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Yu Su,1 Lirong Zhang,4 Fanping Yang,2,3 Sheng-an Chen,2,3 Jin Zhang,1 Hao Xiong,2,3 Lanting Wang,2,3

Zhen Zhang,2,3 Li Ma,2,3 Xiaoqun Luo,2,3,* and Qinghe Xing1,6,*

SUMMARY

Levofloxacin-induced severe cutaneous adverse drug reactions (LEV-SCARs)
remain unexplored. An association study of human leukocyte antigen (HLA) al-
leles with LEV-SCARs among 12 patients, 806 healthy subjects, and 100 levoflox-
acin-tolerant individuals was performed. The carrier frequencies of HLA-B*13:01
(odds ratio [OR]: 4.50; 95% confidence interval [CI]: 1.15–17.65; p = 0.043), HLA-
B*13:02 (OR: 6.14; 95%CI: 1.73–21.76; p = 0.0072), and serotype B13 (OR: 17.73;
95% CI: 3.61–86.95; p = 4.85 3 10�5) in patients with LEV-SCARs were signifi-
cantly higher than those of levofloxacin-tolerant individuals. Molecular docking
analysis suggested that levofloxacin formed more stable binding models with
HLA-B*13:01 and HLA-B*13:02 than with non-risk HLA-B*46:01. Mass spectrom-
etry revealed that nonapeptides bound to HLA-B*13:02 shifted at several posi-
tions after exposure to levofloxacin. Prospective screening for serotype B13
(sensitivity: 83%, specificity: 78%) and alternative drug treatment for carriers
may significantly decrease the incidence of LEV-SCARs.

INTRODUCTION

Levofloxacin (LEV) is a third-generation fluoroquinolone antibiotic and the S-isomer of racemic ofloxacin. It

treats various infectious diseases due to its wide antimicrobial spectrum and powerful activities against

Gram-negative bacteria, Gram-positive bacteria, and atypical bacterial pathogens. Furthermore, LEV is

on the World Health Organization’s List of Essential Medicines, where it is considered the most effective

and safe medicine needed in a health system.1

However, LEV has been linked to various life-threatening severe cutaneous adverse drug reactions (SCARs),

including Stevens-Johnson syndrome (SJS), toxic epidermal necrolysis (TEN), drug reaction with eosino-

philia and systemic symptoms (DRESS), and acute generalized exanthematous pustulosis (AGEP). LEV-

induced TENwas first reported in a Caucasian woman in 2002.2 Subsequently, several cases of LEV-induced

SCARs (LEV-SCARs) have occasionally been reported, with some cases resulting in mortality.3–6 Despite the

observed low incidence, the mortality rates for SJS and TEN are 1–5% and 25–35%, respectively.7 In addi-

tion, because LEV is always co-administered with other drugs, all treatments must be stopped when a pa-

tient develops SCARs. After the patient recovers, preventing re-exposure to the culprit drug while also

permitting the use of other medicines is of the utmost importance. However, future use of all the dosed

drugs becomes contraindicated due to the inability to implicate any one drug based on clinical grounds

alone. Consequently, LEV-SCARs seriously affect the medication’s safety and significantly restrict treat-

ment options. Thus, an effective method to predict the risk of SCARs in patients taking LEV is required.

SJS/TEN, DRESS, and AGEP are all T cell-mediated drug reactions. Previous evidence supporting that the

pathogenesis of SCARs involves major histocompatibility complex (MHC) restricted presentation of drug

or drug metabolites for T cell activation, and drug-specific T cells orchestrate the effector response and

produce the final SCARs phenotype. The pharmacogenetic study of allopurinol-induced SCARs identified

a strong association of HLA-B*58:01 with allopurinol-induced DRESS and SJS/TEN in Han Chinese8 and

Portuguese population.9 Another study of carbamazepine hypersensitivity revealed that HLA-A*31:01
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was associated with carbamazepine-induced DRESS and SJS/TEN, and one subject with AGEP also was

positive for HLA-A*31:01.10 Overall, the evidence points to different SCAR entities could sometimes

have the same association with HLA polymorphisms.

Previously implicated genes in the development of SCARs with clinical application prospects are mostly

concentrated in the human leukocyte antigen (HLA) loci, especially in HLA class I loci. For instance, HLA-

B*15:02, HLA-B*57:01, and HLA-B*58:01 have been recommended as predictors of carbamazepine-

induced SJS/TEN,11 abacavir-induced hypersensitivity,12 and allopurinol-induced SCARs,13 respectively.

