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Abstract

Background and hypothesis

In HIV-TB endemic settings like South Africa, first line anti-tuberculosis drugs (FLTD) are the
commonest cause of severe immune mediated adverse drug reactions, including Stevens Johnson
Syndrome (SJS), toxic epidermal necrolysis (TEN) and drug reaction with eosinophilia and systemic
symptoms (DRESS). The mechanisms of these treatment-limiting, life-threatening reactions,
particular in persons living with HIV (PLHV) is poorly understood, making diagnosis and treatment
challenging in patients who can ill-afford suboptimal and prolonged anti-TB treatment interruptions.
We hypothesize that polymorphisms in Human Leukocyte Antigen (HLA), Endoplasmic Reticulum
Aminopeptidase (ERAP) and Killer Immunoglobulin Receptor (KIR) genes along with HIV -related
immune dysregulation during drug exposure might confer susceptibility. In this thesis, we aimed to
identify genetic markers in African populations for FLTD-induced SJS/TEN and DRESS, and using
single-cell proteomic and transcriptomic analyses, we aimed to immunophenotype different stages of

the reactions.

Methods

We selected three groups of participants from the IMARI in Africa registry: i) HIV+ FLTD SCAR
cases, ii) HIV- FLTD SCAR cases and iii) HIV+/- FLTD tolerant controls (>8 weeks on treatment
without any adverse events). We collected saliva and blood at baseline and in SCAR cases, we
collected blood at different stages of the reaction including pre sequential drug challenge (SDC), on
positive reaction to any FLTD (post SDC) and during recovery (at least three months from an acute
reaction). We used RegiSCAR phenotype validation, Naranjo drug causality and ELISpot assay to
identify offending drugs and precision phenotype cases. We isolated DNA from saliva for HLA,
ERAP and KIR typing. In a well-defined subset of patients, we used an integrated single-cell
approach involving: 1) mass cytometry by time of flight (n=8), and ii) single cell RNA sequencing

(scRNA-seq) (n=3) to characterise immune cells activated by drug.

Results

Forty-one RegiSCAR validated SCAR cases that reacted to one or more FLTD on rechallenge were
included, Rifampicin-associated DRESS was commonest (n=18). IFN-gamma ELISpot, optimised for
FLTDs, was most sensitive (75%) for Rifampicin-DRESS cases. Rifampicin-DRESS/SJS/TEN (with
positive ELISpot) was associated with HLA-B*44:03 (OR:28.8; 95%CI: 5.6-107.7; P=<0.0001); with
no single allele associations in KIR, and ERAP detected. No HLA, KIR, ERAP single allele
association for other FLTD-SCAR combinations was found. Single-cell work was restricted to

Rifampicin-DRESS HLAB*44:03 cases (n=4) and matched controls (n=4). HIV+ cases and controls
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showed an expanded senescent (CD57+) and exhausted (PD-1+, TIGIT+) population of CD8+ T cells,
due to chronic activation. However, a subpopulation of these CD8+ T cells in cases but not controls
expressed co-stimulation (CD28+ CD27+) markers [Mean (range) of 1% (0.1 — 3.2%) in cases vs 0%
(0 — 1%) in controls p=0.004)]. We confirmed with scRNA-seq (n=3), that these are KLRG1'*",
CX3CR1"e" CD8+ T cells with Rifampicin-specific proliferative and cytotoxic capabilities (IFNG™,
TNF-a", GNLY", GZMB" and perforin™). We mapped the V-J junction and CDR3a pairings and
found each case with unique TCR repertoire, with varying predominantly CD8+ oligoclonality.
GLIPH2 algorithm analysis of TCRp sequences found eight common T cell groups across the three
cases. Differential gene expression identified the SQVP TCR motif as having Rifampicin-induced
proliferative and cytotoxic profiles. Regulatory T cells (CD127"°%, CD25", CCR4") were higher in
drug-tolerant controls [Mean(range) of 5% (1.1 — 11.8%) in controls vs. 1% (0.4 — 3.2%) in cases] and

produced more TGF-beta.

Conclusion

This study is the first detailed immunophenotyping work of Rifampicin-DRESS in PLHV; including
precision phenotype with optimised ELISpot to identify drug-specific IFN-gamma T cells to FLTD.
Strong association was found between HLA-B*44:03 and Rifampicin DRESS, with no other single
risk allele in KIR or ERAP genes found. We propose that, despite expanded, exhausted CD8+ T-cell
populations characteristic of HIV-related advanced immunosuppression, patients having Rifampicin-
DRESS have drug-specific cytotoxic CD8+ T cells, potentially sharing low-frequency TCR-motifs
like SQVP. Increased functional regulatory T cells may contribute to maintaining tolerance in
HLAB*44:03 positive Rifampicin-tolerant controls. Future site-of-disease and in-vitro work is

required to better define proposed pathogenic T-cell populations.
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Chapter 1 — General introduction

1.1. Adverse drug reactions classification and diagnosis

Adverse drug reactions (ADRs) are defined as any unwanted or harmful reaction following
administration of a drug(s) at normal therapeutic dose (Blumenthal et al. 2019). ADRs are divided
into two types: type A are on-target, predictable reactions from the known pharmacologic activity of
the drug. They are dose dependent and comprise approximately 80% of all ADRs (Pavlos et al. 2015).
Type B are off-target, unpredictable, normally immune-mediated ADRs (IM-ADRs) independent of
the pharmacologic activity of the drug (figure 1-1). Not all ADRs fit into Type A and B categories and
with advances in the mechanistic understanding of ADRs, further classification and additional
categories have been proposed (Peter et al. 2017; White et al. 2015). Additional categories include
Type C, D and E related to duration of drug use e.g., withdrawal effects; delayed effects e.g.,
teratogenicity; and drug interactions respectively (Schatz and Weber 2018). Further categorisation of
Type B ADRs includes reactions that stem from off-target pharmacologic drug effects producing
reaction with an immunological phenotype, without immunological memory - such as in patients with
non-IgE mediated mast cell activation syndrome (McNeil et al. 2015). IM-ADRs are grouped
according to the Gell-Coombs’s classification based on duration of drug exposure and the primary
immune cell involvement. They include B cells in antibody mediated (Gell-Coombs types I-11I) and

purely T cell mediated ADRs (Gell-Coombs Type IV, delayed) (Peter et al. 2017) (figure 1-1).

Immediate ADRs typically occur within one hour of drug exposure and can include dose independent
IgE mediated mast cell activation reactions, in their severest form characterised by cardiovascular
symptoms, angioedema and urticaria and dose related non-IgE mediated reactions with less
cardiovascular involvement (Mertes et al. 2009). IgE and non-IgE reactions are not easily
distinguishable on symptoms, but the recently well described mechanism for non-IgE reactions
includes interaction with immune receptor MRGPRX2 for mast cell activation (McNeil et al. 2015).
Delayed hypersensitivity reactions (HSRs) are mediated by T cells or antibodies other than IgE. While
the commonest T-cell-mediated reactions such as maculopapular rash are mild, severe cutaneous
adverse reaction (SCAR) phenotypes which includes drug reaction with eosinophilia and systemic
symptoms (DRESS), Stevens-Johnson syndrome, toxic epidermal necrolysis, generalised bullous
fixed drug eruption (GBFDE) and acute generalised exanthematous pustulosis, detailed below, can be
life threatening. SCARSs are considered purely T cell mediated reactions, thus classified in the Gell-
Coombs Type IV group according to primary immune cell involvement (section 1.9). The most
common phenotypes of SCARs seen in the South African setting are DRESS and SJS/TEN
(Lehloenya and Dheda 2012) — the focus of this review.



