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Allergic immune responses are initiated and maintained by T cells that
recognize peptidic fragments of allergens in the context of major
histocompatibility complex (MHC) class II molecules. An anomaly of this
model exists in the T-cell response to haptens. Haptens are nonpeptide
antigens that alone are too small to provoke an immune response.
Nevertheless, T-cell responses to haptenic allergens clearly occur and are
critically involved in allergic immune responses to drugs such as penicillin.
Although the mechanisms that generate T-cell epitopes from protein
antigens are well understood, haptens create T-cell epitopes by alternative
mechanisms. These may include binding of haptens directly to preformed
MHC-peptide complexes on the cell surface, or indirect association with
MHC molecules after conjugation with self cell surface or serum proteins
that are then processed and presented as haptenated peptide antigens. Which
of these unorthodox mechanisms of epitope generation is dominant in allergy
to penicillin is unknown. This study aims to determine the nature of the
epitopes recognized by amoxicillin-specific T cells from allergic donors, and
to clarify whether T-cell responses to penicillin antibiotics are MHC-
restricted and require haptenated self proteins to be processed before
recognition. Human T-cell lines specific for amoxicillin were raised and used
in assays with processing-disabled and MHC-class II-typed antigen-
presenting cells to determine the MHC restriction and processing
requirements of T cells recognizing amoxicillin. Fixation of antigen-
presenting cells with paraformaldehyde, before or after pulsing with
amoxicillin, established that T cells can recognize amoxicillin-containing
epitopes with a similar efficiency irrespective of whether the antigenic
conjugate has been internalized and processed. These results suggest that
amoxicillin can bind directly to preformed MHC-peptide complexes and
need not necessarily involve the processing of haptenated self carrier
proteins before recognition of the conjugate by amoxicillin-specific T cells.
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Antibiotics are among the most frequent causes of
allergic drug reactions. It is estimated that up to
10% of patients treated with B-lactam antibiotics
experience some form of immunologic hypersensi-
tivity to the drug (1). Truly allergic, IgE-mediated
reactions to penicillins range from mild urticaria to
life-threatening anaphylaxis (2—4). Non-IgE-medi-
ated, but immunologic reactions to penicillin also
occur and include haemolytic anaemia and vascu-

litis or nephritis caused by antipenicillin antibodies
interacting with penicillinated erythrocytes or sol-
uble proteins, respectively (2, 6, 8). Dermatologic
manifestations of hypersensitivity to penicillins are
also common and include rashes, dermatitis, and
fixed drug eruptions (2, 9, 10).

The danger of provoking a serious allergic reac-
tion to penicillin complicates the clinical manage-
ment of patients with cystic fibrosis and bacterial
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endocarditis who require frequent or prophylactic
treatment with these drugs (3, 4). Although several
alternative, less allergenic drugs are available, pen-
icillins are often the drug of choice for treatment
of brain abscesses, bacterial meningitis, and gesta-
tional syphilis or neurosyphilis (6, 7).

Penicillins have molecular weights in the range of
350-500 Da. Antigens of this size are too small to be
immunogenic and are therefore classified as haptens.
In common with other haptenic allergens, penicillins
probably acquire immunogenicity by spontaneous
conjugation to self carrier proteins in vivo. Whether
immunogenic penicillin is bound to self cell surface
proteins or to serum proteins, however, is a subject
of some controversy (11, 12). It is also unclear
whether immunogenic neoepitopes consist of peni-
cillin bound to MHC molecules, or to peptides asso-
ciated with MHC molecules. In the latter case, two
mechanisms are possible: penicillin may bind to cell
surface or soluble proteins that are processed into
penicillinated peptides and loaded onto MHC mole-
cules; alternatively, penicillin may bind directly to the
peptide of a preformed complex (13-20). These novel
mechanisms for epitope generation have provoked
controversy as to whether penicillin-self protein con-
jugates always require processing before recognition
by hapten allergen-specific T cells (13-20).

In this study we have raised T-cell lines from
patients allergic to amoxicillin to determine the
nature of naturally conjugated, immunogenic
amoxicillin self protein conjugates. Specifically, we
have sought to clarify whether these clinically
relevant antihapten responses are MHC-restricted
and require penicillin-self protein conjugates to be
processed before recognition by T cells.

