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ABSTRACT

An emerging clinical issue associated with immune-oncology agents is the collateral effects on the tolerability of
concomitant medications. One report of this phenomenon was the increased incidence of hypersensitivity reactions
observed in patients receiving concurrent immune checkpoint inhibitors (ICIs) and sulfasalazine (SLZ). Thus, the aim of this
study was to characterize the T cells involved in the pathogenesis of such reactions, and recapitulate the effects of
inhibitory checkpoint blockade on de-novo priming responses to compounds within in vitro platforms. A regulatory
competent human dendritic cell/T-cell coculture assay was used to model the effects of ICIs on de novo nitroso
sulfamethoxazole- and sulfapyridine (SP) (the sulfonamide component of SLZ) hydroxylamine-specific priming responses.
The role of T cells in the pathogenesis of the observed reactions was explored in 3 patients through phenotypic
characterization of SP/sulfapyridine hydroxylamine (SPHA)-responsive T-cell clones (TCC), and assessment of cross-
reactivity and pathways of T-cell activation. Augmentation of the frequency of responding drug-specific T cells and
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intensity of the T-cell response was observed with PD-1/PD-L1 blockade. Monoclonal populations of SP- and SPHA-
responsive T cells were isolated from all 3 patients. A core secretory effector molecule profile (IFN-c, IL-13, granzyme B, and
perforin) was identified for SP and SPHA-responsive TCC, which proceeded through Pi and hapten mechanisms,
respectively. Data presented herein provides evidence that drug-responsive T cells are effectors of hypersensitivity
reactions observed in oncology patients administered ICIs and SLZ. Perturbation of drug-specific T-cell priming is a
plausible explanation for clinical observations of how an increased incidence of these adverse events is occurring.

Key words: immune checkpoint inhibitor; drug hypersensitivity; T lymphocytes; sulfasalazine; immune-related adverse
events.

The emergence of immune checkpoint inhibitors (ICIs) as a
therapeutic option has dramatically altered the landscape of
oncological treatment. The outstanding efficacy observed with
the use of an assortment of antibodies targeted at the PD1 and
CTLA-4 co-inhibitory pathways (Hargadon et al., 2018) has dem-
onstrated the potential of this approach even within its nascent
stages. Unfortunately, advancements in immuno-oncology
have been accompanied by the advent and rise of novel adverse
drug reactions, coined immune-related adverse events (irAEs).
These irAEs encompass a plethora of events with a heteroge-
neous spectrum of presentations including dermatologic, GI,
endocrine, hepatic, respiratory, renal, hematological, ocular and
CNS manifestations, many of which are thought to be attribut-
able to the immune dysregulation imposed by the action of ICIs
favoring autoimmune or otherwise pathological deployment of
T cells (Michot et al., 2016).

This altered immunological perception of self and tumor
antigens immediately brings into question whether ICI therapy
also perturbs the body’s defences against concomitantly admin-
istered xenobiotics. Indeed, several studies have shown associa-
tions between microbiome composition and the efficacy/
toxicity profiles of ICIs (Chaput et al., 2017; Dubin et al., 2016;
Gori et al., 2019; Pezo et al., 2019), which may reflect discrepan-
cies in the tolerance thresholds to particular microbial organ-
isms. Moreover, this shift in immunological perception also
holds true with organ transplant recipients as ICIs are poorly
tolerated in such individuals, eliciting organ rejection in a high
proportion of individuals (Kittai et al., 2017). An extension of,
and important facet of this ICI-mediated dysregulation is the
collateral effects on the immune-toxicological profiles of con-
comitant medications. This concept has been adeptly illustrated
by the generation of a mouse model which reportedly exhibits
an idiosyncratic drug-induced liver injury (IDILI)-like phenotype
upon exposure to IDILI causing drugs, such as amodiaquine, iso-
niazid, and nevirapine (Mak and Uetrecht, 2015; Metushi et al.,
2015).

