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ABSTRACT

Background: Drug-induced hypersensitivity such as anaphylaxis is an important cause of drug-
related morbidity and mortality. Cefaclor is a leading cause of drug induced type | hypersensitivity
in Korea, but little is yet known about genetic biomarkers to predict this hypersensitivity reaction.
We aimed to evaluate the possible involvement of genes in cefaclor induced type |
hypersensitivity.

Methods: Whole exome sequencing (WES) and HLA genotyping were performed in 43 patients
with cefaclor induced type | hypersensitivity. In addition, homology modeling was performed to
identify the binding forms of cefaclor to HLA site.

Results: Anaphylaxis was the most common phenotype of cefaclor hypersensitivity (90.69%).
WES results show that rs62242177 and rs62242178 located in LIMD1 region were genome-wide
significant at the 5 x 102 significance level. Cefaclor induced type | hypersensitivity was signifi-
cantly associated with HLA-DRB1*04:03 (OR 4.61 [95% CI 1.51-14.09], P < 0.002) and HLA-
DRB1*14:54 (OR 3.86 [95% Cl 1.09-13.67], P < 0.002).

Conclusion: LIMD1, HLA-DRB1*04:03 and HLA-DRB1*14:54 may affect susceptibility to cefaclor
induced type | hypersensitivity. Further confirmative studies with a larger patient population
should be performed to ascertain the role of HLA-DRB1 and LIMD1 in the development of cefaclor
induced hypersensitivity.

Keywords: Drug hypersensitivity, Whole exome sequencing, Immediate hypersensitivity, Ceph-
alosporin, Cefaclor

“Department of Allergy and Clinical Immunology, Asan Medical Center,
University of Ulsan College of Medicine, Seoul, South Korea
*Corresponding author. Department of Allergy and Clinical Immunology,
Asan Medical Center, University of Ulsan College of Medicine, 86
Asanbyeongwon-gil, Songpa-gu, Seoul, 138-736, South Korea. E-mail:
tbkim@amc.seoul.kr

**Corresponding author. Department of Public Health Science, Seoul

National University, 1, Gwanak-ro, Gwanak-gu, Seoul, 151-742, South Korea.

Email: sunghow@gmail.com
" So-Young Park, So Young Park and Sujin Seo contributed equally to this

paper

Full list of author information is available at the end of the article

http://doi.org/10.1016/j.waojou.2024.100901

Received 16 October 2023; Received in revised from 13 March 2024;
Accepted 22 March 2024

Online publication date xxx

1939-4551/© 2024 The Authors. Published by Elsevier Inc. on behalf of
World Allergy Organization. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:tbkim@amc.seoul.kr
mailto:sunghow@gmail.com
https://doi.org/10.1016/j.waojou.2024.100901
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.waojou.2024.100901&domain=pdf
https://doi.org/10.1016/j.waojou.2024.100901

2 Park et al. World Allergy Organization Journal (2024) 17:100901

http://doi.org/10.1016/j.waojou.2024.100901

INTRODUCTION

Drug hypersensitivity reactions (DHRs) occur by
an immunological mechanism, these reactions are
heterogeneous and unpredictable.” DHRs can be
classified as immediate and delayed/non-
immediate reactions, according to the time from
the administration of the drug to the onset of
symptoms.”? Immediate hypersensitivity usually
occurs within 1-6 h of drug administration and is
manifested by urticaria, angioedema,
bronchospasm, and/or anaphylaxis.®*  Early
diagnosis and prediction are crucial because
DHRs such as anaphylaxis can be life-threatening,
unfortunately, there are no screening tools to
predict DHRs yet.

Cephalosporins are one of the most widely
prescribed antibiotics and with the increase in
cephalosporin use in clinics, they are frequently
involved in drug hypersensitivity reactions (DHRs).?
Cefaclor is commonly administered in Korea for
infection such as soft tissue infections, upper and
lower respiratory tract infection, otitis media,
urinary tract infections, etc.® Cefaclor was
identified as one of the most common causes of
drug-induced anaphylaxis in large-scale data
analysis in Korea.® There have been efforts to find
patients at risk of developing hypersensitivity
reactions to cephalosporins, but most were
limited with respect to retrospectively identifying
risk factors such as past history of penicillin or
cephalosporin allergy.” In a prospective study,
intradermal skin tests with cephalosporin in
subjects without a history of beta lactam allergy
were not useful for predicting immediate
hypersensitivity.® Also, a large multicenter cohort
study revealed no clinical efficacy of screening
intradermal tests at population level.? In
conclusion, there is no accurate tool to predict
immediate hypersensitivity to cephalosporins,
hence efforts to find susceptible individuals are
continuing.

