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Abstract

Background: Vancomycin, a glycopeptide antibiotic used for Gram-positive bacte-
rial infections, has been linked with drug reaction with eosinophilia and systemic
symptoms (DRESS) in HLA-A*32:01-expressing individuals. This is associated with
activation of T lymphocytes, for which glycolysis has been isolated as a fuel path-
way following antigenic stimulation. However, the metabolic processes that underpin
drug-reactive T-cell activation are currently undefined and may shed light on the en-
ergetic conditions needed for the elicitation of drug hypersensitivity or tolerogenic
pathways. Here, we sought to characterise the immunological and metabolic path-
ways involved in drug-specific T-cell activation within the context of DRESS patho-
genesis using vancomycin as model compound and drug-reactive T-cell clones (TCCs)
generated from healthy donors and vancomycin-hypersensitive patients.

Methods: CD4+ and CD8+ vancomycin-responsive TCCs were generated by serial
dilution. The Seahorse XFe?® Analyzer was used to measure the extracellular acidi-
fication rate (ECAR) as an indicator of glycolytic function. Additionally, T-cell prolif-
eration and cytokine release (IFN-y) assay were utilised to correlate the bioenergetic
characteristics of T-cell activation with in vitro assays.

Results: Model T-cell stimulants induced non-specific T-cell activation, characterised
by immediate augmentation of ECAR and rate of ATP production (JATPglyc). There
was a dose-dependent and drug-specific glycolytic shift when vancomycin-reactive
TCCs were exposed to the drug. Vancomycin-reactive TCCs did not exhibit T-cell
cross-reactivity with structurally similar compounds within proliferative and cy-
tokine readouts. However, cross-reactivity was observed when analysing energetic
responses; TCCs with prior specificity for vancomycin were also found to exhibit gly-
colytic switching after exposure to teicoplanin. Glycolytic activation of TCC was HLA
restricted, as exposure to HLA blockade attenuated the glycolytic induction.
Conclusion: These studies describe the glycolytic shift of CD4+ and CD8+ T cells

following vancomycin exposure. Since similar glycolytic switching is observed with
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teicoplanin, which did not activate T cells, it is possible the master switch for T-cell

activation is located upstream of metabolic signalling.
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GRAPHICAL ABSTRACT

Vancomycin has been linked with drug reaction with DRESS in HLA-A*32:01 expressing individuals and is associated with activation of drug-
specific T lymphocytes. However, the metabolic processes than underpin drug-reactive T-cell activation are undefined. CD4+ and CD8+
vancomycin-specific T-cell clones (TCCs) generated from healthy donors and hypersensitive patients expressing HLA-A*32:01 undergo
dose-dependent, drug-specific and HLA restricted glycolytic switching when activated with vancomycin. TCCs displayed ‘energetic’ cross-
reactivity with teicoplanin, indicating the master switch for T-cell activation may be located upstream of metabolic signalling.

1 | INTRODUCTION
Adaptive immune responses are implicated in the pathogenesis of
hypersensitivity reactions to a multitude of drug classes including
B-lactam antibiotics, sulfonamides and anticonvulsants.’® T-cell activa-
tion has long been established as a key determinant of cell-mediated
(Type IV) hypersensitivity, with ensuing effector functions resulting in
the release of cytotoxic molecules and subsequent tissue dama,ge.“'5
However, the metabolic phenotypes that underpin the initiation and
propagation of a drug-specific T-cell response have not been defined.
Vancomycin is a first-generation glycopeptide antibiotic used
in the treatment of severe infections caused by Gram-positive bac-
teria (e.g. methicillin-resistant Staphylococcus aureus (MRSA) and
Clostridium difficile). Recently, vancomycin administration has been
linked as a causative factor within drug reaction with eosinophilia
and systemic symptoms (DRESS), for which pathogenesis is entwined
with delayed onset, aberrant T-cell function.”® Furthermore, a phar-
macogenetic study into the link between vancomycin exposure and
DRESS reactions has now shed light on a specific human leukocyte
antigen (HLA) association (HLA-A*32:01), indicating involvement of
the adaptive immune system and potential role for the activation
of T cells. Recent work using HLA-A*32:01 positive healthy human
donors has shown the importance of an interaction between van-
comycin and HLA-A*32:01 for T-cell activation, with T-cell effector
functions evoked by direct, non-covalent pharmacological interac-
tions between the drug and MHC.*°

Key messages

e CD4+ and CD8+ vancomycin-specific T-cell clones
undergo glycolytic switching when activated with
vancomycin.

e Glycolytic switching of vancomycin-specific T-cell
clones was dose-dependent, drug-specific and HLA
restricted.

e T-cell clones displayed energetic cross-reactivity with
teicoplanin, despite the absence of proliferative and ef-

fector cytokine responses.