In clinical settings, hypersensitivity rates to compounds
have been exacerbated by the concomitant administration of
ICIs (Cui et al., 2020; Ford et al., 2018; Kimura et al., 2020; Koda
et al., 2018; Shirali et al., 2016; Uhara et al., 2018; Yamazaki et al.,
2015). A prominent example of this is sulfasalazine (SLZ), which
is metabolized by colonic bacteria to its constituents, the sul-
fonamide antibiotic sulfapyridine (SP) and the anti-
inflammatory mesalazine (5-ASA). Ironically, SLZ’s anti-
inflammatory properties have prompted its use in amelioration
of irAEs (Chan et al., 2015; Lomax et al., 2018; Naidoo et al., 2017).
However, in one of the first reports to highlight an immunologi-
cally driven drug-drug interaction between ICIs and concomi-
tant medication, SLZ was flagged as poorly tolerated in
individuals receiving anti-PD-1 checkpoint blockade (Ford et al.,
2018). Herein, we recapitulate the effects of inhibitory

checkpoint blockade on de novo priming responses to sulfona-
mides within in vitro platforms utilizing peripheral blood
mononuclear cells (PBMC) from healthy blood donors and pre-
sent functional and phenotypic characterization of effector T
cells involved in the pathogenesis of SLZ hypersensitivity reac-
tions in patients on ICIs.

MATERIALS AND METHODS

Procurement of reagents and chemicals. Nitroso sulfamethoxazole
(synthesized as described in Naisbitt et al. [1996]) was purchased
from Synthesis MED CHEM Ltd (Cambridgeshire, UK).
Sulfapyridine hydroxylamine (SPHA) was synthesized in accor-
dance with methods described in Castrejon et al. (2010b).
Nitroso SP is unstable and difficult to synthesize in a pure form.
However, SPHA auto-oxidizes in aqueous solution to the
protein-reactive nitroso metabolite. Hence, it is important to
note that T cells are exposed to nitroso SP in cultures labeled
SPHA. SLZ, SP, and 5-ASA were purchased from Sigma-Aldrich
(Gillingham, UK).

Human subjects. Blood was collected from sulfonamide-naı̈ve
healthy donors with approval from the Liverpool Research
Ethics Committee to study de novo T-cell priming responses. All
participants gave written informed consent before the research
commenced. Three SLZ -treated patients were also recruited as
cases to the A Mechanistic Investigation into Drug and
Chemical Induced Hypersensitivity Reactions (HYST) study (12/
NW/0525) following initial identification and diagnosis as de-
scribed in Ford et al. (2018) (Table 1). The patients gave written
informed consent. Up to 120 ml of venous blood was collected
from each participant for isolation of PBMC via gradient-density
separation. Tolerant patients were not included in the study as
SLZ is now contraindicated in this patient group,

De novo drug-specific T-cell priming with PBMC from healthy donors.
T-cell multiwell priming assays were conducted as described in
Ogese et al. (2020) with modification to generate a more regula-
tory competent model. Specifically, whole purified T-cell popu-
lations were utilized at the coculture stage, rather than isolated
naı̈ve T cells, thus incorporating T-regulatory cells, known to be
important for peripheral tolerance mechanisms. These adapted
priming assays entailed a 12-day coculture of monocyte-derived
dendritic cells (8� 103/well) with whole T cells (1� 105/well) in
the presence of the model sulfonamide hapten nitroso sulfa-
methoxazole (20–40 mM) or SPHA (20–40 mM) (up to 96 cultures
were established in 96-well plates, depending on availability of
cells). Recall responses were then assessed through rechallenge
with media control or relevant drug metabolite for 48 h, with
proliferative responses measured by virtue of incorporation of
[3H] thymidine (0.5 mCi/well, 5 Ci/mmol; Moravek Biochemicals,
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Brea, California) during an additional 16 h. For investigation into
the effects of immune-checkpoint blockade within priming
cocultures, commercially available antibodies (anti-PDL-1; 5 mg/
ml IgG2b mAb, clone 29E.2A3, anti-PD-1; 5 mg/ml IgG1 mAb,
clone EH12.2H7, both Biolegend UK) were incorporated into
assays >1 h prior to the addition of drug at the priming stage.
We present data as raw cpm values in each individual well (24
per culture condition) alongside pie charts where the response
of individual wells is categorized according to the strength of re-
sponse (stimulation index [SI] less than 1.5, 1.5–2.5, 2.5–4, 4–10,
and greater than 10). Statistical analysis of the dataset was not
performed as you will never stimulate all wells in this form of
experiment. This is because some cultures do not contain pre-
cursor cells that can be activated with the drug. Hence, a num-
ber of nonresponding wells is observed alongside responding
wells showing varying degrees of response.