1.1.1. Drug reaction with eosinophilia and systemic symptoms (DRESS)

Drug reaction with eosinophilia and systemic symptoms (DRESS) is a severe form of cutaneous
adverse drug reaction (CADR) that involves a rash of varying severity, haematologic abnormalities
such as eosinophilia and/or atypical lymphocytes, and internal organ involvement. It is a delayed HSR
that usually occurs 2-6 weeks after the first exposure to the drug. As a multiorgan HSR, DRESS
patients present with a combination of fever, pruritus, burning skin pain, a typical or suggestive rash,
erythema, facial oedema and lymphadenopathy. Liver, kidney, lung, heart, spleen and pancreatic
involvement have been noted in some patients because of specific eosinophil or lymphocyte tissue
infiltration (Kardaun et al. 2013). Liver biological abnormalities manifest commonly as hepatic
cytolysis, sometimes cholestasis. Kidney involvement is characterised by acute interstitial nephritis, a
common cause of acute kidney injury, accompanied by interstitial inflammation, oedema and
tubulitis. Patients with lung involvement present with dyspnoea, cough, eosinophilic pneumonitis, and
in rare and severe cases, acute respiratory distress syndrome. The heart is affected in up to 27% of
cases, characterised by myocarditis and pericarditis. Cardiac involvement with electrocardiogram,
computerized tomography (CT) scan, or cardiac enzyme abnormalities, can be fatal (Cho, Yang, and
Chu 2017a). Although relatively rare in comparison to others, pancreatic involvement most
commonly manifests as type 1 diabetes mellitus and acute pancreatitis (Jevtic et al. 2021).
Splenomegaly, particularly in children, and splenic thrombosis have also been described in
association with DRESS(Bejia 2007; Ganeva et al. 2008; Jeong et al. 2019; LaHood and Sokol 2017;
Metterle, Hatch, and Seminario-Vidal 2020; Michel et al. 2005).The variation in cutaneous signs and
the number of organs involved makes the diagnosis of DRESS challenging. To reduce misdiagnosis,
diagnostic criteria that require the presence and/or absence of certain clinical features and laboratory
investigations during the acute stage. The most widely used are the Japanese and RegiSCAR
validation criteria. Additional parameters considered include an eruption a minimum of 3 weeks after
starting medication, persistence of symptoms despite withdrawal of the drug, and reactivation of
single or multiple human herpesviruses (HHV) (Kardaun, Mockenhaupt, and Roujeau 2014; Shiohara
and Mizukawa 2019)

The detection of a single or multiple HHV's reactivation has been proposed as a diagnostic marker for
DRESS - with HHV6 as the most prevalent HHV to reactivate. HHV6 reactivation is usually
detectable up to 2—3 weeks after the onset of DRESS. More recently, reactivation of other HHV
including Epstein-Barr virus (EBV), HHV7, and cytomegalovirus (CMV) has been observed in up to
76% of DRESS patients with (Pavlos et al. 2014). HHV reactivation often wanes and flares in a
sequential manner (Kano et al. 2006). This variable pattern of reactivation impacts clinical
presentation, duration of disease as well as frequency and pattern of flare-ups, further complicating

diagnosis, and management of DRESS (Ishida et al. 2014).



To standardise case definition, diagnosis and management and management of DRESS the RegiSCAR

group developed a scoring system. This is an internationally validated algorithm for the definition of

DRESS cases. Each case is accordingly graded as definite, probable, possible, or not a case of
DRESS. (Kardaun et al. 2007; Kardaun, Mockenhaupt, and Roujeau 2014) RegiSCAR DRESS scores

of <2 is defined as “not a case of DRESS”, 2-3 define a “Possible case”, 4-5 a “Probable case” and >5

a “Definite case”. This is particularly important in mechanistic studies where precise case definition is

required. Table 1-1 highlights included parameters and their weighting. Absence of certain parameters

e.g., fever > 38°C and an incompatible rash attract negative points. Cases do not have to fulfil all

criteria to be validated as definite (Chen et al. 2013).

Table 1-1 Scoring system for classifying DRESS cases as Definite, Probable, Possible, or No

Case
SCORE -1 0 1 2 min | max
Fever = 38.5°C NU | Y - - -1 0
Lymphadenopathy - N/U Y - 0 1
Eosinophilia - N/U - - 0 2
Eosinophils - - 700- 21500/ul -
Eosinophils, if leukocytes <4000 - - 1499/l 220% - -
10-19.9%
Atypical lymphocytes - N/U Y 0 1
Skin involvement - - - - -2 2
Skin rash extent (% BSA) - N/U >50% - - -
Skin rash suggests DRESS N U Y - - -
Biopsy suggests DRESS N | YU - - - -
Organ involvement * - - - - 0 2
Liver - N/U Y - - -
Kidney - N/U Y - - -
Lung - N/U Y - - -
Muscle/heart - N/U Y - - -
Pancreas - N/U Y - - -
Other organ(s) - N/U Y - - -
Resolution 2 15 days NU | Y - - -1 0
Evaluation other potential causes: - - - - 0 1
ANA - - - - -
Blood culture - - - - -
Serology for HVA/ HVB/ HVC Chlamydia-/ Mycoplasma - - - - - -
pneumoniae - - - - -
Other serology/PCR - -
If none positive and = 3 of above negative
TOTAL SCORE -4 9

Abbreviations: U = unknown/unclassifiable; N = No; Y = Yes; ULN = upper limit of normal

* After exclusion of other explanations: 1 = 1 organ, 2 = = 2 organs

Final Score:

<2: No case

2-3: Possible case
4-5: Probable case
>5: Definite case



1.1.2. Stevens Johnson syndrome and toxic epidermal necrolysis (SJS/TEN)
Stevens-Johnson syndrome and toxic epidermal necrolysis (SJS and TEN) form a spectrum of
epidermal necrolysis (EN), differentiated by the extent of skin detachment and epidermal necrosis. In
SJS, there is less than 10% of skin detachment, in TEN there is more than 30% and SJS/TEN overlap
for anything in between. TEN, the more severe form, carry mortality rate of up to 50% (Sekula et al.
2013). A US study of administrative and survey data reported in-hospital mortality as high as 29.5%
in cases where EN was made as a secondary diagnosis (Hsu et al. 2016). EN typically develop 4-28
days after drug exposure. General symptoms such as fever, stinging eyes, sore mouth, ear, nose, and
throat involvement, and skin pain frequently precede dermatological signs. Although initial symptoms
can be confused with upper respiratory tract infection, they are key in early diagnosis. Within 3 days,
these signs, and symptoms progress to eruption on the face, upper trunk palms and soles (Auquier-

Dunant et al. 2002; Sekula et al. 2013) and disease progression is limited to 7-10 days.

