <0.0001%
28 4.3 7 3.5 20 2.8 0.3190
5 0.8 1 0.5 1 0.1 0.02822
373 57.8 119 59.8 283 39.9 <0.0001#
274 42.5 132 66.3 226 31.9 <0.0001#
217 33.6 173 86.9 285 40.2 <0.0001%
307 47.6 109 54.8 142 20.0 <0.00012
284 44.0 99 49.7 77 10.9 <0.0001
425 65.9 25 12.6 304 42.9 <0.00012
220 34.1 174 87.4 405 571
435 67.4 162 81.4 423 59.7 <0.0001°
210 32.6 37 18.6 286 40.3

PMuttiple: When there was a patient in our registry reporting the same symptoms upon exposure to three or more different groups of medication.
“Others: When there was only one patient in our registry reporting a reaction to a specific group of drugs.

confirmed/nonallergic in 709 (45.6%) of patients. Of the total
studied patients for each drug, confirmation was obtained in
38.10% of the patients for antibiotics (28.20% for BLs) and 39.2%
for anti-inflammatory drugs and analgesics (34.10% for NSAIDs)
(Table 2).

Age and Gender

Patients with confirmed, probable, and not confirmed/
nonallergic, with immediate and nonimmediate reactions,
and with time elapsed between the reaction and study <1
and >1 year showed a similar age and gender distribution (p >
0.05) (Table 3).

Comparison of Immediate vs.

Nonimmediate Reactions

Patients with confirmed allergy showed more frequently
immediate reaction (65.90%) than probable drug allergy
(12.6%) and not confirmed/nonallergic (42.9%) p < 0.0001
(Table 2). Timing of reactions was immediate, <1 h, in 48.55%
of the patients, and nonimmediate, >1 h, in 51.44%. The ratio
of frequency of immediate and nonimmediate reaction was
0.94. In patients with confirmed drug allergy, the frequency
ratio of immediate and nonimmediate reactions was 1.93
(Table 4). In patients with confirmed drug allergy, allergy
to antibiotics and BLs was more common in patients with
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TABLE 3 | Clinical characteristics among all patients in regard to immediate and nonimmediate drug allergy reactions.

National Drug Allergy Registry

Clinical characteristic Immediate Nonimmediate p value
(n = 754; 48.55%) (n = 799; 51.45%)
Age(years) 413 +16.4 40.7 +17.4 0.1402
Females (n; %) 497 65.9 524 65.6 0.9148
Drug involved Antibiotics 308 40.8 347 43.4 0.3045
Analgesics 267 35.4 178 22.3 <0.0001%
B lactams 251 33.3 248 31.0 0.3556
NSAIDs 225 29.8 158 19.8 <0.0001%
Clinical symptoms Urticaria 388 51.5 387 48.4 0.2431
Angioedema 304 40.3 328 411 0.7962
Erythema 237 31.4 438 54.8 <0.00012
Respiratory 359 47.6 199 24.9 <0.0001%
Anaphylaxis/anaphylactic shock 308 40.8 152 19.0 <0.0001%
Time elapsed between reaction and study <1 year 506 67.1 514 64.3 0.2616
>1 year 248 32.9 285 35.7
ADifference was significant statistically.
TABLE 4 | Clinical characteristics among patients with confirmed drug allergy in regard to immediate and nonimmediate drug allergy reactions.
Clinical characteristic Immediate Non-immediate p value
(n = 425; 65.9%) (n = 220; 34.1%)
Age (years) 42.7 +15.7 41.1+16.6 0.8995
Females (n; %) 293 68.9 139 63.2 0.1577
Drug involved Antibiotics 171 40.2 59 26.8 0.0007°
Analgesics 194 45.6 75 34.1 0.0054%
B lactams 134 31.5 48 21.8 0.0098%
NSAIDs 167 39.3 53 241 0.00012
Clinical symptoms Urticaria 249 58.6 124 56.4 0.6142
Angioedema 194 45.6 80 36.4 0.0288%
Erythema 126 29.6 91 41.4 0.00372
Respiratory 267 62.8 40 18.2 <0.0001%
Anaphylaxis/anaphylactic shock 248 58.4 36 16.4 <0.00012
Time elapsed between reaction and study <1 year 286 67.3 149 67.7 0.9296
>1 year 139 32.7 71 32.3
ADifference was significant statistically.
TABLE 5 | Frequency of symptoms and reactions on specific drug allergy is done in confirmed allergy only.
Antibiotics Analgesics p value B lactams NSAIDs p value
(n = 246) (n = 253) (n=182) (n = 220)
n % N % n % n %
Symptoms Urticaria 161 65.4 130 51.4 0.0015% 119 65.4 108 49.1 0.0012%
Angioedema 103 41.9 17 46.2 0.3672 75 41.2 102 46.4 0.3142
Erythema 84 34.1 75 29.6 0.2918 56 30.8 61 27.7 0.5103
Respiratory symptoms 123 50.0 140 55.3 0.2446 101 55.5 124 56.4 0.9197
Anaphylaxis/anaphylactic shock 125 50.8 107 42.3 0.0599 108 56.6 91 41.4 0.0026%
Timing Immediate reaction 171 69.5 194 76.7 0.0857 134 73.6 167 75.9 0.6445
Nonimmediate reaction 75 30.5 59 23.3 48 26.4 53 241

Difference was significant statistically.
Note: These symptoms do overlap.

immediate reaction, while in patients with nonimmediate
reaction, hypersensitivity to analgesics and NSAIDs was
more common (Table 4). Among patients with confirmed

drug allergy, immediate and nonimmediate reactions were
similarly distributed between allergy to antibiotics and
analgesics (Table 5).
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TABLE 6 | Clinical characteristics of patients with confirmed drug allergy in regard to anaphylaxis.

Clinical characteristic

Age (years) 43.4 +15.7
Females (n; %) 206
Drug involved Antibiotics 125
Analgesics 107
B lactams 103
NSAIDs 91
Timing Immediate 248
Nonimmediate 36
<1 year 198
>1 year 86

ADifference was significant statistically.

Time Since Reaction to Study
Patients with confirmed drug allergy showed more frequent time

elapsed between the reaction and study <1year than not
confirmed/nonallergic patients, but less frequent than patients
with probable allergy (Table 2). The time elapsed between
reaction and study >1year was similar to the ones without
anaphylaxis/anaphylactic shock (Table 6).

Comparison of Confirmed and Not

Confirmed Cases

Patients with confirmed drug allergy showed more frequent (p <
0.05) allergy to analgesics, NSAIDs, and opioids than patients with
probable drug allergy and not confirmed/nonallergic. However,
patients with probable drug allergy showed more frequent allergy
to allopurinol, anticonvulsants, multiple drugs, other drugs,
prostaglandin  inhibitors,  quinolones,  macrolides, and
sulphomides than patients with confirmed and not confirmed/
nonallergic. Furthermore, not confirmed/nonallergic patients
showed more frequent allergy to anesthetics, antibiotics, radio-
contrast media, and { lactams than patients with probable and
confirmed drug allergy (Table 2).

All symptoms (urticaria, angioedema, respiratory symptoms, and
anaphylaxis) were more common in patients with confirmed and
probable drug allergy, rather than in not confirmed/nonallergic
patients, with the exception of erythema, which was most
common in patients with probable allergy (Table 2). Anaphylaxis
was shown in 44.00% of confirmed patients, which was 18.28% of the
total population (Table 2). In this group of patients, angioedema,
erythema, respiratory symptoms, and anaphylaxis were similarly
distributed in allergy to antibiotics and analgesics. However,
urticaria was more frequent in allergy to antibiotics than in
analgesics allergy. Urticaria and anaphylaxis were more common
in BL than NSAID hypersensitivity, while angioedema, erythema,
respiratory symptoms, and immediate and nonimmediate reactions
were similarly distributed between BL and NSAID hypersensitivity
(Table 5). In patients with confirmed drug allergy, patients with
anaphylaxis were younger than those without anaphylaxis, but these
differences were not statistically significative (p = 0.6409) (Table 6).

With anaphylaxis/
anaphylactic shock
(n = 284; 44.03%)

Without anaphylaxis/ p value
anaphylactic shock
(n = 361; 55.97%)
46.2 + 16.3 0.6409

72.5 226 62.6 0.0089%
44.0 121 33.5 0.00712
37.7 146 40.4 <0.0001#
36.3 79 21.9 0.3576
32.0 129 35.7 <0.00012
87.3 177 49.0 <0.0001
12.7 184 51.0
69.7 237 65.7 0.3098
30.3 124 34.3

Patients with anaphylaxis/anaphylactic shock showed more common
allergy to antibiotics, but less common to analgesics and NSAIDs,
than patients without anaphylaxis/anaphylactic shock (Table 6).
Among the anaphylactic cases, antibiotics were the culprit in 44%
of cases, whereas anti-inflammatory drugs and analgesics as a group
was responsible in 37.7% (<0.0001) (Table 6).

In regard to diagnosis, the most common method was a positive
clinical history (54.4% in BLs and 90.45% in nonsteroidal anti-
inflammatory drugs (NSAIDs)). Among confirmed allergy to BLs,
positive ST was obtained in 31.9% of patients and positive DPT in
13.7% (Table 7). Among patients with confirmed drug allergy, allergy
diagnosis was made more frequently by positive history alone for the
following drugs: BLs, quinolones, macrolides, metronidazole,
sulphomides, NSAIDs, paracetamol, opioids, and RCM (Table 7).

DISCUSSION

To our knowledge, this is the first published drug allergy database
in the Middle East region. We hypothesize that this might be due

TABLE 7 | Diagnostic methods in confirmed drug allergy.

Drug Positive by Positive Positive by  p value

history only by skin DPT

prick test

n % n % n %
B lactams (n = 182) 99 544 58 319 25 13.7 <0.0001#
Quinolones (n = 23) 20 86.9 0 0.0 3 131 <0.0001%
Macrolides (n = 18) 18 1000 O 0.0 0 0.0 <0.0001%
Metronidazole (n = 3) 3 1000 O 0.0 0 0.0 <0.00012
Sulphomides (n = 13) 13 100 0 0.0 0 0.0 <0.0001°
NSAIDs (n = 220) 199 9045 O 0.0 9 9.54 <0.00012
Paracetamol (n = 28) 25 89.29 0 0.0 3 10.71  <0.0001%
Opioids (n = 5) 5 100 0 0.0 0 0.0 <0.0001%
RCM (n = 2)° 0 0.0 0 0.0 0 0.0 —

“Difference was significant statistically.

bDesensitization was done for 12 patients who had reaction to NSAIDs.
°Desensitization was done for two patients who had reaction to RCM.
DPT, drug provocation test.

Frontiers in Pharmacology | www.frontiersin.org

January 2021 | Volume 11 | Article 555666


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

Mona et al.

not only to the complexity and time-consuming task of
developing a standardized database in a registry-based format
(Bousquet et al., 2009) but also to other factors as the recently
developed electronic databases, the relatively recent increased
development of the health systems in Middle East compared with
those in Europe and North America. This is a drug allergy
registry-based study that was done over 12-year duration. The
diagnosis in our study was confirmed in 41.5% of cases, and this
compares to other European studies where drug allergy was
confirmed in 37.4% and not confirmed/nonallergic in 62.6%
(including 13.4% with contraindications for testing) (Dofia
et al, 2012), and American studies, where at least one drug
allergy was confirmed in 19.66% of patients (Blanca et al., 2020).
This difference can be attributed to the confirmation criteria that
were adapted in our study, which specifically include patients
who had a positive clinical history alone. This is a key factor to
understand some of the diagnostic differences with other studies.

Our sex and age distribution is similar to other studies that
report 64.58-71.9% of females, with a mean age of 43.7-48.9 years
(Dona et al., 2012; Gabrielli et al., 2018; Blanca et al., 2020). In our
cohort, reactions occurred <1 h in 48.55% of all the patients and
>1 h in 51.44%. Interestingly, these results are similar to those of a
study by Bousquet PJ et al. (Bousquet et al., 2008), which excluded
type IV reactions and found that reactions occurring <1h after
drug intake in 36.6% of patients. However, other studies (Ben-
Shoshan et al.,, 2018) focused on BL reactions and found a
reaction <I h after drug intake in 19.9% and after 24 h in 34.4%.

Many studies have evaluated the timing since reaction;
interestingly, the average delay was 299.7 months in a large
study, which was reduced to 43 months on those confirmed
for one drug and 76.9 months for multiple drugs (Blanca
et al., 2020). On the other hand, a study with BLs showed an
average of 54.7months for not confirmed/nonallergic and
25.8 months for confirmed patients (Bousquet et al, 2008).
These results are consistent with ours, with confirmed and
probable patients presenting earlier to our clinic for consultation.

The number of confirmed and probable patients showing a
time elapse since reaction <1 year was significantly higher than
for those not confirmed/nonallergic, and this is consistent with
other studies following the decrease in positive ST responses after
1, 3, and 5 years which showed a decrease of 68.1, 50, and 36.1%
for cephalosporins (Demoly et al., 2003) or 80.6, 78.3, and 70.6%
for patients presenting positive ST's to benzylpenicilloyl (BPO) or
minor determinant mixture (MDM) or 50, 54, and 0% for
patients reacting to amoxicillin side chains (Blanca et al,
1999). This decrease in sensitivity over time has also been
reported in NSAIDs for NIUA (NSAID-induced urticaria/
angioedema) and SNIUAA (single NSAID-induced urticaria/
angioedema and anaphylaxis) (Doiia et al., 2020).

Of the total studied patients for each drug, confirmation was
obtained in 42.17% of the patients with antibiotics (32.13% for
BLs) and 28.65% with anti-inflammatory drugs and analgesics
(24.66% for NSAIDs). In other studies, hypersensitivity to
NSAIDs was confirmed in 19.6-27% and BLs in 18.4-6.99%
(Bourke et al., 2015; Cornejo-Garcia et al., 2019; Blanca et al.,
2020). Confirmation was reached for BLs in 45.6% of the patients
by means of STs or DPTs, and the remaining by clinical history

National Drug Allergy Registry

alone. When compared with American studies of patients allergic
to BLs, one study showed that 7.35% of tested individuals had
positive penicillin ST results, with only 1.6% of the negative ST
patients had a reaction to the DPT (Macy et al., 2009). Another
study (Blanca et al, 2020) showed that 14.14% of tested
individuals had positive ST or DPT results. In an Australian
study that evaluated the effectiveness of penicillin allergy
delabeling of 341 patients, a positive ST was found in 42
(12.3%) of patients, which was similar to our findings, in
which 58 of 499 BL patients (11.62%) had positive STs
(Bourke et al., 2015). In comparison to European studies, our
results compare with a multicenter study that included patients
with reactions to BLs only (Chiriac et al., 2018; Ben-Shoshan
et al, 2018), in which 23.6% of the studied patients were
confirmed as allergic by means of STs or DPTs only.
Furthermore, the number of confirmed patients in these
studies was lower than ours as positive testing was generally
required for confirmation. Previous studies from our group
showed that our data compare more with European than with
American studies (Al-Ahmad et al, 2014; Al-Ahmad and
Rodriguez-Bouza, 2018); this multicenter study can provide an
idea of additional patient’s number required to be positive using
our criteria of positive BL allergy based on clinical history alone.

The frequency of drug allergy types varied among different
studies. In some studies (Dona et al., 2012; Celik et al., 2014),
31.9-37% of the episodes were attributed to NSAIDs and
20.4-28.1% to BL antibiotics (Dofa et al., 2012; Celik et al,
2014; Gabrielli et al., 2018), and the most frequent drug allergy
was to multiple NSAIDs 47.29%, followed by immediate reactions
to BLs 18.12% (Donia et al., 2012), and these findings are similar to
ours. However, another study (Gabrielli et al., 2018) reported
20.3% of patients were confirmed to NSAIDs, which was lower
than our study, and 57.8% of the reactions were due to antibiotics,
which was higher than ours.

In the study by Dona et al. (Dona et al., 2012), the diagnosis
was established by clinical history in 742 patients (44%), by SPTs
in 246 patients (14.6%), by in vitro testing in 176 patients (10.4%),
and by DPT in 519 patients (30.8%). This was different from our
results. We had about 79.58% patients diagnosed by clinical
history alone, 12.08% by SPT, and 8.33 by DPT. These
differences are explained by the escalating preferences of
patients for more approaches including
alternative treatments, rather than performing DPT with the
culprit drug.