Initial assessment of hypersensitive patient lymphocyte responses to
sulfasalazine and its metabolites using the lymphocyte transformation
test. Hypersensitive patient PBMCs (1.5 � 105/well) were cultured
for 5 days (37�C 5% CO2) with various concentrations of SLZ (10–
400 mM), 5-ASA (10–400 mM), SP (10–400 mM), SPHA (2.5–50 mM) or
phytohemagglutinin (PHA; positive control). Cultures were then
pulsed with [3H]-thymidine (0.5 mCi/well) incubated for a further
16 h after which antigen-induced proliferative responses were
measured via ensuing thymidine incorporation using estab-
lished methods (Pichler and Tilch, 2004).

Isolation of compound-responsive T-cell clones. Bulk, compound re-
sponse T-cell-enriched cultures were generated via 14 day cul-
ture of patient PBMC (2 � 106 cells/well; 1 ml) in the presence of
SP (50–200 mM) or SPHA (20–50 mM), in R9 medium (RPMI 1640
supplemented with 10% human AB serum [Class A; Innovative
Research Inc., Novi, Michigan], 25 mM of HEPES, 10 mM of L-glu-
tamine, and 25 mg/ml of transferrin [Sigma-Aldrich]). Cultures
were supplemented with 200 IU/ml of recombinant human in-
terleukin (IL-2) (PeproTech, London, UK) on days 6 and 9.
Monoclonal populations of T cells (T-cell clones, TCC) were iso-
lated from the resulting enriched cell lines via limiting dilution,
as described previously (Sullivan et al., 2018). PBMC from
patients were cultured in supernatant from an Epstein-Barr vi-
rus (EBV)-producing cell line (B95.8), in order to generate EBV-
transformed B-cell lines. The resulting EBVs then served as im-
mortalized source of autologous antigen presenting cells (APC),
which were maintained in “F1” media (RPMI1640 supplemented
with 10% fetal bovine serum [Invitrogen, Paisley, UK], 100 mM L-
glutamine, penicillin, and streptomycin).

Following limiting dilution, TCC were subject to repetitive
mitogen-driven expansion (PHA 5 mg/ml, IL-2 200 IU/ml, irradi-
ated, allogeneic PBMCs 1 � 104 cells/well). Upon satisfactory ex-
pansion, specificity screening of TCC was conducted using a
coculture format of 5 � 104 TCCs and 1 � 104 autologous irradi-
ated EBV-transformed B-cells per well (96-well U bottomed) in-
cubated with relevant compound for 48 h. Cultures were then
pulsed with [3H] thymidine (0.5 mCi/well, 5 Ci/mmol; Morovek
Biochemicals, Brea, California) for a further 16 h, with radioac-
tivity incorporation during this period serving to measure com-
pound specific TCC proliferation. TCC exhibiting stimulation
indices (SIs) (proliferation in the presence of compound/prolif-
eration in control wells) surpassing 1.5 at this stage were
deemed compound-responsive and were subject to an addi-
tional round of mitogen-driven expansion in order to facilitate
further characterization.

Dose response and cross-reactivity of T-cell clones. The dose depen-
dency and compound specificity of proliferation responses for
SP and SPHA TCC were evaluated using cocultures (5 � 104 TCC,
1 � 104 irradiated autologous EBV-transformed B-cells) exposed
to SP (10 nM–1.5 mM) and SPHA (1 nM–50 lM) with alternate
compounds used at a minimum of 2 stimulatory concentra-
tions. Cross-reactivity of TCC was also investigated for sulfa-
methoxazole (100 nM–200 mM) and its nitroso metabolite (1–50
lM).

Cellular phenotyping. TCC were phenotyped as CD4/8 using re-
spective fluorochrome-conjugated antibodies (BD Biosciences)
with flow cytometry conducted on a FACSCanto II instrument
(BD Biosciences).