Research has also demonstrated that pre-prescription genotyping for the HLA risk allele and withholding

causative drugs from positive patients dramatically diminishes the incidence of related SCARs. However,

the genetic factors that may be relevant to LEV-SCARs have not been well studied. Therefore, we conduct-

ed an association study of 12 patients with LEV-SCARs to identify their genetic risk factors. Furthermore, we

employed mass spectroscopy to analyze the effect of LEV on the interactions between HLA molecules and

peptides to explore the potential molecular mechanism of LEV-SCARs.

RESULTS

Clinical characteristics of LEV-SCAR patients

Twelve subjects who met the inclusion criteria for clinical diagnosis of LEV-SCARs were recruited in our

study, including two patients with DRESS, one with AGEP, four with SJS, four with TEN, and one with

SJS-TEN overlap (Table 1). The LEV was identified as themost potential culprit drug based on the algorithm

of drug causality for epidermal necrolysis (ALDEN) or Naranjo algorithm (Table S1). There were nine males

and three females, with a mean age of 46.1 G 21.2 years (range 19–89 years). The sex and age of SCAR pa-

tients showed no significant difference with two control groups. The latency period from LEV initiation to

the first symptoms of SCARs ranged from 1 to 25 days, with an average of 9.8 G 8.5 days. Therein, the la-

tency period of two patients with DRESS were 12 days and three days, respectively. Ten SCAR patients were

exposed to combinedmedication, but no adverse reactions related to the prescribed drugs other than LEV

were found in their medical records.

A comparative study with the general population controls

Eight classical HLA loci were successfully genotyped using whole-exome sequencing (WES) data from 11

patients with SCARs and 806 population controls. A total of 31 HLA alleles were discovered in SCAR

patients with carrier frequencies >10.0%. Of these alleles, HLA-B*13:01 (OR: 7.37; 95% CI: 2.10–25.91;

Pc = 0.027) and HLA-B*13:02 (OR: 5.42; 95% CI: 1.63–18.01; Pc = 0.031) were both dominantly enriched

in patients with LEV-SCARs, demonstrating carrier frequencies of 36.4% and 54.5%, respectively, while

the carrier frequencies in the population controls were 7.2% and 18.1%, respectively (Table 2). Furthermore,

the HLA-B13 serotype, including the principal alleles of HLA-B*13:01 and HLA-B*13:02, showed a stronger

association with LEV-SCARs (OR: 30.91; 95% CI: 3.93–243.01; p = 7.91 3 10�6). Two strongly linked alleles

(r2 = 0.92),HLA-DRB1*12:02 (OR: 5.95; 95% CI: 1.78–19.86; Pc = 0.030) andHLA-DQA1*06:01 (OR: 5.56; 95%

CI: 1.67–18.55; Pc = 0.038), also showed strong associations with LEV-SCARs that were lost after condition-

ing with serotype B13.

Previous studies have indicated that SCARs are more likely to be associated with HLA class I alleles, and

serotype B13 showed the most significant association with LEV-SCARs. Thus, high-resolution HLA-A, -B,

and -C genotyping was performed for 12 SCAR patients, including 11 cases analyzed by WES, to validate

the accuracy ofHLA genotyping based onWES data. We demonstrated that the alleles ofHLA-A, -B, and -C

genotyped from theWES data were reliable and consistent with the results of the PCR-SSO analysis, except

for one patient whose HLA-C genotype was HLA-C*07:01/-C*06:02 while HLA-C*07:06/-C*06:02 by exome

sequencing.

A comparative study with the LEV-tolerant controls

Next, we recruited 100 LEV-tolerant patients and performed a comparative study between the SCARs and

tolerant groups to exclude the influence of clinical factors. The carrier frequencies of HLA-B*13:01 (OR:

4.50; 95% CI: 1.15–17.65; p = 0.043) and HLA-B*13:02 (OR: 6.14; 95% CI: 1.73–21.76; p = 0.0072) in the

tolerant group were 10.0% and 14.0%, respectively, which were significantly lower than those in the patients

with LEV-SCARs (Table 3). The B13 serotype was present in 83.3% (10/12) of the patients with LEV-SCARs,

but only in 22.0% (22/100) of LEV-tolerant individuals (OR: 17.73; 95% CI: 3.61–86.95; p = 4.85 3 10�5). This
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suggests that B13 serotype is a significant risk factor for LEV-SCARs, with the risk of LEV-SCARs in carriers of

B13 serotype being 17.73 times that in non-carriers.

Molecular docking analyses of HLA proteins with LEV

Genetic analysis indicated that HLA-B*13:01, HLA-B*13:02, and serotype B13 were associated with LEV-

SCARs. To confirm this, molecular simulations were performed to analyze the interactions between HLA

proteins and LEV. HLA-B*46:01, present at a higher frequency of carriers in the population controls than

in the patients with LEV-SCARs, was used as a control.

