
Alterations in the HLA-B*57:01 immunopeptidome by flucloxacillin and 
immunogenicity of drug-haptenated peptides 

Neoantigen formation due to the interaction of drug molecules with human

leukocyte antigen (HLA)-peptide complexes can lead to severe

hypersensitivity reactions. Flucloxacillin (FLX), a -lactam antibiotic for

narrow-spectrum gram-positive bacterial infections, has been associated with

severe immune-mediated drug-induced liver injury caused by an influx of T-

lymphocytes targeting liver cells potentially recognizing drug-haptenated

peptides in the context of HLA-B*57:01. To identify immunopeptidome

changes that could lead to drug-driven immunogenicity, we used mass

spectrometry to characterize the proteome and immunopeptidome of B-

lymphoblastoid cells solely expressing HLA-B*57:01 as MHC-I molecules.

Selected drug-conjugated peptides identified in these cells were synthesized

and tested for their immunogenicity in HLA-B*57:01-transgenic mice. T cell

responses were evaluated in vitro by immune assays. The

immunopeptidome of FLX-treated cells was more diverse than that of

untreated cells, enriched with peptides containing carboxy-terminal

tryptophan and FLX-haptenated lysine residues on peptides. Selected FLX-

modified peptides with drug on P4 and P6 induced drug-specific CD8+ T cells

in vivo. FLX was also found directly linked to the HLA K146 that could

interfere with KIR-3DL or peptide interactions. These studies identify a novel

effect of antibiotics to alter anchor residue frequencies in HLA-presented

peptides which may impact drug-induced inflammation. Covalent FLX-

modified lysines on peptides mapped drug-specific immunogenicity primarily

at P4 and P6 suggesting these peptide sites as drivers of off-target adverse

reactions mediated by FLX. FLX modifications on HLA-B*57:01-exposed

lysines may also impact interactions with KIR or TCR and subsequent NK

and T cell function. Our results expand the knowledge on the mechanisms by

which severe drug hypersensitivity reactions might occur which is of

relevance to better understanding product safety.

Abstract

• Factors leading to idiosyncratic drug hypersensitivity might involve non-

covalent and covalent interactions between drug and peptide.

• FLX treatment of B721-5701 cells can alter the presentation of self-peptides

by enriching the peptide repertoire of the cell with sequences containing

tryptophan at the C-terminus, a preferred amino acid for immunoproteasome

processing and which confers a higher predicted binding affinity to the

sequence.

• We also identified drug-haptenated peptides with immunogenicity potential

depending on the lysine at which FLX gets conjugated.

• Direct modifications of the HLA by FLX at lysines that are believed to play

immunoregulatory roles could also participate in the activation of innate

immune pathways, contributing inflammatory events to the initiation of

immune-mediated drug adverse reactions.

• Further animal studies will allow us to characterize the generated immune

responses in more detail and whether the reactive cells can infiltrate hepatic

tissue and lead to DILI.

• Understanding the mechanisms behind these modifications and their impact

on breaking T cell tolerance is critical to drug development and amelioration of

adverse side effects.

Conclusions

• Reagents- FLX (Sigma-Aldrich, USA) was used in vitro experiments and to prepare drug-

conjugated lysines as per Scornet et al. (1) to synthesize FLX-modified peptides (FLX-

peptide) by solid-phase Fmoc chemistry.

• B-lymphoblastoid cell lines- The HLA-B*57:01 was transduced using a lentiviral

expression system in a B721 lymphoblastoid cell line. The B721-5701 exclusively

express the HLA allele.

• Proteomics and LC-MS/MS analysis- Cells were grown in the absence or presence of

FLX for 5 days in duplicate cultures. Cells were harvested and proteins extracted and

trypsinized. After ion exchange fractionation, peptides were analyzed by LC-MS on a Q-

Exactive MS with nano-LC. Data was processed with the PEAKS 8.5 software using

Uniprot non-redundant human database (https://www.uniprot.org).

• Generation, isolation and identification of HLA-bound peptides- B721.5701 cells

expressing mHLA were grown without antibiotics in G-Rex 6-Well Plates to high density

for 5 days with or without 150 g/ml FLX. Cell lysates were immune-affinity purified using

anti-HLA class-I antibody W6/32. Acid-eluted peptides were analyzed using nano-LC-

MS/MS with a ThermoFisher Ultimate LC and Fusion Orbitrap MS. FLX-conjugated

peptides were identified from soluble HLA preparations, collected from bioreactor

continuous cultures. Peptides were purified from sHLA/peptide complexes as described

above.