STs or serum-specific IgE antibodies were used as methods of
diagnosis in BL reactions in 70-82% of patients and DPT in
18-30% (Bousquet et al., 2008; Kalyoncu et al., 2016), and this
was in concordance with our findings, where the method to
confirm diagnosis in BLs was ST’ in 31% of patients and a DPT in
13.7%. The observed difference was likely due to not performing
STs in patients with anaphylactic reactions to BLs, and instead
performing drug testing with suitable alternatives (Al-Ahmad
et al., 2014; Al-Ahmad and Rodriguez-Bouza, 2018). Of the five
confirmed patients for opioids reactions, the diagnosis was
elucidated from a positive history only (100% of patients),
compared to other studies, where they used DPT as the main
diagnostic method. These differences are due to a more
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conservative approach where a suitable alternative could be found
(Li et al., 2017; Powell et al., 2019).

We are aware of some limitations in our study. The most
important limitation of the study is the mixing of unconfirmed
and nonallergic patients in the same category. Our group was
forced to do so because we were using real-life data from a
registry, and even if the outcome of the test is very likely to be
negative, patients who rejected or had contraindication for DPT
cannot be called nonallergic, and patients with negative DPT are
simply “nonallergic” and cannot be called not confirmed. The use
of clinical history alone as a positive criterion should not be used
if we rely on other diagnostic testing. Another limitations of the
study included that some patients were unsure on which drug
caused the reaction, the temporal correlation after drug exposure
due to recall bias, the relatively small study population, especially
for less common drug reactions, and that atopy was not routinely
assessed in all patients, and therefore, atopy could not be studied
as a risk factor. However, this is a prospective data-based registry,
and ongoing data collection might address some of these issues in
the near future.
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Delayed drug hypersensitivity reactions are clinically diverse reactions that vary from
isolated benign skin conditions that remit quickly with no or symptomatic treatment,
drug discontinuation or even continued drug treatment, to the other extreme of severe
cutaneous adverse reactions (SCARs) that are associated with presumed life-long memory
T-cell responses, significant acute and long-term morbidity and mortality. Diagnostic “in
clinic” approaches to delayed hypersensitivity reactions have included patch testing (PT),
delayed intradermal testing (IDT) and drug challenges for milder reactions. Patch and IDT
are, in general, performed no sooner than 4-6 weeks after resolution of the acute reaction
at the maximum non-irritating concentrations. Functional in vitro and ex vivo assays have
largely remained the province of research laboratories and include lymphocyte
transformation test (LTT) and cytokine release enzyme linked ImmunoSpot (ELISpot)
assay, an emerging diagnostic tool which uses cytokine release, typically IFN-y, after
the patient’s peripheral blood mononuclear cells are stimulated with the suspected drug(s).
Genetic markers such as human leukocyte antigen have shown recent promise for both
pre-prescription screening as well as pre-emptive and diagnostic testing strategies.

Keywords: delayed hypersensitivity reaction, drug allergy, severe cutaneous adverse reactions, T cells, skin testing,
lymphocyte transformation test (LTT), enzyme linked ImmunoSpot (ELISpot), HLA

INTRODUCTION

In this review, we will address the immune mechanisms of delayed hypersensitivity and how they have
formed the premise for diagnostic methods used in the clinic and research laboratory such as intradermal
skin testing (IDT), patch testing (PT) and new and investigational laboratory-based methods such as the
lymphocyte transformation test (LTT) and the enzyme linked ImmunoSpot (ELISpot) assay. In addition,
the role of genetic markers such as human leukocyte antigen (HLA) in screening, early diagnosis and
diagnosis will be discussed.
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DELAYED HYPERSENSITIVY REACTIONS

Delayed drug hypersensitivities are predominantly the result of
T-cell mediated reactions of varying severity and clinical
diagnosis such as maculopapular exanthema (MPE), fixed drug
eruption (FDE), symmetrical drug-related intertriginous and
flexural exanthema (SDRIFE), single organ disease (e.g., drug
induced liver injury (DILI) and kidney diseases), acute
generalized exanthematous pustulosis (AGEP), drug reaction
with eosinophilia and systemic symptoms (DRESS), Stevens-
Johnson syndrome (S]S) and toxic epidermal necrolysis (TEN).

MPE or morbilliform drug eruption is the most common of
the self-limiting reactions to drugs characterized by erythematous
macules and papules that can become generalized and confluent
and are associated with pruritis and/or mild eosinophilia (Peter
et al., 2017). FDE is characterized by red dark lesions localized in
the same area after drug re-exposure that might be accompanied
by a burning or itchy sensation (Rive et al.,, 2013). SDRIFE is
characterized by a well-demarcated macular eruption involving
the flexural or intertriginous folds, inguinal and peri-genital as
well as gluteal and peri-anal areas (Wolf and Tuzun, 2015). DILI
generally manifests as an isolated hepatitis with multiple
metabolic, immune and genetic factors considered causal (Rive
et al., 2013). However, some patients can present with features of
hypersensitivity such as fever and skin eruption as well as pruritus
with secondary excoriations. AGEP is a non-follicular sterile
pustular eruption over widespread erythema, with a
predilection for the flexural folds, and accompanied by fever
and/or biological abnormalities (Peter et al., 2017). A validation
score from the EuroSCAR group criteria can be used to confirm
the clinical diagnostic for AGEP cases (Sidoroff et al., 2001). The
main clinical features of DRESS or drug-induced hypersensitivity
syndrome (DIHS) are erythematous urticaria-like plaques or
violaceous skin eruption that can progress to exfoliative
dermatitis, facial and extremity edema, lymphadenopathy,
fever, biological abnormalities and internal organ involvement.
The European Registry of Severe Cutaneous Adverse Reactions
(RegiSCAR) score is calculated using clinical and laboratory data
to determine the likelihood of disease (definite, probable, possible
or no case) (Kardaun et al., 2007). Another multisystem disease
related to drug exposure is the abacavir hypersensitivity
syndrome (AB HS) that is characterized by constitutional
symptoms including fever, gastrointestinal manifestations and
skin eruption (Clay, 2002; Phillips et al., 2002).

SJS and TEN are characterized by skin detachment and full-
thickness epidermal necrosis of various severities depending of
the body surface area (BSA) affected (1-10% for SJS, 10-30% for
SJS/TEN overlap and >30% for TEN) as well as blistering of
mucous membranes accompanied by other serious systemic
manifestations (Peter et al., 2017). As the mortality can reach
30-50% (Rive et al., 2013), a validated clinical score of toxic
epidermal necrosis (SCORTEN), can be calculated at admission
to predict mortality (Bastuji-Garin et al., 2000). Drug causality
can be assessed with the algorithm of drug causality for epidermal
necrolysis (ALDEN) score, an algorithm that helps identify the
most likely causal drug(s) based on criteria such as type of drug,
timing and possible alternative causes (Shear and Dodiuk-Gad,

Diagnostic Methods in Delayed Drug Hypersensitivity

TABLE 1 | Clinical diagnosis and described scoring algorithms.

Clinical diagnosis AGEP DRESS SJS/TEN
None

ALDEN score
Naranjo score

SCORTEN

AGEP validation score
Naranjo score

Disease likelihood
Drug causality

RegiSCAR score
Naranjo score

Mortality None None

AGEP, acute generalized exanthematous pustulosis; DRESS, drug reaction with
eosinophilia and systemic symptoms; SUS/TEN, SJS/TEN, Stevens-Johnson syndrome/
toxic epidermal necrolysis. ALDEN, algorithm of drug causality for epidermal necrolysis;
Naranjo score: The Adverse Drug Reaction (ADR) Probability Scale; RegiSCAR,
european registry of severe cutaneous adverse reactions; SCORTEN, score of toxic
epidermal necrosis.

2019). The time from the drug exposure to the development of
symptoms can vary from 4 to 28 days and, in one third of cases,
no causal agent is identified (Duong et al., 2017). The spectrum of
T-cell mediated phenotypic scoring tools are outlined in Table 1.

Mechanisms of Immune Response in

Delayed Hypersensitivities

With a better understanding of the pharmacogenomic and
pathogenesis of drug reactions, newer classifications of adverse
drug reactions that enhance our understanding of the drug
hypersensitivity framework have been suggested. The on-
target/off-target model categorizes adverse drug reactions by
describing the interactions between drugs and their known
targets for the desired pharmacological effect as well as the
known or unknown mechanism for an off-target effect (White
etal,, 2015; Phillips, 2016). On-target reactions are generally non-
immunologically mediated, dose-dependent and related to the
primary pharmacologic mechanism of action of the drug. Oft-
target effects can relate to a number of known toxic, non-
immunological and immunological mechanisms and can be
subclassified in 1) dose dependent interactions with off-target
receptors and pharmacological interactions such as non-IgE
mediated mast cell activation or cellular toxicity and 2) drug
allergy with immunological memory of variable duration such as
delayed T-cell mediated reactions or IgE-mediated reactions
(White et al,, 2015). This is illustrated in Figure 1.

A well-established classification of historical relevance is the
Gell and Coombs criteria of T-cell mediated hypersensitivity
where type IVa is marked by T helper 1 (Thl) cells,
macrophages and a secretion of IFN-y, TNF-a, IL-18; type
IVb by Thl and other components such as B cells, IgE, IgG4,
mast cells, eosinophils with a marked secretion of IL-4, IL-5 and
IL-13; type IVc characterized by cytotoxic T cells that secrete
granzyme, B perforin and granulysin and type IVd, where Th1/
Th17 cells and neutrophils act through cytokine mediators such
as GM-CSF, IL-8 and CXCLS8 (Pichler and Hausmann, 2016). As
the different phenotypes of delayed T-cell mediated reactions
have different effector cells and cytokines, they have been
portrayed under one of these subcategories with SJS/TEN
probably related with CD8" T-cell infiltrates (type IVc) and
DRESS with a CD4" dominant T-cell infiltration (type IVb)
(Hari et al., 2001). The clear divergence in predominant
cytokine signature between T-cell subsets provided indication
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FIGURE 1 | T-cell mediated delayed hypersensitivity mechanistic hypotheses. Three non-mutually exclusive hypotheses have been described to clarify drug
triggered T-cell activation: (A) The hapten/prohapten model describes how an antigen (drug) that covalently binds to a self-peptide is intracellularly processed and then
presented by MHC to T cells. (B) The p-i concept (pharmacological interaction with immune receptor) is based upon non-covalent binding of antigens to HLA or TCR
without immune processing. (C) The altered repertoire model indicates that drugs can occupy positions in the peptide binding groove of the MHC, altering the
binding cleft and the specificity of MHC binding. HLA, human leukocyte antigens; MHC, major histocompatibility complex; TCR, T-cell receptor.

for their detection to drive response categorization in each patient ~ neoantigen that then triggers T-cell response (Pichler and
(see ELISpot section below). Hausmann, 2016). Haptens are small reactive molecule that

This classification only partially accounts for underlying  become antigenic by covalent binding to high-molecular-
immunological mechanisms and does not explain the specific ~ weight autologous extracellular or cytoplasmic proteins. The

mechanism by which drugs may activate T cells. Three non-  resultant “haptenated” product undergoes presentation by
mutually exclusive hypotheses have been described to clarify drug~ APC on HLA molecules with subsequent activation of T cells.
triggered T-cell activation: 1) the p-i concept, 2) the hapten/pro-  In this setting, re-exposure will generate rapid memory T-cell

hapten model and 3) the altered peptide repertoire model  proliferation and inflammatory response. A classic example is the
(Figure 1). The pharmacological-interaction (p-i) model  binding of penicillin metabolites to serum albumin (Padovan
suggests that the offending drug can rapidly stimulate T cells et al., 1996). Finally, in the altered peptide repertoire model, the
by directly binding non-covalently to either T-cell receptor (TCR) ~ causal drug occupies a position in the HLA peptide binding
or HLA (without antigen processing) (Pichler and Hausmann,  groove altering the binding cleft and the specificity of self-
2016). This concept was proposed after observation that protein-  peptides able to bind to the HLA molecule (Illing et al., 2012).
unreactive drugs can stimulate T cells (Pichler and Watkins, 2014; ~ This model has only been established for abacavir
White et al, 2015). In the hapten/pro-hapten model, novel  hypersensitivity with the crystal structure of abacavir bound to
antigens are generated from endogenous proteins that  peptide and HLA-B*57:01 having been described. It has hence
covalently bind the culprit drug or its metabolites, forming a  been elucidated through this structure, peptide binding studies
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and peptide elution studies that abacavir binds non-covalently
within the F pocket of the peptide-binding cleft of HLA-B*57:01
and alters the normal C9 peptide specificity from aromatic
aliphatic amino acids, such as phenylalanine, to linear
aliphatic amino acids, such as leucine, isoleucine and valine
(Iling et al., 2012; Ostrov et al., 2012).

DIAGNOSTIC METHODS
Drug Challenge

In the context of drug allergy, drug challenge in a patient with
suspected drug-induced hypersensitivity remains the gold
standard for determining tolerance (Aberer et al, 2003). For
immediate reactions, such as IgE mediated reactions, a negative
drug challenge has a 100% negative predictive value. However, in
the case of a severe delayed reaction, re-challenge with a single
dose of a drug may not reproduce the reaction and, hence, it has a
lower sensitivity than a prolonged challenge (3-5 days),
particularly with a remote reaction (Bousquet et al, 2008;
Hjortlund et al,, 2012). In particular settings such as childhood
non-specific delayed mild exanthem associated with antibiotics in
the context of a possible viral infection, there is increase evidence
that direct oral challenge is a safe diagnostic tool (Mill et al., 2016;
Trubiano et al., 2017a).

In addition, with high severity reactions, drug challenge carries
an inherent risk and the benefit of re-challenge has to be carefully
weighed against the risk of a serious reaction. In cases of severe
cutaneous adverse reactions or severe organ involvement,
challenges are contraindicated because of the risk of a life-
threatening clinical reaction (Rive et al., 2013; Trubiano and
Phillips, 2013). In this context, investigational tools have been
developed to aid drug evaluation. In vivo testing such as PT and
delayed IDT and ex vivo assays such as the LTT and ELISpot have
been described for various drugs and phenotypes but lack
international validation. Combining in vivo and ex vivo
methods in delayed hypersensitivity reactions can increase the
diagnostic yield, although this has been shown in only small
cohort studies (Trubiano et al., 2018).

Skin Testing

In vivo testing (PT and delayed IDT) is usually performed to the
implicated  drug(s) at least 4-6weeks after delayed
hypersensitivity resolution at the recommended non-irritating
concentrations (Phillips et al., 2019).

Patch Testing

The main types of reactions where PT is used with high
specificity are MPE, AGEP, DRESS, SJS/TEN and FDE
(Ozkaya-Bayazit et al., 1999; Barbaud et al., 2001; Barbaud
et al., 2013). The sensitivity of this investigational tool varies
depending on the clinical setting, the causal drug, the drug
concentrations used and the phenotype with typical figures for
AGEP at 58-64% (Wolkenstein et al., 1996; Barbaud et al,,
2013), DRESS between 32 and 80% (Barbaud et al., 2013;
Barbaud, 2014) and SJS/TEN, 9-24% (Wolkenstein et al.,
1996; Barbaud et al, 2013). Drugs like antiepileptics,

Diagnostic Methods in Delayed Drug Hypersensitivity

TABLE 2 | Score—Interpretation of patch testing reactions.

Score Interpretation
- Negative reaction
?0r +/- Doubtful reaction, faint erythema

+ Weak reaction, erythema, slight infiltration

++ Strong reaction, erythema, infiltration, papules or vesicles (bullae)
Reaction may extend beyond the margins of the patch

+++ Extreme, bullous, ulcerative

IR Irritant reaction: Follicular, pustular, bullous or necrotic

NT Not tested

contrast media, beta-lactams, tetrazepam and pristinamycin
increase the sensitivity of PT (Johansen et al., 2015), while
allopurinol or its active metabolite, oxypurinol, appear to
never provide clinical utility.