Profiling of secretory molecule release upon antigen challenge.
Enzyme-linked immunospotting (ELISpot) methods were
employed to evaluate the profile of secretory molecules (IFN-c,
IL-13, IL-17, IL-22, granzyme B, and perforin) released by TCC
upon antigenic challenge. Plates were precoated with appropri-
ate capture antibody for 24 h, cocultures (5 � 104 TCC, 1 � 104 ir-
radiated autologous EBV-transformed B cells) were incubated in
the presence/absence of SP or SPHA at various concentrations
for 48 h, after which plates were washed and secreted molecules
were visualized using an AID ELIspot reader (Oxford Biosystems
Cadama, Oxfordshire, UK) in line with manufacturer’s instruc-
tions (Mabtec).

Mechanistic studies of antigen presentation. The dependency of T-
cell activation on HLA molecules was evaluated through block-
ing antibodies directed at class I (clone W6/32, 5 mg/ml) or II
(HLA-DR; B7/21, HLA-DP; LB3.1, HLA-DQ; SVP-L3 5 mg/ml each)
included in cocultures (5 � 104 TCC, 1 � 104 irradiated autolo-
gous EBV-transformed B-cells) treated with optimal stimulatory
concentrations of drug. Pretreatment of autologous EBV-
transformed B cells prior to inclusion in standard coculture
assays was used to determine the pathways of drug presenta-
tion as described in Hammond et al. (2020). Glutaraldehyde fixa-
tion (0.05%; Sigma Aldrich) was used to terminate metabolic
processes/intracellular processing, whereas prepulsation (30
min–24 h) with optimal concentrations of SP or SPHA, followed
by extensive washing was used for evaluation of the depen-
dence on soluble drug. All cultures were subject to 48 h incuba-
tion, followed by pulsation with [3H] thymidine (0.5 mCi/well,
5 Ci/mmol) and a further 16 h incubation period. Incorporation
of radioactivity was used to measure proliferative responses.

Glutathione trapping of hydroxylamine metabolite. Glutathione trap-
ping experiments were conducted with direct addition of SPHA
to glutathione in aqueous solution (100 nM–10 mM glutathione
and SPHA, 24 h, 37�C). The resulting products were diluted with
0.1% formic acid (1:10 dilution) and samples were delivered into
a 5500 QTRAP (AB Sciex, Framingham, Massachusetts) via
infusion.

RESULTS

Enhanced Drug-Specific De Novo T-Cell Priming Responses Are Seen
Upon Addition of Checkpoint Blocking Antibodies
Proliferative responses following priming and rechallenge of
naı̈ve T cells from healthy donors with nitroso sulfamethoxa-
zole were enhanced with in vitro administration of PDL-1 (4/5
donors) (Figure 1, 2 positive and 1 negative response shown). As

HAMMOND ET AL. | 61

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/186/1/58/6446057 by guest on 09 M

arch 2022



highlighted above, this modified version of the T-cell priming
assay utilized whole T-cell populations containing Tregs to
more closely replicate physiological conditions; hence, only
weak responses were detected with nitroso sulfamethoxazole
in the absence of immune checkpoint inhibition. PD-1 blockade
enhanced responses in 3/5 donors. ICI blockade of cultures
yielded greater percentages of responding wells, generally of
greater intensity; as an example, HLA-647 exhibited responses
in 25% (STD), 42% (PDL-1) and 29% (PD-1). Application of PD-1

blockade priming assays to model the patient scenario yielded
enhanced responses in 4/5 individuals for SPHA (Figure 1).