The analysis demonstrated that LEV can stably bind to HLA-B*13:01 and HLA-B*13:02, with docking scores

of�5.70 and �6.83 respectively (Figure 1A). Strong hydrophobic forces were formed between the LEV and

hydrophobic cores in both proteins consisting of Y74, Y9, I66, Y7, Y159, Y99, and L156. Moreover, LEV was

closer to the hydrophobic core in HLA-B*13:02 due to the variant R97T in the antigen-binding pocket

(Figures 1B and 1C). Compared to HLA-B*13:01 and HLA-B*13:02, the common protein HLA-B*46:01 pos-

sesses more polar variants, such as I66K and V152E, around the groove region, resulting in the formation of

stable salt bridges with LEV that prevent the ligand from entering the groove region (Figures 1B and 1D). As

a result, the interaction between LEV and HLA-B*46:01 occurred outside the groove region, demonstrating

a worse docking score (�5.07; Figure 1A). Thus, molecular docking analysis suggested that HLA-B*13:01

and HLA-B*13:02 formed stable binding models with LEV, providing further evidence for the results of

Table 1. Clinical characteristics and HLA genotypes of patients with LEV-SCARs

No.

Gender/

Age (years) SCARs Combined drugs

Latency

(days)

Mucosal

involvement

Systemic

manifestations

HLA-A

genotype

HLA-B

genotype

HLA-C

genotype

1 M/27 SJS Warfarin; Perindopril;

Cefaclor; Hydrochlorothiazide

22 Oral LFI 11:01/

11:02

18:01/

51:02

07:04/

15:02

2 F/59 TEN Amoxicillin, Armillarisin A 25 Oral, genitalia LFI, RFI 02:01/

30:01

13:02/

40:01

06:02/

07:02

3 M/19 SJS Cefuroxim; Cefamedin;

Ibuprofen; Metamizole

3 Oral, eye, genitalia LFI 02:53/

24:02

13:01/

55:02

01:02/

03:04

4 F/32 SJS Asmeton 7 Oral, genitalia None 03:01/

26:01

08:01/

13:02

06:02/

07:02

5 M/46 DRESS Azithromycin;

Cold medicine

12 Oral, eye LFI 02:10/

30:01

13:02/

40:06

06:02/

08:01

6 M/33 TEN – 2 Oral, genitalia LFI 30:01/

33:03

13:02/

44:03

06:02/

07:01

7 F/59 TEN Isepamicin Unclear Oral, genitalia RFI 24:02/

30:01

13:02/

40:01

06:02/

07:02

8 M/59 TEN Clarithromycin;

Rabeprazole

9 Oral, eye LFI 11:01/

30:01

13:02/

15:02

06:02/

08:01

9 M/74 SJS Cefixime; Cefotiam;

Ceftazidime; Fluconazole;

Aminopyrine

21 Oral, genitalia LFI, RFI 11:01/

33:03

40:01/

58:01

03:02/

03:04

10 M/89 SJS-

TEN

Cefmetazole 3 Oral, genitalia RFI 11:01/

11:01

13:01/

15:02

03:04/

08:01

11 M/19 AGEP – 1 None None 11:01/

24:02

13:01/

40:01

03:04/

07:02

12 M/37 DRESS Compound Aminopyrine

and Antipyrine;

Acetaminophen

3 None 02:01/

11:01

13:01/

38:02

03:04/

07:02

Abbreviations: AGEP, acute generalized exanthematous pustulosis; DRESS, drug reaction with eosinophilia and systemic symptoms; F, female; LEV-SCARs, levo-

floxacin-induced severe cutaneous adverse drug reactions; LFI, liver failure injury; M, male; RFI, renal failure injury; SJS, Stevens-Johnson syndrome; SJS-TEN,

SJS-TEN overlap; TEN, toxic epidermal necrolysis.

The bold entries highlight that HLA-B*13:01 or HLA-B*13:02 is positive in these patients.

ll
OPEN ACCESS

iScience 26, 107391, August 18, 2023 3

iScience
Article



genetic analyses. As the combination therapy was common in the case group, the interactions between risk

HLA proteins and the involved drugs other than LEV were analyzed. The results supported LEV as the most

suspicious culprit drug in LEV-SCAR patients (Figures S1 and S2).

Pharmacogenetic predictors of LEV-SCARs

Based on the association study, HLA-B*13:01, HLA-B*13:02, and serotype B13 are candidate predictors of

SCARs in patients treated with LEV. As predictors for LEV-SCARs, the presence of HLA-B*13:01 and HLA-

B*13:02 had sensitivities of 33% and 50%, respectively, as well as specificities of 90% and 86%, respectively.

