
Letter to the Editor
Promiscuous T-cell responses to drugs and
drug-haptens

To the Editor:
Activation of T cells is dependent on the binding of

MHC-associated peptides to specific T-cell receptors. Peptide
binding stimulates signal transduction events that ultimately lead
to the T-cell response. The specific amino acid pattern of peptides
determines MHC specificity and the nature of the response.1 In
the context of drug hypersensitivity, the drug (or product of
metabolic activation) is postulated to interact with this MHC
peptide T-cell receptor complex to trigger T cells that would
not otherwise have been activated. The discovery of strong
associations between certain HLA class I and class II alleles
and different forms of drug hypersensitivity2 has renewed
interest in characterizing how the drug interacts with the MHC
and T-cell receptors. Drug-responsive T cells are activated by
(1) HLA-binding peptides derived from hapten-protein adducts,3

(2) peptide sequences displayed by MHC molecules with drugs
bound directly to the antigen-binding cleft,4 and (3) drugs
interacting directly with surface MHC peptide complexes.5

Recent studies have shown that T cells can be activated with
certain drugs in an HLA allele–restricted manner even when the
donor has no history of drug exposure. One example is
flucloxacillin, for which pharmacogenetic studies identified a
strong association between the expression of HLA-B*57:01 and
susceptibility to liver injury.6 Wuillemin et al7 generated
flucloxacillin-responsive CD81 clones from healthy donors
with and without HLA-B*57:01 to evaluate mechanisms of
drug antigen presentation. Flucloxacillin was selected in part
because it generates a hapten spontaneously in cell culture
medium that binds covalently to lysine residues on protein.8

Hence, it is possible to differentiate between flucloxacillin
and flucloxacillin hapten–responsive T cells through the use of
(1) soluble drug and (2) antigen-presenting cells pulsed with
flucloxacillin overnight to allow hapten binding, as sources of an-
tigen. T cells from HLA-B*57:012 donors were preferentially
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In contrast, the parent drug was found to activate most T cells
in HLA-B*57:011 donors, without covalent binding. These
data led the authors to conclude that the parent drug drives
T-cell responses in HLA-B*57:011 donors and presumably liver
reactions in susceptible patients.

We similarly compared/contrasted b-lactam– and b-lactam
hapten–specific T-cell responses, but importantly focused on cells
from patients and healthy donors. In contrast to T cells from
healthy donors, T cells from patients with drug-induced liver
injury were activated via a hapten mechanism. The drug
hapten–specific T-cell response was HLA allele–restricted,
whereas the parent drug activated clones in the presence of
antigen-presenting cells expressing multiple HLA alleles.
Collectively, our data suggest that expansion of drug- and drug
hapten–specific clones is dependent on the level of initial drug
exposure: a high level of exposure ex vivo favors the expansion
of HLA allele–unrestricted drug-specific T cells.

In initial experiments, more than 50 MHC class I–restricted
CD81 clones were generated from 3 HLA-B*57:011 healthy do-
nors after priming naive T cells with autologous dendritic cells
and soluble flucloxacillin (1-2mM; see this article’sMethods sec-
tion in the Online Repository at www.jacionline.org). A detailed
description of the functionality of the clones generated using this
method has been reported previously.9 In agreement with Wuille-
min et al,7 most clones were activated to proliferate directly with
high concentrations of soluble flucloxacillin (100 mM and above
[peak serum concentrations following therapeutic exposure are
19.4-32.0 mM]; see Fig E1 in this article’s Online Repository at
www.jacionline.org), but not antigen-presenting cells pulsed
with flucloxacillin for 16 hours (Fig 1; left graph). Binding of flu-
cloxacillin to lysine residues on themodel protein human serum al-
bumin was measured to confirm that hapten-protein adducts are
formedduring the 16-hour culture period (seeFigE2 in this article’s
Online Repository at www.jacionline.org). Similar data were
obtained on repeat testing with 5 additional clones selected from
all 3 donors. Importantly, in this experiment, antigen-presenting
nors and patients with flucloxacillin-induced or
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FIG 2. Activation of flucloxacillin-specific CD81 T-cell patient clones

with soluble drug (left-hand panel) and drug-pulsed autologous and

HLA-mismatched antigen-presenting cells (APCs) (right-hand panel).