Identification of Drug-Specific Lymphocyte Responses Within Patient
PBMC
Three patients that developed hypersensitivity when exposed
to pembrolizumab and SLZ were recruited to the study. The
clinical cases are discussed in detail in Ford et al. (2018) and
summarized in Table 1. SLZ was discontinued on clinical

Figure 1. Assessment of ICI perturbation of de novo T-cell priming responses to the model antigen sulfamethoxazole nitroso (SMX-NO) and the hydroxylamine metab-

olite of sulfapyridine (SP). (Top) Representative priming responses to SMX-NO in standard and PDL-1 blockade cultures. (Middle) Relative priming responses to SMX-NO

in standard and PD-1 blockade cultures. (Lower) Priming responses to SPHA in standard and PD-1 blockade cultures. Priming cocultures (whole T-cell populations 2 �
105, autologous monocyte derived DC 8 � 103) were exposed to SMX-NO (20–40 mM) or SPHA (20–40 mM) in the presence or absence of PD-1 or PDL-1-directed blockade

antibodies (5 mg/ml). After 12 days of incubation (37�C, 5% CO2), plates were washed repeatedly to remove soluble antigens. Cultures were then rechallenged with media

control or the relevant antigen for 48 h, then pulsed with [3H]-thymidine (0.5 mCi/well) for a further 16 h. Incorporation of radioactivity then served as a measure of pro-

liferation within cultures. All conditions were performed with 24 replicates. Left-hand side: data presented as dot plots. Right-hand side: data presented as pie charts

depicting breakdown of responses for drug-treated cultures as a function of stimulation indices (SIs) of the mean value for 24 replicates of media control cultures.

Response classification within pie charts; negative response (SI < 1.5), weak response (1.5 < SI<2.5), moderate response (2.5 < SI<4), strong response (4 < SI<10), and

extreme (10 < SI).
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presentation of the adverse event and steroids were used as
ameliorative measures. Patient PBMCs were stimulated to pro-
liferate in the presence of SP (patient 2) and/or its hydroxyl-
amine metabolite (patients 1 and 2) as determined by positive
lymphocyte transformation test responses (SI >2.5). Weakly
positive patient 3 PBMC proliferative responses were detected
for SLZ (SI 2.1) albeit with the caveat of low baseline CPM
counts. To confirm the PBMC data, T-cell enrichment and sub-
sequent limiting dilution was performed for SP and SPHA.
Approximately 5400 cultures were generated from all 3 patients,
giving rise to 352 (SP) and 226 (SPHA) TCC for specificity screen-
ing, which in turn yielded CD4þ SP and SPHA-responsive TCC in
all 3 patients (Figure 2).

Dose-Response and Cross-Reactivity Profiles of TCC
TCC exhibited a dose-dependent proliferative response to SP (1–
200 mM) and SPHA (1–50 mM) up to the respective toxicity thresh-
olds. Unidirectional cross reactivity was observed with SP-

responsive TCC exhibiting additional reactivity to SPHA whilst
the inverse was not observed; representative TCC are depicted
in Figs. 3A and 3B). No additional cross-reactivity was observed
with exposure to the structurally related sulfonamide antibiotic
sulfamethoxazole, its metabolites sulfamethoxazole hydroxyl-
amine, and nitroso sulfamethoxazole or 5-ASA (data not
shown).

Profile of Secretory Molecules Released Upon TCC Activation
A panel of 10 TCC (6 SP, 4 SPHA) were subject to ELISpot in order
to identify cytokines and cytolytic molecules released upon an-
tigenic challenge. A core secretory pattern of IFNc, IL-13, and
granzyme B were identified across all TCC. Perforin and IL-22
were detected from all SP-responsive TCC and 3/4 SPHA TCC,
whilst IL-17 secretion was identified in a minority of both SP-
and SPHA-responsive TCC (Figure 3C). As with the proliferative
responses, cytokine secretion occurred in a dose-dependent
fashion as illustrated by the representative TCC in Figure 3D.

Figure 2. Identification of SP and sulfapyridine-hydroxylamine (SPHA) antigen-responsive T-cell clones (TCC) from sulfasalazine (SLZ) hypersensitive patients. (Top)