As a risk predictor for LEV-SCARs in the Han Chinese population, serotype B13 was present in 10 (83.3%) of

the 12 subjects with LEV-SCARs and only in 22 (22%) of the 100 LEV-tolerant controls (sensitivity: 83%; spec-

ificity: 78%). As regards the SJS/TEN,HLA-B*13:01,HLA-B*13:02, and serotype B13 showed the sensitivities

of 22%, 56%, and 78%, respectively. These data suggest that serotype B13 is a superior predictor for LEV-

SCARs in terms of sensitivity and specificity.

Analysis of the effect of LEV on the interactions between HLA-B*13:02 and peptides

The structural changes in the antigen-binding clefts affect the specific interactions between HLA and

antigen peptides. Since abacavir-hypersensitivity has been identified to be associated with alterations

in the antigenic repertoire of HLA-B*57:01 induced by the drug molecule,14 we explored whether

Table 3. Frequencies of HLA alleles in patients with LEV-SCARs and LEV-tolerant controls

HLA genotype

Carrier, No. (%)

P Odd ratio (95% CI)

LEV-SCAR

patients, (n = 12)

Tolerant

controls, (n = 100)

B*13:01 4 (33.3) 10 (10.0) 0.043 4.5 (1.15–17.65)

B*13:02 6 (50.0) 14 (14.0) 7.21 3 10�3 6.14 (1.73–21.76)

Serotype B13 10 (83.3) 22 (22.0) 4.85 3 10�5 17.73 (3.61–86.95)

Abbreviations: CI, confidence interval; LEV, levofloxacin; LEV-SCARs, levofloxacin-induced severe cutaneous adverse drug

reactions; OR, odds ratio.

Table 2. Frequencies of HLA alleles in patients with LEV-SCARs and population controls

HLA genotype

Carrier, No. (%)

P Pca Odd ratio (95% CI)

LEV-SCAR

patients, (n = 11)

Population

controls, (n = 806)

A*30:01 5 (45.5) 132 (16.4) 0.024 0.12 4.26 (1.28–14.15)

B*13:01 4 (36.4) 58 (7.2) 6.63 3 10�3 0.027 7.37 (2.1–25.91)

B*13:02 6 (54.5) 146 (18.1) 7.68 3 10�3 0.031 5.42 (1.63–18.02)

B*15:02 2 (18.2) 32 (4) 0.073 0.29 5.38 (1.12–25.9)

C*03:04 5 (45.5) 122 (15.1) 0.018 0.071 4.67 (1.4–15.55)

C*06:02 6 (54.5) 205 (25.4) 0.039 0.16 3.52 (1.06–11.65)

DQA1*02:01 6 (54.5) 198 (24.6) 0.033 0.13 3.68 (1.11–12.2)

DQA1*06:01 5 (45.5) 105 (13) 0.01 0.038 5.56 (1.67–18.55)

DQB1*02:02 6 (54.5) 168 (20.8) 0.015 0.061 4.56 (1.37–15.11)

DQB1*03:01 8 (72.7) 290 (36) 0.022 0.088 4.74 (1.25–18.02)

DRB1*07:01 6 (54.5) 198 (24.6) 0.033 0.13 3.68 (1.11–12.2)

DRB1*12:02 5 (45.5) 99 (12.3) 7.48 3 10�3 0.03 5.95 (1.78–19.86)

Serotype B13 10 (90.9) 197 (24.4) 7.91 3 10�6 30.91 (3.93–243.01)

Abbreviations: CI, confidence interval; LEV-SCARs, levofloxacin-induced severe cutaneous adverse drug reactions; OR, odds

ratio.
ap values corrected with the Bonferroni correction for multiple comparisons (five for HLA-A, four for HLA-B, -C,DQA1,DQB1

and DRB1). Bold entries indicate that Pc < 0.05.
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LEV-SCARs have a similar mechanism by analyzing peptides bound to HLA-B*13:02 in the presence or

absence of LEV using mass spectrometry. This was performed on HLA-B*13:02 due to its more significant

association with LEV-SCARs compared with that of HLA-B*13:01. In total, we sequenced 1,824 and 2,449

peptides in the LEV and control groups, respectively, with nonapeptides accounting for the highest

proportion at approximately 50%. Among these peptides, 131 and 279 nonapeptides were sequenced

specifically in the LEV and control groups, respectively. The sequences of the nonapeptides bound to

HLA-B*13:02 in the presence of LEV demonstrated shifts at several positions. The average frequencies

of L2 and Y8 of the nonapeptides in the control group were 18.4% and 0.5%, respectively. Whereas these

were significantly decreased after exposure to LEV, demonstrating frequencies of 16.7% and 0.1%, respec-

tively. Moreover, multiple amino acids at position 2 of the nonapeptides were increased after drug treat-

ment, including N2 (from 3.3 to 4.1%), G2 (from 3.6 to 4.0%), R2 (from 3 to 3.4%), and F2 (from 0.9 to 1.2%),

potentially resulting in improved hydrophilicity. However, the magnitude of the LEV-induced repertoire

shift was smaller than that observed in abacavir-hypersensitivity.