The testing should be performed at least one month after the
resolution of the reaction or after discontinuation of oral steroids,
as immunosuppressants can decrease T-cell mediated immunity,
and preferably during the first year after the reaction. The
European Network on drug allergy (ENDA) and the European
Academy of Allergy and Clinical Immunology (EAACI)
recommend timing between 3 weeks and 3 months and
describe drug concentrations between 5 and 30% with most
antimicrobials diluted at 20% (Brockow et al., 2002) or 30%
(Barbaud et al., 2001) in petrolatum vehicle and the retained
vehicle alone as negative control (Barbaud et al., 2001; Brockow
et al,, 2013). For DRESS, patch testing may be further delayed
because of the concomitant dosing of topical or systemic steroids
or other immunosuppressants and to avoid confusion with
DRESS relapse. Available literature suggests that the yield
from patch testing for SJS/TEN is in general low but
dependent on the drug and class of drugs. Sensitivities will
vary from 0% for allopurinol to >50% for aromatic
antiepileptic drugs such as carbamazepine (Konvinse et al., 2016).

The two forms of PT described are the extemporaneous,
involving the local preparation of the PT by the pharmacy or
the drug allergy staff with commercially available drugs and
petrolatum or water, and the conventional PT implying use of
a limited number of ready-to-use commercialized PT products at
10% concentration in petrolatum (Chemotechnique, Sweden). In
a retrospective study, 21/75 (23.3%) patients with MPE, FDE,
AGEP, DRESS, SJS/TEN tested simultaneously with both
methods had positive results, indicating that both methods are
as valuable and reliable (Assier et al., 2017). PT is usually applied
in the upper back regions for practical reasons with the exception
of FDE in which the PT is applied on the region of the previous
reaction. The International Contact Dermatitis Research Group
have published an interpretation score for the patch test reactions
(Table 2) (Barbaud et al., 2001).

In a large multi-center patch testing cohort, only one patient
(1/134) presented a relapse of his skin condition (AGEP)
following patch testing (Barbaud et al, 2013) indicating that
this diagnostic method carries low morbidity. In a retrospective
review including 826 patients, PT showed promising results for
drug challenge outcomes with 82.3% (14/17) with positive PT
having a positive challenge and 90.4% (207/229) patients with
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TABLE 3 | Role of diagnostic/screening tests in delayed drug hypersensitivity reactions.

In vivo
Clinical diagnosis Patch testing Delayed IDT
MPE Yes & Yes &
AGEP Yes Yes
DRESS/DIHS Yes Yes
SJS/TEN Yes No
FDE Yes w No
SDRIFE Yes w Equivocal

Ex vivo

Oral challenge LTT ELISpot HLA
Yes No No No
No Equivocal Equivocal No
No Yes Yes Yes vy
No Yes Yes Yes y
Equivocal No No No
Equivocal No No No

AGEP, acute generalized exanthematous pustulosis; DIHS, Drug-induced Hypersensitivity syndrome; DRESS, Drug reaction with eosinophilia and systemic symptoms; ELISpot, enzyme-
linked immunospot; FDE, fixed drug eruption; HLA, human leukocyte antigen; LTT, Lymphocyte transformation test; SDRIFE, symmetrical drug-related intertriginous and flexural
exanthema, SJS/TEN, Stevens-Johnson syndrome/toxic epidermal necrolysis. # As the sensitivity for PT and IDT is poor, drug challenge of the implicated drug can be considered. PT/IDT
may give information on cross-reactivity w PT should be applied on the region of the previous reaction y HLA screening is not routinely used globally in clinical practice. Please refer to

Table 4 for details.

negative PT presenting no reaction to challenge (Lammintausta
and Kortekangas-Savolainen, 2005).

PT is a quick and safe investigational method clinically
relevant when testing is conclusive, a negative PT not
excluding the possibility that the drug is causal. There is need
to re-challenge negative testing in less severe clinical phenotypes.
This method should be homogenized, as to resolve current
inconsistencies, by comparing the outcomes in large
multicenter studies, determining concentration thresholds and
avoiding false negative and false positive results.

Intradermal Testing
Intradermal testing is done on the volar aspect of the forearm
with 0.02-0.05 ml of antibiotic reagent or normal 0.9% serum
saline (negative control) (Empedrad et al., 2003a; Brockow et al.,
2013). The use of IDT is limited to drugs available in liquid sterile
formulations. The positive control normally used is a skin prick
test with histamine 10 mg/ml (Heinzerling et al., 2013). In terms
of drug concentrations, expert consensus advises the use of the
highest non-irritating concentration described for immediate
reactions (Phillips et al, 2019). However, recent work for
drugs with non-IgE mast cell activation determined that
higher concentrations that might initially be irritating are
needed for improved sensitivity (i.e, ciprofloxacin,
vancomycin) (Brockow et al, 2002; Brockow et al, 2013;
Konvinse et al, 2016). An IDT result is considered positive
when the dermal induration and erythema at the injection site
exceeded 5 mm from baseline (Empedrad et al., 2003b; Brockow
et al., 2013). Delayed reading is performed at 24, 48 h and up to
1 week (Empedrad et al., 2003b; Brockow et al., 2013). IDT with
delayed reading has been described in reactions such as MPE,
AGEP and DRESS with potential risk in SJS/TEN and unknown
utility in FDE (Table 3). This investigational tool was previously
considered potentially harmful in SCAR phenotypes but actually
few reports describe severe systemic reactions following IDT
(Makris et al, 2010; Sala Cunill et al, 2011; Syrigou et al.,
2016; Watts, 2017). For SJS/TEN, based on the current
available literature, the benefit of IDT does not outweigh the
risk. For DRESS, it is recommended that testing generally be
deferred 6 months following the acute reaction.

In terms of cross-reactivity between beta-lactams in the
context of delayed hypersensitivities, 18.7-31.2% of the

patients tested presented a reaction to amino-penicillins and
amino-cephalosporins (Dash, 1975) predicted by the presence
of shared R1 and R2 side chains (Buonomo et al., 2014; Romano
et al, 2016). Also, in patients with a delayed penicillin type
reaction, delayed IDT to beta-lactams has allowed to confirm
tolerance to cephalosporins (Picard et al., 2019; Trubiano et al.,
2020), carbapenems (Gaeta et al., 2015; Picard et al,, 2019) and
monobactams (Buonomo et al., 2011). Other classes of interest
are currently being studies with no evidence of cross-reactivity
such as glycopeptides (Empedrad et al., 2003a), antibiotic and
non-antibiotic  sulfonamides (Empedrad al, 2003a;
Lammintausta and Kortekangas-Savolainen, 2005), drugs in
the rifampin class (Lammintausta and Kortekangas-Savolainen,
2005) and aromatic and non-aromatic anticonvulsants
(Heinzerling et al., 2013).

In the setting of a severe delayed reaction, PT is related to
lower adverse reactions but IDT has been described as more
sensitive in non-SJS/TEN reactions (Osawa et al., 1990; Barbaud
et al.,, 2001; Cabanas et al., 2014) while some recommendations
only suggest proceeding to IDT after negative PT (Brockow et al.,
2002). In a cohort study of 21 patients with delayed reactions to
penicillin and 30 controls with no allergic history, no false
positives were reported and 20/21 were positive for IDT
compared to 18/21 for patch testing (Torres et al., 2004).

Widespread  implementation of IDT for delayed
hypersensitivities still carries some barriers such as the lack of
available sterile preparation for all drugs, generally low negative
predictive value (NPV) and limited data in some reactions.

et

Ex Vivo Diagnostic Tools

In vitro/ex vivo diagnostics, such as the LTT and the ELISpot
assay, while having the advantage of carrying no risk of drug re-
exposure for the patient, are not available for routine diagnostic
use in most centers. A practical management approach for
delayed T-cell mediated hypersensitivity reactions is illustrated
in Figure 2.

Lymphocyte Transformation Test

LTT has been extensively studied as a diagnostic method for
delayed hypersensitivity reactions. Lymphocytes are isolated
from the patient’s peripheral blood mononuclear cells (PBMC)
and cultured with pharmacological concentrations of the
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Delayed T-cell mediated hypersensitivity reactions

Initial assessment

Clinic follow-up
(4 to 6 weeks after delayed hypersensitivity resolution or after
discontinuation of oral steroids)

Clinic follow-up
(after conclusive results with
in vivo/in vitro investigations)

Patch testing

- Detailed History
- Drug timeline
- Physical examination

- Skin Biopsy (if relevant)
Delayed IDT

Drug challenge (for non-severe
Pphenotype only and for less likely
culprit drugs if multiple drugs
involved)

ELISpot assay (if available)

LTT (if available) —p
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HLA typing (if a known drug 9
phenotype) Single or multiple
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FIGURE 2 | Diagnostic approach to delayed hypersensitivity reactions. 1) Clinical history and identification of possible causal drugs; 2) Patch testing; 3) Intradermal
testing reading after 24-48 h; 4) Ex-vivo testing (if available): ELISpot, LTT, HLA allele testing; 5) Single or prolonged drug challenge if conclusive results. ELISpot, enzyme
linked ImmunoSpot; HLA, human leukocyte antigens; LTT, lymphocyte transformation test.

suspected drugs for 5-7 days. LTT responses are measured by
the stimulation index (SI, average proliferation of drug-
exposed cultures/average proliferation of negative control
cultures), with typically an SI > 2+ confirming response,
which is calculated based on the radioactive thymidine
(H-thymidine) uptake, a marker directly proportional to
the degree of T-cell proliferation in response to a drug
antigen (Pichler and Tilch, 2004). This enhanced response
is interpreted as a T-cell sensitization and has produced
positive responses in different clinical settings and with
various implicated drugs (Rive et al., 2013). However, one
might keep in mind that lymphocyte stimulation can occur
not only by immunological mechanisms but also
pharmacological ones and some drugs may cause false
positive results as was observed in some patients that
presented positive responses to drugs they had tolerated
(Pichler and Tilch, 2004).

The reported sensitivity of LTT in delayed hypersensitivity
reactions ranges from 27% (Porebski et al, 2013) to 74%
(Nyfeler and Pichler, 1997) and specificity was quoted as
85% (Nyfeler and Pichler, 1997; Rozieres et al., 2009) to
100% (Porebski et al., 2013; Porebski et al., 2015). Putting
aside the demanding and time-consuming laboratory
manipulations and the use of radioactivity and specialist
equipment, the LTT can be an interesting support in drug
hypersensitivity diagnosis but is still only used as a research
tool (Pichler and Tilch, 2004; Nagao-Dias et al., 2009). The
largest study describes LTT in 923 patients with suspected
hypersensitivity among which only 100 patients had a
confirmed drug hypersensitivity reaction and 58/78
penicillin allergy labeled patients presented a positive LTT
(Picard etal., 2019). In the last 10 years, aside from case reports
or small cases series (Kim et al., 2013; Cabanas et al., 2014; Dias
de Castro et al,, 2015; Tomida et al., 2016), very few studies
have focused solely on the LTT method for diagnosis.

Enzyme Linked ImmunoSpot
The ELISpot technique quantifies the secretion and activation of

drug-specific cells by determining the number of spot-forming
units (SFU) or spot-forming cells (SFC) that release cytokine
markers or cytolytic molecules after the patient’s PBMC is
activated with the suspected drug(s) (Figure 3). The patient’s
cells are added to a 96-well plate coated with specific anti-
cytokine antibody depending on the expected measured T-cell
response. In drug-induced delayed hypersensitivity, interferon
gamma (IFN-y), a key Thl-type cytokine, is released from
activated T cells, while granzyme B (GrB), a serine protease, is
released from cytoplasmic granules within cytotoxic T cells and
natural killer cells. Anti-CD3 antibodies, a mix of viral peptides
CEF (cytomegalovirus (CMV), Epstein-Bar Virus (EBV) and
influenza (FLU)) and tetanus toxoid can be used as positive
controls as they stimulate INF-y release from CD8" T cells. The
background immunological activation can be assessed with
negative controls (cells and media). Cytokine secretion is
captured by the anti-cytokine antibodies in the next 24-48 h
with detection antibody and enzyme substrate being added just
before reading the plate. The SFU representing cells that secrete
cytokines are then identified and counted. As the incubation time
is shorter than for LTT and T-cell activation occurs after 48-72 h,
this could be a promising technique. However, one must consider
the often-diverse response between replicates and the researcher
intensive laboratory manipulations.

In a recent study, the sensitivity of this technique in patients
with SCAR was 52%, 10/19 patients presenting a positive IFN-y
ELISpot (>50 SFU/ 10%), with a specificity of 100% (Trubiano
et al,, 2018). The GrB ELISpot has a lower sensitivity (33%; 5/15
positive patients (>20 SFU/well) (Porebski et al., 2013) up to 55%;
13/23 positive patients (>0 SFU) (Porebski et al., 2015)) and
similar specificity. However, when compared to LTT, ELISpot
seems to have a better sensitivity (Rozieres et al, 2009).
Depending on the positive ELISpot assay definition, the
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FIGURE 3 | Detection of cytokine secretion using ELISpot. Cytokine-specific coating antibody is added and incubated overnight at 4°C. The plate is washed and
PBMCs and drug(s) are added and incubated for 18-20 h at 37°C. The following day, the plate is washed again and biotin-conjugated detection antibody is added and
incubated for 2 h at room temperature. After another wash, streptavidin-bound enzyme is added and incubated for 1 h at room temperature. After the last wash,
substrate is added (BCIP-NBT or TMB). Spot development is monitored for ~15 min (in dark). The plate is washed and left to dry overnight for a final reading on the
fourth day. BCIP-NBT, 5-bromo-4-chloro-3-indolyl phosphate (BCIP)/nitro blue tetrazolium (NBT); ELISpot, enzyme linked ImmunoSpot; PBMC, peripheral blood
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number of confirmed cases varies with several studies considering
the unique presence of SFU as sufficient for a positive test (Khalil
et al., 2008; Porebski et al.,, 2015; Castagna et al., 2018). A recent
study from our group reported 5/12 positive ELISpot among SCAR
patients with a 50 SFU/ 10° cut-off (Trubiano et al., 2020). However,
in a cohort of 22 patients with amoxicillin MPE, the sensitivity of the
IFN-y ELISpot was 91% (15/22) when the cut-off used was more
than 30 SFU/10° (Rozieres et al., 2009). Using this same reference
value, the sensitivity was 87.5% (7/8) in a study involving eight
patients with hypersensitivity to piperacillin (EI-Ghaiesh et al., 2012).
Finally, some authors determine a positive value based solely on the
SFU detection level in controls (Suthumchai et al., 2018). Because of
the current controversy in the literature, our definition of a positive

response is equal or greater than 50 spot-forming unit (SFU)/million
cells after background (unstimulated control) (Keane et al., 2012).

As discussed, LTT and ELISpot do not have a good sensitivity
especially when the blood is collected during the acute reaction.
One hypothesis is that the reactive cells are not found in the
circulation or that overstimulated lymphocytes could be
exhausted. Thus, a cytokine or cytolytic marker panel could
help delineate the implicated mediators. While alternative cell
viability and proliferative assays have been developed in recent
years including of the MTT and
carboxyfluorescein succinimidyl ester (CFSE) staining assays,
these have not widely been applied for diagnostic investigation
due to issues surrounding potential drug-inhibition of

several variants
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metabolism-dependant colorimetric conversion and flow
cytometer access, and difficulties in staining, respectively.

Biomarkers in Adverse Drug Reactions

As the most severe reactions but also those with the most varied
clinical presentations are SJS/TEN and DRESS/DiHS, research
efforts have been concentrated to develop new biomarkers with a
particular interest in cytokines and chemokines released from
activated T cells.

Studies on cytokine measurements after clinical drug
challenge in patients with the generalized form of FDE
clinically and histologically mimicking SJS/TEN have
reported an initial increase in serum TNF-a and IL-8
followed by elevation in IFN-y, IL-6 and IL-10 levels
(Kauppinen, 1991; Correia et al., 2002; Shiohara et al.,
2015). Similarly, dosage of levels for multiple cytokines/
chemokines in order to identify essential markers has also
been attempted with studies identifying a significant increase
in IL-6 and interferon gamma-produced protein 10 (IP-10) in
SJS/TEN and DRESS as well as IL-16 in FDE, SJS and DRESS
but not TEN (Shiohara et al., 2015). These authors go to
recommend the use of IL-6 and IL-10 as diagnostic and
predictive tools in monitoring adverse drug reactions
(Shiohara et al., 2015). On a cautionary note, these markers
may be elevated in other conditions such as acute infection and
sepsis.