The immune stimulations of DHRs are caused by
small molecules such as drugs themselves or their
reactive metabolites interacting with proteins.’® In
addition, the development of a biomarker that can
predict drug hypersensitivity is crucial and genetic
biomarkers that predict DHRs are the most studied
to date.'”? In this study, whole exome
sequencing (WES) was performed on patients to

find proteins expected to be involved in cefaclor
hypersensitivity. In addition, HLA typing was
performed to find HLA genetic markers expected
to be involved in the underlying immune response.

METHODS
Subjects

We recruited 43 patients with cefaclor hyper-
sensitivity from 6 hospitals in Korea. We reviewed
clinical history of all participants by allergy spe-
cialists at each center with either positive response
to oral provocation test, specific IgE test to cefaclor
(ImmunoCAP, PhadiatopTM) or intradermal skin
test, and patients who had Type | hypersensitivity
reaction to cefaclor were selected as cases. Con-
trols were randomly selected from participants
without any history of adverse drug reaction.
Written informed consent was obtained from all
patients. The study was performed in accordance
with the Declaration of Helsinki and the protocols
were approved by the institutional review board
(IRB number: AMC 2011-0939).

Whole exome sequencing and discovery analyses

Whole exome sequencing (WES) was generated
for 14 cases and 125 controls, 139 subjects in total,
to identify single nucleotide variants (SNVs) asso-
ciated with the immediate hypersensitivity to
cefaclor. Hiseq2500 sequencing system (lllumina)
was performed for sequencing with 2x101bp read
length. Following that, sequencing run was aligned
to NCBI b37 using BWA algorithms. The alignment
calibration and variant calling were implemented
by using GATK, and GRCh37.75 was used for
variant annotation. SNVs were filtered out if
missing rate >3%, HWE <107° or MAF <0.1. After
the quality control process, 2554 variants for 14
cases and 125 controls remained and they were
used for the single variant association analyses.

Association of each SNV with the immediate
sensitivity was tested with Fisher's exact test. Pop-
ulation stratification was adjusted by BACON with
default options for conjugacy and hypermeters.’®
BACON is an extended version of genomic
control. Gene-based analyses were conducted by
using FUMA.'* Genes with less than or equal to 2
SNVs were excluded and default options for lead
variants and candidate variants identification
were set except for MHC region. MHC region
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was included to replicate the association of the
HLA genes in gene-based tests.

HLA genotyping

HLA were genotyped for 43 cases and 159
controls. DNA samples were HLA-typed at the loci
of HLA-DP, HLA-DQ and HLA-DR with AVITATM
HLA SBT and were analyzed by BIOWITHUSTM
SBT Analyzer. Association of HLA genotyped data
was analyzed using SPSS (version 18.0, SPSS Inc.,
Chicago, IL, USA). Fisher's exact test was used to
compare the carrier frequencies of HLA alleles
between groups and p-values were adjusted using
Bonferroni method. In addition to the HLA geno-
type data, 59 individuals exhibiting immediate
hypersensitivity to cefaclor were genotyped using
the KoreanChip v1.1. These individuals were sub-

sequently matched with 590 controls.’®
Specifically, HLA gene alleles within the MHC
locus were imputed using the Michigan

Imputation Server, with Eagle v2.4 chosen for
phasing.’® Alleles with low imputation quality
(Rsq < 0.7) were excluded from further analysis.
For each allele, logistic regression was employed
utilizing imputed probabilistic dosage genotypes.
This  approach accounted for imputation
uncertainty while controlling for individual age,
sex and top 10 principal component scores. A
one-tailed test was informed by the directional
hypothesis from the analyses with HLA genotyped
data.