Chemical structures of SLZ, mesalazine (5-ASA), SP, and SPHA. (Bottom) TCC were isolated via limiting dilution of bulk enrichment cultures and subjected to repetitive

mitogen stimulation for expansion. Compound responsivity screening entailed coculture of TCC (0.5 � 105) and autologous EBV-transformed B cells (0.1 � 105) in the

presence and absence of compounds (SP or SPHA) for 48 h (37�C, 5% CO2). [3H]-thymidine (0.5 mCi/well) was added for the last 16 h of incubation before plates were har-

vested and proliferation measured. Individual bars represent mean drug-treated/mean media control proliferation responses. TCC exhibiting a proliferation stimula-

tion index (SI) of 1.5 or above (as denoted by red lines) which were deemed specific at this stage and were expanded for further investigation.
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Sulfapyridine and Sulfapyridine Hydroxylamine-Associated
Antigens Are Recognized by TCC in the Context of HLA and Proceed
Through Pi and Hapten Mechanisms Respectively
Abrogation of T cells responses by HLA blocking antibodies dem-
onstrated that compound-associated antigens were generally
presented in an HLA class II restricted fashion (Figure 3E). APC
pulsing and fixation experiments have been used previously to
differentiate between the 3 mechanisms of antigen presentation
(hapten, Pi, and altered self-repertoire) as depicted by distinct pro-
files of model compounds in Hammond et al. (2020). In parallel to

sulfamethoxazole and its hydroxylamine and nitroso metabolites
(Naisbitt et al., 1996), distinct profiles were observed for TCC re-
sponsive to SP and SPHA. Responses for SP-responsive TCC were
dependent on the continuous presence of soluble drug as demon-
strated by the absence of proliferation for all pulse durations,
whilst reintroduction of soluble drug reinstated activation. By
contrast, SPHA-responsive TCC were activated by all pulsation
time points, indicating a covalent mechanism for T-cell activation
(Figure 3F). Glutaraldehyde fixation of APC prior to coulture is an
established technique for evaluating the role of intracellular

Figure 3. Characterization of SP and SPHA-responsive TCC derived from SLZ hypersensitive patients. A, B, Dose-response curves and cross-reactivity series for repre-

sentative SP (left-hand side) and SPHA (right hand side)-responsive TCC to SP (A) and SPHA (B). C, Overview of secretory molecule profiles of 10 compound-responsive

TCC upon stimulation with SP (4) or SPHA (6). D, ELISpot well images depicting dose-dependent secretory patterns of representative TCC responsive to SP and SPHA rel-

ative to medium-treated control cultures. TCC (5 � 104) were cultured with autologous EBV-transformed B-cells (1 � 104) and titrated concentrations of SP or SPHA for

48 h at 37�C, 5% CO2. For proliferative studies (A and B) [3H]-thymidine (0.5 lCi/well) was added for the last 16 h of incubation before plates were harvested and prolifer-

ation assessed via ensuing incorporation. Data presented as mean CPM 6 standard deviation. Cytokine secretion (C and D) was measured by ELISpot. E, Cocultures (5 �
104 TCC, 1 � 104 irradiated autologous EBV-transformed B cells) were exposed to SP or its SPHA in the presence or absence of an MHC blocking antibodies. SP and SPHA

responses were reduced to medium control values with HLA class II block indicating the SP and SPHA-specific T-cell activation is HLA class II restricted. F, EBV-trans-

formed B cells (1 � 104) were pulsed with SP or SPHA for 10 min–24 h, then washed repeatedly to remove unbound drug prior to coculture with TCC (5 � 104). G, TCC (5 �
104) were cultured with SP/SPHA alone (TCC only), in the presence of glutaraldehyde-fixed (1 � 104) (fixed APC), or irradiated EBV-transformed B cells (1 � 104) (STD). All

cultures were subject to a 48-h incubation period 37�C, 5% CO2, after which wells were pulsed with [3H]-thymidine (0.5 lCi/well) for an additional 16 h incubation.

Plates were then harvested and proliferation assessed through incorporated radioactivity. Data presented as mean CPM 6 standard deviation.
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antigen processing and metabolic processes in antigen presenta-
tion. Prefixation of APC prior to coculture abrogated responses of
SPHA-responsive TCC, whilst considerable activation was
retained with SP TCC (Figure 3G). Fixation/pulsing experiments
were also performed to investigate the mechanism by which SP
TCC were cross-reactive for SPHA, with the same profile observed
as for SP itself (negative pulsing, mostly impervious to the effects
of fixation, data not shown).