Initial lesions are characterised as erythematous, macules, blisters, and large epidermal detachment
revealing areas of raw, red dermis seen in severe burns, and two or more erosive mucous membranes
involved. Intact blisters have Nikolsky’s sign, which involves dislodgment of the epidermis when
lateral pressure is applied. Nose, mouth, eyes, genitalia, or anus are more mucous membranes affected
by extensive erythema, blisters, or erosions in the early stages of the reaction. Eye involvement
characterised by conjunctival lesions, which range from, hyperaemia, erosions, photophobia, and
tearing. All affected mucous membranes can potentially sustain permanent damage (Catt et al. 2016).
Severe ocular manifestations that could lead to permanent visual impairment include corneal
ulceration, anterior uveitis, or purulent conjunctivitis. The lips develop haemorrhagic cheilitis that can
result in angular adhesions and microstomia. The rest of gastrointestinal system involvement is
supported by reports of EN affecting the oesophagus, stomach, small intestines, colon and the rectum
supported by visualization on post-mortem and scopes, gut perforation, intussusception, strictures,
stenosis, bleeding, diarrhoea, protein-losing enteropathy and hepatitis amongst others. Similarly, lung
involvement is supported by evidence of chronic lung disease, bronchiolitis obliterans, interstitial lung
disease, pulmonary air leak syndrome, laryngeal obstruction and obliterative bronchitis amongst
others. Genitourinary involvement can manifest as acute kidney injury. Erosions can result in vaginal
and introital adenosis, cervical/vaginal adhesions and stenosis, labial synechiae if neglected
(Lehloenya 2022). The diagnosis of SJIS/TEN mainly relies on identification of a broad range of
clinical signs and symptoms and histological tests (Table 1-2). Differential diagnoses include

erythema multiforme, bullous lupus erythematosus, GBFDE and linear IgA bullous dermatosis.



Table 1-2: SJS/TEN diagnosis and scoring

PERCENTAGE || DATE
1. max. Involvement Erythema
Blisters and erosions
Y/N/U
2. Blisters and erosions of the Skin
3. Epidermal detachment > 5 cm
4. mucous membranes red or stinging eyes
conjunctivitis or blepharitis
severe conjunctivitis or blepharitis diagnosed by
an ophthalmologist
erosions of lips
oral erosions
genital erosions
erosions of other mucosa
5a. Skin burning before
5b. Skin pain before
6. Nikolski's sign
7. Erythema / large plaques without
single spots
8. Targets or spots
9. Diagnosed by a dermatologist
10. Photographs
11. Biopsy
date of first blister / erosion of the skin or mucosa
ad 8. targets - spots, type:
1. spots
2. typical targets
3. atypical targets raised
4. atypical targets flat
5. type of targets unknown
[ v | DATEI|

ad 8. targets - spots, distribution:

1. limbs

2. widespread

3. other

12. Erythema patches = 5cm

brownish/violacous

well demarcated

number

different body parts

13. Fever = 38.5 °C within 3 days
after admission
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Figure 1-1: Schematic illustration of the classification of ADRs

Adapted from (Blumenthal et al. 2019)



1.2. Epidemiology of immune mediated adverse drug reactions (IM-ADRs)

The most common ADRs are CADRSs such as maculopapular exanthema or morbilliform eruptions,
fixed drug eruption, and urticaria which can be found listed among the side effects of almost all drugs.
They are not life threatening, with the incidence estimated at 0.3 to 8%. Antibiotics and nonsteroidal
anti-inflammatory drugs are the commonest causative agents (Bigby 2001; Svensson, Cowen, and
Gaspari 2001; Mockenhaupt 2017). The estimated incidence, prevalence and mortality of the more
severe life-threatening IM-ADR vary considerably between geographic regions. Factors that
contribute to the variation across different regions include differences in ethnicity, the use of drugs
that are high risk for SCARs, socioeconomic status limiting access to pre-screening methods and the
lack or frequency of population based diagnostic biomarkers in some regions. Underlying diseases,
particularly the severity of infectious diseases in the developing world not only increases the risk of
SCARs, but also contributes to unacceptably high mortality rates and severe sequelae (Peter, Choshi,

and Lehloenya 2019).

In a Korean study, annual incidence estimates were 3.96 to 5.03 in SJS and 0.94 to 1.45 in TEN per
million, with in-hospital mortality of 5.75% for SJS and 15.1% TEN (Yang et al. 2016). Long term
morbidity associated with SJS or TEN was ocular sequelae with the prevalence of 43.15% for SJS and
43.4% for TEN patients, followed by urethral sequelae occurring in 5.7% of SJS and 9.4% TEN
patients (Yang et al. 2016). Previous East Asian study reported a higher prevalence of SCAR
hospitalisations at 0.32/1000 people in Beijing (Li and Ma 2006). Among Caucasian/European
regions, a prospective study on population based registry in Germany reported a SCAR incidence of
1.53-1.89 per million people (Mockenhaupt 2012; Naegele et al. 2020) and an incidence rate of 3.89
per 10 000 patients was observed in Spain (Ramirez et al. 2017). The incidence and prevalence vary
even further when stratified by offending drug and SCAR combination. In another Korean study,
DRESS was the most prevalent SCAR phenotype at 11.3% caused by allopurinol followed by 10.2%
of cases classified as SJS/TEN (Kang et al. 2019). Generally, antibiotics and anticonvulsants are the
most common reported offending drugs at the time of hospitalisation and in already hospitalized

patients (Bigby et al. 1986; Loo et al. 2018).

Globally, SCAR incidence is estimated at 10 cases per million people annually — with SIS/TEN and
DRESS as the 2 commonest SCAR phenotypes, with a prevalence of 1 to 7 cases per million and 1 to
4 cases per 10,000, respectively (Shiohara and Mizukawa 2019). SJIS/TEN increases almost a 1000-
fold to as high as 2 per 100 among persons living with HIV (Lehloenya and Dheda 2012). The
incidence of DRESS is mainly driven by new users of anticonvulsants drugs (e.g., carbamazepine or
phenytoin) with estimates at one per 1000 to one per 10 000 people (Seitz et al. 2006).

Epidemiological data on AGEP are limited but prevalence is estimated at 0.35 to 5 cases per million.



Despite their low incidence, SCARs have a mortality rate of 14 to 70% depending on the severity of
the reaction and concomitant infections (Lehloenya and Dheda 2012; Verma, Vasudevan, and

Pragasam 2013; Yang et al. 2016)

1.2.1. Different epidemiology in HIV/TB settings driven by disease burdens and

prescribing patterns.

This section and tables are modified from - Peter, Jonny, Phuti Choshi, and Rannakoe J. Lehloenya.
2019. 'Drug hypersensitivity in HIV infection', Current opinion in allergy and clinical
immunology, 19: 272-82.