To synthesize results from the HLA genotyped
analysis and HLA imputed analysis, Fisher's
method was applied.’”” Given the intricate
correlation among HLA alleles, the significance
level was determined using the Bonferroni
adjustment for a 0.05 significance level, as per
the Nyholt method."®

Homology modeling

The amino acid sequence of HLA-DRB1*04:03
was used as the basis for homology modeling us-
ing the Swiss Modeler. The structure of HLA-
DRB1*04:03 was superimposed on the crystal
structure of HLA-DR1. The resulting structure file
containing the alpha and beta chains of HLA-DR
were used for molecular docking using Autodock
Vina.

RESULTS

Clinical characteristics of patients with cefaclor
induced immediate hypersensitivity

Descriptive statistics for 43 patients are pro-
vided in Supplementary Table 1. The mean age
was 45.97 years and 65% of those were females.
Most (90.69%) were manifested as anaphylaxis.
They presented symptoms of immediate
hypersensitivity to cefaclor, and 4 patients among
them presented with urticaria and angioedema.
The mean of total IgE level and specific IgE level
to cefaclor were 299 + 1.21 KU/L, and
242.64 + 22827 KU/L, respectively. Oral
provocation test was performed for 14 patients
and all displayed positive responses. Intradermal
skin test was performed for 21 patients and 14 of
them displayed positive responses. Detailed
results for individual patients are provided in
Supplementary Table 2.

Discovery analyses with whole exome sequencing

A total of 2554 variants for 14 cases and 125
controls were used for the single variant associa-
tion analyses. Their quantile-quantile (QQ) and
Manhattan plots with the corrected p-values are
provided in Fig. 1. Results show that rs62242177
and rs62242178 located in the LIMD1 region
were genome-wide significant at the 5 x 1078
significance level (Table 1). For gene-based ana-
lyses, LIM Domain Containing 1 (LIMD1) gene was
significant with the Benjamini-Hochberg adjusted
p-values (P = 7.45 x 107> for LIMD1) (Fig. 1,
Table 2)."? All the SNV p-values were used for
gene-set analysis and one of the biological pro-
cesses, cytoplasmic mRNA processing body as-
sembly, was found as significant (Table 3).

HLA association analyses

HLA has been reported to be genome-wide
significant and it was further analyzed with WES
discovery data and HLA genotyped and HLA
imputed data. The gene-based test of HLA class |I
genes with WES discovery data yielded HLA-
DQA1 and HLA-DRB1 significant values with a p-
value of 0.0237 and 0.0592, respectively (Table 4).
HLA-DRB1*04:03 and HLA-DRB1*14:54 were more
frequently present in patients with cefaclor
induced immediate hypersensitivity compared
with control subjects (OR 4.61, 95% CI 1.51-
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Table 1. Genome-wide significant SNVs with whole exome sequencing (WES)

14.09, p-value 0.009, meta p-value 0.002 and OR
3.86, 95% CI 1.09-13.67, p-value 0.002,
respectively, Table 5).

Subgroup analyses were performed for the HLA
allele frequency according to the symptom of hy-
persensitivity and positivity of specific IgE to cefa-
clor (Table 5). HLA-DRB1*04:03 was significantly
different for the anaphylaxis subgroup (OR 5.13,
95% CI 1.67-15.72, p-value 0.006, meta p-value
0.001). HLA-DRB1*04:03 and HLA-DRB1*14:54
were also significantly associated with cefaclor-
induced immediate hypersensitivity for the sub-
group of patients with positive specific IgE to cefa-
clor (OR 4.91, 95% Cl 1.45-16.65, p-value 0.016,
meta p-value 0.003 and OR 5.91, 95% CI 1.65-
21.10, p-value 0.010). Haplotype frequencies were
also compared and the most significant association
was found for HLA-DRB1*04:03 and HLA-
DRB1*14:54 (p-value <0.001, Table 6). We used
molecular docking to gain insight in potential
intermolecular contacts between cefaclor and HLA
molecules. We generated a homology model of
HLA-DRB1*04:03 (SWISS_MODELER) and used
molecular docking to predict the top scoring
binding orientations in the antigen binding cleft.
Cefaclor was predicted to bind the central portion
of the HLA-DR molecule, with potential contacts
with both the a-chain and B-chains (Fig. 2). These
data are consistent with a model in which the
cognate drug interaction with the antigen binding
cleft of associated HLA molecules permits drug
presentation to responding T cells.