Researchers have recently started to characterise the energetic
pathways that underpin immune-cell activation, such as glycolysis
and oxidative phosphorylation (OXPHQS), in an attempt to define
the essential metabolic phenotypes necessary for rapid cellular
growth and proliferative function. Furthermore, the activation of
T cells from inherent resting and naive states requires metabolic
reprogramming in which fuel sources are readily available to cope
with energetic demands of clonal expansion. Antigen presenta-
tion evokes T-cell activation via interactions between antigen,
antigen presenting cells (APCs) displaying major histocompatibil-
ity complexes (MHC) and the T-cell receptor (TCR). Studies have
now demonstrated that ensuing CD4+ and CD8+ T-cell effector
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functions are dependent on glycolysis.***? This form of metabolic
reprogramming has been described as an immediate-early ‘gly-
colytic switch’ when applied to both de novo and memory T-cell
responses.13 To this end, the published literature has broadly fo-
cused on characterising metabolic phenotypes within polyclonal
T-cell populations, in addition to energetic changes following ar-
tificial («CD3/28) and peptide-induced stimulation.'* Given the
unique pathways involved in the activation of drug-specific T
cells, there is a need to elucidate the metabolic traits and fuel de-
pendence that governs T-cell responses to drugs within single cell
populations. This may provide mechanistic insight into the con-
ditions necessary for recall responses within the context of drug
hypersensitivity reactions.

The initial focus of this work was to develop an assay capable
of detecting both non-specific and drug-specific markers of T-cell
activation, through measurement of the glycolytic fuel pathway
using the Seahorse XFe96 Respirometer. These assays enable the
measurement of extracellular acidification rates (ECAR) that can be
converted to glycolytic ATP production rates (JATPglyc) indicative
of glycolytic function. Bioenergetics assays allowed for the study
of metabolic signatures associated with the drug-specific activa-
tion process of vancomycin-reactive CD4+ and CD8+ T-cell clones
(TCCs) generated from healthy donors and hypersensitive patients
expressing HLA-A*32:01, and determined whether metabolic signal-
ling in T cells is exquisitely associated with T-cell proliferative re-

sponses and cytokine release.

2 | METHODS
2.1 | PBMC from human subjects

Peripheral blood mononuclear cells (PBMCs) were obtained from
healthy, HLA-genotyped donors naive for vancomycin exposure, ac-
cessed through a biobank of 1200 HLA typed donors.?*!> PBMC iso-
lated from three patients with confirmed vancomycin hypersensitivity
were acquired following approval the from Local Ethics Committee
and with written, informed consent. Samples were also collected after
material transfer agreement (MTA) approval. HLA typing (HLA-A,
HLA-B, HLA-C, HLA-DRB1, HLA-DRB345, HLA-DQA1, HLA-DQB1,
HLA-DPA1 and HLA-DPB1) at 3x resolution was performed by the
Histogenetics laboratory (Histogenetics, Ossining, NY).

2.2 | T-cell clone generation

PBMCs isolated from healthy donors and vancomycin-hypersen-
sitive patients were used to generate CD4+ and CD8+ express-
ing vancomycin-specific TCCs using a serial dilution protocol.*
Drug-reactive TCCs were subjected to a battery of phenotypic
and functional assays to determine pathways of T-cell activation,
processing capacity and cross-reactive potential, detailed in the
Appendix S1.

2.3 | Glycolytic dependence

Assays were developed and optimised to explore the energetic
requirements associated with the activation of single T-cell popu-
lations. Monoclonal drug-specific TCCs generated from healthy
donors and vancomycin-hypersensitive patients were assessed for
glycolytic dependence upon acute activation with model stimu-
lants (phytohaemagglutinin and anti-CD3 activating antibodies)
and vancomycin using the Seahorse XFe96 Respirometer. The oxy-
gen consumption rate (OCR) and ECAR were measured to quantify
mitochondrial respiration and glycolysis respectively. Additionally,
JATPglyc and JATPox were quantified to allow for the direct as-
sessment of energy production through each metabolic pathway.
Energetic function of TCCs with predetermined compound specific-
ity were analysed in quadruplicate, with 3x10° TCCs/well required
for viable metabolic readouts. Detailed methods information can be
found in the Appendix S1.

2.4 | Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.0 soft-
ware and data are presented as mean+SEM. To evaluate T-cell re-
sponses for which data are normally distributed, a student's t-test or
one-way ANOVA was used. For data sets not normally distributed,
such as functional T-cell assays, statistical analysis was performed
using a Mann-Whitney U test. For both tests, *p<.05 was consid-
ered to be the threshold for significance.