Material and methods
Patients

Subjects with a documented history of penicillin
hypersensitivity were recruited from the Asthma and
Allergy Research Centre at the Leicester General
Hospital in accordance with local ethical committee
guidelines. Patient E.R. had a 24-year-long history of
penicillin allergy, and patient K.W. had suffered an
urticarial rash after oral administration of amoxicillin
2 years before recruitment to the study.

Antibiotics and antibodies

Penicillin G, methicillin, dicloxacillin, oxacillin, amp-
icillin, and nafcillin were purchased from Sigma-
Aldrich Chemical Co. Ltd (Dorset, UK). Amoxicil-
lin, flucloxacillin, and temocillin were generously
donated by SmithKline Beecham Pharmaceuticals
plc (West Sussex, UK). Azlocillin was the generous
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gift of Bayer Pharmaceutical (Berkshire, UK). Stock
solutions of all penicillins were prepared at 100
mgml~! in water and stored at -20°C.

Culture media

Lymphocyte proliferation assays and T-cell lines
were cultured in RPMI 1640 (Life Technologies,
Inc, Paisley, UK) supplemented with 5% pooled,
heat-inactivated human A* serum (National Blood
Transfusion Service, Sheffield, UK) and 2 mM L-
glutamine (ARPMI). Epstein-Barr virus (EBV)-
transformed B-cell lines were cultured in RPMI
1640 supplemented with 10% foetal calf serum
(Sigma-Aldrich) and 2 mM L-glutamine (FRPMI).
All cells were cultured without antibiotics.

Amoxicillin-specific T-cell lines

Peripheral blood mononuclear cells (PBMC) were
prepared by density gradient centrifugation over
Lymphoprep™ (Nycomed, Oslo, Norway). PBMC
were washed and cultured at 5x10° cells well™" in
the wells of a 24-well plate in ARPMI containing
a final concentration of 1 mgml™' amoxicillin. Cul-
tures were incubated at 37°C in a 5% CO,, 100%
humidity atmosphere. T-cell lines were maintained
with 20 [lUml™! recombinant human interleukin-2
(IL-2) (Aldesleukin™, Eurocetus, UK) every 2-3
days, and an equal number of 2500 R y-irradiated
syngeneic antigen-presenting cells (APC) and
1 mgml~! amoxicillin every 14 days.

Preparation of EBV-B-cell lines

EBV-transformed B-cell lines (EBV-B) were pre-
pared by incubating 5%10° freshly isolated PBMC
with EBV-containing supernatant from the marmo-
set cell line B95.8 (gift of Dr Alan Rickinson, Uni-
versity of Birmingham, UK). After incubation for 1
h at 37°C, cells were resuspended in FRPMI contain-
ing 0.2 pgml! cyclosporin A (Sandoz, Rugby, UK).

Proliferation assays

T cells (1x10*) were cocultured with 1x10* 2500 R
y-irradiated syngeneic PBMC APC in a final vol-
ume of 200 pl in the wells of a 96-well, round-
bottomed tissue culture plate. Each antibiotic was
added at a range of concentrations from 0 to
2mgml~'. After 48 h of culture, each well was
pulsed with 37kBq [*H] thymidine (Amersham
International plc, Amersham, UK) for 16 h. Cells
were harvested onto glass fibre filters by a semi-
automatic cell harvester, and the isotope incorpo-
rated was measured by scintillation spectroscopy
(Wallac, Milton Keynes, UK). Results are shown
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Fig. 1. Specificity of amoxicillin-reactive T-cell lines. a) T-cell
lines from donor E.R. and b) donor K.W. were specific for
amoxicillin. APC (10*) were cocultured with equal number
of T cells. Each antibiotic was used in proliferation assays
at concentration of 1 mgml™'. (i) PG: penicillin G; Me:
methicillin; Ox: oxacillin: Ax: amoxicillin; Tem: temocillin;
Flu: flucloxacillin; Naf: nafcillin: Dx: dicloxacillin; Az
azlocillin; Amp: ampicillin.

as the mean of triplicate cultures in counts per
minute (cpm) or stimulation indices (SI). SI were
calculated by dividing the mean cpm with antibiotic
by the mean cpm without antibiotic. SI values
greater than 2.5 were considered significant.

MHC class II typing of APC

EBV-B to be used as APC were typed for MHC
class I genotype. Typing was carried out by
polymerase chain reaction using HLA-DRP
sequence-specific primers. Alleles for the DRI
loci were assigned with commercial primer Kits
(British Society for Histocompatibility and Immu-
nogenetics, Molecular Special Interest Group, Bris-
tol University, Bristol, UK).