Sulfapyridine Hydroxylamine Forms Adducts With Glutathione
Evidence for thiol reactivity of SPHA and thus similar adduction
chemistry to that observed with metabolites derived from other

aromatic amine containing sulfonamides such as nitroso sulfa-
methoxazole was provided through the detection of parallel
adducts, namely sulfinamide (m/z 571), N-hydroxysulfinamide
and sulfonamide (m/z 587), and N-hydroxysulfonamide (m/z
603) adducts (Figure 4).

DISCUSSION

Oncology patients treated with ICIs represent a cohort of indi-
viduals in whom polypharmacy is common (Gandhi et al., 2020;
McGahey and Weiss, 2017). An important question to address is
whether the introduction of immune deregulating agents can

Figure 4. Mass spectrometric characterization of SPHA/nitroso adducts. A, Putative scheme of derivation of reactive hydroxylamine and nitroso metabolites from par-

ent drug SP and all possible downstream adducts with glutathione. B, Mass spectrometric confirmation of glutathione adducts, MS/MS spectra depict the formation of

sulfinamide (m/z 571), N-hydroxysulfinamide and sulfonamide (m/z 587), and N-hydroxysulfonamide (m/z 603) adducts.
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heighten the immunological perception of drugs, and whether
this translates to greater hypersensitivity rates. The reporting of
augmented hypersensitivity rates in patients given the codrug
SLZ (Ford et al., 2018) was of particular interest as it has rela-
tively well-known liabilities for hypersensitivity, eliciting a
broad range of manifestations including the spectrum of cuta-
neous reactions (Leroux et al., 1992; Raithatha et al., 2014), DRESS
(Aquino et al., 2008), and hepatotoxicity (Losek and Werlin, 1981;
Ribe et al., 1986; Sotolongo et al., 1978). Both of the SLZ constitu-
ents have been implicated in adverse reactions and as a result,
caution is required with both aminosalicylates/acetylsalicylic
acid and sulfonamides once SLZ hypersensitivity has been iden-
tified due to concerns over potential cross reactivity. Whilst
there are instances where 5-ASA is the causative agent
(Hautekeete et al., 1992; Ransford and Langman, 2002), the ma-
jority of SLZ reactions are thought to arise due to the SP compo-
nent (Giaffer et al., 1992; Rao et al., 1987; Turunen et al., 1987).
Indeed, reports illustrating SP’s culpability in such reactions
span back to its market authorization as a stand-alone pharma-
ceutical (Davidson and Bullowa, 1940). As for several other sul-
fonamides, considerable evidence has been garnered for the
involvement of T cells in these reactions, with positive clinical
diagnostics and lymphocyte stimulation assays (Zawodniak
et al., 2010; Castrejon et al., 2010a).

We therefore focused initially on whether ICI affect de novo
drug-specific T-cell responses. Previous studies incorporating ICIs
into in vitro priming assays have yielded priming responses of
greater intensity (Ogese et al., 2020), though readouts have been
accompanied and undermined by baseline drift. Thus, a logical
deduction in the apparent predisposition of ICI patients to hyper-
sensitivity is that throughout the duration of ICI therapy the
blockade of immune checkpoints would temporally deregulate
priming responses to drugs. To explore this, we utilized a more
immune-regulatory competent iteration of the T-cell priming as-
say. The assay includes T-regulatory cells which are known to be
important in peripheral tolerance mechanisms (Gibson et al.,
2017a), and have been shown to regulate in vitro drug-specific T-
cell priming (Gibson et al., 2017b) Features of the revised T-cell
priming assay included lower baseline proliferation and the fail-
ure of around one quarter of assays conducted with the model
compound nitroso sulfamethoxazole and SPHA to exhibit con-
vincing priming responses, which is presumably due to the action
of T-regulatory cells. An enhanced manifestation of priming
responses was observed with nitroso sulfamethoxazole when PD-
directed blockade was added. We then proceeded to model the
clinical scenario that occurred within SLZ hypersensitive patients
in an in vitro T-cell priming setting, utilizing PD-1 blockade and
SPHA. Enhanced priming across most donors was observed with
addition of the PD-1 blocking antibody, indicating that T-cell
responses to associated drugs is altered unfavorably.