Further, serum soluble Fas-ligand (sFasL) levels (Posadas
et al., 2002; Abe et al., 2003; Murata et al., 2008), granulysin
(Chung et al., 2008; Porebski et al., 2013; Cho et al., 2014;
Chung et al.,, 2015; Weinborn et al.,, 2016), IL-15 (Su et al.,
2017), CD137 (Trubiano et al., 2017b) and the proapoptotic
factor galectin-7 (Hama et al., 2019) have been described in the
pathological processes of SJS/TEN with sFasL and galectin-7
being considered as biomarkers able to predict TEN
progression but not SJS (Shiohara et al., 2015; Hama et al,,
2019) and granulysin serum levels correlating with disease
severity and mortality (Chung et al., 2008; Chung et al., 2015).
In DRESS/DiHS, several markers were reported as indicators
of disease progression and activity such as the serum thymus
and activation-regulated chemokine (TARC) (Ogawa et al,
2013; Komatsu-Fujii et al., 2017; Komatsu-Fujii et al., 2018)
and granulysin (Saito et al., 2012). Other markers such IL-2,
IL-4, IL-5, IL-13, IFN-y and granzyme-B have been described
in T-cell drug hypersensitivity (Lochmatter et al., 2009;
Zawodniak et al., 2010; Polak et al., 2013). Measurement of
these markers was reported using the ELISpot, intracellular
cytokine staining, ELISA, rapid immunochromatographic tests
(Su et al, 2016), plex bead-based immunoassay Kkits
(Lochmatter et al, 2009) and flow cytometry (Porebski
et al., 2013). Controversial markers are also important to
underline such as IL-17 with some studies reporting a
negative correlation with adverse drug reactions (Shiohara
et al., 2015) while others described an increase of this
cytokine in SJS/TEN (Teraki et al, 2013). Similarly,
procalcitonin has been described as a marker for bacterial
infection that could benefit the differential diagnostic that
includes delayed hypersensitivity (Yoon et al., 2013).

Diagnostic Methods in Delayed Drug Hypersensitivity

In the early stages of severe delayed hypersensitivity
disease, laboratory tests that can be used in clinical routine
are needed to predict disease progression and to monitor
treatment responses.

High-Resolution Human Leukocyte Antigen
Class | and Il Typing

The association between particular class I HLA alleles and specific
phenotypes such as allopurinol SJS/TEN and DRESS (HLA-B*58:
01), carbamazepine SJS/TEN (HLA-B*15:02) and abacavir
hypersensitivity reaction and flucloxacillin drug-induced liver
injury (HLA*57:01) has allowed a better understanding of the
immunopathogenesis of severe T-cell mediated delayed
hypersensitivity ~reactions and the implementation of
guidelines and screening programs in the case of HLA-B*57:01
and abacavir and HLA-B*15:02 and carbamazepine in Southeast
Asian populations in particular (Table 4).

DNA from patients with drug reactions can be obtained by a
routine blood draw and extracted from whole blood or
extracted from saliva collected into, for instance, a gene
collection kit. DNA can then be used to perform high
resolution HLA class I and II typing with next generation
sequencing methods. To facilitate HLA testing with rapid
turnaround times, cost-effective single allele assays have
been developed for many class I HLA alleles such as HLA-
B*57:01, HLA-B*15:02 and HLA-A*32:01 with parallel allele
specific quality assurance programs which was crucial for the
widespread global implementation of HLA-B*57:01 screening
programs. HLA genes encode cell-surface protein receptors
that present antigenic peptides to T cells. Class I MHC
molecules (HLA-A, B and C) are expressed on most
nucleated cells and are responsible for presenting peptides
to CD8" cytotoxic T lymphocytes. Class II MHC molecules
(HLA-DP, DQ and DR) are expressed only on antigen
presenting cells (B cells, macrophages and dendritic cells)
and stimulate CD4" helper T lymphocytes. The association
between HLA and disease confers explanations on disease
susceptibility with HLA polymorphisms playing a crucial
role in T-cell repertoire and auto-reactive T cells, immune
system presentation, recognition and antigen processing and
the adaptability of the immune system (Shiina et al., 2004).
Also, HLA allele have a different prevalence in different ethnic
groups and this might explain the increased drug reactions in
specific populations (Rive al., 2013). The global
epidemiology of severe cutaneous adverse drug reactions is
illustrated in Figure 4.

Currently, screening for HLA-B*57:01 prior to abacavir
prescription is the standard of care in HIV clinical practice
across the developed world. When screening occurs and is
acted upon, it eliminates abacavir hypersensitivity (Mallal
et al., 2008). Another example is screening for HLA-B*15:02
before initiating treatment with carbamazepine to avert SJS/
TEN in some Southeastern Asian countries with increased
prevalence. The xanthine oxidase inhibitor, allopurinol, was
also associated with SJS/TEN and DRESS and HLA-B*58:
Olgenotyping in Han Chinese showed 100% NPV and 3%
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TABLE 4 | HLA associations in SCAR and DILI with possible clinical implications.

Reference Reaction Drug HLA Ethnicity
type
(Konvinse et al. DRESS Vancomycin A*32:01 European ancestry (6.8%)

(2019))

African American (4%)
Southeast Asian (<1.5%)

Diagnostic Methods in Delayed Drug Hypersensitivity

Screening NPV PPV NNT
(%) (%)

Pre-emptive & 99.99 0.51 75

(Daly et al., (2009)) DLl Flucloxacillin B*57:01 European ancestry (5-8%) None 99.99 0.14 13,819
African American (2.5%)
African/Asia (<1%)
(Mallal et al. (2002))  AB HS Abacavir B*57:01 Caucasian (5-8%) HIV positive patients 100 55 13
(Hung et al. (2005))  SJS/TEN  Allopurinol B*58:01 Han Chinese (9-11%) None 100 3 250
DRESS Caucasian (1-6%)
(Zhang et al. (2013)) SJS/TEN  Carbamazepine B*15: Han Chinese (10-15%) Routine in southeast Asian countries 100 3 1,000
02y
(Zhang et al. (2013)) DRESS Dapsone B*13:01 Papuans/Australian Leprosy patients in countries with increased ~ 99.8 7.8 84

aborigines (28%)
Chinese (2-20%)
Japanese (1.5%)
Indian (1-12%)

prevalence

AB HS, abacavir hypersensitivity syndrome; DILI, drug-induced liver injury; DRESS, drug reaction with eosinophilia and systemic symptoms; HIV, human immunodeficiency virus; NNT,
numbers needed to test (to prevent one case); NPV, negative predictive value; PPV, positive predictive value; SUS/TEN, SUS/TEN, Stevens-Johnson syndrome/toxic epidermal necrolysis.
& HLA-A*32:01 testing could have a role in determining the culprit drug (vancomycin) when multiple drugs are implicated in a delayed hypersensitivity reaction.y Other described alleles:

HLA-B*15:21, HLA-B*15:11, and HLA-B*15:18.

PPV (Hung et al., 2005), however it has incomplete negative
predictive value in European and African populations where
50-60% of patients with allopurinol DRESS/SJS/TEN do not
carry HLA-B*58:01 (Lonjou et al., 2006).

Many of the described HLA alleles associations have a close to
100% negative predicting value, however this is highly dependent on
the prevalence of the HLA allele in the population and the risk
allele(s) in different populations. For instance, for allopurinol SJS/
TEN and DRESS and HLA-B*58:01, it has almost a 100% NPV in
Southeast Asian population however explains only 50-60% of
allopurinol DRESS/SJS/TEN  in  European and African
populations. The number needed to test to prevent one case of
disease is thus population specific. However, as the prevalence of
these diseases in the general population is reduced, more targeted
populations could benefit from screening.

Recommendations

e Patch testing and intradermal testing can be used in the
clinical setting for specific clinical diagnosis of
T-mediated delayed hypersensitivity reactions while
appreciating that preparations and drug concentration
should be standardized to optimize their use.

e While skin testing (patch testing and intradermal testing)
has a high drug specificity, both have phenotype and drug
dependent sensitivity and incomplete NPV and, in the
setting of severe delayed drug reaction, clinical history is
the main determinant of drug safety that guides the
decision for drug challenge or future drug use.

e Different non-irritating drug concentrations have been
described for intradermal and patch testing. However,
global consensus is lacking and clinicians are encouraged
to follow the most recent drug allergy guidelines.

o Intradermal testing can be safety performed for non-SJS/
TEN delayed reactions. Patch testing is the initial in vivo
investigational tool that can be used for severe delayed
reactions such as SJS/TEN.

e Ex vivo tools such as the lymphocyte transformation test
and the enzyme-linked ImmunoSpot assay are currently not
available for routine clinical practice and are used solely
in specialized center. Collaborating with such a center
will not only improve patient care but could benefit
research in this field.

¢ In the early stages of severe delayed hypersensitivity disease,
laboratory tests that can be used in clinical routine are
needed to predict disease progression and to monitor
treatment responses. There are currently no tests that
should be order on a routine basis.

e Strong HLA associations with delayed T-cell mediated
hypersensitivity ~ reactions have  enlightened our
understanding of their immunopathogenesis and, in
combination with availability of cost-effective single HLA
testing, have provided a pathway for pre-prescription
screening strategies. In the future, HLA testing may be
increasingly relevant for pre-emptive testing and diagnosis.

e There is currently no diagnostic tool that offers a 100% NPV
for the delayed hypersensitivity reactions and any decision
to reintroduce a drug in the treatment setting should weigh
the risk benefit ratio.

CONCLUSION
Identifying culprit drugs implicated in delayed T-cell mediated
hypersensitivity with the wuse of exemplary clinical
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EUROPE

USA AGEP 0.35-1/million
$JS 7/million TEN 1.8/million

DRESS 1-4/10000 aromatic anticonvulsant doses
HLA-B*57:01=5-10% HLA-B*58:01=1-4% HLA-B*15:02<1%
HIV population 1-2/1000 SCAR

Common offenders and

Antiretroviral e.g. abacavir

New anticancer drugs e.g. BRAF inhibitors

SOUTH AMERICA

Brazilian study reflects common offenders
DRESS more common than SIS
HLA-B*57:01=5-10%

HLA-B*58:01=1-4%

HLA-B*15:02<1%

AFRICA

Very limited prevelance data

HLA-B*57:01<1% HLA-B*58:01=5-10% HLA-B*15:02<1%
Major disease burdens HIV and TB

HIV SCAR 2/1000

Common offenders anti-tuberculous agents, nevirapine and
sulfonamide antibiotics

FIGURE 4 | Global epidemiology of severe cutaneous adverse drug reactions.

THE GLOBAL EPIDEMIOLOGY OF SEVERE CUTANEOUS ADVERSE DRUG REACTIONS

Largest datasets available (EuroSCAR, RegiSCAR)
$JS 1.2-6/million TEN 0.4-1.2/million
DRESS 1-4/10000 aromatic anticonvulsant doses

HLA-B*57:01=5-10% HLA-B*58:01=1-4% HLA-B*15:02<1%
Majority common offenders

COMMON OFFENDERS

Allopurinol (highest single offending agent in Europe, China and USA) - Aromatic anticonvulsants (phenytoin, carbamazepine,
lamotrigine and phenobarbitol) - Anti-infectives (co-trimoxazole, quinolones and cephalosporins) - Sulphonamides - Oxicam NSAIDs
HLA allele : HLA-B*57:01 (abacavir) - HLA B*58:01 (allopurinol) - HLA B*15:02 (carbamazepine)

* High prevelance of HLA-B*57:01 refers to Northern Thailand and Northern India only with intermediate percentages or <1% prevalence reported in other regions.

CHINA

$JS 6/million TEN 2/million
DRESS 1/million
HLA-B*57:01<1%
HLA-B*58:01=11-20%
HLA-B*15:02>20%

Major common offenders

THAILAND / MALAYSIA
SJS/TEN > DRESS

E— HLA-B*57:01=5-10%*
HLA-B*58:01=11-20%
HLA-B*15:02=11-20%

INDIA

SIS/TEN > DRESS 0-9/100000
HLA-B*57:01~11-20%*.
HLA-B*58:01=11-20%
HLA-B*15:02=5-10%

AUSTRALIA
HLA-B*57:01=5-10%
HLA-B*58:01=1-4%
HLA-B*15:02<1%

HLA-B*57:01=1-4%
HLA-B*568:01<1%
HLA-B*15:02<1%

phenotyping, clinical drug causality assessment and adjunctive
in vivo and ex vivo testing including HLA-typing is
increasingly useful to guide safe and optimal future treatment.
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GLOSSARY

ADR: adverse drug reactions

AGEDP: acute generalized exanthematous pustulosis

ALDEN: algorithm of drug causality for epidermal necrolysis
CEF: cytomegalovirus (CMV) Epstein-Bar Virus (EBV) and influenza (FLU)
CFSE: carboxyfluorescein succinimidyl ester

DILI: drug induced liver injury

DRESS: drug reaction with eosinophilia and systemic symptoms
ELISpot: enzyme linked ImmunoSpot

FBS: fetal bovine serum

FDE: fixed drug eruption

GrB: granzyme B

HLA: human leukocyte antigens

IEN-y: Interferon gamma

IP-10: interferon gamma-produced protein 10

LTT: lymphocyte transformation test

Diagnostic Methods in Delayed Drug Hypersensitivity

MHC: major histocompatibility complex

MPE: maculopapular exanthema

MTT: (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
NPV: negative predictive value

PBMC: peripheral blood mononuclear cells

PPV: positive predictive value

SCAR: severe cutaneous adverse reactions

SCORTEN: SCORe of toxic epidermal necrosis

SDRIFE: symmetrical drug-related intertriginous and flexural exanthema
sFasL: soluble Fas-ligand

SFC: spot-forming cells

SI: stimulation index

SJS: Stevens-Johnson syndrome

TARC: thymus and activation-regulated chemokine

TCR: T-cell receptor

TEN: toxic epidermal necrolysis
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The high prevalence of allergy to p-lactam antibiotics is a worldwide issue. Accuracy of
diagnostic methods is important to prove tolerance or allergy, with skin test considered the
best validated in vivo method for diagnosing immediate reactions to p-lactams. Although
drug provocation test is the reference standard, it cannot be performed in highly risk
reactions or in those with positive skin tests. For skin tests, the inclusion of major and minor
determinants of benzylpenicillin (BP) is recommended. Commercial skin test reagents have
changed along time, including as minor determinants benzylpenicillin, benzylpenicilloate
(BPO), and benzylpenilloate (PO). Major determinants consists of multivalent conjugates of
benzylpenicilloyl coupled through amide bond to a carrier polymer, such as penicilloyl-
polylysine (PPL) or benzylpenicilloyl-octalysine (BP-OL). The chemical stability of such
reagents has influenced the evolution of the composition of the commercial kits, as this
requirement is necessary for improving the quality and standardization of the product. In
this work, we provide a detailed study of the chemical stability of BP determinants. We
observed that those structures suffer from an epimerization process in C-5 at different
rates. Butylamine-Benzylpenicilloyl conjugates (5R,6R)-Bu-BPO and (5S,6R)-Bu-BPO
were selected as a simple model for mayor determinant to evaluate the role of the
different epimers in the immunoreactivity with sera from penicillin-allergic patients. In
vitro immunoassays indicate that any change in the chemical structure of the antigenic
determinant of BP significantly affects IgE recognition. The inclusion of stereochemically
pure compounds or mixtures may have important implications for both the reproducibility
and sensitivity of in vivo and in vitro diagnostic tests.