• Treatment of mice, in vitro cell culture and analysis- HLA-B*57:01 transgenic/H2-

KbDb knockout (Tg/KO) mice were generated by backcrossing HLA-B*57:01/H2-Dd Tg (3)

to H2-KbDb KO C57BL/6 mice (4). Tg/KO mice were immunized with 100 µg of FLX-

peptide containing immune adjuvants. At day 14, Splenocytes from Tg/KO mice were

cultured for 5 days in complete RPMI with 0.5% heat-inactivated normal mouse serum

(days 0-2) and 10% FBS (days 3-5) in the absence or presence of 10 μg/mL of FLX-

peptides or unmodified peptide. Secretion of IFN- was measured in cell culture

supernatants by ELISA. Analysis of immune cell subsets was performed by intracellular

and/or surface marker staining and flow cytometry using standard methods.

• Peptide docking modeling- Details of the protocols applied to modeling peptide

interactions with drug, HLA and TCR are described in Puig et al. (2). Images were

generated using PyMOL (The PyMOL Molecular Graphics System, Version 2.0).

Materials and Methods Results and Discussion

Idiosyncratic drug-induced liver injury (DILI) is a rare but potentially fatal adverse drug

reaction and a major obstacle in the development of pharmaceuticals. Understanding

the biochemistry and immune pathways that mediate severe adverse drug reactions is

critical for identifying treatment and prevention strategies to minimize unwanted off-

target drug effects. These reactions are complex, and many are considered to be

immune-mediated based on (i) the presence of mononuclear cells, including effector

CD8+ T cells, in liver biopsies of patients experiencing DILI, and (ii) the reactivity of

these patients’ T cells to drug stimulation in vitro, often observed to be dependent on

the expression of specific HLA Class-I and II alleles. Administration of flucloxacillin

(FLX), a -lactam antibiotic of narrow spectrum for Gram positive bacteria, causes

adverse reactions affecting the liver. FLX-induced DILI was found significantly

associated with the expression of HLA-B*57:01 and HLA-B*57:03 by GWAS. T cell

reactivity to FLX was demonstrated in vitro to be elicited by both soluble drug

(primarily in HLA-B*57:01+ drug-naïve healthy individuals) and drug-pulsed presenting

cells (mainly in HLA-B*57:01+ DILI patients), the latter suggested to be mediated by

covalently-linked FLX on protein epitopes.

While there is an accepted association between the immune system and drug-

mediated liver injury, the mechanisms by which drugs cause immune cell activation

are still poorly understood. Proposed molecular mechanisms to explain drug

hypersensitivity are based on drug-peptide interactions. T cell responses to non-

covalent drug-peptide complexes are known as the pharmaceutical interaction

mechanism, while antigen processing-dependent responses are thought to be driven

by drug covalently linked to peptides presented by HLA molecules. In addition, we and

others have described a non-covalent mechanism by which abacavir facilitates the

loading of novel self-peptides with changes in the consensus C-terminal anchor

residues into HLA-B*57:01, inducing autoimmune-like reactions to the drug-altered

antigens. Here, we described alterations in the peptide repertoire of HLA-B*57:01 by

FLX, by non-covalent and covalent mechanisms, that could be involved in breaking

tolerance to self-peptides and induce an undesirable immune response. We also

propose in silico representations of the interaction of the FLX-modified peptides with

cellular receptors.

Introduction

Figure 1. FLX does not significantly alter the B721-5701 cell proteome but induces

diversity in the peptide repertoire of B721-5701 cells, favoring sequences with

tryptophan (W) in P9/P. (A) Increased and decreased abundance (log2 fold change) of

proteins in the proteome of cells treated with FLX vs untreated (Unt). (B) Common and unique

peptides eluted from HLA/peptide complexes. (C) Peptide length frequency. (D) Common and

unique proteins represented by immunopeptidome-identified sequences in Fig. 1B. (E) Protein

distribution showing the number of peptides per protein. (A-E) Data analysis was performed

using PEAKS software, for 2 biological replicates/treatment. (F) Unsupervised analysis shows

no change in the sequence motif of 9-mer sequences in the immunopeptidome of Unt of FLX-

treated cells by Gibbs Cluster 2.0 software. (G) Percent of common peptides with P9-W (9-mer)

increased in abundance by more than 4x, 2-4x or less than 2x in FLX immunopeptidome vs Unt

from 3 independent experiments. Peptides with C-term W have higher predictive HLA affinity.