Immunogenicity of amoxicillin
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Fig. 2. Dose response of T-cell lines to amoxicillin. Amoxicillin-
specific responses of T-cell lines from donors E.R. (filled
squares) and K.W. (open squares) were dependent upon
concentration of amoxicillin. Equal numbers of PBMC and T
cells (10%) were cocultured in proliferation assays with
amoxicillin at 0-2 mgml~'. Proliferation of each T-cell line
was optimal at 1 mgml™".

MHC class II restriction of amoxicillin-specific T-
cell lines

MHC class IT restriction of the T-cell lines was
confirmed with EBV-B APC prepared from MHC
class II-typed donors expressing HLA-DR alleles
matched or mismatched with those of the T-cell
donors. Standard T-cell proliferation assays were
conducted with 5000 R y-irradiated EBV-B cells as
APC in the presence and absence of an optimal
concentration of amoxicillin.

Determination of antigen-processing requirements

EBV APC were pulsed for 16 h with 1 mgml™!
amoxicillin before or after fixation with parafor-
maldehyde. APC were fixed for 15 min with 1%
paraformaldehyde (Sigma-Aldrich) in PBS at room
temperature. Cells were washed once with PBS and
incubated for 30 min in FRPMI at 37°, followed by
two additional washes in PBS before use as APC
in standard proliferation assays.

Results
T-cell lines

T-cell lines isolated from two amoxicillin-allergic
subjects, E.R. and K.W., were confirmed to be
specific for amoxicillin, as the cells failed to
respond significantly to any other penicillin tested
(Fig. 1a and b). The proliferative responses of both
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Fig. 3. MHC class II restriction of amoxicillin-specific T-cell
lines. MHC class II restriction of a) E.R. and b) K.W. T-cell
lines. Proliferation assays were set up with panel of different
EBV-transformed B-cell lines matched or mismatched for
HLA-DR alleles of E.R. or K.W, Gamma-irradiated EBV-B
cells (10*) were cultured with equal numbers of T cells and
no amoxicillin (open bars), or 1 mgmi~' amoxicillin (filled
bars),

T-cell lines to amoxicillin was antigen dose-
dependem reaching a plateau between 1 and
2 mgml~' (Fig. 2).

MHC class 11 restriction elements of amoxicillin-
specific T-cell lines

To determine whether the T-cell responses of the
amoxicillin-specific T-cell lines were MHC class II
restricted, a panel of MHC class II-typed EBV-B
APC that shared some or none of the MHC class
I1 alleles of E.R. and K.W. were used as APC in
proliferation assays with the T-cell lines (Fig. 3a
and b). The amoxicillin-specific T-cell line from
donor E.R. (HLA-DRB1*0301; HLA-DRB1*0701/
0702) responded only to amoxicillin in the presence
of EBV-B cell APC that expressed the HLA-
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Fig. 4. Prefixed APC presented amoxicillin efficiently to T cells
from donor K.W. Proliferation assays were performed with 10*
APC, which had been fixed with 1% paraformaldehyde
before or after 16-h incubation with no amoxicillin (open
bars) or 1 mgmi~' amoxicillin (filled bars).

DRB1*0301 allele (Fig. 3a). This correlates with the
serologic specificity of DR17, a split of DR3,
suggesting that the amoxicillin-specific T-cell line
from donor E.R. was DR17-restricted. The amox-
icillin-specific T-cell line from donor K.W. (HLA-
DRB1*1501/1502; HLA-DRpB1*1302) responded
only to amoxicillin in the presence of APC that
expressed the HLA-DRB1*1501/1502 allele (Fig.
3b). This correlates with a serologic specificity of
DR2, suggesting that the amoxicillin-specific T-cell
line from donor K.W. was DR2-restricted.

Processing requirements of naturally formed
immunogenic amoxicillin conjugates

To determine whether naturally formed amoxicil-
lin-self protein conjugates always require process-
ing before recognition by amoxicillin-specific T
cells, EBV-B APC were fixed with paraformalde-
hyde before or after pulsing with amoxicillin. APC
fixed after a 16-h incubation with amoxicillin effi-
ciently presented the drug to amoxicillin-specific T
cells (Fig. 4). To determine whether these immuno-
genic complexes were formed after self carrier
proteins had been processed and loaded as pep-
tides onto MHC class II molecules, EBV-B APC
were fixed before incubation with amoxicillin (Fig.
4). Under these conditions, EBV-B were slightly
more efficient APC than those fixed after a 16-h
incubation with the drug. This result strongly sug-
gests that a substantial proportion of the response
to amoxicillin is accounted for by direct conjuga-
tion of the drug with preformed MHC-peptide
complexes that are already at the cell surface. The
possibility remains, however, of a minor role for




amoxicillin-containing  epitopes that require
processing from native self proteins. The slightly
lower response of T cells to APC fixed after 16-h
incubation with amoxicillin may be due to the
clearance of immunogenic amoxicillin complexes
from the cell surface before fixation.