3 | RESULTS

3.1 | Generation of CD4+ and CD8+
vancomycin-specific TCCs from HLA-A*32:01-positive
healthy donors and vancomycin-hypersensitive
patients

Vancomycin-responsive CD4+ and CD8+ expressing TCCs were
generated from three healthy donors positive for HLA-A*32:01
and three hypersensitive patients positive for HLA-A*32:01
(Figure 1). As an example, a total of 103 TCC were stimulated to
proliferation with vancomycin from 216 test cultures, with 35
categorised as ‘extreme’ responders giving a drug-specific stim-
ulation index of >10-fold above the media control (Figure 1B).
Multiple drug-specific TCCs were generated from all three vanco-
mycin-hypersensitive patients. For one patient (patient 1) >50% of
TCCs exhibited specificity for vancomycin after drug rechallenge
(Figure 1A). A further 20% of these TCCs were categorised as ‘ex-
treme’ responders.

A total of 24 vancomycin-specific TCCs expressing both
CD4+ and CD8+ phenotypes were expanded via repetitive mi-
togen-driven stimulation. Eight TCCs were deemed suitable for
energetic profiling after cell numbers passed a predetermined
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(A)
TCCs tested Drug-responsive % Responsive
HD-1 216 103 48%
HD-2 120 2 1.7%
HD-3 60 40 67%
Patient1 96 51 53%
Patient 2 240 20 8%
Patient 3 96 22 23%
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FIGURE 1 Generation of vancomycin-specific TCCs from PBMC enriched for CD4+ and CD8+ T cells in healthy donors and vancomycin-
hypersensitive patients expressing HLA-A*32:01. (A) Number of vancomycin-responsive TCCs (SI>1.5) after drug rechallenge. TCCs were
assessed for drug specificity using proliferation readout [3H]. Total numbers of cultures tested for vancomycin specificity shown across
healthy donor and patient groups positive for HLA-A*32:01. (B) Bulk PBMC cultures were seeded at 1x 10® PBMC/well with graded
concentrations of vancomycin (0.1-0.5mM) for 14 days. T cells were enriched for CD4+ or CD8+-expressing populations by MACS
separation and transferred to 96-well U-bottomed plates (1T cell/well average) with irradiated allogenic PBMC (5 x 10* cells/well) and
medium supplemented with IL-2 (200 U/mL) and PHA (5 ug/mL). Test cultures were rechallenged with vancomycin (0.5 mM) or medium only,
in the presence of irradiated autologous EBV-transformed B cells (1 x 10* cells/well). Testing was performed over four wells in duplicate
conditions and cultures were incubated for 48h and pulsed with tritiated [°H]-thymidine (0.5 uCi/well) for 16 h before scintillation counting.
Readouts were given as counts per min (cpm) and Sl values for each test culture were interpreted as either weak (1.5 > SI<2.5), moderate
(2.5> Sl <4), strong (4> SI < 10) or extreme (SI> 10). Data are shown for representative CD4+ and CD8+-enriched populations.

threshold value of approximately 1 x 107 cells per TCC. CD8+ van-
comycin-reactive TCCs were used to assess energetic responses to
model T-cell stimulants and vancomycin at graded dosage. CD4+
TCCs were used to study the HLA restricted nature of energetic
switching. Additionally, energetic differences between CD4+ and
CD8+ drug-specific T cells were evaluated using single cell popu-

lations (Figure S2).

3.2 | Model stimulants facilitate a transition
towards glycolytic fuel pathways in CD8+
vancomycin-specific TCCs

Glucose injection increased ECAR values, representing basal lev-
els of TCC glycolytic function. Exposure to autologous-irradiated

antigen presenting cells (APCs) did not result in any detectable
energetic changes. Assays assessing the utility of PHA for ECAR-
dependent T-cell activation revealed TCCs exhibited elevated ECAR
levels within 10min of exposure. PHA induced statistically signifi-
cant increases in both ECAR and oxygen consumption rate (OCR)
levels, but the impact on ECAR was substantially higher with a 63%
elevation detected compared to basal levels of glycolytic function
(Figure 2A). Metabolic phenotyping of all TCCs revealed a distinct
shift from a quiescent state towards a more energetic and glycolytic
state upon mitogen-driven T-cell activation (Figure 2B).