Proliferation was measured by the addition of [3H]thymidine. Data

presented asmean cpm of duplicate cultures. Results from 3 representative

clones out of 11 are shown.
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cells were pulsed with flucloxacillin for different durations
(4-48 hours) and responses were not detected (see Fig E3 in
this article’s Online Repository at www.jacionline.org).

More than 30 MHC class I–restricted flucloxacillin-specific
CD81 T cells were also generated from PBMCs of 3
HLA-B*57:011 patients with liver injury (clinical details
provided in Table E1 in this article’s Online Repository at
www.jacionline.org; HLA typing is listed in Table E2 in this
article’s Online Repository at www.jacionline.org). Using the
methodological approach outlined above, we obtained a
different result with these clones. They were activated with solu-
ble flucloxacillin and flucloxacillin-pulsed antigen-presenting
cells (Fig 1; middle graph). Additional experiments found that
T-cell proliferative responses (n5 5 clones) were detected consis-
tently when antigen-presenting cells were pulsed with flucloxacil-
lin for 24 to 48 hours (and after 4 hours, to a lesser extent; Fig E3).
Thus, flucloxacillin hapten–specific T cells predominate in pa-
tients with liver injury. The difference between patient and
healthy donor T cells does not relate to a higher sensitivity of
the patient clones because all clones responded at the same con-
centrations with similar dose-response curves (Fig E1).

The availability of CD81 clones from patients with liver injury
that were activated with soluble flucloxacillin and flucloxacillin-
pulsed antigen-presenting cells allowed us to probe the
specificity of the drug HLA-binding interaction. Three panels
of EBV-transformed B cells (n 5 5-12 antigen-presenting cells
per panel) were generated from PBMCs of healthy donors
selected from our HLA-typed cell bank. Donors were selected
to obtain antigen-presenting cells that expressed a broad array
of HLA-B alleles. In antigen-presenting cell pulsing experiments,
the clones (n 5 11, well-growing clones selected from all 3
patients) were activated in an HLA allele–restricted fashion;
proliferative responses were seen only with antigen-presenting
cells expressing HLA-B*57:01 (Fig 2) and in some instances
the closely related HLA-B*58:01 (results not shown). In contrast,
additional reactivity was detected with antigen-presenting cells
expressing various HLA-B alleles when soluble drug was used
as the antigen. Some clones were activated with flucloxacillin
in a completely HLA allele–unrestricted fashion (Fig 2; clone
3); other clones were activated in the presence of 20% to 50%
of the antigen-presenting cells expressing B alleles other than
B*57:01 (Fig 2; clones 1 and 2). None of the clones was activated
with flucloxacillin in the absence of antigen-presenting cells.