The continual development, optimization, and early initiation of highly active antiretroviral therapy

(HAART) has made HIV infection a treatable chronic disease in many high-income countries; with

the treatment frontier focused on drug-resistance and pre-exposure prophylaxis. Lower middle-income

countries, particularly in Africa, that form the epicentre of the epidemic, are falling well below the

90:90:90 UNAIDS targets of HIV diagnosis and HAART initiation (Bain, Nkoke, and Noubiap 2017).

In these countries, patients continue to present with advanced immunosuppression and multiple co-

morbidities including opportunistic infections, particularly tuberculosis; malignancies, metabolic

disorders; and end-organ damage (Coughlan and Cameron 2016). The wide disease spectrum and
associated infections combined with country-specific markets and accessibility, determine a changing

landscape of drug exposures and patterns of hypersensitivity.

There are more than 100 drugs that have been reported to cause IM-ADRs in HIV, most commonly
CADRs. Table 1-3 lists the common offending drugs, dividing them into two broad groups — HAART
and anti-infective agents used to treat comorbid infections. Wherever possible, the commonest
individual offending agent in a particular drug class is listed, and prevalence data for specific
hypersensitivity phenotypes are provided. IM-ADR to HAART is well recognized with the highest
prevalence being CADRs to nonnucleoside occur in 15% of patients starting treatment, and a
significant portion are SCARs, most commonly epidermal necrolysis and DRESS; as well as drug-
induced liver injury (DILI) to nevirapine (Wu et al. 2017; Stewart et al. 2016; Sarfo et al. 2014).
CADRs to NRTIs, such as tenofovir and emtricitabine are most recently described in large
postexposure prophylaxis cohorts, when used in two-drug fixed dose combination (Bekker et al.
2018). In contrast, abacavir hypersensitivity reaction has been largely eliminated in populations where
HLA-testing pre prescription has been implemented, but still occurs in African populations, but at a
low frequency. The low prevalence of the allele in Africans makes testing not to be cost-effective
(Stainsby et al. 2019). Increased use of integrase strand transfer inhibitors, and their availability in
fixed dose combinations will mean increased exposure to this class of agents. IM-ADRs — mostly
CADRs, drug hypersensitivity syndrome and case reports of drug-induced liver injury have been

described with this class of drugs (Wang et al. 2018; Thomas et al. 2017). An interesting drug



hypersensitivity syndrome, associated with marked elevation in inflammatory cytokines and markers,
developed in a small healthy volunteer study evaluating a combination of dolutegravir with
isoniazid/rifapentine for anti-TB prophylaxis and associated with high isoniazid plasma
concentrations (Brooks et al. 2018). Larger studies with dolutegravir report only a low incidence of
IM-ADRs (Nyaku et al. 2019; Taiwo et al. 2018; Walmsley, Antela, Clumeck, Duiculescu, Eberhard,
Gutierrez, Hocqueloux, Maggiolo, Sandkovsky, Granier, Pappa, Wynne, Min, Nichols, et al. 2013).
High rates of injection site reactions, which may be immune mediated, have also recently been
reported with the use of a suspension form of cabotegravir, given as an intramuscular depot
preparation (Landovitz et al. 2018). There is an increased number and use of fixed dose combination
HAART to improve adherence. Our clinic has several cases of CADRs, and even more severe
DRESS, to fixed dose combination (FDC) preparations; where patients tolerate all individual drugs
not as an FDC or an alternative FDC preparation, making excipients the likely offending agents
(unpublished data). Two earlier reviews have discussed rare reactions to other HAART drug classes,
such as protease inhibitors, for example, fosamprenavir, fusion inhibitors and the CCRS inhibitor

maraviroc (Yunihastuti, Widhani, and Karjadi 2014; Phillips and Mallal 2007).

Anti-infective agents used to treat comorbid infections are the other common offending drugs causing
IM-ADRs in HIV-infected patients, with the overall prevalence reflecting drug use and disease
burdens. IM-ADRs to the first line antituberculosis drugs (FLTDs) — rifampicin, isoniazid,
pyrazinamide, and ethambutol, are the commonest given the high prevalence of comorbid TB in HIV
endemic settings. A full spectrum of particularly delayed hypersensitivity reactions to FLTDs and
second-line anti-TB drugs is listed in Table 1 and has recently been comprehensively reviewed.
Isoniazid, rifampicin and pyrazinamide are the commonest offending agents for both SCAR and drug-
induced liver injury (DILI) (Nagarajan and Whitaker 2018). A recent cohort of 307 Thai adults with
HIV/TB co-infection reported CADRs as the commonest IM-ADRs, occurring at an incidence rate of
0.41 events/person-year (Boonyagars, Hirunwiwatkul, and Hurst 2017). Trimethoprim-
sulfamethoxazole (TMP-SMX), used in large amounts for prophylaxis and treatment of Pneumocystis
is a well-known cause of IM-ADR, with DRESS/drug hypersensitivity syndrome, SJS/ TEN, and
fixed drug eruption often reported (Mockenhaupt et al. 2008; Hiransuthikul et al. 2016; Kouotou et al.
2017). In a recent Ethiopian study, 10% of patients discontinued therapy because of TMP-SMX
allergy (Sisay et al. 2018). Our clinic has begun to see fewer cases of TMP-SMX IM-ADRs as the
HIV treatment guidelines have changed, with initiation of HAART at diagnosis irrespective of CD4
cell count, and greater ART coverage resulting in a substantial drop in the usage of the drug (Murphy
et al. 2007). Although infrequent, cross-reactivity has been reported between structurally related drugs
including TMP-SMX and dapsone (Holtzer, Flaherty, and Coleman 1998); efavirenz and nevirapine
(Soriano et al. 2000; Manosuthi et al. 2006); emtricitabine and lamivudine (Suarez-Lorenzo et al.

2016); and darunavir and TMP-SMX (Chung, Chang, et al. 2015).



Table 1-3: Epidemiology of ADRs induced by drugs used in HIV TB treatment

Common Offending Drugs

Incidence

Types of reactions

Antiretrovirals

Abacavir

2.3 -9 % (Borras-Blasco et al. 2008; Ma, Lee, and
Kuo 2010), 4 - 8% (Sulkowski et al. 2002; Martin-
Carbonero et al. 2003)

Abacavir hypersensitivity

nevirapine 16 - 32% (Carr and Cooper 2000; Montessori et al. Nevirapine-associated maculopapular rash
2004; Phanuphak et al. 2007)
SJS/TEN
0.3 — 10% (Pollard, Robinson, and Dransfield 1998;
Warren et al. 1998; Manosuthi et al. 2007)
efavirenz 10-27% (Mehta and Maartens 2007) Mild to moderate rash

0.1% (Colebunders et al. 2004; Sulkowski et al.
2002)

Severe drug eruptions such as SUS/TEN and
Erythema multiforme

Fosamprenavir

19% (Chaponda and Pirmohamed 2011)

3 - 8% (Chaponda and Pirmohamed 2011; Borras-
Blasco et al. 2008)

Skin rash

Moderate to severe reactions.