Figure 3. Immunogenicity of FLX-peptides depends on the peptide sequence, the

position of drug-conjugated lysine (K) and HLA presentation. Immunizations and cultures

were set up as described in M&M. IFN- was measured by ELISA. (A/B) In vitro drug-specific

responses to the in vivo immunogen were mainly observed for FLX-RTKK_K4, FLX-KAA_K4

and K6, and blocked by HLA B/C Ab. (C) Isoforms of FLX-RTKK peptides induce similar T cell

reactivity. (D) IFN- is produced by CD8+ but not CD4+ T cells as shown by FACS in d5

splenocyte cultures re-stimulated with the same immunogen. One-way ANOVA to no peptide

condition as baseline.

Figure 2. FLX-modified peptides identified from drug treated HLA-B*57:01 expressing

cells. (A) MS/MS spectra of parent ions with characteristic b and y ions, drug fragments

(160.04, 295.03, 454.06/07) and diagnostic b+294 fragments. (B) Two FLX-RTKK_K4 isoforms

with different retention time by RP-HPLC (top) but identical mass (m/z=851.4191/2+,

m/z=567.85/3+ (data not shown)) (mid and low LC-MS1 spectra). (C) Unmodified and modified

peptides identified by PEAKS analysis and verified manually.

Figure 4. In silico prediction of the peptide interactions with cellular molecules. (A-F)

Parent and FLX-RTKK peptides with HLA-B*57:01 cleft. Lateral (A-C) and top (D-F) views.

Peptide sequences are in blue, drug is in red and HLA is in gray. (G-H) Spatial representation

of the HLA/peptide complex relative to the TCR. FLX (red) conjugated to the RTKK peptide

(blue backbone) lysine (K) in P4 clashes with the CDR3 subunit of the model KAF-TCR (PDB

ID: 2YPL) (green) (G) as opposed to the drug conjugated in the K in P10 (H). HLA 1 and 2

helix subunits are in light blue. (I) Potential interference of FLX with HLA (gray)/(KIR)-3DL

(teal) on NK cells when bound to the TAA peptide (blue) lysine in P9 (white) or HLA-lysine-146

(yellow).

M. Puig1, S. Ananthula1, R. Venna1, S. K. Polumuri1, E. Mattson1, L. Walker2, M. Cardone1, M. Takahashi3, S. Su1, L. F. Boyd4, K. Natarajan4, G. 

Abdoulaeva5, W. W. Wu5, G. Roderiquez1, W. H. Hildebrand6, S. L. Beaucage3, Z. Li2, D. H. Margulies4, M. A. Norcross1

1 Laboratory of Immunology/OBP/CDER/FDA; 2 DARS/OTS/CDER/FDA; 3 Laboratory of Biological Chemistry/OBP/CDER/FDA; 4 Molecular Biology Section/ 

Laboratory of Immune System Biology/NIH; 5 Facility for Biotechnology Resources/CBER/FDA; 6 University of Oklahoma Health Sciences Center

RTKK FLX-RTKK_K4 FLX-RTKK_K10

G H I

FLX-RTKK_K4

FLX-KAA_K4

FLX-TAA_K9

30.46

31.92

Peptide FLX in protein
Peptide 

Length
Mass m/z z Protein Accession Protein Description

KAAKLKEKY

KAAK(+453.06)LKEKY

na

K150

9

9

1077.6545

1530.7102

539.8342

511.2447

2

3
P09429|HMGB1_HUMAN

High mobility group 

protein B1

RTKKVGIVGKY

RTKK(+453.06)VGIVGKY

na

K7

11

11

1247.7714

1700.8269

624.897

567.9514

2

3
P61513|RL37A_HUMAN

60S ribosomal 

protein L37a

TAAQITQRKW

TAAQITQRK(+453.06)W

na

K146

10

10

1201.6524

1654.7124

602.34

828.3697

2

2
P18465|1B57_HUMAN

HLA class I

antigen B-57 chain

C
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