Keywords: antigenic determinant, diagnostic test, drug allergy, penicillin, specific IgE

INTRODUCTION

B-lactam antibiotics (BLs) family is nowadays the first choice for the treatment of a large number of
bacterial infections. Its extended use probably explains why they are the drugs most frequently
involved in drug hypersensitivity reactions, which have important consequences in terms of safety,
durability and effectiveness of treatment. Alternative antibiotics may be less effective, more toxic and
expensive, and lead to increased bacterial resistance (Donia et al., 2017). Therefore, a correct diagnosis
of drug allergy is very important for an adequate prescription of the drug in order to avoid risks for
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FIGURE 1 | Mayor (BP-OL and PPL) and minor (BPO, BP and PO) determinants of BP traditionally used in skin tests. Evolution of the commercial kits composition

the patient (Montanez et al., 2015). The first approach for
evaluating the patients is a detailed clinical history, which is
often very difficult to obtain. After that, the initial choice is
frequently skin test (Dona et al., 2019), and in vitro tests which are
mainly recommended in patients with dermatological problems,
for whom skin test can produce equivocal results, or in high risk
patients to reduce the risk of systemic reactions (Mayorga et al.,
2016a; Dona et al., 2017). However, in vitro tests are less sensitive
than skin test to diagnose penicillin allergy. Although many
factors could be involved, one of the most important ones
could be the drug or drug metabolite included in the test, in
which IgE from patients shows specific recognition (Torres et al.,
2010; Mayorga et al., 2016a). Because of patient safety, above
described methods are the preferred for diagnosis of drug allergy
(Demoly et al., 2014; Dofia et al., 2019). However if skin test and
in vitro tests are negative, drug provocation tests, also called oral
challenge, is the reference standard test required to confirm
diagnosis (Torres et al., 2017; Demoly et al., 2014).

The most representative drug model nowadays in the study
of immediate (or IgE-mediated) reactions to BLs continues to
be Benzylpenicillin (BP) (Levine and Ovary 1961; Batchelor
et al,, 1965). The main reason is its well-known reactivity
based on the nucleophilic attack of free amino groups of
proteins to the extremely reactive P-lactam ring. The
opening of the high strain four member ring is an efficient
process that leads to the formation of the benzylpenicilloyl
determinant. The benzylpenicilloyl amide linked to protein
constitutes the reaction product of the 95% of the penicillin
molecules that reacts with proteins under physiological
conditions, and it is thus considered the major antigenic
determinant of BP. The remaining BP molecules react in a
different way, resulting in other structures considered as
minor determinants, such as BPO acid form and
benzylpenilloic acid (PO) (Martin-Serrano et al., 2016).
Many of these structures can be recognized in a different

way by IgE from allergic patients, and therefore they are used
with diagnostic purposes in in vivo and in vitro tests.

In the case of skin testing, BPO acid, BPO amide forms and
PO have been used, showing in some cases higher sensitivity
than when using BP itself, probably because the two forms
are able to bind better the polyclonal IgE. Extended studies have
been carried out since 1977, when the suitability of the major
determinant and the different minor determinants was
evaluated. In fact, commercial kits have continuously
changed over the time. The first commercial kit, in 1974,
contained only penicilloyl-poly-L-lysine (PPL) as major
determinant. In 1980s, commercial kit included the
traditional BP reagents: PPL and a minor determinant
mixture (MDM), containing BP, BPO and PO, Figure 1.
Such kits were removed from the market between 2004 and
2005 (Ariza et al, 2015). In 2004 a different composition
mixture was commercialized, including PPL as major
determinant, and only BP and BPO as MDM. In 2011, this
formulation was substituted by the more stable
benzylpenicilloyl-octa-L-lysine (BP-OL) as major determinant
and PO as minor determinant (Ferndndez et al, 2013;
Fernandez et al., 2017). Indeed the diagnosis guidelines from
Europe (Maria J. Torres et al., 2003) and North America (Joint
Task Force on Practice Parameters et al., 2010) recommended
the use of these antigenic determinants of penicillin in skin
testing. Nowadays, the commercial determinants in skin test
reagents used are BPO-lysine polymer conjugates (BP-OL or
PPL, in Europe and United States respectively), together with
PO (only in Europe) (Ariza et al., 2015; Martin-Serrano et al.,
2016). However, it should be noted that the commercial
determinants available depend on the country.

In the case of in vitro tests, immunoassays, which are based on
the determination of specific IgE, have been the most widely
employed technique. The amide form of BPO covalently bound to
PLL is included in solid phase of both commercial and homemade
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immunoassays (Montaiiez et al., 2011a). In fact, the InmunoCAP
tests available for several penicillins (BP, amoxicillin, ampicillin
and penicillin V) is based on the penicilloyl-PLL conjugate
attached to cellulose solid phase (Fontaine et al., 2007). The
homemade RAST (Radio Allergo Sorbent Test) also employs
BPO-PLL conjugates attached to a solid phase which, in this case,
is a cellulose paper disc. The main reason for the endorse use of
such compounds in diagnosis is their high specific recognition by
sIgE from penicillin-allergic patients, together with the
straightforward reaction of BP with amine nucleophiles and
the stability of the penicilloyl determinants formed. This has
allowed modifications in homemade RAST assays, in which
different carriers and solid phases have been successfully
tested (Montafiez et al., 2008; Ruiz-Sanchez et al., 2012; Vida
et al.,, 2013; Mayorga et al., 2016b). However, the IgE recognition
with BP determinants different from BPO amide structure has
not been studied in detail.

Immunoassays are a valuable tool for evaluating the IgE
recognition of the different structures, and in this study we
have used them to address the immunological recognition of
antigenic determinants and very related chemical structures
derived from their storage conditions. In fact, the chemical
stability of BP skin test reagents has influenced the evolution
of the composition of the commercial Kkits, as this requirement is
necessary for improving the quality and standardization of the
product.

Experimental Nuclear Magnetic Resonance (NMR) studies
and theorical calculations are suitable methods to get insight into
the stability of the determinants and the structural mechanisms
concerned. Herein, we report a detailed study of the chemical
stability of the BP determinants traditionally used in skin tests,
elucidating the chemical process involved, the resulting isomers
formed as well as their structural immunoreactivity (or
immunological recognition).

MATERIALS AND METHODS

Standard chemicals were obtained from Aldrich or VWR and
used without further purification. Phosphate buffer saline (PBS,
pH~7.4) was prepared as described elsewhere (Blanca et al,
1992), by dissolving 40 mg of NaCl, 1 mg of KH,PO,, 4.5 mg
of Na,HPO, and 1 mg of KCI in 5ml of either H,O or D,0O
(99.96% D, from VWR). Carbonate buffer (pH~10.2) was
prepared by disolving 14.5mg of Na,CO; and 9.5mg of
NaHCO; in 5ml of either H,O or D,O. BP sodium salt,
sodium benzylpenicilloate and sodium benzylpenilloate were
supplied by DIATER, SA. Benzylpenicilloyl-Butylamine (Bu-
BPO) was prepared as previously described (Sanchez-Sancho
et al., 2002). NMR samples were prepared by dissolving 8 mg
of the corresponding determinant (BP, BPO, PO or Bu-BPO) in
0.75ml of the corresponding deuterated solvent and solutions
were kept at the indicated temperature until the spectra were
recorded. '"H-NMR spectra were measured in the indicated
deuterated solvent on a Bruker Ascend 400 MHz spectrometer.
Proton chemical shifts (§) are reported with the solvent resonance
employed as the internal standard (D,O § 4.79).

slgE Stereoselectivity towards Benzylpenicilin Determinants

Computational Studies
All calculations were performed with the Gaussian 16 package

(Frisch et al,, 2016). In all simulations, the solvent effect was
considered including the polarizable continuum model (PCM)
(Tomasi et al., 2005), and water as solvent. The potential energy
scans were done for compounds BPO, PO and Bu-BPO at DFT/
B3LYP/6-311G (2 days,p) level of theory using the dihedral angle
(Hg-Ce-Cs-Hs) as variable. The minima obtained in the potential
energy scan was used as the initial point for the optimization of
their structures at B3LYP/6-311++G (2 days,p) level or theory.
The absence of a negative frequency in analytical Hessian
calculations confirmed that all the geometries found were
minima. To study the intramolecular hydrogens bonds in
these molecules, a topological analysis was done using the
Bader’s atoms in molecules (AIM) theory (Bader 1991), and
the Multiwfn 3.6 program (Lu and Chen 2012; Lu 2020).

Selection of Patients
Patients with a clinical history of an immediate allergic reaction to
BP diagnosed following European Academy of Allergy and
Clinical Immunology (EAACI) and European Network of
Drug Allergy (ENDA) guidelines (Dona et al., 2019; Romano
et al., 2020). The studied group was obtained from the Regional
University Hospital of Mélaga Drug Allergy database, from which
we selected eleven cases with a positive skin test and in vitro
detection of sIgE to the BP greater than 4.5%, measured by direct
RAST. Data from the patients included in the study are displayed
in Supplementary Table S1 (ESI).

The study was approved by the institutional review board, and
informed consent for all procedures was obtained from all
patients.

Skin Test
Skin prick tests and, if negative, intradermal tests were performed
as described (Dona et al., 2019; Romano et al., 2020), using PPL
(DAP, Diater, Leganés, Spain) at 1.07-10~> M, minor determinant
mixture (MDM: BP, BPO and PO) at 1.5 M. Since May 2011 DAP
composition has changed and includes the major determinant
BP-OL at 0.04 mg/ml, equivalent to 8.64-10~> M concentration of
the benzylpenicilloyl moiety, and the minor determinant (MD) at
0.5 mg/ml, equivalent to 1.5-10> M concentration of PO.
Readings were done after 20 min and considered positive: 1) In
skin prick test, if a wheal larger than 3 mm surrounded by
erythema appeared, with a negative response to the control
saline; 2) In intradermal tests, if the increase in diameter of
the wheal area marked initially was greater than 3 mm
surrounded by erythema. Positive data expressed as two
diameters being one of them the straight line connecting the
two most distant points of the wheal and the other the one at 180°
(Brockow et al., 2002).

In vitro Specific IgE Determination

RAST was done using BP conjugated to PLL functionalized-
cellulose discs resulting in BPO-PLL in the solid phase, as
described (Antunez et al., 2006; Ariza et al., 2016), and
radiolabeled anti-IgE antibody (kindly provided by Thermo
Fisher Scientific and radiolabeled in our laboratory) (Martin-
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Serrano et al., 2020). Results were expressed as percentage from a
maximum counts and samples were considered positive if the
percentage was higher than 2.5% of label uptake, which was the
mean + 2SD of a negative control group.

Competitive Inhibition Immunoassay

Solution of inhibitors were prepared as follows. Inhibitor 1:
(5R,6R)-Bu-BPO was freshly dissolved in PBS; Inhibitor 3:
(5R,6R)-Bu-BPO in carbonate buffer for 7 days afforded the
mixture including 55% of its epimer, (5S,6R)-Bu-BPO;
Inhibitor 2: a mixture with equivalent volumes of previous
samples (inhibitors 1 and 3) resulted in the mixture
containing 22.5% of C-5 epimer. RAST inhibition assay was
done as described (Antunez et al., 2006; Ariza et al., 2016),
incubating sera from patients and the Bu-BPO determinants
(as inhibitors) in three ten-fold decreasing concentrations
(100 mM-1 mM) for 18 h at room temperature. After this, the
BPO-PLL discs were added, and RAST procedure was performed
as described above. The results were expressed as percentage
inhibition with respect to the serum incubated only with PBS
(non-inhibited serum). Comparison of the inhibition capacity of
the different inhibitors was performed at 50% inhibition using the
IC50 and statistically analyzed for differences among the
distributions of the three inhibitors by Friedman test,
Wilcoxon test was used to make comparisons between two
pair groups. All assays were performed at room temperature.

RESULTS

Stability of the Minor Determinants

NMR Studies were performed to evaluate the stability of the
minor determinant reagents used along the last years in solution,
in a 7-12 pH range. Solutions of (3S,5R,6R)-BP resulted in one
pure product. In the "H-NMR it can be clearly distinguished the
signal corresponding to H-5, H-6 and H-3, bonded to the
B-lactam moiety (Busson and Vanderhaeghe 1976). The
compound was completely stable for several days, in both D,0O
and physiological conditions (PBS, pH~7.4) (Supplementary
Figure S1, ESI).

The obtainment of the BPO determinant from BP is a well
described procedure (Munro et al., 1978). The formation of BPO
is a spontaneous and efficient process when dissolving BP in
aqueous basic media (Pajares et al., 2020). Such reaction could be
easily followed by "H-NMR spectroscopy, resulting in a unique
compound with a well defined stereochemistry derived from the
original BP (Supplementary Figure S2, ESI). (3S,5R,6R)-
benzylpenicilloate can be easily distinguished from BP by
NMR. Signals corresponding to H-5 and H-6 suffer a
displacement toward high fields and appear more separated
from each other when the p-lactam ring is opened.
Additionally, signal corresponding to H-3 displaces from 4.20
to 3.91 ppm. The separation between the signal of both methyl
groups of the thiazolidine ring, namely CH;(a) and CH;(p),
increased too.

To evaluate the stability of BPO aqueous solution at different
conditions, 'H-NMR spectra were recorded over time. We

slgE Stereoselectivity towards Benzylpenicilin Determinants

observed important changes, indicating the formation of a new
product. Signal displacements seem to indicate the formation of a
diastereoisomer, in particular the epimer (3S,5S,6R)-
benzylpenicilloate (Ghebre-Sellassie et al., 1984; Haginaka and
Wakai 1985). To get more insight into the C-5 epimerization
process, the stability of (3S,5R,6R)-BPO has been tested in
aqueous media at different pH and temperatures. First, a
solution of the compound in PBS/D,0O (pH~7.4) at room
temperature was monitored over time (Figure 2).

Appearance of new signals was appreciable after 3h
(Figure 2B). The gap between the chemical shifts of the
signals corresponding to the geminal methyl groups
increased. Signal corresponding to H-5 displaced to higher
field, whereas signal corresponding to H-6 displaced to lower
field (from 4.55 to 4.75 ppm). The coupling constant between
H-6 and H-5 also decreased from 5.3 Hz to 3.8 Hz. All these data
confirm the formation of the (55,6R)-BPO epimer. The process
evolves until it reaches an equilibrium state after ~30 h, in which
approximately 70% of the (5S,6R)-BPO epimer is formed, while
a 30% of the original (5R,6R)-BPO isomers remains in solution
(Figure 3). To evaluate the effect of pH in the process, a solution
of (5R,6R)-BPO in D,0 was prepared and its evolution was
monitored. The appearance of the same signal can be clearly
observed after 15 h (Supplementary Figure S3, ESI). However,
the equilibrium state was not reached until seven days after. The
influence of temperature in the process was evaluated. When a
solution of (5R,6R)-BPO in PBS/D,0 (pH~7.4) was monitored
cooling at 4°C, we observed that the process is even slower,
taking 7 days to reach a conversion of the 60% (Figure 3). The
same effect was observed when monitoring the process in D,O
at 4°C.

Similar studies were made to evaluate the stability in solution
of commercial PO, which included (3S,5R)- and (3S,55)-
Benzylpenilloate diastereomers. Their solutions at physiological
conditions were analyzed both at room (37°C) and low (4°C)
temperature conditions. "H-NMR spectra of the freshly prepared
solutions show two products (Supplementary Figure S4, ESI),
corresponding to 50:50 mixture of the PO diastereomers in C-5.
The solution is stable, observing the same mixture (50:50 ratio)
without any degradation product, after 48 h at room temperature,
or 7 days at 4°C, at least. Similar behavior is observed when the
solution is prepared using D,O as solvent (Supplementary
Figure S5, ESI).

Table 1 shows the conversion rates for the epimerization of
(5R,6R)-BPO and the equimolar mixture of (5R)-PO and (5S)-
PO. Differences can be clearly observed between both
compounds. For BPO, it is also noticeable the influence of the
pH and temperature on the process, which is accelerated in basic
media and high temperature.

Stability of the Major Determinants

As previously exposed, the mayor determinants currently used in
skin tests are BPO-lysine polymer conjugates (BP-OL or PPL). In
order to simplify the study, a low molecular weight amine
functionalized compound was used instead of amine
functionalized polymers to generate the amide-BPO
derivatives. We chose benzylpenicilloyl-butylamine (Bu-BPO)
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as model monomer compound. The reaction between butylamine
and BP in aqueous media yielded the product corresponding to
the aminolysis of the p-lactam ring (Bu-BPO) instantaneously
(Sdnchez-Sancho et al., 2002: Montafez et al., 2011b). The
stability of Bu-BPO has been tested in similar conditions to
those studied for minor determinants.