Similar results were observed after stimulation of drug-specific
TCCs with «CD3. ECAR dependence was found to be favoured over
OCR following acute stimulation with aCD3 antibodies (Figure 2A).
Analysis of the metabolic phenotypes of these cellular popula-
tions via the comparison of OCR and ECAR values before and after
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FIGURE 2 Glycolysis stress test of model T-cell stimulants in drug-specific TCCs. (A) Vancomycin-specific TCCs (3x 10°) were
sequentially exposed to D-glucose (25mM), autologous APCs (5x 10%) and either PHA (10 pg/mL) or «CD3 (10 pg/mL), followed by a final
injection of 2-DG (25 mM). Data are shown for a representative TCC and given by ECAR (mpH/min) and OCR (pmol/min) readouts. Statistical
significance was determined using a student's t-test (*p <.05, **p <.01 and ***p <.0001). (B) Energetic shifting (OCR vs. ECAR) following
acute injection of model stimulants. Data are shown for five representative TCCs (PHA injection) and three TCCs («CD3 injection). (C)
JATPglyc and JATPox values (pmol ATP/min) of TCCs (n=3) after acute injection of PHA or «CD3.

stimulation with aCD3 revealed a similar shift from quiescent and
inactivated states towards a more energetic and glycolytic state
upon TCR-mediated activation (Figure 2B). When profiling glycolytic

readout (Figure S1).

dependence of drug-specific TCCs after «CD3 exposure, the addi-
tion of «CD28 antibodies did not further influence the metabolic
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FIGURE 3 Glycolytic activation of CD8+ vancomycin-specific TCCs and conventional T-cell readouts. (A) Cytokine release from CD8+
vancomycin-specific TCCs. TCCs (5 x 10%) were co-cultured with autologous EBV-transformed B cells (1 x 10* cells) and either vancomycin
(0.5mM), medium or PHA (10 pg/mL). Cytokine secretion (IFN-y) was measured after 48 h incubation by ELISpot. To assess the drug-specific
nature of proliferative responses, vancomycin-specific TCCs (5 x 10 were co-cultured with autologous EBV-transformed B cells (1 x 10%
cells) and either vancomycin (0-1 mM) or carbamazepine (0-200 pM). Cells were incubated for 48 h before pulsation with tritiated [BHI-
thymidine (0.5 uCi/well) for 16 h. Proliferation was determined by [®H]-incorporation and interpreted as cpm values. Statistical significance
was determined using a student's t-test (**p <.01, ***p <.001). (B) Glycolysis stress test incorporating vancomycin exposure (TCCs; n=3).
Vancomycin-specific TCCs were sequentially exposed to D-glucose (25mM), APCs (5x 10%) and vancomycin (0.5 mM) followed by a final
injection of 2-DG (25mM). (C) JATPglyc and JATPox values (pmol ATP/min) of vancomycin-specific TCCs (n=3) after acute vancomycin
exposure. (D) Glycolysis stress test at graded vancomycin concentrations (0.1, 0.5 and 1 mM) and carbamazepine (100 uM).
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To calculate the rate of ATP production through glycolysis and
OXPHOS after exposure to model T-cell stimulants, ECAR and OCR
values were converted to JATPglyc and JATPox as per the method of
Mookerjee et al.}” Calculation of bioenergetic rates of ATP produc-
tion revealed that PHA induced a strong energetic shift away from
OXPHOS and towards glycolysis (JATPglyc). After stimulation with
aCD3, the rate of ATP production through OXPHOS (JATPox) was
observed to increase alongside JATPglyc (Figure 2C).

3.3 | Activation of CD8+ vancomycin-reactive
TCCs shows dependence for glycolysis in a
dose-dependent and drug-specific manner

Three representative CD8+ expressing TCCs were assessed for
cytokine secretion, proliferation and glycolytic switching after
vancomycin treatment. Each TCC was found to release IFN-y

and proliferate in a dose-dependent manner after drug exposure
(Figure 3A). Drug-specific T-cell activation was observed to be a
highly glycolytic process (Figure 3B). All three TCCs (TCC-106, TCC-
133 and TCC-143) exhibited glycolytic switching immediately after
exposure to autologous irradiated APCs and optimal concentra-
tions of vancomycin (0.5mM). Treatment with 2-DG successfully
reversed the ECAR dependence observed, indicating that glycoly-
sis was the primary metabolic pathway utilised by drug-activated T
cells (Figure 3B). Analysis of ATP production rates through glycolysis
(JATPglyc) further confirmed the specificity of the energetic switch
in favour of glycolysis (Figure 3C). Energetic comparison between
CD4+ and CD8+ TCCs suggests an increased glycolytic capacity in
CD4+ expressing single cell populations following vancomycin re-
challenge (Figure S2).