Tenofovir

5-7% (Woolley et al. 2004; Lockhart et al. 2007;
Verma et al. 2012)

Maculopapular rash, photoallergic dermatitis,
lichenoid eruption with eosinophilia

Dolutegravir

1% (Walmsley, Antela, Clumeck, Duiculescu,
Eberhard, Gutierrez, Hocqueloux, Maggiolo,
Sandkovsky, Granier, Pappa, Wynne, Min, and
Nichols 2013)

Hypersensitivity reactions and sometimes organ
dysfunction, (i.e. liver injury)

Drugs used to treat HIV-associated infections

| Common offending Drugs Incidence Type of reactions
Without HIV With HIV
Antimicrobials Trimethoprim 5% (3—5%) (Chaponda and >60% (30-80%) (Chaponda and Drug hypersensitivity, CADR
sulfamethoxazole (TMP-SMX) Pirmohamed 2011; Khan and Pirmohamed 2011; Khan and Solensky
Solensky 2010) 2010)(Para et al. 2000)
Dapsone Unknown, mainly case reports (Vinod, | 18% (EI-Sadr et al. 1998; Sanchez-Borges | Hypersensitivity reactions related
Arun, and Dutta 2013) etal. 2013) to dapsone, DRESS
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3% (Beumont et al. 1996a)

Antimycobacterial

Standard anti-TB treatment

1% (Nunn et al. 1991)
2%

10% (Matono et al. 2017)

20% Adults (Nunn et al. 1991)
21% Children (Chintu et al. 1993)
13% (Lehloenya and Dheda 2012)
23% (Lehloenya and Dheda 2012)
7.1% Elderly (Chang et al. 2014)
51% (Matono et al. 2017)

CADR

Adverse events

Rifampicin

1.3% (Girling 1977)

24% (Girling 1977)

Diverse types of hypersensitivity
reactions (mild rash to severe
reactions accompanied by
systemic symptoms)(Martinez,
Collazos, and Mayo 1999)

Isoniazid

Unknown, mainly case reports (Bakkum,
Waard-Van Der Spek, and Thio 2002)

Hepatoxicity, Maculopapular rash

Pyrazinamide

2.8% (HIV status not clear) (Tan et al.
2007)

CADR

Ethambutol

Unknown, mainly case reports
(Surjapranata and Rahaju 1979; Pegram,
Mountz, and O'Bar 1981; Wong et al.
1995; Sanchez-Borges et al. 2013;
Bakkum, Waard-Van Der Spek, and Thio
2002)

Erythema multiforme, SUS/TEN,
DRESS

Fixed dose combinations
(Rifafour)

Unknown, mainly case reports

Fluoroquinolones
Ethionamide
Kanamycin/Amikacin

~20% (Lehloenya, Wallace, et al. 2012)

SCAR
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1.3. Drug causality tools

Assigning drug causality in SCARs is necessary for the management of patients. However, it is often
made difficult by polypharmacy with multiple implicated drugs, the clinical heterogeneity and
overlapping features of the different phenotypes, multifactorial pathophysiology, and a lack of reliable
biomarkers. The two validated well-established methods or algorithms for assignment of drug
causality following an adverse drug reaction are the Naranjo algorithm and algorithm for drug
causality in epidermal necrolysis (ALDEN) scoring. Naranjo algorithm has a more general application
while ALDEN is specific for EN. There are ten parameters that are assessed for the Naranjo algorithm
that detail duration of exposure and chronology, dose, drug notoriety, index day (the day the first
symptoms were noted), effect of drug withdrawal and outcomes of drug ere-exposure. The score must
take into consideration information the clinical characteristics of each phenotype include latency
period. It allocates a probability score for each drug assessed for causality and grades them as
‘definite’ (total score >9), ‘probable’ (total score of 5 to 8), ‘possible’ (total score of 1 to 4) or
‘doubtful’ (total score <0) that a drug administered in therapeutic doses caused an adverse reaction. It
is frequently used, quick and simple tool that classifies > 90% of suspected adverse drug reactions as
‘possible’ (Naranjo et al. 1981).(appendix, section 1.1). However, the algorithm does not consider

factors like drug—drug interactions.

ALDEN was developed by RegiSCAR and other drug allergy experts to evaluate the causality of
suspected drugs in EN. Built into the algorithm is the ability to identify drugs that are safe to be
administered again — making it appropriate for utilization when multiple drugs are implicated
(appendix, section 1.2). The parameters evaluated in ALDEN include duration of drug exposure, drug
present in the body on symptoms onset, rechallenge data and drug notoriety. Each drug is assigned a
probability of being the offender, A score drug <0, very unlikely; 0—1, unlikely; 2—3, possible; 4-5,
probable; >6, very probable (Sassolas et al. 2010). Their results strongly correlated with another case
control study that quantified the risks associated with the use of specific drugs in SJS or TEN
(Roujeau et al. 1995).

1.4. Offending drug testing methods — diagnostic accuracy and limitations

An important aspect of SCAR management is the determination and confirmation of the offending
drug so as to avoid the drug in the future. ALDEN and Naranjo score have their limitations and their
determinations often lack certainty. Additional confirmatory tests are critical, particularly in the
setting of multiple potential offenders and limited therapeutic options. None of the current methods
offers 100% sensitivity and specificity for all drugs at all times. Apart from not being standardised,
having a low negative predictive value, insufficient sensitivity and specificity, they are still useful

tests if multiple drugs are implicated. The best results are obtained with a combination of these
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diagnostic tests. The majority of these tests’ utility follows the occurrence of a SCAR, with the

exception of human leucocyte antigen (HLA) (reviewed in section 1.6.1 of this thesis) screening.

Identification of specific HLA alleles associated with particular SCAR phenotypes, individual drugs
or classes of drugs is currently the most important screening tool to avoid SCARs. However, its
limitations include variable strength of association between suspected drug(s) and particular HLA
alleles, the allele frequency in a specific population, and the combination of other host, drug and
environmental factors that ultimately result in a SCAR (Duong et al. 2017). Particularly in HIV/TB
endemic settings where patients are on multidrug regimens and optimal treatment exclusion or
interruption is associated with drug resistance and causes major morbidity and mortality (Dheda,
Barry, and Maartens 2016). The traditional culprit drug tests include, patch testing, intradermal
testing, in vitro drug testing, oral drug rechallenge and have been reviewed extensively with

recommendations (Phillips et al. 2019).

1.4.1. Patch testing

Patch testing is one of the routine diagnostic tools used in drug hypersensitivity reactions to determine
offending agent. It involves taping the suspected drug in petroleum jelly onto the patients back for 48
h. The patch results are read after 48 h, follow up at 96 h and in some cases up to 7 days in
comparison to unpatched skin. Patch tests have been demonstrated to be safe, with few reported
recurrences or severe reactions. They are performed 4 to 6 weeks after first symptoms onset, with
some studies recommending up to 6 months after recovery to avoid relapses. The patch test reaction
timing, specificity and sensitivity vary according to the suspected drug and SCAR phenotype. The
reaction may occur more quickly in abacavir hypersensitivity and fixed drug eruption; however, more
sensitivity was observed in AGEP than SJIS/TEN and DRESS. For drugs, highest sensitivity was
reported with anticonvulsants and beta-lactam antibiotics and lowest for vancomycin, trimethoprim-
sulfamethoxazole, allopurinol, macrolides and cephalosporins. However, the test is limited by lack of
standardization, availability of commercial reagents and optimal testing concentrations without
inducing systemic symptoms (Bakkum, Waard-Van Der Spek, and Thio 2002; Lehloenya, Todd, et al.
2016; Phillips et al. 2019; Trubiano et al. 2018; Lehloenya et al. 2020b).