We have also generated (1) MHC class II, HLA-DR–restricted
CD41 and (2) MHC class I–restricted CD81 amoxicillin-specific
clones from 3 patients with amoxicillin-clavulanate–induced
liver injury to investigate whether the phenomena outlined above
with flucloxacillin is restricted to this one drug. In contrast to
flucloxacillin, amoxicillin-clavulanate–induced liver injury is
less strongly associated with particular HLA genotypes10 and
the involvement of risk alleles in the drug-specific T-cell response
has not been defined. All the antigen-specific clones (n 5 10; 6
CD41 and 4 CD81) were activated with soluble amoxicillin
and amoxicillin-pulsed antigen-presenting cells (Fig 1; right
graph), suggesting a hapten mechanism. Two amoxicillin-
responsive CD81 clones were generated from a healthy donor
following dendritic cell priming. In agreement with the flucloxa-
cillin data, one clone was not activated with drug-pulsed
antigen-presenting cells while with the other clone IFN-g release
was 50% lower (see Fig E4 in this article’s Online Repository at
www.jacionline.org; 8 clones from amoxicillin-clavulante
patients were used as a comparator). Although these data are
preliminary, they (1) confirm that all patient clones are activated
via a hapten mechanism and (2) reactivity against the parent drug
is detectablewhen T cells from healthy donors are primed in vitro.
HLA mismatch experiments revealed that the response of patient
clones to pulsed antigen-presenting cells was again restricted to
autologous cells. Amoxicillin-pulsed antigen-presenting cells
expressing other HLA alleles did not activate the clones (see
Fig E5 in this article’s Online Repository at www.jacionline.
org). In contrast, soluble amoxicillin stimulated IFN-g release
from clones cultured with most allogeneic antigen-presenting
cells. Fig E5 shows results from 3 representative clones including
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1 clone in which the additional allo-reactivity was detectable even
though there was a degree of self-presentation (ie, IFN-g release
with amoxicillin in the absence of antigen-presenting cells;
clone 1).

In conclusion, focusing on 2 forms of b-lactam–induced liver
injury, we have shown that patients’ T cells are activated via a
hapten mechanism, whereas T cells from healthy donors are
preferentially activated with the parent drug. Furthermore, the
drug hapten–specific T-cell response is HLA allele–restricted.
These data have important implications for studies focusing
solely on drug-specific T cells derived from healthy human
donors, in particular abacavir hypersensitivity in which theories
have been developed solely on ex vivo studies using T cells from
healthy donors.
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collecting samples, as well as the patients who participated in the project.
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METHODS

Patient characteristics
Three patients with flucloxacillin-induced and amoxicillin-clavulanate–

induced liver injury were enrolled from the DILIGEN (Pharmacogenetics of

drug induced liver injury) study.E1 Causality assessment used the Roussel-

Uclaf causality assessment method.E2 Clinical characteristics of the patients

are described in Table E1. Approval for the study was acquired from the

Liverpool local Research Ethics Committee, and informed written consent

was obtained from each donor. Genomic DNAwas extracted using Chemagic

magnetic separation (Chemagen, Baesweiler, Germany), and high-resolution

sequence-based HLA typing was performed by the Histogenetics laboratory

(Histogenetics, Ossining, NY) at the following loci: HLA-A, -B, -C,

-DRB1, -DQB1, and DQA1. Table E2 lists the HLA alleles expressed by

the patients. Three healthy donors with no history ofb-lactam hypersensitivity

were selected as controls.

Generation of T-cell clones from patients with

drug-induced liver injury
PBMCs (1 3 106/well; 0.5 mL) from patients with flucloxacillin-induced

and amoxicillin-clavulanate–induced liver injury were cultured with

flucloxacillin and amoxicillin, respectively (1-2 mM) in RPMI 1640

supplemented with 10% human AB serum (Class A; Innovative Research,

Novi, Mich), 25 mM HEPES, 10 mM L-glutamine, and 25 mg/mL transferrin

(Sigma-Aldrich Co Ltd, Gillingham, United Kingdom). Cultures were supple-

mented with IL-2 (PeproTech EC Ltd, London, United Kingdom) on days 6

and 9. On day 14, individual T cells were cloned by serial dilution.E3

Priming naive T cells from healthy donors
CD141 cells were cultured in medium containing GM-CSF and IL-4

(PeproTech EC Ltd) for 8 days to generate dendritic cells. TNF-a and LPS

(1mg/mL) were added for the last 16 hours of culture as a maturation cocktail.

CD25 and CD45RO-depleted T cells (2 3 106 T cells/well; 2 mL) were

cultured with dendritic cells (8 3 104 cells/well) in the presence of flucloxa-

cillin or amoxicillin (1-2 mM) for 8 days using our recently established

protocol.E4 The primed T cells were cloned by serial dilution.