DISCUSSION

Anaphylaxis is the most dangerous form of
immediate hypersensitivity reaction to drugs and
what is more threatening is its unpredictability. To
date, no validated screening tools are present
that are capable of predicting an individual's
susceptibility to such serious adverse reactions to
cefaclor. Genetic variation is a major cause of in-
dividual differences in the susceptibility to several
disorders. In this regard, several genetic associa-
tion studies related to DHRs have been conduct-
ed. Among them, the relationship between the
polymorphism of HLA alleles and severe cuta-
neous adverse reactions (SCAR) has been the
most studied; unfortunately, this association is
often drug, ethnic, and phenotype-specific.’?2°
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Chr Start End Number of value | Adjusted

Position Position variants P p-value

LIMD1 | ENSG00000144791| 3 | 45596886 | 45727830 3 4.85E- | 7.45E-05
08

GO term Number of SNVs| Beta |Beta STD| SE Pobonferroni
GO_bp:go_cytoplasmic_ 2 4.7696| 0.172 |0.9561| 3.43E- 0.0031
mrna_processing_body_assembly 07

Table 3. Significant gene-set analyzed with FUMA
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Fig. 1 Whole exome sequencing (WES) and gene based analysis with cefaclor hypersensitivity. (a) Q-Q plots and (b) Manhattan plot of
WES; (c) Q-Q plots and (d) Manhattan plot of gene-based analysis. The variants in HLA region are highlighted in red.

Start End Number of variants Z value
Position Position Included statistics | P
HLA- ENSG00000196735| 32595956 | 32614839 4 1.98 0.0237
DQA1
HLA- ENSG00000196126 | 32546546 | 32557625 3 1.56 0.0592
DRB1
HLA- ENSGO00000179344 | 32627244 | 32636160 13 0.91 0.1825
DQB1
HLA-DRA | ENSG0000020428 | 32407619 | 32412823 5 0.62 0.2682

Table 4. Gene-based analysis of HLA class Il genes with WES



HLA genotype data

N | Allele frequency | OR
HLA-DRB1 04:03

All
Case 43 0.0814
Control | 159 0.0189
Anaphylaxis
Case 39 0.0897
Control | 159 0.0189
Positive specific IgE to cefaclor
Case 29 0.0862
Control | 159 0.0189
HLA-DRB1 14:54
All
Case 43 0.0581
Control | 159 0.0157
Positive specific IgE to cefaclor
Case 29 0.0862
Control | 159 0.0157

4.61

5.13

4.91

‘ 3.86

95% CI

1.51-14.09

1.67-15.72

1.45-16.65

‘ 1.09-13.67

p-value

0.009

0.006

0.016

‘ 0.040

‘ 5.91 ‘ 1.65-21.10 ‘ 0.010
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59
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59
590

59
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0.0183

0.0375
0.0183

0.0375
0.0183
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1.1586

1.1586

se

0.6987

0.6987

0.6987

p-value

0.097

0.097

0.097

Meta p-value

0.0021°

0.0014°

0.0034°

Not available due to the low imputation quality

Table 5. The result for HLA typed and imputed data. *Meta p-values were calculated using Fisher's method on the one-sided p-values of each test. “Significant at the Bonferroni adjusted 0.05 significance

level based on Nyholt method
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Haplotype
DRB1-DQB1
DRB1-DPB1
DRB1-DPB1
DRB1-DPB1
DRB1-DQB1-DPB1
DRB1-DQB1-DPB1
DRB1-DQB1-DPB1
DRB1-DQB1-DPB1

Allele
04:03-03:02
14:54-02:01
04:03-04:01
04:03-05:01

04:03-03:02-04:01
04:03-03:02-05:01
14:54-05:02-02:02
14:54-05:03-02:01

Disease Control Combined p-value*
0.081 0.019 0.047 <0.001
0.035 0 0.007 <0.001
0.023 0 0.005 0.04
0.047 0.009 0.017 0.05
0.023 0 0.005 0.04
0.047 0.009 0.017 0.04
0.023 0 0.005 <0.0001
0.023 0 0.006 0.01