1.4.2. Intradermal testing

Despite higher sensitivity than patch and prick testing, intradermal testing is not recommended
because of the risk of relapse. In a study by Torres et al, sensitivity of delayed IDT for antimicrobials
ranged from 6.6% to 36.3% for MPE and 64% to 100% for DRESS (Romano et al. 2004; Torres et al.
2003) . The use of intradermal testing has proven to be useful after a negative patch test, particularly
for antibiotic associated CADRs. The existing recommended guidelines to avoid a relapse includes

testing 6 months after the acute stage, using non-irritant concentrations of drugs and extra caution in
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immunocompromised patients. Intradermal testing involves syringe injection of the drug in the
forearm. A reaction is defined as erythema or swelling at injection site and immediate readings are
taken within 20 minutes and delayed readings at 6, 24 and 48 hours. Intradermal testing is not easy to
perform, requires commercially sterile drug preparation with limited availability in developing world
and specialists’ administration is recommended. Moreover, the use of non-irritant concentrations is
associated with low sensitivity in mild reactions and delayed reactions which seem dose dependent

(Lehloenya et al. 2020b).

1.4.3. Oral drugs rechallenge

In situations where drugs are needed urgently and the benefits outweighs the associated risks, oral
challenge with culprit drug is considered as a diagnostic tool. The drug re-exposure testing has been
performed in patients with B-lactams, amikacin, and antituberculosis drugs induced DRESS. In SCAR
induced by fixed drug combination or multiple single formulations of antituberculosis drugs, oral
rechallenge is considered for the management of tuberculosis. In these patients, all drugs are stopped
until normalization of skin and laboratory findings, and then drug re-exposure is performed
sequentially. This method is well described in a cohort of South African patients with a history SCAR
to anti-TB drugs. In a study by Lehloenya et al, 50% of patients sequentially rechallenged on
rifampicin, isoniazid, pyrazinamide, and ethambutol experienced mild to moderate (75%) and severe
reactions (26%). Rifampicin was the common offending drug (57%) followed by isoniazid,
pyrazinamide, and ethambutol (Lehloenya et al. 2011). In subsequent studies from this group, high-
dose steroids were implemented to reduce inflammation and stop the reaction (Lehloenya et al.
2021b) . In high TB settings, this has been the gold standard of testing shown to be an effective
strategy that allows patients to continue optimal treatment with negative drugs. However, this method
is limited by the need of collaborative specialists and the danger of severe reactions on drug re-

exposure.

1.4.4. In vitro drug testing

Patch, intradermal testing, and oral drug rechallenge all carry the risk of severe reaction on drug re-
exposure. For hypersensitivity reactions, two in vitro methods proposed to address this issue are the
lymphocyte transformation test (LTT) and enzyme-linked immunospot assay (ELISpot). They are
based on the activation drug-specific T cells upon stimulation with the culprit drug in patients with
SCARs. LTT is a proliferation test, which measures *H-thymidine uptake of specific T cells that

divide and expand after interaction with the culprit drug. A stimulation index (SI) is calculated as the

ratio of *H incorporated by drug-stimulated cultures and baseline incorporation of 3H by unstimulated
cells - an SI >2 is considered positive. The highest sensitivity of 73% and 82% specificity have been
reported in the recovery phase of DRESS. The sensitivity remained low for SJS/TEN even after
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removal of regulatory T cells and their supposed suppression of drug specific responses. Additionally,
positivity depends to a large extent on the drug with the highest confirmed for anticonvulsants,
antituberculosis, and 3-lactams. LTT is currently not done routinely as it is labour intensive, requires
skilled personnel, not standardized, uses radioactive material and lacks specificity as reported in

patients with elevated PBMC proliferation to the drugs they have tolerated.

ELISpot is a widely used assay that quantifies drug specific interferon y, tumour necrosis factor-a.,
interleukin 4, granulysin, or granzyme B release by PBMCs upon drug stimulation. PBMCs are
stimulated with varying concentrations of culprit parent drug and/or metabolites and results are
reported as spot forming units per million cells after the removal of unstimulated cell responses. In
some studies, the threshold of positivity is defined by measuring the frequency of antigen specific
INF-y producing cells in drug tolerant controls (Rozieres, Hennino, et al. 2009), setting the positivity
threshold at twice the average value of background spots (Wang et al. 2007) and based on the
distribution of negative controls (Keane et al. 2014; Keane et al. 2012). Reported sensitivities are
affected by drug, SCAR phenotype and variable positivity thresholds. A study by Polak et al (Polak et
al. 2013) observed a combined IFN-y and IL-4 ELISpot sensitivity of 82% compared to 50% for LTT.
The amoxicillin induced maculopapular eruption study reported IFN-y ELISpot sensitivity of was
91% with the positivity rate of more than 30 SFU/million cells.(Rozieres, Hennino, et al. 2009). A
recent study by Copaescu et al (Copaescu, Mouhtouris, et al. 2021) reported 56% IFN-y ELISpot
sensitivity in DRESS patients — greater than skin testing. The same group previously reported
sensitivity of 52% in patients with SCARs and specificity of 100%, confirming reproducibility
(Trubiano et al. 2018). Although responses can be detected up to 20 years after SCAR onset, blood
collected in the acute and early recovery stages of the reaction have shown greater sensitivity. This is

advantageous particularly in HIV/TB patients as drugs that are safe can be administered again.
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1.5. SCAR impact on clinical care — in the context of HIV TB infections

The clinical care and study of HIV-associated IM-ADRs is a major challenge. SCARs with Stevens-
Johnson syndrome, toxic epidermal necrolysis, and DRESS syndrome as common entities, are not
only life threatening, but carry a high risk of severe sequelae. Figure 1-2 outlines obstacles to
treatment and prevention. The current management of IM-ADRSs requires several drugs to be stopped.
In a setting of TB and HIV co-infection, the advance of both infections means that these vulnerable
patients can ill-afford these prolonged interruptions of optimal treatment. The many ways SCAR
impacts the effectiveness of TB treatment includes high risk of developing drug resistance, defaulting
treatment, and dying from TB. SCARs are also associated with high healthcare costs due to clinical
investigations, increased and prolonged hospitalization, permanent disability, and mental illness

(Zitha et al. 2014; Duong et al. 2017; Jin et al. 2021; Knight et al. 2019).