Generation of antigen-presenting cells
EBV-transformed B-cell lines were created from PBMCs of patients and

healthy donors selected from our HLA-typed cell bank by transformation with

supernatant from the virus-producing cell line B9.58. Lines were maintained

in RPMI 1640 supplemented with 10% FBS (Invitrogen, Paisley, United

Kingdom), 100 mM L-glutamine, 100 ug/mL penicillin, and 100 U/mL

streptomycin and used as a source of autologous or allogeneic antigen-

presenting cells.

Drug specificity assays
Drug specificity was initially assessed by culturing autologous irradiated

EBV-transformed B cells (13 104/well) and flucloxacillin or amoxicillin (1-2

mM)with T-cell clones (53 104/well; 200mL) for 48 hours. Proliferation was

measured through the addition of [3H]thymidine (0.5 mCi/well, 5 Ci/mmol,

Morovek Biochemicals Ltd, Brea, Calif). Clones with a stimulation index of

greater than 1.7 were expanded by repetitive stimulation with irradiated

allogeneic PBMCs and PHA in medium containing IL-2.

CD phenotyping was conducted using flow cytometry. Dose-dependent

T-cell responses were measured by culturing clones and autologous

antigen-presenting cells with flucloxacillin or amoxicillin at concentrations

between 0.1 and 2 mM for 2 days before analysis of [3H]thymidine

incorporation or IFN-g release by ELIspot. Previous studies focusing

exclusively on flucloxacillin-specific T-cell clones from healthy donors used

antigen-presenting cell pulsing experiments to discriminate between

hapten-responsive T cells and T cells activated with the parent drug through

a direct interaction with surface MHC molecules.E5 In this article, we used

a similar method with 29 clones from healthy donors and patients with

flucloxacillin-induced and amoxicillin-clavulanate–induced liver injury.

Briefly, antigen-presenting cells (1 3 106; total volume 1 mL) were cultured

with flucloxacillin or amoxicillin (1-2 mM) for 16 hours before 3 washing

steps with medium to remove non–covalently bound drug. Clones (5 3 104)

were then cultured with drug-pulsed antigen-presenting cells (1 3 104; for

48 hours). Proliferative responses were measured using [3H]thymidine and

compared with responses obtained with soluble drug. An aliquot of superna-

tant was collected from the antigen-presenting cell drug culture after 16 hours

to measure the lysine residues in human serum albumin modified with either

flucloxacillin or amoxicillin after 16 hours using established methods.E6

In repeat experiments, flucloxacillin-responsive clones (n 5 5 from

patients with liver injury and n 5 5 from healthy donors) were cultured

with antigen- presenting cells pulsed with flucloxacillin for 4 to 48 hours and

proliferation was measured 48 hours later by incorporation of [3H]thymidine.

Drug specificity assays using autologous and

allogeneic antigen-presenting cells
To investigate the importance of specificHLA alleles in the drug-specific T-

cell response, flucloxacillin- and amoxicillin-responsive clones were cultured

with the stimulatory drug and antigen-presenting cells expressing a range of

different HLA alleles. To study flucloxacillin-specific T-cell responses, 3

panels of antigen- presenting cell (EBV-transformedB cells; n5 5-12 antigen-

presenting cells per panel) expressing different HLA-B alleles were generated

and tested alongside the autologous HLA-B*57:011 antigen-presenting cells

in a standard proliferation assay using [3H]thymidine to detect specific re-

sponses. The number of antigen-presenting cells tested with each clone was

dependent on the availability of T cells. In parallel experiments, activation

of clones with flucloxacillin-pulsed autologous and HLA-mismatched

antigen-presenting cells was examined usingmethods outlined above. In total,

11 CD81 clones originating from different DILI patients were analyzed.

In amoxicillin-clavulanate–induced liver injury, genetic studiesE7 have

identified several HLA alleles that predispose an individual to toxicity. How-

ever, to date, the specific HLA alleles that interact with amoxicillin to activate