Due to high levels of clonal expansion, one CD8+ vancomy-
cin-reactive TCC (TCC-143) was further assessed for the presence
of both dose-dependent and drug-specific energetic responses to
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FIGURE 4 CD3 downregulation of CD4+ drug-specific TCCs after vancomycin treatment. (A) T cells (5x 10%) with predetermined drug
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only. Activated cultures were stained with anti-CD3 (APC) antibodies and samples were analysed for 10* using a FACS-Canto Il instrument.
(B) CD3 downregulation after vancomycin exposure (TCCs; n=4). CD3 downregulation was interpreted as a percentage between control and
drug-exposed cultures. Unstained and untreated cultures were set up in parallel for comparison and samples were analysed using a FACS-
Canto Il instrument integrated with FACS DIVA operating software and phenotypic analysis was carried out using Flowing 2 software to
calculate CD3 downregulation (%) of each TCC after pulsation with either vancomycin or medium for multiple time points.
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vancomycin and the structurally unrelated compound carbamaz-
epine (CBZ; Figure 3D). Acute vancomycin exposure resulted in a
dose-dependent increase between 0.1 mM and 0.5mM vancomycin
concentrations within the ECAR readout (Figure 3D). No detect-
able change within ECAR readout was observed when the TCC was
exposed to CBZ at the optimal T-cell stimulatory dose. These data
aligned with proliferative responses of vancomycin-specific TCCs

when tested for cross-reactivity with CBZ at graded drug concen-
trations (Figure 3A).

CD4+ vancomycin-reactive TCCs were assessed for CD3 down-
regulation (a sensitive marker of TCR triggering) after stimulation with
vancomycin at time points correlating with glycolytic activation. CD3
expression was found to be downregulated 5min after vancomycin
exposure, and at each subsequent time point studied (Figure 4).
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FIGURE 5 Glycolysis stress test in CD4+ vancomycin-specific TCCs assessing energetic response to vancomycin after HLA-DR blockade.
(A) Proliferative responses of CD4+ vancomycin-specific TCCs. TCCs (5x 10%) were co-cultured with autologous EBV-transformed B-cells
(1x 10* cells) and vancomycin (0-1mM). Cells were incubated for 48 h before pulsation with tritiated [SH]—thymidine (0.5uCi/well) for

16 h. Proliferation was determined by [*H]-incorporation and interpreted as cpm values. Statistical significance was determined using a
student's t-test (****p <.0001). (B) TCCs (3x 10°) were blocked with HLA-DR antibodies (10 ug/mL) for 1h. TCCs were sequentially treated
with D-glucose (25 mM), APCs (5 x 10%) and either vancomycin (0.5mM) or medium followed by a final injection of 2-DG (25 mM). (C)
Glycolytic capacity (mpH/min) of CD4+ vancomycin-specific TCCs after acute drug exposure and HLA-DR blockade. Statistical significance
was established using one-way ANOVA (*p<.01, **p <.001 and ***p <.001). (D) Proliferative responses to vancomycin after HLA-DR
blockade. TCCs (5x 10%) were co-cultured with irradiated autologous EBVs (1x 10% and either HLA Class | (10 pg/mL), HLA-DR (10 ug/mL) or
corresponding 1gG2 isotype controls (10 pg/mL) for 1 h. Blocked cultures were treated with vancomycin (0.5mM) or medium for 48 h before

pulsation with tritiated [°H]-thymidine and scintillation counting. Statistical significance was determined using a Mann-Whitney U test

(*p<.05, **p<.01).

3.4 | CD4+ TCCs with vancomycin specificity
display APC-dependent HLA restricted activation

Vancomycin-responsive CD4+ TCCs proliferate in a dose-depend-
ent manner after drug rechallenge (Figure 5A) and displayed simi-
lar rapid glycolytic responses following acute vancomycin exposure
(Figure 5B). Additionally, the glycolytic capacity of these cells was
strongly enhanced after vancomycin treatment (Figure 5C). These
TCCs were subsequently used to explore the importance of antigen
presenting cells and HLA dependency of the energetic readout. The
CD4+ TCCs displayed abrogated ECAR responses after HLA-DR
blockade and vancomycin exposure, when compared to TCCs as-
sessed in the absence of HLA-DR blockade (Figure 5B). These data,
indicating that vancomycin presentation via HLA-DR is necessary for
the induction of a glycolytic response, are concordant with HLA-DR-
restricted proliferative responses to vancomycin in a panel of TCCs
generated from the same patient (Figure 5D). HLA class |-restricted
activation of vancomycin-specific CD8+ TCCs (n=3) was demon-
strated in T-cell proliferation assays prior to metabolic assessment
(isotype control cpm, 2.9%10* MHC class | block cpm, 3.3x10%
MHC class Il block cpm, 2.5><104). To assess APC functionality,
CD8+ TCCs were exposed to both 50 and 100 uM vancomycin in the
presence and absence of antigen presenting cells. Glycolytic switch-
ing of TCCs was only observed in the presence of autologous APCs
(Figure S3).