Table 6. Analysis of haplotype frequency

From this study, we found that HLA-DRB1*0403
was more frequently present in patients with cefaclor
induced anaphylaxis, suggesting the possibility of
genetic predisposition to having severe hypersensi-
tivity reactions to cefaclor. The HLA-DRB1 gene en-
codes the beta chain of major histocompatibility
complex (MHC) class ll, and MHC class Il molecules
are expressed on antigen presenting cells (B cells,
macrophages, and dendritic cells) and activate CD4™
helperT cells.?" In many studies so far, HLA-DRB1 has
been reported in relation to drug hypersensitivity,
especially our previous study revealed genetic vari-
ation in HLA-DRB1 associated with drug hypersen-
sitivity in Korea."® In another study, HLA-DRB1*1302
was related to aspirin-induced urticaria/angioedema
in Korea.??

Fig. 2 Cefaclor is predicted to interact with HLA-DRB1*04:03. A
homology model of HLA-DRB1*04:03 is shown where the
molecular surface is colored teal for carbon, blue for nitrogen, red
for oxygen and yellow for sulfur.

There are few studies that have conducted WES
in patients with DHRs. WES provides more than
95% of the exons, which contains 85% of disease-
causing mutations in many diseases.?* In our
WES analysis, LIMD1 was significantly associated
with DHRs. Further research on the expression
and function of this protein in DHRs should be
conducted, however, LIMD1 is known as a
member of the Zyxin family proteins and
functions as a tumor suppressor.?4#*

The development of a biomarker that can pre-
dict drug hypersensitivity is very important and
genetic biomarkers that predict DHRs are the most
studied to date.”""? Since HLA interacts with T cell
receptors, HLA genetic studies have been
conducted focusing on SCAR, a delayed type
hypersensitivity ~ reaction  caused by the
underlying T cell immune reactions. However,
recent studies have provided evidence of HLA
alleles as predisposing factors for immediate
reactions. It has been reported that HLA-
DRB1*10:01 is related to beta-lactam-induced im-
mediate hypersensitivity reactions.?® In addition,
HLA-DRB1*07:01 was associated with a
asparaginase hypersensitivity.?”  Although the
exact immunological mechanisms have not been
elucidated, we speculate that interaction between
B cells and T cells via HLA class Il trigger the
immunoglobulin  switching that leads to the
generation of specific Ig E antibodies.?®

This study has limitations. First, the sample size
is extremely small. A large number of subjects may
be useful in increasing the accuracy of WES.
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However, it is difficult to obtain samples from pa-
tients presenting typical clinical manifestations
associated with a certain causative drug. Second,
The expression of phenotypes among the subjects
may vary. This fact could potentially weaken the
observed allele frequency and associations with
actual allergies. Additionally, the absence of an
optimal testing strategy to definitively ascertain
aminocephalosporin allergies is recognized as a
broader limitation in the allergy field when con-
ducting such studies. To mitigate these limitations,
we performed oral provocation tests, skin test, and
serum specific IgE test to establish the most ac-
curate diagnosed and phenotypes possible. Third,
we could not perform replication analysis or func-
tional analysis. We should conduct additional
research that supports concrete results.?® Finally,
while our study identified association between
specific alleles and the drug hypersensitivity, the
rarity of the alleles may limit our explanatory
power. The low frequency of these alleles within
the study population may imply that their
contribution to the observed effects may be
modest. This brings forth the need for caution in
interpreting to these rare alleles at this juncture,
and additional research is needed to explore a
broader spectrum of alleles and their potential
associations.

Nevertheless, this study is significant in that it is
the first attempt to find a genetic biomarker asso-
ciated with cefaclor immediate-type hypersensi-
tivity in Korea. We have for the first time reported
an association of HLA-DRB1*04:03 with cefaclor
Type | hypersensitivity reactions. In particular, this
genetic marker could be developed as a clinically
useful tool for predicting the occurrence of cefa-
clor hypersensitivity reactions. Unlike previous
studies, we report the associated genes that may
be involved in cefaclor hypersensitivity in Korea,
and this may have great significance in the clinical
field for the efficient diagnosis and prediction of
cefaclor hypersensitivity.
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