Solutions of Bu-BPO in aqueous media and PBS resulted
perfectly stable at room temperature for 7 days

(Supplementary Figures S6, S7, ESI), since signals
corresponding to Bu-BPO in 'H-NMR spectra do not
change in these conditions. To evaluate the stability of the
determinant in basic media, solutions of Bu-BPO in
carbonate buffer (pH~10.2) at room temperature were
evaluated. The formation of the (5S,6R)-Bu-BPO epimer
can be observed in the NMR spectrum after 48h
(Supplementary Figure S8, ESI). The process evolves
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TABLE 1 | Conversion rates of the minor determinants epimerization process.

PBS/D,0 (pH~7.4) D,0 (pH~6)

Time/T (°C) 23+2°C 4+1C 23 +2°C 4+1C
% (5R,6R)-BPO remaining in solution

Oh 100 100 100 100

24 h 40 82 47

48 h 30 69 38 85

7 days 40 30 70
% (5R)-PO remaining in solution

Oh 50 50 50 50

48 h 50 50 50

7 days 50

TABLE 2 | Conversion rates of Bu-BPO epimerization process.

Carbonate
buffer/D;0 (pH = 10.2)

Time D,O (pH~6)  PBS/D,0 (pH~7.4)

% (5R,6R)-Bu-BPO remaining in solution

Oh 100 100 100
48 h 100 100 70
7 days 100 100 45

until approximately 55% of the (5S,6R)-Bu-BPO epimer is
formed, while a 45% of the original (5R,6R)-Bu-BPO isomers
remain in solution after 7 days (Table 2).

Immunological Studies

The ability of IgE in sera from BP-allergic patients to recognize BP
determinants bearing different stereochemistry was studied by
RAST inhibition. This assay consists in competitive serum IgE
recognition between the solid phase (PLL-BPO conjugate attached
to cellulose) and the different inhibitors (Bu-BPO 1) and its
mixture with different percentage of its epimer at C-5 (2
(22.5%) and 3, (55%)) at different concentrations in the fluid phase.

BPO-Bu compound was selected because it presents the higher
stability in aqueous solution at neutral pH, which permits
controlling the precise chemical structures of inhibitors.
Moreover, inhibitor 3, consisting of a mixture containing a
55% of its epimer in C-5 (45:55, 5R6R:5S6R) obtained when
reached equilibrium in basic aqueous media, was evaluated. In
addition, inhibitor 2, a mixture containing midpoint of above
concentrations of Bu-BPO and its epimer in C-5 (77.5:22.5, 5R6R:
5S86R) was also included.

The immunological evaluation of Bu-BPO, and its mixtures
with its epimer at C-5, by RAST inhibition (Figure 4A) showed,
in most cases, a concentration dependent inhibition of BP-
specific sera, with inhibitors following similar patterns in each
serum independently of the BP-specific IgE levels, with the best
recognition obtained with the inhibitor 1, with higher content of
(5R,6R)-Bu-BPO.

In vitro IgE recognition is normally considered meaningful
and positive when the inhibition percentage is higher than 50%.
In general, at the maximum concentration of the determinants
(100 mM) there was a positive inhibition of 100% of sera for
inhibitors one and two and of 81.8% for the inhitor 3. This
inhibition dropped at 1 mM concentration, being positive in

slgE Stereoselectivity towards Benzylpenicilin Determinants

three out of 11 cases (27%) for inhitor one and one out 11
cases (9%) for inhibitors 2 and 3, which contain the epimer.

In order to evaluate the role of the epimer in sIgE recognition
from allergic patients, we calculated the half-maximal inhibitory
concentration (IC50) for each inhibitor represented in Figure 4B.
The median and interquartilic ranges of IC50 were 3.32 (IQ:
0.96-7.7), 7.19 (1Q:2.14-9.57) and 15.11 (IQ: 7.64-329.3) for
inhibitors 1, two and three respectively, indicanting a decrease of
recognition with the increase of the epimer concentration.
Statistical comparisons by Friedman test showed significant
differences for the three inhibitors (p 0.0002). The
concentration to get 50% of inhibition was significantly lower
for the inhibitor 1, which contains only (5R,6R)-Bu-BPO
compared with the inhibitors 2 and 3, which contain 22.5 (p =
0.037) and 55% (p = 0.004) of C-5 epimer, respectively. Moreover,
we found significant differences in the IC50 between the
inhibitors 2 and 3, which contain 22.5 and 55% of the epimer,
respectively (p = 0.002) (Figure 4B).

DISCUSSION

BP consumption has decreased over the three last decades, mainly
substituted by amoxicillin (with or without clavulanic acid) and
cephalosporins. However, skin test to BP determinants is still
recomended in the BL allergy work up diagnosis (Dona et al,
2017). Different compositions have been used over time, including
as minor determinants: BP (active principle), BPO (the hydrolysis
product), and PO (the decarboxilated BPO); and as major
determinants conjugates of lysine polymers: PPL and BP-OL.
The change in compositions can be explained by stability issues
(which must overcome quality and standardization requirements
of the product in different countries) and diagnostic results. In fact,
a recent study concluded that skin testing with BP can induce false-
positive results in patients with a history of BL allergy, and that the
addition of BP does not increase the skin test sensitivity obtained
with classic BP determinants (Lacombe-Barrios et al., 2016).
Moreover, false positive results issues have also been reported
in commercial in vitro tests, InmunoCAP, in patients with
suspected IgE-mediated hypersensitivity to penicillins and a
positive penicillin ImmunoCAP due to the presence of IgE
antibodies to phenylethylamine. This is a common allergenic
structure that shares structural fragments (benzyl group) of the
penicillin determinants and inappropriately, is potentially present
in the ImmunoCAP test (Johansson et al., 2013). In addition,
experts from the United States have reported that ImmunoCAP to
quantify sIgE to BP shows suboptimal sensitivity and low
concordance with in wvivo tests, probably because this
immunoassay only identifies IgE to the major determinant
(Macy et al,, 2010).

Although BPO is no longer the most relevant hapten in
immediate reactions to penicillins, major and minor
determinants of BP continue to play a key role in drug allergy
diagnosis (Ferndndez et al., 2013). These determinants consist of
the precise chemical structures involved in the specific IgE
molecular recognition. Therefore the stability of these molecules
is an important factor for diagnosis evaluation, as a small change in
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the structure can affect the immunological recognition. Moreover,
the stability of the determinants can also affect the reproducibility
of the tests, which is a crucial point in diagnosis. In that sense, the
stability of the determinants used has been evaluated in aqueous
solutions in different pH conditions, ranging from pH 7 to 10.2. BP
resulted stable enough in 6-7.2 pH range, however, by increasing
basicity the p-lactam ring opens, resulting in the formation of BPO
(Munro et al., 1978).

According to previous studies, BP degradation products,
formed in vitro when the drug is longer in aqueous solution,
are the sensitization agents rather than the BP molecule itself.
Although authors did not identify these degradation products, we
could assume that BPO and its epimer are involved (Neftel et al.,
1984; Neftel et al., 1982).

In the present study, (5R,6R)-BPO initially formed resulted
not completely stable in solution. While maintaining the carbon
skeleton of the structure, the stereochemistry of one of the three
stereocenters is altered (Ghebre-Sellassie et al., 1984; Haginaka
and Wakai 1985). Although the formation of different
degradation products had been previously proposed (Davis
et al,, 1991), epimerization rate is considerably greater and the
formation of other products is almost negligible. The compound
evolved reaching an equilibrium in which 70% of the (5S,6R)-
BPO epimer is formed. The mechanism involved has been
proposed through both the formation of an emanime (Davis
and Page 1985) or the formation of an iminum intermediate
(Ghebre-Sellassie et al., 1984; Branch et al., 1987; Llinas et al.,
2001). However, the enamine pathway has been proposed to
occur at pH above 12 (Davis et al., 1991), and has not been

considered in this study, since the epimerization of C-6 is not
observed experimentally (Figure 5).

In 7-7.4 pH range, the formation of an iminium intermediate
promotes the opening of the thiazolidine ring. This implies
breaking the covalent bond between C-5 and the sulfur atom
in position 1, and therefore the free rotation between C-3, C-2
and S-1. This is a reversible process in which the ring closure
through the intramolecular nucleophilic attach from the sulfur
atom to the iminium C-5 can occur from the two different faces of
the iminium, forming thus the two diastereoisomers observed.
This closing process could be expected to occur faster than the
conformational change, however, as the ring closure is a 5-endo-
trig process, which is assumed to be unfavorable (Baldwin 1976),
it may allow sufficient time for a conformational change. This
process is described to be faster at higher pH, being almost
immediate in strong basic media (Davis et al., 1991). We also
observed a strong influence of temperature, reaching the
equilibrium in 48h in PBS/D,O at room temperature but
taking 7 days at 4°C. More than one week is necessary to
reach the equilibrium when the solution is in D,O.
Experimentally, no hydrolysis of the iminium intermediate or
intramolecular reaction between C-3 carboxylate and C-5 has
been observed.

PO is the current available minor determinant reagent for skin
test. Its formation may involve C-5 epimerization process, since
the two epimers (50:50%) can be observed in freshly prepared
solutions. These are very stable compounds in aqueous solutions,
as they contain 50% of the product retaining original
stereochemistry of BP for the studied time (seven days).
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Bu-BPO was used as model compound to evaluate the stability
of the major determinats reagents for skin test. Bu-BPO resulted
completely stable in aqueous solutions and PBS at room
temperature. Epimerization was oserved when increasing basic
conditions to pH = 10.2, where the C-5 epimerization ocurrs, but
with a slower rate that in the case of BPO. Seven days were
necessary to observe the formation of 55% of the (5S,6R)-Bu-BPO
epimer. This is consistent with previous results described in the
bibliography in which the esterification of the carboxy group
reduced considerably the rate of spontaneous thiazolidine ring
opening (Davis et al,, 1991).

To deepen the stability of the different compounds, DFT
calculations were made. In Figure 6 the most stable
conformations of (5R,6R)-BPO, (5R)-PO and (5R,6R)-Bu-BPO
are shown.

We can observe the formation of intramolecular hydrogen
bonds that could contribute to the stabilization of the molecules.
In all cases, a hydrogen bond is observed between the carboxylic
group in position three and the hydrogen bonded to N-4 of the
thiazolidine ring (cyane lines in Figure 6). In the case of BPO, the
formation of another hydrogen bond is observed between the
carboxvylic acid and the amide moiety bonded to C-6. This extra
interaction is not possible in the case of PO, since this carboxylic
group is not present in the PO structure, and this could be
translated into a more efficient epimerization process. In contrast,
in the case of Bu-BPO, we can also observe the formation of a
third intramolecular hydrogen bond, formed between the amide
moiety of the butyl substituent and the N-4 of the thiazolidine
ring. In this case, the formation of an extra hydrogen bond could
make the epimerization process for Bu-BPO less successful.
Electronic effects can also contribute to this effect, since the
formation of the third hydrogen bong involves that N-4 of the
thiazolidine ring does not have its electron pair available for the
iminium formation, minimizing thus the epimerization rate.
Althougth the formation of the hydrogen bonds is the main
difference observed between PO, BPO and Bu-BPO molecules, we
can not exclude other effects when molecules are in saline
solutions. It is noteworthy that the DFT calculations using a
polarizable continuum model (PCM) results in a negligible
relative energy difference between the epimers ((5R)-PO/(5S)-
PO; (5R,6R)-BPO/(5S,6R)-BPO and (5R,6R)-Bu-BPO/(5S,6R)-
Bu-BPO), see ESI), so the driving force for the epimerization
process is not clear.

To gain insight into how the relative spatial arrangement of a
simple carbon (C-5) in the determinant structure can affect the
interaction with the immune system, we selected a determinant
model that allows the in vitro evaluation of the product retaining
original BP stereochemistry, as well as constant proportions of its
epimer. Running RAST inhibition experiments requires the
inhibitors to be in neutral pH aqueous solution for 18 h. Since
BPO is not stable at this conditions, due to epimerization; and PO
is already supplied as mixture of epimers (50:50), Bu-BPO was
selected as model determinant that allows evaluating both
epimers as controling the content of epimers is possible.
Therefore, studied the correlation between Bu-BPO
chemical structures and their recognition by sIgE from
patients allergic to BP. From the analysis of data, we have
observed that, as a general trend, sIgE recognizes Bu-BPO
determinants with a lower degree of recognition with
increasing proportion content of the C-5 epimer. The way in
which the stereochemistry of C-5 of Bu-BPO affects IgE
recognition is independent on the patient and the sIgE levels.
This higher IgE specificity to (5R,6R)-Bu-BPO, which preserves
the initial stereochemistry of BP, is better visualized with IC50
values. Significant lower concentrations to get the same 50% of
inhibition were needed for the inhibitor one compared with
the inhibitors two and three to get the same 50% of inhibition.
These findings indicate, as a general rule, that both epimers of Bu-
BPO determinants are specifically recognized by sera from BP-
allergic patients, although the tridimensional conformation of C-
5 seems to refine the extent of recognition in a high percentage
of cases.

These stability and sIgE recognition data could be somewhat
extrapolated about their implications into current skin reagents of
BP, and their diagnostic implications, as follows: 1) the major
determinant, BP-OL, is stable enough in solution to perform the
in vivo assay, as no epimerization of this benzylpencilloyl amide
form (Bu-BPO) occurs at neutral pH; 2) the minor determinant,
PO, includes both epimers at 50:50 proportion, which is stable
and constant to perform the in vivo assay; 3) regarding the BPO
minor determinant ((5R,6R)-BPO (acid)), although it would
contain higher amount of the one with sterochemistry better
recognized in vitro (inhibitor 1), since it epimerizes in neutral pH
solution, the reagent present in the skin test would always be a
mixture of compounds in different proportions, impairing its
sensitivity and impeding its reproducibility.

we
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CONCLUSION

The chemical stability of BP skin test reagents has influenced the
evolution of the composition of the commercial available kits
available, as this requirement is necessary for improving the
quality and standardization of the product. Althought the
epimerization of (5R,6R)-BPO at C-5 position in aqueous
solutions is a well-known process, we provide a detailed study
of the chemical stability of BP determinants at pH conditions
normally used in order to further understand this progress. Our
findings indicate that the epimerization rate is influenced by the
structure of the determinant, changing dramatically also the
kinetics of the process. In vitro immunoassays results show
the importance of the spatial configuration of C-5 of
benzylpenicilloyl determinants in the IgE recognition, with the
original (5R,6R)-configuration as the best recognized. Any
change, albeit small, in the chemical structure of the antigenic
determinant of BP significantly affects IgE recognition. Therefore,
the inclusion of stereochemically pure compounds or mixtures
may have important implications for the sensitivity of both in
vivo and in vitro diagnostic tests.

The conclusions drawn for the BP determinants in this study
could serve as basis for the evaluation of the determinants derived
from the rest of penicillins. In addition, the conditions of pH and
temperature in which these reagents can be handled, for avoiding
degradation or epimerization, is crucial to properly use
standardized reagents that lead to reproducible results.
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In the general population, up to 10% of children treated by antibiotics have cutaneous
adverse drug reaction, but allergy is confirmed in less than 20% of patients. Most of the
non-allergic reactions are probably due to virus, such as enterovirus acute infection or
Ebstein-Barr Virus (EBV) acute infection or reactivation. Especially in children, viruses have
the propensity to induce skin lesions (maculopapular rash, urticaria) due to their skin
infiltration or immunologic response. In drug-related skin eruptions, a virus can participate
by activating an immune predisposition. The culprit antibiotic is then the trigger for reacting.
Even in severe drug-induced reactions, such as Drug Reaction with Eosinophilia and
Systemic Symptoms (DRESS) syndrome, viruses take part in immune phenomena,
especially herpes viruses. Understanding the mechanisms of both virus- and drug-
induced skin reaction is important to develop our clinical reflection and give an
adaptive care to the patient. Our aim is to review current knowledge on the different
aspects and potential roles of viruses in the different type of drug hypersensitivity reactions
(DHR). Although major advances have been made those past year, further studies are
needed for a better understanding of the link between viruses and DHR, to improve
management of those patients.