Discussion

We have established two amoxicillin-specific
T-cell lines from allergic subjects that recognize
natural conjugates between amoxicillin and self
proteins. These T-cell lines have been used to
examine the MHC-restriction and anti-
gen-processing requirements of T cells for self
protein-conjugated amoxicillin, an allergenic hap-
ten of clinical importance.

Amoxicillin is a protein-reactive drug and, in
common with other penicillin antibiotics, will bind
to any protein that contains exposed lysine or
histidine side-chains, including MHC molecules,
MHC-bound peptides, and cell surface or serum
proteins. To become immunogenic, non-MHC-
associated amoxicillin conjugates require addi-
tional processing, while amoxicillin conjugated
with MHC molecules, or peptides bound to MHC
molecules do not. Our finding that naturally
formed amoxicillin protein-conjugates do not nec-
essarily require processing suggests that immuno-
genic amoxicillin may bind directly to MHC
molecules, or indirectly to peptides already posi-
tioned in the grooves of MHC molecules. Our data
argue against an alternative mechanism in which
the drug binds to a native, non-MHC associated
protein that is then processed to amoxicillin-con-
taining, MHC-binding peptides.

The requirements of hapten-specific T cells for
antigen processing are controversial. Some studies
show that processing-disabled APC are unable to
present haptens to T-cell hybridomas (21), while
others conclude that processing is not always
required for presentation of haptens to T-cell
clones (19, 20). These discrepancies might be
explained by the use of cloned T cells, where the
unique and exquisite specificity of a clone may be
a disadvantage. This is because the in vitro response
of a T-cell clone measures only the recognition of
a single epitope, the generation or expression of
which may or may not be sensitive to inhibition by
fixation. In contrast, oligoclonal T-cell lines may
include clones of cells that recognize both process-
ing-sensitive and -insensitive epitopes. This argu-
ment is supported by a report showing that
processing was strictly required for the recognition
of nickel by 40% of nickel-specific T-cell clones,
while the remaining 60% of clones recognized
nickel presented by fixed APC (20).

Immunogenicity of amoxicillin

Our data do not establish whether immunogenic
amoxicillin binds to MHC molecules or peptides
associated with MHC molecules. Precedents for
both mechanisms are, however, found in studies of
allergy to metals. When antigen recognition by
metal reactive T-cell clones is used as a readout,
nickel appears to bind predominantly to peptides
located in the grooves of MHC molecules (16, 17).
This contrasts with the situation with gold, in which
the hapten is thought to bind directly to MHC
molecules (17). It has not been fully investigated
whether these apparent discrepancies are due to
the selection of monoclonal T-cell clones and hybri-
domas with these patterns of recognition from an
in vivo pool of polyclonal T cells that contains both
types of reactivity.

T cells can directly recognize either a hapten
attached to any MHC-bound peptide (hapten-
specific T cells), or a combination of parts from the
hapten and peptide (conjugate-specific T cells) (22,
23). Since the frequency of each individual peptide
epitope on the surface of an APC is very low, the
surface density of epitopes recognized by conjugate-
specific T cells will also be low. In contrast, haptens
anchored to MHC molecules by any peptide are
relatively frequent and present a high density of
epitopes to hapten-specific T cells. This has led to
the proposal of a mechanism, based on hapten
recognition, by which immediate and delayed hyper-
sensitivity may be induced by the same drug in
different individuals (17). Anchoring of amoxicillin
to MHC molecules by a large number of different
peptides already within MHC molecules may pro-
mote a high ligand density for hapten-specific T-cell
antigen receptors. High epitope densities on APC,
such as those seen by hapten-specific T cells, are
reported to favour the development of Thl cells
involved in type IV immunopathologies (17). Con-
versely, low-density epitopes, such as those recog-
nized by conjugate-specific T cells, promote Th2 cell
development and type 1 immunopathologies (17).
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