Some of the severe complications of SJIS/TEN in the acute stage include renal failure, ocular-specific
pulmonary lesions, or sepsis in already immune suppressed and vulnerable patients. Additionally, in
patients with TB associated respiratory insufficiency, direct effects SCAR on involved organs
exacerbates pulmonary infection with severe laryngeal lesions seen in SIS/TEN patients. In a study of
pregnant women with SIS/TEN, 50% delivered by caesarean and there were two foetal deaths caused
by SJS associated post-partum sepsis (Knight et al. 2015). The burden of SCARs management, effect
on TB targeted curing rates and resultant negative public health consequences of inadequately treated
or recurrent infection, makes research to identify appropriate prediction, prevention, and management

strategies an urgent priority.

d 2

OBSTACLES TO IMPROVED CLINICAL CARE AND RESEARCH IN
HIV-RELATED IM-ADRs
1. Vulnerable patients with multiple co-morbidities
2. Polypharmacy
3. Problems with diagnosis -
(a) Inconsistent clinical phenotyping
(b) No site-of-disease tissue investigations
4. Problems identifying culprit drug(s) -
(a) No validated in vivo tests in African populations
(b) No good in vitro tools for most drugs
(c) Very limited experience with drug rechallenge
5. Lack of biomarkers - either predictive or prognostic
6. Limited training and resources to develop specialised care centres
7. Lack of resources directed into research on drugs relevant to African populations

Figure 1-2: Obstacles to improved clinical care and research in HIV-related IM-ADRs
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1.6. Genetic factors

1.6.1. Human leukocyte antigens (HLA) — key players in T cell mediated ADR.

The idea that we are genetically predisposed to either an increased or diminished risk of developing
IM-ADRs stems from observations in genetic association studies in countries with a high prevalence
of one specific allele and few ethnic groups. HLA genes are encoded on the short arm of chromosome
6, this part of the genome constitutes the MHC complex in humans. HLA genes encode closely linked
cell surface glycoproteins that play a central role in immune system through antigen processing and
presentation to T cells. The HLA gene complex is divided into three regions and ordered into loci
(figure 1-3A). The class I region includes classical, highly polymorphic, and functional HLA-A,
HLA-B, HLA-C genes and non-polymorphic, non-functional pseudogenes HLA-E, HLA-F and HLA-
G. The class Il region includes the HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DQA2,

HLA DQBI1, HLA-DQB2, HLA-DRA, HLA-DRBI1, HLA-DRB2, HLADRB3, HLA-DRB4 and
HLA-DRBS genes. Class-II region also contain nonclassical genes (HLA-DM, -DO) involved in other
immunological functions than direct peptide binding. Lastly, class III region contains genes which
encode for inflammatory responses (e.g., tumour necrosis factor (TNF), leukocyte maturation and the

complement cascade (C3, C4 and C5) (Dendrou et al. 2018).

The HLA loci are usually inherited together as haplotypes with one haplotype inherited from each
parent. Each HLA locus has many variants or alleles of immune-relevant genes that can show extreme
polymorphism. HLA polymorphism ensures that the HLA molecules from different haplotypes can
bind a wide range of self and foreign peptide antigens necessary to mediate adaptive immunity. HLA-
A, HLA-B, HLA-C can recognize different antigens because of differences in the amino acid
sequence of HLA class | heavy (alpha) chains. Most differences are in the nucleotide substitutions in
exon 2 (alpha 1) and exon 3 (alpha 2). The gene encoding the HLA class I light chain (B»-
microglobulin) and pairs with the alpha chain, is located on chromosome 15 and has no polymorphic
variation. The class II molecules are also heterodimers with three classical loci, HLA-DP, HLA-DQ
and HLA-DR, composed of homogenous alpha and beta chains. Genes for both the alpha and beta
chains are in the HLA class II region and organized in pairs where one locus encodes the alpha chain

and the other the beta chain for the same HLA molecule.
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Fig. 1 A schematic overview of the binding groove (Adapted from Garrett
et al 1989. Nature, Macmillan Publishers Ltd., copyright 1989). The
straight lines in the center indicate the platform of (3 strands, the upper
helix is the a1 helix, and the lower one is the &2 helix. Panel a shows which
residues can influence peptide binding and T cell recognition according to
Bjorkman et al. (1987). Residues pointing toward the peptide binding site
and can interact with the peptide are colored in green. Those pointing up
from the peptide binding site and can interact with the T cell receptor are
colored in red. Residues 146, 155, and 163 are pointing both up and into the
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binding site (purple). Residue 61 points away from the binding site
(orange), and residue 45 is located behind the &1 helix, pointing toward
it (blue). The remaining residues are shown in black. Panel b shows the
polymorphism of every position on the 1 and &2 domains. The number of
different amino acids in our HLA subset (n=251; see “Materials and
methods”) found at a single position is indicated in the colored bar,
numbers are colored accordingly. Panel ¢ shows pockets 4—F as defined
in HLA-A2 (Saper et al. 1991). The positions in red in panel d are used as
input for the in silico predictor NetMHCpan

Figure 1-3: Simplified map of the genetic organization of the HLA complex -

A) The principal class-I genes are represented by ovals and class-Il genes by thick rectangles. The classical
class-I and class-Il HLA genes are indicated by green, whereas nonclassical ones by blue. The TAP and LMP

genes, and tapasin encoding gene within the class-Il region are shown by thin red rectangles. Within the class-Ill

region only the genes encoding complement proteins are shown by short yellow rectangles. B) Schematic
overview of the binding groove showing amino acids positions that make up each pocket. Adapted from (Penn

and llmonen 2005; van Deutekom and Kesmir 2015)
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HLA class I molecules are expressed on the surface of all nucleated cells and mostly present
endogenous peptides to cytotoxic T cell receptors — this interaction has a crucial role in immune
recognition of intracellular pathogens such as bacteria, viruses, and subsequent cytotoxic mediated
killing of infected cells. HLA class II molecules are expressed on specific antigen presenting cells
such as dendritic cells, macrophages, and present exogenous peptides to CD4 T cells. The activated
helper T cells initiate defence against extracellular pathogens and parasites. T cells that recognize

antigens presented by a particular class of HLA molecule restricted to that class.

The specificity of HLA—peptide—TCR interactions is essential in enabling the adaptive immune
system to provide an efficient and effective response from infection and malignancy while maintain-
ing self-tolerance and preventing T cell mediated autoimmunity. The specific recognition of HLA—
peptide combinations is mediated by af T cell receptors (TCRs) on CD8+ T cells and on CD4+ T
cells. Class I HLA molecules with the antigen binding cleft within the a-heavy chains typically
favours 9—11 amino acids in length, with a small percentage of bound peptides a bit longer and
protruding outside the class I binding cleft. Class I molecules’ peptides are made on the ribosomes of
rough endoplasmic reticulum (ER) and binds within the ER lumen. Most of the peptides are generated
through the degradation of cytosolic protein by the proteasome. In the ER membrane is the transporter
associated with antigen processing (TAP) which transports peptides from the cytosol into the ER
lumen. Another antigen processing molecule within the ER lumen, tapasin delivers peptides from
TAP move through the stacks of the Golgi apparatus to class I HLA molecules on the cell surface. A
tight binding of peptides is established and HLA class I peptide assembly is presented to T cells for
consequential cytotoxic attack. HLA class II a- and a B-chains assemble in the ER with a third protein
called the invariant chain. This assembly is transported to endosomal compartment called MHC class
II compartment. Within this compartment, the invariant chain is degraded by cathepsin proteases and
a short part of it called class II associated invariant-chain peptide (CLIP peptide) remains bound to the
peptide-binding site of the HLA class Il molecule. The degradation of the invariant chain allows for
transport of stable peptide MHC class Il complexes to the cell surface. The polymorphic nature of the
HLA locus enables HLA molecules to present a diverse array of peptide antigens, thus the peptide
binding preferences largely depends on structural features of the binding cleft of each particular HLA
allele. In addition to binding TCRs, HLA class I molecules also control functions of natural killer
cells by receptor mediated interaction with killer cell immunoglobulin-like receptors (KIRs) and

C-type lectin-like CD94/NKG2 family of receptors.