Figure 1. Interactions between levofloxacin and HLA proteins

(A) Binding modes of levofloxacin (LEV, green) in HLA-B*13:01(slate), HLA-B*13:02(white), and HLA-B*46:01(salmon). LEV

and residues forming the binding pocket are shown in sticks.

(B) Sequence alignments of HLA-B*13:01, HLA-B*13:02, and HLA-B*46:01. Different residues forming the binding pocket

are marked with blue arrows.

(C) Superimposition of the bindingmodes in panel A. For clarity, HLA proteins are shown as transparent cartoon. Residues

and LEV are shown in sticks.

(D) Electrostatic surfaces of HLA-B*13:01, HLA-B*13:02, and HLA-B*46:01 generated by PyMOL. The PyMOL Charge-

smoothed potential of each protein is shown under the picture.
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The peptide QFKDLKVNL (pep-Q), which was only detected in the LEV group, demonstrated poor affinity

for HLA-B*13:02.15 In contrast, peptide RQDLTTLDV (pep-R), which was only detected in the control group,

showed high affinity for HLA-B*13:02.15 Thus, we selected these peptides for further analysis of the inter-

actions among HLA-B*13:02, LEV, and peptides through molecular simulation (Figure 2). In the absence of

LEV, pep-R tightly bound to the antigen-binding cleft, forming extensive hydrogen bonds with polar res-

idues along the binding pocket (Figure 2B). Meanwhile, L4 and L7 of pep-Rmade hydrophobic contact with

the bottom of the cleft consisting of Y9, Y74, W95, Y99, L116, and Y123 (Figure 2D). Compared with pep-R,

pep-Q possesses more residues with larger side chains, such as F2, K3 and K6, so it could not fit in the nar-

row cleft as well as pep-R (Figure 2A), and the C-terminal end even protruded from the pocket (Figure 2C),

resulting in a worse docking score. When LEV was bound to HLA-B*13:02, it occupied a large proportion of

the antigen-binding cleft, preventing both peptides from binding at the base of the pocket. As a result,

pep-R was located at an exterior site with fewer polar interactions, and L4 and L7 were exposed to the un-

favorable solvent environment, leading to much reduced binding affinity (Figures 2B and 2D). Conversely,

the larger space outside the cleft could better accommodate pep-Q. More direct HLA-B*13:02-pep-Q in-

teractions were observed, and F2, L5, and V7 of pep-Q formed strong hydrophobic patterns with LEV

(Figures 2A and 2C), which provides a basis for understanding why LEV enhanced the affinity of pep-Q

with HLA-B*13:02.

These observations for LEV-HLA-B*13:02-peptide complexes provided further evidences for the impact of

LEV on the interaction between HLA-B*13:02 and peptides as the possible pathogenic mechanism under-

lying LEV-SCARs.

DISCUSSION

The relationships between SCARs and HLA alleles are complicated and specific to drug, phenotype, and

race. Not all patients with carbamazepine-induced SJS/TEN carried HLA-B*15:02; other alleles, including

Figure 2. Effects of levofloxacin on the interactions between HLA-B*13:02 and candidate peptides

(A and B) Different binding models of peptide QFKDLKVNL (pep-Q, A) and peptide RQDLTTLDV (pep-R, B) in HLA-

B*13:02 in the absence or presence of levofloxacin (LEV, green). All amino acid residues from peptides are depicted as

sticks. Resides involved in polar interactions are labeled.

(C and D) Comparison of binding modes in two situations. Resides involved in hydrophobic interactions are labeled.
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HLA-B*15:21, HLA-B*15:11, HLA-B*15:08, and HLA-A*31:01, were also associated with carbamazepine hy-

persensitivity.10,16,17 The related alleles mostly belonged to serotype B75 and shared in their antigen-bind-

ing groove amino acids that play important roles in the interactions between culprit drugs and risk HLA

proteins.18 Another relationship has been demonstrated between HLA allelic groupings (including HLA-

C*04:01, HLA-C*05:01 and HLA-C*18:01) and nevirapine hypersensitivity, which may be attributed to

similar peptide binding properties and F pocket structure.19 In the present study, serotype B13 was

strongly associated with LEV-SCARs, demonstrating a risk in LEV-SCARs development in carriers 17.73

times higher than that in the non-carriers. Based on the HLA directory (2008)20 and the allele frequency

database,21 the serotype B13 HLA allele mainly includes HLA-B*13:01 and HLA-B*13:02 in the Chinese

population. The two molecules demonstrated only three amino acid variation, and multiple shared amino

acids form a hydrophobic antigen-binding pocket to properly accommodate LEV. However, HLA-B*13:01

and HLA-B*13:02 only identify 83% of ‘at-risk’ patients. Other alleles involving in the development of LEV-

SCARs may not have been discovered.