3.5 | CD8+ TCCs display immediate ECAR
escalation, but are not stimulated to proliferate or
secrete IFN-y, with the glycopeptide teicoplanin

CD8+ expressing TCCs displayed proliferative responses and
IFN-y secretion with vancomycin, but not teicoplanin (Figure 6A,B).
Interestingly, cross-reactivity was detected when profiling the en-
ergetic parameters of T-cell activation after acute exposure of the
same TCCs to vancomycin and teicoplanin (Figure 6C). Immediate
ECAR escalation was observed following exposure of vancomycin
and teicoplanin in 3/3 TCCs profiled for cross-reactivity, with 2-DG

inducing energetic blockade.

4 | DISCUSSION

Vancomycin-induced DRESS can be severe and limit the choice of
antibiotics for Gram-positive bacterial infections.'® The recent
discovery of (i) HLA-A*32:01 carriage as a susceptibility factor for
vancomycin-induced DRESS’ and (ii) the detection of vancomycin-
responsive T cells in patients with DRESS and healthy HLA-A*32:01+
donors®® highlights the importance of adaptive immunity in disease
pathogenesis. In this study, vancomycin-reactive CD4+ and CD8+
TCCs were successfully generated from healthy donors and patients
with vancomycin-induced DRESS (Figure 1). Vancomycin specificity
was confirmed using proliferation and IFN-y secretion as readouts,
prior to energetic profiling and assessment of cross-reactivity to de-
termine whether energetic signalling is linked to other T-cell activa-
tion events.

Empirical evidence now exists detailing metabolic switching to
both glycolysis and Warburg metabolism following the activation of
resting, memory and naive T cells, with intrinsic differences now ap-
parent between the metabolic activities of CD4+ and CD8+ express-
ing T cells following TCR stimulation.!%2° As circulating lymphocytes
exit quiescence following antigen exposure, there is evidence that
glycolytic precursors within glucose metabolism are upregulated
to support rapid growth and clonal expansion.?%?? Applications
utilising metabolic signatures of cloned T cells, such as glycolytic
switching after stimulation, may permit the comparison of metabolic
activity on a single cell level and serve as an early marker for the
detection of drug-specific memory T-cell response pathways. In this
study, we focused on vancomycin-responsive T cells as (i) vancomy-
cin-induced DRESS is clinically important and cross-reactive T-cell
responses to glycopeptide antibiotics such as vancomycin and teico-
planin have recently been described,'®23 (i) the drug stimulates both
CD4+ and CD8+ T cells and (iii) the pathway of vancomycin-specific
T-cell activation is ill-defined.

In order to delineate the presence of metabolic adaptation that
underpins the ability of drug-specific TCCs to enter a glycolytic-like
state, it was necessary to optimise and develop assays capable of
measuring the energetic parameters of T-cell activation following
acute stimulation. Transformed B-cell lines have been shown to be

proficient at antigen presentation culminating in the elicitation of
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FIGURE 6 Energetic cross-reactivity between CD8+ vancomycin-specific TCCs and teicoplanin. (A) Proliferative cross-reactivity study
of vancomycin-specific TCCs generated from healthy donor PBMC positive for HLA-A*32:01 expression (n=3). TCCs (5 x 10%) were co-
cultured with irradiated autologous EBV-transformed B cells (1 x 10* cells) and either vancomycin (0-1000 uM), teicoplanin (0-1000 pM) or
PHA (10 pg/mL). Cultures were incubated for 48 h (37°C, 5% CO,) prior to pulsation with tritiated [®H]-thymidine and scintillation counting
(B) Assessment of glycopeptide cross-reactivity by cytokine release. TCCs (5 x 10%) were co-cultured with autologous EBV-transformed B
cells (1x 10* cells) and either vancomycin (0.5 mM), teicoplanin (0.25 mM), medium or PHA (10 pg/mL). IFN-y release was detected after 48 h
incubation by ELISpot. (C) Vancomycin-specific TCCs were assessed for cross-reactivity with teicoplanin by glycolysis stress test assay after
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antigen-specific T-cell responses.24 Consequently, incorporation of a key component of the assay development process. APCs were
B cells (as APCs) within the assay system for the measurement of exposed to gamma irradiation, to inhibit proliferation whilst still re-
energetic parameters associated with T-cell activation represented taining functionality in terms of antigen presentation and acutely
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injected within the assay at similar ratios described in the con-
duction of conventional functional T-cell assays.? Importantly, the
addition of APCs to the assay systems induced no effect on basal en-
ergetic readouts (Figures 2 and 3). For the detection of drug-specific
T-cell responses manifesting as a visible ‘switch’ between metabolic
pathways, positive controls in the form of model T-cell activators
with well-defined stimulatory properties were introduced and opti-
mised for use within glycolysis stress test assays (Figure 2). Firstly,
PHA isolated from Phaseolus vulgaris was shown to induce a strong
fluxing towards glycolytic dependence in preference to OXPHOS,
as expected of the transition between T cells in quiescent and acti-
vated states. Indeed, PHA activates human T cells in a non-specific
manner to induce proliferation and is widely deployed within func-
tional T-cell assays for validation purposes.?’