Keywords: drug, hypersensitivity, allergy, virus, mechanism

INTRODUCTION

Drug allergy is a major public health problem, associated with a high morbidity and mortality, as well
as elevated medical costs (Macy, 1998; MacLaughlin et al., 2000; Solensky, 2013; Solensky, 2014; van
Dijk et al., 2016). The clinical pictures, and the underlying mechanisms are very heterogeneous
(Macy, 1998; MacLaughlin et al., 2000; Solensky, 2013; Solensky, 2014; van Dijk et al., 2016). Thus,
diagnosis of drug allergies is difficult and a challenge for the treating physician (Macy, 1998;

Abbreviations: ADR, adverse drug reaction; APC, antigen presenting cells; BL, betalactam; COX, cyclooxygenase; CYP,
cytochrome P; DRESS, drug rash with eosinophilia and systemic symptoms; HIV, human immunodeficiency virus; HSV, herpes
simplex virus; DIHS, drug induced hypersensitivity syndrome; NSAID, nonsteroidal anti-inflammatory drugs; PGE2, pros-
taglandin E2; SJS, Stevens-Johnson syndrome; SMX, sulfamethoxazole; n-SMX, nitrososulfamethoxazole; TMP, trimethoprim;
TEN, toxic epidermal necrolysis; EBV, Epstein-Barr virus; EV, enteroviruses; RSV, respiratory sincitial virus; GCS, Gianotti-
Crosti syndrome; MI, mononucleosis infectious; NRTI, nucleoside reverse transcriptase inhibitor; HR, homing receptor; CLA,
cutaneous lymphocyte-associated antigen; SAg, superantigen; PRR, pattern recognition receptor; SCAR, severe cutaneous
adverse reactions syndrome; DPT, drug provocation test.
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MacLaughlin et al., 2000; Solensky, 2013; Solensky, 2014; van Dijk
et al., 2016). A further problem is overdiagnosis. It is common,
particularly during childhood, as the drug allergy may be transient
and allergy tests are difficult, cumbersome, of limited sensitivity
and expensive. One of these confounding factors are virus
infections, as they constitute the major cause of skin eruptions
in childhood and represent an important differential diagnosis in
patients with a suspicion of drug allergy (Goodyear et al., 1991).
Indeed, common clinical manifestations of drug allergy
i.e., maculopapular exanthema and urticaria, are similar to viral-
induced rashes. Some viral infections are name-giving for drug-
induced exanthemas (rubeola like or measles like exanthemas) and
distinction is difficult during the acute phase. Avoidance of the
potential incriminated drug is usually recommended, although
“threating through” can be considered as an option with close
monitoring of the patient.

In addition, viral infections may be involved by providing a co-
factor for immune stimulation. Numerous clinical observations
suggest that viral infections promote or aggravate drug-related skin
rashes (Ponvert et al., 1999; Shiohara and Kano, 2007; Caubet et al.,
2011). Epstein Barr Virus (EBV) is one of the best known examples
with a higher rate of skin eruptions in EBV-infected patients
treated by betalactams (BL) antibiotics (Chovel-Sella et al,
2013). Another example is the apparent role of herpes viruses
in the pathogenesis of severe drug-related reactions, particularly in
the Drug Reaction with Eosinophilia and Systemic Symptoms
(DRESS), which is increasingly discussed in the literature
(Descamps et al., 2001; Kano et al., 2006; Shiohara et al., 2006).

Based on a selection of best quality papers, the aim of this
manuscript is to review current knowledge on the different
aspects and potential roles of viruses in the different types of
drug hypersensitivity reactions (DHR).

PATHOMECHANISMS
DHR Classification

The traditional classification of Rawlings and Thompson
proposed a sub-classification of adverse drug reactions (ADR)
into type A reactions, which are due to the pharmacological
activity of the drug (80% of all ADR). Type B reactions comprise
about 15-20% of all ADR: they involve DHR (Rawlins, 1981).
The DHR have been shown to be induced by different and
distinct mechanisms. The drug or drug metabolite usually acts as
a hapten, which is able to bind by covalent bonds to a protein and
thus forms an antigen that is able to induce IgE- or T cell-
mediated allergic reactions (White et al., 2015). Drugs can also
stimulate the immune system directly, namely by binding by non-
covalent bonds (pharmacological interaction) to immune
receptors like HLA or T-cell receptor (TCR); this so-called p-i
mechanism stimulate exclusively T-cells (Pichler et al., 2002).
The third mechanism is summarized as “pseudo-allergy,” term
that is controversial, where the drug interferes with inflammatory
mechanisms or activates inflammatory cells like mast cells,
eosinophils, neutrophils, etc. without involving the specific
immune system. Such pseudo-allergic reactions manifest as
clinical pictures mimicking allergy, depending on the cells/
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mediators involved: eg, the mast cells with urticarial/
anaphylaxis are involved in off-target pharmacological activities
of certain drugs on mast cells receptors (MRGPRX2); the blocking
of enzymes like cyclooxygenase in nonsteroidal anti-inflammatory
drugs (NSAID) can lead to exacerbated asthma or urticaria; and
blocking the degradation of bradykinin by angiotensin converting
enzyme (ACE) inhibitors may lead to angioedema.

Mechanisms of Viral-Induced Skin
Eruptions

Skin eruptions are among the most common causes of
consultations at primary care physicians, particularly
paediatricians: it has been found that up to 17% of paediatric
emergency consultations are motivated by occurrence of a skin
eruption (Kramkimel et al., 2010; Landolt et al., 2013). The major
causes are infections, most notably viruses. Despite the relatively
high frequency of this problem, epidemiologic data are scarce
(Folster-Holst and Kreth, 2009a). The estimated prevalence of
maculopapular virus-linked exanthemas is estimated to be 158.3/
10,000 (CI: 142.3-174.4) (Vega Alonso et al., 2003). Based on
typical morphological feature, six classical exanthemas have been
described at the beginning of the 20th century, i.e., measles or
rubeola, scarlet fever, rubella, Filatow-Dukes disease (fourth
disease), erythema infectiosum (fifth disease), and exanthem
subitum (sixth disease) (Keighley et al., 2015). Exanthemas not
included in the previous list are referred to “atypical exanthemas”
(Drago et al.,, 2012). The majority of exanthema are caused by
non-polio enteroviruses, respiratory viruses (adenoviruses,
rhinoviruses, parainfluenza viruses, respiratory syncytial virus,
influenza viruses), acute EBV, human herpes viruses (HHV) 6
and 7, parvovirus B-19 and norovirus (Hogan, 1996; Leiste et al.,
2008). Among enterovirus, the most commonly involved are
Coxsackie virus A16 and EV71, responsible for hand, foot and
mouth disease, typically in children (He et al., 2017). Different
clinical aspects have been described based on the morphological
aspects of primary lesions (i.e., erythematous, papular, vesicular,
urticarial-like, pustular, or petechial) and the most common types
are maculopapular exanthema and maculovesicular exanthema
(Schneider et al., 2013).

The mechanisms by which a virus leads to the development
of skin eruption have been explored since the 60s (Mims, 1964;
Mims, 1966). They are complex and are still not well defined in
many aspects. The occurrence of a rash induced by a virus may
depend on virus ability to grow in dermal and epidermal cells.
Indeed, viruses are able to infiltrate skin and infect tissue cells,
via fixation to cellular receptors or intracellular penetration
(Laksono et al., 2016). Particularly, it has been shown that skin
manifestations can be induced in part by a direct viral
cytopathic effect (inclusions, ballooning, vacuolation and
necrosis) which may lead to macroscopical modification such
as edema and hemorrhage, generating the skin lesions (Geck
etal., 1964; Agol, 2012). Theoretically, any circulating virus, free
or cell-associated, which localizes in a skin blood vessel can
infect the vessel wall (or pass through) and grow in extravascular
tissues, giving rise to a skin eruption (Mims, 1966). Skin cell
lesions induce discharge of pro-inflammatory products,
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especially damage (or danger) signals, cytokines and
chemokines (Smith, 1972; Folster-Holst and Kreth, 2009Db).
Keratinocytes are probably important actors of non-specific
inflammation, through the fixation of the virus and the
secretion of different signals (Strittmatter et al., 2016). In
addition to the direct effect of the virus, immunologic
mechanisms induced by the virus can also be involved in the
development of a skin lesion. Indeed, viral-induced cell-
mediated responses might be responsible for damage through
a nonspecific inflammatory reaction (Parham and Janeway,
2009). Recruitment of adaptive immune cells is permitted by
the interaction between inflamed endothelium receptors and
skin-addressing markers on the lymphocyte surface, for
example the CLA (Cutaneous Lymphocyte Antigen) (Schon
et al., 2003; Clark, 2010).

From another point of view, viruses can also lead to
exanthema by a local delayed (type 4) hypersensitivity reaction
within the dermis to various pathogens, such as in Gianotti-Crosti
syndrome, where exanthema is typically papulo-vesicular, but
neither viral particles nor antigens have been demonstrated in the
skin lesions (Gianotti, 1979). This syndrome would results from
an immunologic response rather than a primary manifestation of
an infection (Lowe et al., 1989; Magyarlaki et al., 1991; Hofmann
et al., 1997; Folster-Holst and Kreth, 2009b).

However, it is unknown why skin rashes are seen in only a
small proportion of all generalized virus diseases, and the
characteristic distribution of skin lesions in different virus
exanthema remains unclear (Mims, 1966). Genetic and
individual susceptibility may play an important role to the
development of skin lesions and should be taken into account
to understand the complexity of the problem. Non-immune
mechanisms (i.e., sensitivity to histamine, antigen-antibody
complexes clearing by reticuloendothelial system) may be
involved as personal immunological factors necessary to
develop an allergic reaction (Levine, 1965).

Potential Interaction Between Virus and
Drug

The interaction between virus immunity and drug hypersensitivity
are multiple and complex (White et al., 2015) (Figure 1). The
heterologous immunity models is an enlarged vision that takes into
account the specific HLA-restriction and the minimal co-
stimulatory signals observed in drug-related Severe Cutaneous
Adverse Reactions (SCARs) (White et al.,, 2015). In this model,
drug is supposed to induce the formation of a neo-antigen
recognized by virus-specific memory T cells. Those T cells were
earlier sensitized by life-long infecting viruses, which periodically
sort out of latency and turn on transcriptional programs (White
et al, 2015). This intermittent viral replication stimulates a
substantial anti-viral specific T cell proliferation, without
developing the functional unresponsiveness which normally
follows recurrent infections (Virgin et al, 2009). In this model,
memory T cell are generated following pathogen exposure and
reside at specific anatomic sites. These memory T cells may cross
react with haptenated endogenous peptides presented in the context
of the HLA risk allele, or drugs that bind the TCR and/or MHC in a
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non-covalent manner following the p-i model, or an altered
repertoire of endogenous peptides following drug binding to
MHC (Todd, 2006).

Another theory that explain this interplay between drug and
infection is the danger hypothesis which was firstly proposed by
Matzinger since the early 1990s (Das et al., 2011). This model
states that the primary driving force of the immune system is to
protect against danger (Anderson and Matzinger, 2000).
Presentation of an antigen in the absence of danger results in
tolerance, while the presence of a danger signal will result in a full-
blown immune response. Indeed, three different elements are
needed to elicit an immune response. Signal 1 represents the
interaction between the MHC-restricted antigen and the T-cell
receptor. Signal 2 is represented by the co-stimulatory
molecule-receptor interactions and a series of pro-
inflammatory cytokines such as IL-2, TNF-a, and IFN-y that
act indirectly on antigen presenting cells to up-regulate the
expression of co-stimulatory molecules. Signal 3 represents
polarizing cytokines that act directly on T-cells, and lead to
either TH1 or TH2 immune responses. The danger signal can
result from chemical, physical or viral stress. This theory was
proposed to partially explain the reactions in HIV patients.

Regarding IgE-mediated hypersensitivity reactions, there is no
data in the literature indicating a link between viruses and IgE
mediated drug reactions. However, the implication of viruses in
IgE-mediated food allergy is well-known and similarly, a potential
role of viruses in these reactions is probable (Muraro et al., 2014).
Further studies are needed to explore this important aspect.

ROLE OF VIRUS IN BENIGN
NONIMMEDIATE REACTION

Viral Infection as a Differential Diagnosis
A common situation in clinical practice, and particularly in
pediatric, is the appearance of a benign exanthema or urticaria
(i.e., without any danger signs) in patients treated by antibiotics,
mainly BL, and NSAID (Bigby, 2001; Thong and Tan, 2011).
It is difficult to distinguish urticaria-like exanthemas from
“classical” urticaria, which is characterized by wheal and flare
reactions: in “classical” urticaria, the manifestation is acute after
drug intake (min to hours) vs. urticaria-like exanthemas, which
appear after days, often together with macular exanthematic
lesions. Classical urticarial lesions last <24 h, while some form
of the urticaria-like exanthemas (some linked to drug intake)
persists longer (e.g., as maculopapular exanthems). In clinical
practice, most of these patients are labeled as drug allergic without
appropriate testing, mainly due to fear of a life-threatening
reaction, leading to an overdiagnosis of drug allergy. However,
it has been found that an allergy will be confirmed by a complete
allergy workup in only 7-20% of those patients (Caubet et al.,
2011; Ponvert et al., 2011; Rubio et al., 2012; Demoly et al., 2014).
The cause of those non-allergic eruptions in patients with a
negative allergy workup has been poorly investigated until
recently, particularly in the paediatric population. By including
88 children who had developed an exanthema during a BL
treatment, Caubet et al. detected a virus by PCR or serology in
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65.9% of the children with a negative drug provocation test
(DPT), the most frequent being enteroviruses (Picornavirus)
(Caubet et al, 2011). Similarly, Atanaskovic-Markovic et al.
found that 333 children (22%) tested positive for a virus or
Mpycoplasma pneumoniae infection among 1,026 children with a
suspicion ~ of nonimmediate  hypersensitivity =~ reactions
(Atanaskovic-Markovic et al, 2016). Only two of them were
confirmed to be allergic to the culprit drug (Atanaskovic-
Markovic et al., 2016). This suggests that in patients
developing an exanthema or delayed-appearing urticaria
while taking concomitantly a drug, viral infection is frequent;
and that reaction to the drug taken can be detected only rarely.
Possibly the combination of viral infection—facilitating the
drug reaction, is transient, and the single drug may be
tolerated. The virus infections would represent the co-
stimulatory factor enhancing drug reactions.

However, in these studies, a virus has not been found in all
patients with a skin eruption during a BL treatment. It can be
explained by the fact that not all viruses have been tested in
those studies. From another point of view, we cannot exclude
that the positivity of PCR or serology was due to a previous
infection or an acute infection without any link with the
current rash.

Clinically it is very difficult, and often impossible to
differentiate a rash of viral origin or secondary to a drug
allergy. Although blood tests are not routinely performed in
our current clinical practice for exanthema or urticaria, it has
been recently suggested that some tests could be helpful to
distinguish between viral- and drug-induced skin eruptions. As
an example, Hari Y et al. have shown that in viral exanthemas,
IFN-y is increased in most serum samples from different acute
viral diseases, while in drug-induced exanthemas, IL-5 alone or in
combination with granzyme B and perforin are often found to be
increased - together with some eosinophilia (Hari et al., 1999;
Bellini et al., 2013). Another example is the potential role of
thymus and activation-regulated chemokine (TARC/CCL17)
which plays an important in TH2 immune responses. Thus, a
link between serum TARC levels and HHV-6 reactivation in
patient with DRESS has been found and serum TARC levels have
been suggested to be a useful indicator to differentiate DRESS/
DIHS with HHV-6 reactivation from other drug eruptions
(Ogawa et al., 2014).

The EBV Example as a Co-Factor for
Drug-Induced Skin Eruptions

The best illustration for the drug-related exanthemas during a
viral infection is those occurring after antibiotic administration in
patients with an acute EBV infection. Indeed, it has been shown
that the incidence of skin rash is higher in EBV patients treated by
antibiotic (typically ampicillin) compared to EBV patients
without associated antibiotic treatment (i.e., 27.8-90% and
3-10%, respectively) (Pullen et al, 1967; Copeman and
Scrivener, 1977; Luzuriaga and Sullivan, 2010). No association
with age, gender, ethnicity or allergic history appears to be
correlated with rash development after antibiotic treatment in
EBV patients (Chovel-Sella et al., 2013).