The SCARs are known as T-cell-mediated immune disorders elicited by drugs. The key points of molecular

mechanisms of SCARs include specific drug antigens interacting with the specific HLA molecule, involve-

ment of specific T cell receptors, induction of T-cell-mediated responses, and cell death mechanism.22 The

clinical heterogeneity of SCARsmight be explained by the activation of different effector or regulatory cells

secreting specific cytokines.23 Our study revealed the same association of serotype B13 with LEV-induced

different SCAR entities, including SJS/TEN, DRESS, and AGEP. The risk allele ofHLA-B*13:01 has been pre-

viously reported to be associated with the dapsone hypersensitivity24 and salazosulfapyridine-induced

DRESS.25 We have checked the medical history and verified that the patients in the study had not been

treated with sulfonamides or dapsone prior to the development of the cutaneous reactions.

In the present study, we identified that LEV could hydrophobically bind to the A-E subpocket of the anti-

gen-binding groove in HLA-B*13:01, while dapsone and salazosulfapyridine have been reported to bind

toward the F pocket of the same groove.25–28 The differences in binding site may be attributed to their

different chemical scaffolds. LEV has a bigger structure compared to dapsone and salazosulfapyridine,

which was not suitable in the narrow F pocket and, therefore, favorably located in the larger cleft consisting

of A-E pocket. Nevertheless, as all these small molecules possess aromatic rings, they presented a common

binding characteristic that formed extensive hydrophobic interactions with HLA-B*13:01. These models

also provided clues to ligand selectivity. The different residues R97 in HLA-B*13:01 and T97 in HLA-

B*13:02 significantly changed LEV binding poses in two receptors, making LEV closer to the bottom of

the antigen-binding cleft in HLA-B*13:02 than in HLA-B*13:01, which agrees with the docking models of

dapsone.28 Jiang et al. demonstrated that three different amino acids in the antigen-binding site (I94,

I95, and R97 in HLA-B*13:01, and T94, W95, and T97 in HLA-B*13:02) played important roles in dapsone

selectivity through creating steric hindrance, changing van der Waals interactions and affecting the elec-

trostatic properties of the dapsone-binding pocket.26

In 2012, the three-dimensional crystal structure of the abacavir-HLA-B*57:01-peptide complex was

resolved, which explained the molecular mechanism behind abacavir-induced hypersensitivity.14,29 Under

normal circumstances, the self-peptides displayed by HLA-B*57:01 are ignored by CD8+ T cells. However,

abacavir binds to HLA-B*57:01, occupying the C-F pocket region of the peptide binding groove and chang-

ing its shape and chemistry. The HLA-B*57:01 immunopeptidome dramatically changed, and these newly

presented peptides would be recognized as foreign, thus stimulating CD8+ T-cell proliferative responses

and triggering an abnormal immune response.14 To investigate the molecular mechanism of LEV-SCARs,

we characterized the peptides bound to affinity-purified HLA-B*13:02 molecules from untreated and LEV-

treated cells by mass spectrometry. This helps to understand the drug antigen presentation stage, a com-

mon phase of LEV-SCARs. We observed some shifts in the preferred amino acid induced by LEV, which

showed smaller magnitudes than the changes in abacavir hypersensitivity. This variation may be resulted

from the different conformation alterations in the peptide binding cleft of risk HLA molecules. In spite of

this, the results prompted that the affinity of peptides to HLA-B*13:02 is influenced by LEV, underpinning

the development of LEV-SCARs.

Delayed-type hypersensitivity is well-documented as T cell mediated.30 The antigen signals presented by

HLA on the surface of antigen-presenting cells need to be recognized by T cells to initiate an immune

response. Thus, the TCR repertoire is expansive to respond to diverse antigenic peptides. Previous studies
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have identified the proliferation of drug-specific T cells and revealed oligoclonal expansion of TCR in hy-

persensitivity induced by abacavir, carbamazepine, and allopurinol.14,31,32 Pan et al. found a predominate

and public TCR clonotype in patients with carbamazepine-induced SJS/TEN, whereas broadly polyclonal

TCR usage was discovered in abacavir hypersensitivity. The distinct diversity in TCR repertoire was consis-

tent with the different pathogenesis of hypersensitivity. The development of carbamazepine-induced SJS/

TEN was related to the ‘p-i’ concept, while abacavir hypersensitivity was associated with the ‘altered pep-

tide repertoire’ model. Hence, the TCR repertoire in LEV-SCARs will be explored to further illuminate the

underlying mechanism.