To develop the assay for the assessment of drug-specific T-cell
activation, it was important to assess energetic function after stim-
ulation with compounds possessing greater physiological relevance.
As a consequence, both CD3 and CD28 activating antibodies were
studied in isolation and co-operatively to elucidate the impact of
TCR-mediated stimulation on the activation profile of drug-specific
TCCs. CD3 and CD28 are typically amalgamated within functional
assays attempting to induce polyclonal T-cell activation and cellular
expansion.? In vitro applications attempt to mimic both signal 1 and
signal 2 interactions typically provided through interplay between
the APC and TCR for which an activation threshold is determined.?”
Integration of both CD3 and CD28 activating antibodies revealed no
discernible energetic advantage when compared to the activity of
anti-CD3 in isolation (Figure S1). From this, it can be deduced that
fuel pathway dependence, for which glycolysis was implicated, was
influenced by the presence of signal 1 but not signal 2. In this way,
glycolytic switching measured within the assay system was sensitive
to interactions between antigen and TCR, mimicked by the addition
of anti-CD3, but not to any co-stimulation provided by anti-CD28 for
which T-cell survival would be promoted and a proliferative effect
induced.?® This may be due to TCCs possessing a memory pheno-
type, therefore negating the requirement for additional, costimula-
tory signalling needed for T-cell activation.

To complement the body of work detailing fuel dependency
after artificial stimulation for which a glycolytic shift has been im-
plicated, we aimed to determine if ECAR measurement and JATPglyc
could be used as a metabolic signature for drug-specific T-cell ac-
tivation.*>%’ Vancomycin-reactive TCCs expressing CD8+ pheno-
types with predetermined drug specificity were found to exhibit
metabolic switching accentuated by an increased dependence on
glycolysis after acute vancomycin exposure (Figure 3B). This was ev-
idenced by an increase within JATPglyc rates after drug stimulation,
directly implicating glycolysis as the primary metabolic pathway
involved (Figure 3C). Furthermore, the energetic changes detected
with stress-based assays were found to be dose-dependent and
drug-specific, concordant with assays performed in parallel detail-
ing proliferative responses and cytokine release (Figure 3A,D). This
was important for validation of the assay and provided affirmation
that the observed glycolytic response was vancomycin-specific and

not caused by cellular stress, as indicated by the absence of any
detectable response following the addition of a structurally un-
related compound and the addition of vancomycin in the absence
of APCs. Analysis of maximal ECAR values and comparative study
between T-cell subpopulations suggests CD4+-expressing TCCs
possess a greater capacity for glycolytic induction than CD8+ TCCs
(Figure S2). These data align with similar studies assessing both gly-
colytic dependence and the expression of glycolytic enzymes such
as Hexokinase Il, for which CD4+ T cells have been observed to pos-
sess a superior glycolytic phenotype.!

It was necessary to confirm the presence of functional antigen
presentation within the glycolysis stress test to verify both physio-
logical relevance and provide a degree of synchronisation between
metabolic readouts and in vitro T-cell assays. We have demonstrated
that APCs are required for CD8+ vancomycin-specific T-cell acti-
vation. Additionally, the blockade of HLA-DR in experiments with
vancomycin-specific CD4+ TCCs resulted in abrogation of glycolytic
dependence after vancomycin exposure (Figure 5A). Therefore, an-
tigen presentation capable of eliciting energetic responses to vanco-
mycin has been successfully modelled with HLA interactions clearly
visible. In this study, large numbers of CD4+ vancomycin-specific
TCCs were generated from hypersensitive patients, despite the doc-
umented HLA class | association. There are number of potential rea-
sons for this phenomenon. Firstly, it must be stated that numerous
studies have indicated that DRESS pathogenesis can mediated by
both CD4+ and CD8+ T-cell responses and although a genetic asso-
ciation exists between vancomycin and HLA-A*32:01, only 20% of
individuals expressing the risk allele will develop DRESS after vanco-
mycin treatment.”3 This data aligns with T-cell cloning experiments
performed with both dapsone and flucloxacillin-hypersensitive
patients. Dapsone (HLA-B*13:01) and flucloxacillin (HLA-B*57:01)
have been strongly associated with expression of HLA class | mol-
ecules; however, studies have shown drug-specific CD4+ TCCs can
be generated in abundance.?%? Indeed, the pathogenesis of drug
hypersensitivity reactions often involves collective input from both
CD4+ and CD8+ T cells, with the notable exception of abacavir for
which a CD8+ T-cell response is mounted in isolation.>® Previous
work has successfully demonstrated HLA class I-restricted activa-
tion of CD8+ vancomycin-specific TCCs within proliferation-based
assays.10 However, further studies are on-going to explore the ener-
getics of HLA class | restriction of CD8+ TCCs and indeed the impor-
tance of HLA-A*32:01 in drug binding and T-cell activation.