Whilst the enhanced de novo priming of SP-specific T cells
provides mechanistic insight into how ICI administration may
contribute to the outcomes observed in patients, the data does
not confirm that the adverse events have an immune pathogen-
esis Hence, we utilized PBMC from the patients reported by Ford
et al. (2018) to generate and characterize phenotypically SP- and
SPHA-responsive T cells. TCC generated from serial dilution
experiments were CD4þ and SP- and SPHA-proliferative
responses were found to be HLA class II restricted. SP and SPHA
activation of the TCC resulted in the release of Th1 and Th2
cytokines alongside the cytolytic molecules granzyme B and
perforin. Like other sulfonamide metabolites, SPHA can sponta-
neously oxidize to a nitroso derivative (Coleman et al., 1989;
Rieder et al., 1988; Uetrecht et al., 1988; Winter and Unadkat,

2005). In fact, SPHA appears to be the least stable of parallel
metabolites, and is therefore likely to be just as protein reactive
(Pirmohamed et al., 1991). Confirmation of thiol reactivity for
the hydroxylamine/nitroso metabolite and detection of analo-
gous adducts (Figure 3) to those seen with sulfamethoxazole
and dapsone hydroxylamine/nitroso metabolites shows that
these metabolites of SP can covalently bind biological macro-
molecules in a similar fashion (Alzahrani et al., 2017; Naisbitt
et al., 1996), thereby acting as a hapten to elicit T-cell responses.
However, as with the aforementioned sulfonamides, there
exists controversy as to the identity of the critical drug entity re-
sponsible for SP hypersensitivity, with competing hapten and Pi
hypotheses pertaining to T-cell responses arising to the parent
drug and metabolites, respectively. Evidence for TCC proceeding
through both of these pathways is provided in Figure 3. It has
previously been speculated that these T-cell responses originate
from the immunogenicity of the reactive hydroxylamine and
nitroso metabolites based on findings from in vivo mouse stud-
ies (Alzahrani et al., 2017), though as seen with
sulfamethoxazole-responsive TCC, some T cells may well be
specific for the parent sulfonamide (Castrejon et al., 2010a). The
cross-reactivity of SP-responsive TCC with SPHA appears to
lend support to this, though this appears to be through a Pi in-
teraction, and is therefore probably attributable to antigenic
promiscuity, or alternatively, the reduction of the hydroxyl-
amine metabolite back to SP within cultures.

Two theoretical models to describe the increased suscepti-
bility to drug hypersensitivity by ICIs within an otherwise toler-
ant individual are outlined in Figure 5. Figure 5A illustrates the
dose dependency of aberrant T-cell responses to a compound,
with the required antigen density for elicitation usually exceed-
ing that of direct toxicity in the majority of individuals (gover-
nance determined by avidity-related factors such as antigen
density, and immunological synapse components). The intro-
duction of ICIs may result in T cells of lower avidity (and thus a
larger overall compartment) being activated, resulting in a left-
ward shift to within a susceptible range (Figure 5B). In the sec-
ond model (Figure 5C), the principle distinction is that T cells of
susceptible individuals are able to mount responses of adequate
magnitude to elicit hypersensitivity reactions, and that toler-
ance mechanisms prevent this from occurring in the majority
of patients (as denoted by the plateau of response below the hy-
persensitive threshold). The net effect of the ICIs is to alleviate
negative regulation of these responses, resulting in a hypersen-
sitivity reaction as a product of otherwise tethered lymphocyte
responses being allowed to manifest (Figure 5D). This appears
to be supported by a clinical case study outlining the apparent
checkpoint-induced disturbance of tolerance to contrast media
and subsequent proof of concept studies on a memory antigen
panel (Hammond et al., 2021). It may be that a combination of
both models applies, and that checkpoint blockade reduces
both the avidity threshold and regulatory resistance resulting in
propagation of aberrant responses to compounds. Regardless, it
is apparent that the collateral effects of ICIs, through deregula-
tion imparted through their mechanism of action, are effectuat-
ing the rise in immunological drug-drug interactions seen with
increasing prevalence within the IO arena. Thus, as the field of
IO comes of age in terms of implementation, so too must the
management of patients in terms of concomitant medications.
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