In the development of quinolone antibiotics, it has been observed that the molecular structures of drugs

are not only related to pharmacological activity, but also to drug toxicity. The substituents of an amino

or methyl at position 5, fluorine at position 6, and fluorine or chlorine at position 8 are related to genotox-

icity.33 Drug toxicity is a key factor in druggability. About 4% of new drug withdrawals from the market are

due to adverse reactions, which poses a substantial challenge in drug development.34 Abacavir-induced

severe hypersensitivity reactions occur in 4–8% of patients receiving therapy, associated with considerable

global morbidity andmortality. Paul et al. indicated that certain analogues of abacavir could retain antiviral

activity, but discard the T cell immunogenicity.35 Therefore, investigating the molecular mechanism of LEV-

SCARs and their interactions with chemical structures can provide guidance for the effective and rational

optimization of quinolone antibiotics.

In summary, this study revealed the association of LEV-SCARs with strong genetic predispositions, identi-

fying serotype B13 as a risk factor for LEV-SCARs with a predictive sensitivity of 83% and specificity of 78%.

We believe that the prospective screening of serotype B13, coupled with an alternative drug treatment for

carriers, may significantly decrease the incidence of LEV-SCARs in the Han Chinese population.

Limitation of the study

One limitation of this study was the small sample size. The prevalence of combination therapy in patients

receiving LEV posed a huge challenge for the identification of causative drugs and sample collection. How-

ever, the relatively small sample size in our study is sufficient to capture clinically useful genetic factors with

remarkable genetic effects.36 Moreover, conservative Bonferroni corrections for multiple comparisons

were conducted to eliminate false-positive results. Accordingly, the likelihood of a type I error was consid-

erably low in the present study. Our study was powered to identify a strong association between serotype

B13 and LEV-SCARs in a Han Chinese population and we cannot generalize at this point to people of other

ancestries in whom HLA associations with LEV-SCARs will need to be independently studied. In addition,

due to the influences of cell numbers and detergents, the peptides obtained frommass spectrometry were

numbered. Furthermore, we did not validate these peptides using T cells in patients with LEV-SCARs, mak-

ing it non-conducive to analyzing the effect of LEV on the antigenic repertoire of HLA-B*13:02.
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RESOURCE AVAILABILITY

Lead contact

Requests for additional information and resources should be directed to the lead contact, Qinghe Xing

(xingqinghe@hotmail.com).

Materials availability

The plasmid and cell line generated in this study are available upon request from the lead contact with a

completed Material Transfer Agreement.

Data and code availability

d This paper does not report original code.

d The HLA genotyping data have been deposited at Figshare and are publicly available as of the date of

publication. DOI is listed in the key resources table.

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

All patients of the LEV-SCARs group, LEV-tolerant

group, and the population control group

Huashan Hospital of Fudan

University (Shanghai, China)

N/A

Critical commercial assays

SureSelect Human All Exon V6 Agilent Cat#5190-8865

ANTI-Flag M2 affinity gel Sigma-Aldrich Cat#A2220

Amicon Ultra-0.5 Merck Cat#UFC500308

HiPPR detergent removal resin Thermo Fisher Scientific Cat#88306

Chemicals, peptides, and recombinant proteins

Saline China Otsuka H44020184

Levofloxacin Xinchang Pharmaceutical Factory H20033965

Trifluoroacetic acid Sangon Biotech Cat#A501480

NP-40 Thermo Fisher Scientific Cat#85125

Experimental models: Cell lines

HLA class I-defective cell line HMy2.C1R National Collection of

Authenticated Cell Cultures

Cat#GNHu21; RRID: CVCL_3714

HMy2.C1R transfected with the HLA-B*13:02 plasmid This study N/A

Recombinant DNA

Plasmid: HLA-B*13:02 FLAG tag at C-terminus This study Vector: pCMV6-Entry

Deposited data

HLA genotyping data with WES This study Figshare: http://doi.org/10.6084/m9.

figshare.23311421

Software and algorithms
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d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon reasonable request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patient recruitment

Twelve patients diagnosed with LEV-SCARs were recruited from the dermatology ward and emergency

ward of Huashan Hospital of Fudan University (Shanghai, China) between 2007 and 2020. All the diagnoses

were performed by two independent dermatologists who examined photographs, pathological slides, and

medical records. The diagnosis of SJS/TEN was based on the appearance of mucous membrane erosions

and epidermal detachment (positive Nikolsky’s sign), and confirmed by skin biopsies showing full-thickness

necrosis of the epidermis on pathological examination.38 The diagnostic criterion for DRESS was the

scoring system of the Registry of Severe Cutaneous Adverse Reactions (RegiSCAR) group,39 including cuta-

neous involvement with typical skin eruptions, fever (R38.5�C), enlarged lymph nodes (two or more sites,

R1 cm), presence of atypical lymphocytes and eosinophilia, organ involvement (e.g., liver, kidney, and

lung), time of resolution, and the evaluation of other potential causes. The patients diagnosed with prob-

able or definite DRESS by the RegiSCAR were recruited in the investigation. Diagnosis of AGEP was eval-

uated according to the validation system of Sidoroff.40 The scores of the algorithm of drug causality for

epidermal necrolysis (ALDEN)41 and Naranjo algorithm42 were calculated for each drug taken by patients.