Finally, it was important to corroborate the immediacy of the
observed metabolic traits that signify T-cell activation with surface
marker expression at time points relevant to the glycolysis stress
test assay. Surface CD3 was found to be rapidly (within minutes) in-
ternalised on TCCs after stimulation with vancomycin at time points
correlating with glycolytic activation (Figure 4). Downregulation of
CD3 surface receptor expression can be used as a reliable maker
of T-cell activation following drug: TCR ligation.’*%> These data
suggest that vancomycin interacts directly with surface MHC and
the TCR of TCCs to trigger effector functions. This agrees with our
previous work showing that antigen processing is not required for
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the activation of T cells with vancomycin.!® Vancomycin has a large
structure with a molecular weight (MW =1449.3g/mol). Thus, it is
important that future structural studies investigate the nature of the
vancomycin interaction with MHC and MHC-binding peptides.

Evidence firmly points towards elevated glucose uptake and
the induction of an early immediate glycolytic switch, necessary
to keep pace with the energetic demand of T-cell activation.*33¢%7
More recently, the role of glycolytic metabolism within T-cell acti-
vation has been further affirmed for a variety of cellular responses,
most notably when studying graft-versus-host disease for which el-
evated and sustained levels of glycolysis have been associated with
allogenic T-cell responses.®®3? With respect to fuel pathway de-
pendence following immune stimulation, it follows that the cellular
glycolytic potential of drug-reactive T cells may govern the degree
of proliferative and functional response, if not ultimately the na-
ture of such responses. Indeed, it is possible that this phenomenon
may underpin cellular fate, either towards elicitation and hypersen-
sitive progression or in favour of tolerance if fuel requirements for
full activation are unmet. Importantly, our data demonstrate that
an early glycolytic switch is both APC and MHC-dependent, with
binding interaction sufficient for metabolic output and the require-
ment for co-stimulatory signalling negated (Figure 5). Furthermore,
the adapted glycolysis stress test assay displays utility for the de-
tection of initial drug-TCR interaction. This is evidenced by the ‘en-
ergetic’ cross-reactivity observed after CD8+ vancomycin-specific
TCCs are exposed to teicoplanin, despite the absence of prolif-
erative cross-reactivity, (Figure 6). It is possible that the lack of a
functional T-cell response may be impacted by partial, low affinity
cross-reactivity, however, this phenomenon was observed in TCCs
with a stronger glycolytic output after teicoplanin exposure (TCC-
106). In this case, we postulate that engagement between teico-
planin, MHC and TCR prepares the T cell for downstream effector
function but crucial signalling pathways remain absent for full T-cell
activation to commence.

In summary, access to cloned T cells from healthy human do-
nors and patients with vancomycin hypersensitivity allowed for
an in-depth study of the metabolic signatures associated with mi-
togen, anti-CD3/CD28 and drug-specific activation of CD4+ and
CD8+ T cells. Glycolytic activation of TCC with vancomycin was
dose-dependent and HLA restricted. Although metabolic signal-
ling in T cells appears to be a requirement for T-cell proliferative
responses and cytokine release, cross-reactivity data with teico-
planin indicate that energetic switching is an upstream event and
may be seen in the absence of other activation parameters (e.g.
proliferation, cytokine release). Future work in this area will ex-
plore the correlation between reaction severity and strength of
glycolysis in patients presenting with hypersensitivity to multiple
drug classes, enabling characterisation of the metabolic processes
involved across all pathways of T-cell activation (hapten hypothe-
sis, pharmacological interaction concept and altered peptide rep-
ertoire models). Moving forward, a deeper understanding of the
interplay between the molecular and energetic events that deter-
mine the fate of stimulated T cells will be crucial to uncovering

additional factors that determine the susceptibility to hypersensi-
tivity, for which HLA involvement is now known to be one of the

several contributing factors.
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