T cells have not been defined. Thus, antigen-presenting cells were generated

from 10 HLA-mismatched donors expressing different HLA class I and

HLA-DR alleles to patients with liver injury. These were used in an IFN-g

ELIspot assay to study responses of amoxicillin-specific CD41 (n 5 6) and

CD81 (n5 4) clones to soluble drug and drug-pulsed antigen-presenting cells.
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FIG E1. Activation of T-cell clones from healthy donors (n5 7) and patients with flucloxacillin-induced liver

injury (n 5 7) with titrated concentrations of soluble drug. Proliferation was measured after 48 hours

through the addition of [3H]thymidine. Mean cpm values are shown in the figure. The table shows cpm

values obtained with individual clones. Student t test was used to compare the response of clones from

patient and healthy donors at each drug concentration. Significant differences were not detected.
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FIG E2. Binding of flucloxacillin and amoxicillin to lysine residues on human serum albumin. Mass

spectrometry was used to measure the epitope profile of the lysine residues on albumin modified in

antigen-presenting cell culture after 16 hours.
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FIG E3. Activation of flucloxacillin-specific CD81 T-cell clones from patients with liver injury and healthy

donors with soluble drug and antigen-presenting cells pulsed with drug for 4 to 48 hours. Proliferation

was measured by the addition of [3H]thymidine.
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FIG E4. Activation of T-cell clones from healthy donors and patients with

amoxicillin-clavulanate–induced liver injury (n 5 8). Clones were cultured

with soluble drug and autologous antigen-presenting cells or drug-pulsed

antigen-presenting cells. IFN-g release was measured after 48 hours by

ELIspot. Data presented as mean 6 SD for the patient clones.
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FIG E5. Activation of amoxicillin-specific T-cell clones from patients with liver injury with soluble drug

(bottom component) and drug-pulsed antigen-presenting cells (APCs) (top component) using a panel of

HLA-mismatched APCs. ELIspot was used tomeasure IFN-g release. Three representative clones are shown.

A no APCs control was not performed in the pulsing experiments because this would equate to T cells alone.

Thus, the no drug autologous APC wells were used as a relevant control.
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TABLE E1. Clinical details of patients with liver injury

ID Culprit drug Age (y) Sex

Peak liver function tests at time of liver

injury

Time to onset (wk) RUCAM score Since reaction (y)ALT Bilirubin ALP

P1 Amoxicillin-clavulanate 74 Female 133 ULN 123 ULN 23 ULN 1 — 6

P2 Amoxicillin-clavulanate 65 Male 303 ULN 83 ULN 23 ULN 1 8 3

P3 Amoxicillin-clavulanate 61 Male 63 ULN 263 ULN 33 ULN 5 10 11

P4 Flucloxacillin 63 Male 233 ULN 33 ULN 93 ULN 3 7 13

P5 Flucloxacillin 90 Female 11 3 ULN 13 3 ULN 4.5 3 ULN 3 6 8

P6 Flucloxacillin 67 Female 4 3 ULN 36 3 ULN 2 3 ULN 3 5 7

ALP, Alkaline phosphatase; ALT, alanine transaminase; RUCAM, Roussel Uclaf Causality Assessment Method; ULN, upper limit of normal.
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TABLE E2. HLA type of patients

ID

HLA profile

HLA-A HLA-B HLA-DRB1 HLA-DQB1 HLA-DQA1

Patients with flucloxacillin-induced liver injury

P1 02:01/03:01 07:02/57:01 15:01/07:01 03:03/06:02 01:02/02:01

P2 —* — — — —

P3 02:01/24:02 15:01/27:05 04:01/08:01 03:01/04:02 03:01/04:01

P4 01:01/02:01 05:01/06:02 01:01/07:01 03:03/05:01 01:01/02:01

P5 01:01/29:02 06:02/06:02 03:01/07:01 02:01/03:03 02:01/05:01

P6 01:01/29:02 06:02/07:01 03:01/07:01 02:01/03:03 02:01/05:01

*Genotyping data not available.
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