Only cases in which the LEV was considered highly probable or probable were included in the study.

Two control groups were included in this study. A total of 806 Han Chinese subjects without any clinical

history of SCARs were used as the population control group. The LEV-tolerant group consisted of 100 in-

dividuals from the same hospital, who had received LEV without any evidence of adverse reactions for at

least three months. Both case and control groups comprised unrelated Han Chinese patients. This study

was approved by the ethics committee of Huashan Hospital with informed consent obtaining from all

participants.

METHOD DETAILS

Whole-exome sequencing (WES) and HLA genotyping

We performed WES on 11 out of the 12 patients with LEV-SCARs and on all 806 subjects in the population

control group, except for one patient without a sufficient blood sample. All samples were prepared using

SureSelect Human All Exon V6 (Agilent) and subsequently sequenced using Illumina DNA sequencing.

Eight classical HLA alleles (HLA-A, -B, -C, -DPA1, -DPB1, -DQA1, -DQB1, and -DRB1) were genotyped using

HLA-HD37 version 1.3.0 with WES data.

High-resolution HLA genotyping of HLA-A, -B, and -C in 12 patients with LEV-SCARs and 100 LEV-tolerant

individuals was performed using Mentality Bio-Tech (Beijing, China) with the polymerase chain reaction-

sequence specific oligonucleotide (PCR-SSO) method.

Molecular docking analysis of LEV with HLA molecules

To investigate the interaction modes between LEV and HLA molecules, docking analyses were performed.

HLA-B*13:01, HLA-B*13:02, and HLA-B*46:01 were set as the receptors, and LEV was set as the ligand. The

structures of HLA-B*13:01 and HLA-B*13:02 were obtained using homology modeling based on the crystal

structure of HLA-B*52:01 (PDB: 3W39) with 96% identity, and the crystal structure of HLA-B*46:01 was ob-

tained from the PDB database (PDB: 4LCY). The structures of HLA and LEV were processed to obtain the

pdbqt format files. The receptor-grid file was generated using an enclosing box with dimensions 28 Å 3

28 Å 3 28 Å centered on the groove region of the receptor. The processed drug molecules were then

docked into the assumed binding pocket of HLA with default values, outputting the top 50 conformations

of each ligand respectively. The most reliable binding poses were selected according to the favorable

interaction energy and visual inspection.

Analysis of the interactions among LEV, HLA-B*13:02, and peptides

An HLA class I-defective cell line HMy2.C1R (RRID: CVCL_3714) transfected with theHLA-B*13:02 allele was

used for peptide elution.43,44 The cells were treated with LEV at 50 mg/mL (LEV group) or an equal volume of

saline (the control group) for 48h for peptide elution. The immunoaffinity purification were performed with

ANTI-Flag M2 affinity gel (Sigma-Aldrich), and bound complexes were eluted by acidification with 6%
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trifluoroacetic acid. The eluent was ultrafiltered through Amicon Ultra 3K (Merck), and the remaining NP-40

(MW < 3000) was removed using HiPPR detergent removal resin (Thermo Fisher Scientific). High-perfor-

mance liquid chromatography-tandem mass spectrometry analysis was performed on a Nano Aquity

UPLC system (Waters Corporation) connected to a quadrupole-Orbitrap mass spectrometer (Thermo

Fisher Scientific) equipped with an online nano-electrospray ion source. To further investigate the effect

of LEV on the interactions between HLA-B*13:02 and candidate peptides, we docked peptides into

both an apo HLA-B*13:02 molecule and HLA-B*13:02-LEV complexes using the HPEPDOCK server

(http://huanglab.phys.hust.edu.cn/hpepdock/).45 For each docking run, top 10 conformations were gener-

ated and then analyzed by visual inspection.

QUANTIFICATION AND STATISTICAL ANALYSIS

The carrier frequency was calculated as the ratio of the number of subjects carrying the allele to the total

number of the group. Alleles with carrier frequencies >10.0% in the SCARs group were compared between

LEV-SCARs patients and two control groups using Fisher’s exact test. Overall odd ratios (ORs) with corre-

sponding 95% confidence intervals (CIs) were calculated to quantify the association between the presence

of the HLA allele and LEV-SCARs. The p values were corrected using Bonferroni correction for multiple

comparisons (Pc). Associations were deemed statistically significant at p value <0.05.
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