Viral Infection and Drug Allergy

One of the hypothesis regarding the mechanisms for the
development of skin eruption occurring in patients with
infectious and concomitantly treated by
antibiotics, appears to be a transient virus-mediated immune
alteration (Thompson and Ramos, 2017). In patients with EBV
infection, the CD8" T cell population is typically expanded,
leading to the secretion of INF-y and interleukine-2 (IL-2).
This has been shown to inhibit the TH2-response (IL-4, 5, 6,
9, 13) (Schissel et al., 2000; Banerjee et al., 2014) and the anti-
inflammatory IL-10 secretion, while the THI-response is
activated (Onodi-Nagy et al., 2015). These alterations could set
the stage for a loss of antigenic tolerance and the development of a
reversible DHR (Shiohara and Kano, 2007). Thus, the
administration of an antibiotic, especially ampicillin, would
then be the trigger for activation of this anti-IL-10 pro-THI
response, leading to the maculopapular rash (Thompson and
Ramos, 2017).

Conversely, recent studies suggest that a true long lasting
antibiotic hypersensitivity might be a lot more prevalent than
previously thought, during the acute EBV infection in patients
treated by amoxicillin (Renn et al., 2002; Onodi-Nagy et al.,
2015). Some authors found positive lymphocyte transformation
tests (LLTs) to the incriminated antibiotic (Renn et al., 2002), as
well as positive delayed intradermal and patch-tests in those
patients (Jappe, 2007; Onodi-Nagy et al., 2015). Authors also
described positive DPT or severe DHR upon re-exposure to the
beta-lactam at distance of the initial reaction (Jappe, 2007).
Thus, it is recommended to assess these reactions with a
complete allergic workup, and discuss a DPT.

Long lasting HS may be supported by EBV which
continuously co-activates immune response and prevents
apoptosis of drug specific T-cell, as it has been found in EBV-
induced malignant diseases (Chen, 2011). This anti-apoptotic
capacity of EBV could be responsible to the maintenance of
lymphocytes, which will then be activated by antibiotic
administration (Chen, 2011; Lindsey et al., 2016).

Interestingly, it has been suggested that ampicillin can directly
induce the reactivation of EBV, leading to a skin eruption. Thus,
Saito-Katsuragi et al. reported the case of a 23-year-old woman
with a Still’s disease, who developed a maculopapular rash after
an ampicillin treatment. She developed serum IgG antibody
against EBV-VCA 1week after. The authors performed two
DPT with intravenous ampicillin, resulting in a recurrence of
the maculopapular rash 24-48 h after the treatment intake. They
monitored the concentration of EBV DNA in blood and found a
significant increase of EBV DNA levels after the injection of
ampicillin and just before the appearance of the skin rash. Further
studies are needed to confirm the hypothesis by which ampicillin
would be responsible for a reactivation of EBV, which would then
trigger the skin eruption.

EBV continues to be one of the most important models to
understand interaction between drugs and concomitant acute or
chronic viral infections. Lymphocyte stimulation and direct
stimulation of the virus appears to be the most likely
hypotheses. However, further researches are needed for a
better understanding of the mechanisms involved in the
dysregulation of the immune system, leading to a reaction.

mononucleosis
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ROLE OF VIRUS IN SEVERE
NONIMMEDIATE REACTIONS

A variety of severe, rare, potentially life-threatening, drug
reactions are described, for which recent evidences suggest an
intimate relationship with reactivation of specific virus: the
DRESS syndrome, the Stevens-Johnson syndrome (S]S) as well
as the Toxic epidermal necrolysis (TEN) and transitional forms
(Tohyama and Hashimoto, 2011).

DRESS Syndrome

The DRESS syndrome is a drug-induced delayed reaction with an
estimated incidence ranging from one case among 1,000 to 10,000
drug exposures (Fiszenson-Albala et al, 2003). It is most
frequently associated with administration of aromatic
anticonvulsants, antidepressants, sulfonamides and sulfones,
anti-inflammatory drugs, antibiotics, angiotensin-converting
enzyme inhibitors and beta-blockers (Kardaun et al., 2013). It
has been suggested that viruses play an important role in the
physiopathology of DRESS (Redwood and et al, 2018).
Hypotheses are based on the evidence of virus replication
(primo-infection or reactivation) during the development of
disease (Descamps et al., 2001; Ichiche et al, 2003; Picard
et al., 2010). Human herpes virus 6 (HHV-6) was the first
chronic persistent virus incriminated in the pathology of
DRESS (Descamps et al., 1997), being now considered, for
some, as a specific and sensitive diagnostic criteria (Shiohara
et al.,, 2007; Watanabe, 2018).

However, the role of HHV replication remains controversial as
a study did not find a significant correlation between HHV DNA
load and DRESS diagnosis (Ushigome et al., 2012). Several studies
reported that HHV replication does not occur early in the clinical
course of DRESS and generally, viremia is observed greater than
2 weeks following symptoms onset (White et al., 2015). These
data suggest that viral reactivation itself is not involved in the
onset of DRESS, but rather than some viruses, in particular of the
herpes group, may be involved in the prolonged clinical course of
DRESS (Ishida et al.,, 2014).

The expansion of CD4" T cells and CD8" T cells during HHV -
6 reactivation seems to be an important feature in many patients
with DRESS’s multiple organ failure (Pritchett et al.,, 2012). In
addition, it has been found that patients with HHV-6 reactivation
have significant higher serum levels of TNF-a, compared to
patients without HHV-6 reactivation. In vitro and in vivo
studies showed that TNF-a and other cytokines participate in
reactivation of CMV through the induction of CMV immediate
early gene expression, leading to the initiation of the viral
replication. CMV IE gene has a high level of homology with
HHV-6 U95 gene and it is possible that TNF-a interacts
identically with it (Watanabe, 2018). The serum thymus and
activation-regulated chemokine (TARC) levels are also found to
be higher in DRESS patients with HHV-6 replication than those
without. TARC may be able to directly activate HHV-6 through a
TARC receptor, or induce a relative immunosuppression through
the activation of regulatory T cells (Tregs) (Watanabe, 2018). This
is in accordance with some observations of dysfunction of Tregs
and plasmacytoid dendritic cells in the DRESS syndrome
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(Takahashi et al., 2009). Thus, there are some evidence that
HHV-6-related mechanisms exist to explain at least partially
the complications of DRESS.

The importance of drug exposure could be integrated with
those of viral interplay in a recent model: the heterologous
immunity model. Furthermore, active viral replication is not
required in this abovementioned model, so the evidences of
viral reactivation highlighted during SCARs development may
just represent a tangential event. There is still a need of further
studies to highlight differences between patients with or without
viral reactivation. In this context, a retrospective case series of 29
pediatric patient with DRESS, reported that those who were
HHV-6 positive experimented a significantly greater severity
and a longer hospitalization compared to HHV-6 negative
subjects (11.5days vs. 5days, p = 0.039) (Ahluwalia et al,
2015). Even in adults, patients with HHV-6 reactivation
showed longer course and more severe organ involvement
than others, suggesting a possibly prognostic significance of
HHV-6 (Tohyama et al., 2007; Asano et al., 2009).

Further researches should also emphasize on reactivation of
other latent viruses too. Apparently, viral activation follows an
identifiable chronological pathway and seems to implicate several
viruses in the present order: firstly EBV and/or HHV-6, followed
by HHV-7 and soon after CMV (Cho et al, 2017). The
simultaneous appearance of multiple concomitant viral
reactivations would be explained by the ability of herpes virus
to reactivate others virus. The role of the EBV in the development
of multi-organ involvement of DRESS is discussed particularly
because infectious mononucleosis-like symptoms are observed
during the early phase of DRESS (Tohyama and Hashimoto,
2011). Furthermore, Mardivirin et al. investigate the possibility of
a drug-induced flare-up of DRESS due to antibiotic prescription.
Amoxicillin seemed to be an aggravating factor, probably due to
the same pathomechanism of amoxicillin-induced rash in EBV
infected patients (Mardivirin et al., 2010).

Finally, hypothesis for DRESS syndrome pathophysiology
include interaction between different factors: 1) genetic
susceptibility factors, such as HLA type or cytochrome p450
polymorphism (Cho et al, 2017); 2) viral infection (primo-
infection or replication) inducing a particular pre-activated
immune state; and 3) drug as a final trigger for the immune
reaction. Virus reactivation could also be the trigger for relapse of
DRESS syndrome (Tan and Chan, 2016), as seen in chronic
diseases. Besides, it is interesting to note that similarities are
highlighted between DRESS and autoimmune disease
mechanisms (Michels and Ostrov, 2015).

SJS and TEN

Similar observations have been made in SJS and TEN. These
syndromes are most commonly caused by DHR rather than
viruses (such as EBV, CMV, HHV-6, HSV, Varicella zoster
virus, hepatitis A virus and HIV) (Stutman, 1987;
Werblowsky-Constantini et al., 1989; Lam et al, 2004; Bay
et al., 2005; Pereira et al., 2007; Cruz et al,, 2010; Wetter and
Camilleri, 2010; Khalaf et al., 2011; Kunimi et al., 2011; Kim et al.,
2012; Sotelo-Cruz, 2012; Ferrandiz-Pulido and Garcia-Patos,
2013; Irungu et al, 2017). In about 30% of cases of SJS and
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TEN, no causative drug is identified, and in 15%, drug
responsibility is deemed unlikely (Duong et al., 2017). Since
now, over 200 drugs have been associated with SJS/TEN, most
commonly sulfonamides and BL antibiotics (Roujeau et al., 1995;
Forman et al., 2002; Sheridan et al., 2002).

To date it is still not clear if the virus is a potential co-factor or
trigger. Expression of viral DNA fragments in the keratinocyte
layer could lead to activation of CD4" T-helper cells, which
induce various reactions, including cytokines production and
subsequent inflammatory responses (McDermott et al., 2013).
Furthermore, infections activate systemic host inflammatory
pathways, as consequence, a perturbation of the natural defense
mechanisms of oxidase enzymes could occur and multisystem
damages may follow (Bay et al., 2005). Despite everything, F.
Brunet-Possenti reports a case of SJS during a primary EBV
infection in a 17-year-old adolescent. A 10 years retrospective
study presented by Forman confirmed it, founding as the most
commonly incriminated infectious agent the herpes simplex
virus (19.7%) (Forman et al., 2002). However, while HHV-6
reactivation is primary related to DRESS, it is rare in SJS/TEN
(Neuman et al., 2013), sometimes observed in patients treated
with anticonvulsant (Peppercorn et al., 2010; Teraki et al., 2010).
Actually, researchers are still arguing if “drug-induced” SJS/
TEN and “infection-related” SJS/TEN are two separate entities.

HIV Example

Human immunodeficiency virus (HIV) infection is a long-life
latent virus hosted by CD4 T cells and macrophages (Zack et al.,
1990). This viral infection is associated with important immune
deregulations and higher rates of conditions requiring drug
administration. It has been found that frequency of DHR in
HIV-infected patients is particularly high, up to 100 times more
common compared to HIV-negative subjects (Coopman et al,,

1993; Rzany et al, 1993; Temesgen and Beri, 2004). The
pathogenesis and the reason for the greater propensity for
HIV-infected patients to develop DHR to a great variety of
drugs that can be particularly severe, remain unknown. It may
be related to their greater exposition to medication compared to
general population and/or to a higher incidence of co-infection
with EBV and CMV (Cytomegalovirus) (Smith et al., 1997;
Todd, 2006; Hoosen and et al., 2019). Since many different
drugs are involved, the viral infection appears to enhance drug
reactivity in general, not only for specific drugs.

This infection itself leads to apparent decrease and loss function
of T cells in the blood and skin, in addition to dysregulation of
tolerance to self-antigens (Todd, 2006). Interestingly, the incidence
of severe DHR in the HIV-infected population has also been
reported to increase with increasing stage of the disease,
ie, decreasing CD4" T cells counts and CD4/CD8 ratio
(Coopman et al,, 1993; Arp et al., 2005). An interesting example
is the hypersensitivity reaction to Trimethoprim-Sulfamethoxazole
(TMP-SMX), which occurs in 40-80% of HIV infected individuals
(Meyer et al, 2015). The patients with uncontrolled HIV
replication have a decrease reduction capacity and a depletion
of glutathion in the CD4 cells, leading to an increased toxicity of
nitrososulfamethoxazole (n-SMX), a reactive and toxic metabolites
of SMX (Correia et al., 2002). This modification in redox balance
may be related to the Tat protein, an HIV-specific protein essential
for the viral replication (Das et al., 2011). The Tat protein would be
secreted by infected cells, in relation to the viral load and disease
progression, and promotes drug reactions, increasing oxidation
status (Meyer et al, 2015). This strong predisposition to drug
reactions is clearly dependent to multiple factors linked to the
immune deregulation associated to the primary infection (Todd,
2006). But our understanding of the exact pathomechanisms
remains limited and requires further studies.
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The higher frequency of allergic drugs reactions in this viral
infection may be the result of increased levels of cytokines and
cell-surface markers and thereby acting in concert with the drug
antigen, amplifying the potential of a drug to cause an immune
reaction (Pirmohamed et al, 2002). Although an attractive
hypothesis when applied to the pathogenesis of DHRs, there
are many questions that remain unanswered. Indeed, the lack of
direct experimental evidence has led to heavy criticism of the
danger hypothesis (Jozefowski, 2016).

ROLE OF VIRUS IN OTHER TYPE OF DHR

The NSAID Example

It has recently been reported that NSAID could be the most
common cause of DHR in children (Woessner et al., 2002;
Morales et al,, 2015). Prevalence of self-reported hypersensitivity
to NSAID has been shown to range from 0.6 to 5.7% in the general
population (Dona et al., 2011). NSAIDs, including aspirin, are a
group of drugs sharing the capability of inhibiting the
cyclooxygenase (COX) enzymes responsible for the prostaglandin
synthetase pathway of arachidonic acid metabolism. The
pathogenesis of hypersensitivity reactions owing to cross-
intolerance has been hypothesized to be related to COX-1
inhibition, although it has not been clearly demonstrated (Macy,
1998).

Interestingly, it has been suggested that blocking
prostaglandin synthesis could also allow specific cytotoxic
lymphocytes to produce asthma attacks during respiratory
tract viral infections (Szczeklik, 1988). Correlation between
viral illness and NSAIDs hypersensitivity was first theorized
by Szczeklik (1988). As cytotoxic lymphocyte activity is
normally inhibited by prostaglandin E2 (PGE2); in case of
aspirin and other NSAIDs treatment, COX enzyme is
blocked and PGE2 production decrease allowing cytotoxic
lymphocytes to attack and eliminate the respiratory tract
cells infected by the virus. As a result, lysosomal enzymes
and mediators are released and this could precipitate a
NSAIDs reaction. These acute attacks can be prevented by
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avoidance of all drugs with anti-cyclooxygenase activity.
However, asthma continues to run a protracted course
because of chronic viral infection (Szczeklik, 1988).
Nakagawa et al. suspected an acquired analgesic idiosyncrasy
secondary to viral infection. They observed anti-Herpes simplex
virus (HSV) IgG antibodies titers and hypothesized a
relationship between the serological evidence of HSV
infection and positive bronchial hyperresponsiveness
provocation tests (Nakagawa et al, 2001). Contrariwise,
several studies have showed that NSAID can inhibit viral
replication (Newton, 1979; Pereira et al.,, 2003; Reynolds and
Enquist, 2006; Zimmermann and Curtis, 2017), yielding more
difficult the interpretation of virus and NSAID interaction.

CONCLUSION

In addition to be a major differential diagnosis of DHR, viruses
might interact in different ways in different types of DHR to
unmask a latent drug allergy. Particularly, viruses have been
shown to cause cellular damages, to increase the inflammatory
response, to induce the production of specific antibodies, to
provoke a change in antigenic expression and to stimulate
T-cell replication. From another point of view, the drug might
enhance viral replication, leading secondarily to skin eruption.
Pathomechanism of viral-induced skin lesions has been poorly
studied. However, a better understanding is of major importance,
as it can provide major insight in the understanding of drug
induced skin rashes. Further studies are urgently needed to clarify
the role of viruses in drugs HSRs, to improve the management of
patients presenting skin eruptions during treatments and to avoid
useless drug avoidance, related with increased morbidity and
mortality.
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