In recent years, important strides have been made in improving our understanding of the role of
various genetic factors in the pathogenesis of SCAR. Several new loci and genetic variants have been
identified that are associated with reactions in multiple populations. Gene variations in the HLA

complex - enriched with immune genes are mainly associated with diseases with related immune
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mechanisms. Due to their ability to interact with all nucleated cells, HLA class I molecules are

thought to be responsible for most signals of disease associations in the MHC region.

The association between HLA-B*57:01 and abacavir hypersensitivity was one of the first best
characterised examples of strong HLA association made to define the predisposition to IM-ADRs.
These studies showed the development of abacavir hypersensitivity is mediated by the by an HLA-
B*5701-restricted immune response to abacavir — although the presence of HLA-B*5701 allele was
not the only predicting factor of abacavir hypersensitivity reaction (Keane et al. 2014; Hetherington et
al. 2002; Mallal et al. 2002). In a randomized controlled trial, the HLA-B*5701 screening eliminated
immunologically confirmed hypersensitivity reactions, with a negative predictive value of 100% and a
positive predictive value of 47.9% (Mallal, Phillips, Carosi, Molina, Workman, Tomazic, Jagel-
Guedes, et al. 2008).

In carbamazepine induced SJS/TEN, 100% of patients carried HLA B*15:02 compared to 3% of
control patients. First identified in the Han Chinese population in Taiwan, carbamazepine SJS/TEN is
firmly associated with HLA B*15:02 with an odd ratio of 2,504 (Chen et al. 2011; Chung et al. 2004).
More studies in Japanese and European descents cohorts show HLA-A*31:01 and not HLA B*15:02
increases the risk of developing carbamazepine-induced SCARs (McCormack et al. 2011). Recently,
association between HLA B*15:02 and anticonvulsant phenytoin induced SCARs was established in
Malay population (Chang et al. 2017). These studies emphasise that influence of population specific
HLA risk alleles is associated with the estimated prevalence of major SCAR phenotypes in different
continents. This example illustrates the strong influence of ethnicity on HLA associations and the

unique challenges that ethnicity presents when implementing HLA alleles as predictors of IM-ADRs.

Similarly, a strong 100% association has been identified between HLA-B*58:01 and allopurinol
induced SJS/TEN or DRESS (Hung et al. 2005). This association has been observed in both Asian
and European populations, and the severity and mortality of allopurinol-induced SCARs are
influenced by clearance of oxypurinol, the primary metabolite of allopurinol. The negative predictive
value (NPV) of HLA-B*58:01 is 100% in Southeast Asians alone. HLA-B*58:01 explains only 60%
of allopurinol SCARSs in other ethnicities (Tassaneeyakul et al. 2009). Other notable IM-ADRs
associated with HLA alleles include dapsone hypersensitivity with the HLA-B*13:01 (Watanabe et al.
2017), HLA-B#*57:01 and DILI due to flucloxacillin, antithyroid-induced agranulocytosis and HLA-
B#27:05 and the HLA-B+*38:02-HLA-DRB1%08:03 haplotype, C*04:01 and nevirapine induced
SJS/TEN (Carr et al. 2013) and vancomycin DRESS strongly associated with HLA-
A*32:01(Konvinse et al. 2019)
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1.6.2. Endoplasmic reticulum aminopeptidases (ERAP)

Heavy and light chains of MHC class I complexes are composed in the endoplasmic reticulum but
cannot exit the cell for expression on the surface without an 8-10 amino acid peptide. The MHC class
I complex is restricted to the binding of mostly 9 amino acid peptides because the ends of the peptide
binding groove interact with the N and C terminus of peptides. The N and C termini are anchor
positions that determines affinity of bound peptides. Unlike MHC class II complexes that can extend
on both side of the peptide binding groove accommodating longer 12 amino acids peptides. Longer
peptides generated through proteasomal degradation and cytosolic aminopeptidase processing are
further trimmed by ER aminopeptidases (ERAP) to properly fit the MHC class I complexes. ERAPs
mainly trim peptides with extended N terminus in order to generate the correct length antigenic
peptides for loading onto MHC class I molecules. The specificity of these peptidases can affect
antigenic peptide selection. Humans have two genes that encode ERAPs (ERAP1 and ERAP2)
associated with antigen processing. Encoded on the long arm of chromosome 5, region 15, ERAP1
gene is 47,379 base pairs long and consists of 20 exons; ERAP2 gene is 41,438 base pairs long and
consists of 19 exons (figure 1-4D) (Cifaldi et al. 2012). ERAPs belong to the M1 family of zinc
metallopeptidase enzymes characterized by GAMEN and HExxHx18E binding motifs.

The structure for the four protein domains of ERAP1 have been determined by crystallization.
Domain I (residues 1-254) comprises of a -sheet of eight saddle shaped strands which provide
binding sites for the N terminus of a substrate peptide on one end of the strand close to the catalytic
domain. Domain II (residue 255-529) is the catalytic domain that carries the zinc binding motif,
GAMEN and HExxHx18E. It is one of the domains composed of alpha helixes that link the GAMEN
motif and HExxHx18E which bind the N terminus end of the substrate. Domain III (residues 530-614)
composed of two B-sheets that create an -sandwich, is a small domain that connects domain II to
domain IV. Domain IV (residues 615-940) is the second domain made of alpha helixes arranged like
a bowl (figure 1-4A). In the open conformation of ERAPI, a large cavity exits between domain II and

IV and in the closed form, domain IV connects with the catalytic domain and closes off the active site.

As mentioned above, ERAP1 exist in open form to allow substrate access to the active site and
assumes a closed form once the substrate peptide is bound (figure 1-4B-C). Domain Il pulls domain
IV from the active site to make it accessible to substrates. The closed state is facilitated by the strong
binding of preferably 9-16 long residues anchored in the S1 specificity pocket. In one the studies that
described the crystal structure of ERAPI, active sites residues Met319, Glu183 form the N-terminal
anchor for any peptide substrate and GIn181 which when mutated to glutamate increases the affinity

of ERAP1 for basic N-terminal residues. Residues Arg430 and Glu865 form the end of the S1
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specificity pocket. Shorter peptides with less than 8 residues in length do not extend from catalytic
sites to the hydrophobic pocket, resulting most likely in reduced binding affinities for such substrates.
Thus, the length preference and substrate specificity of ERAP1 influences which peptides are trimmed
before HLA class I presentation and affects immune function (Falk and Rétzschke 2002; Saulle et al.

2020; Serwold, Gaw, and Shastri 2001).

ERAPs are highly polymorphic with many single nucleotide polymorphisms (SNPs) (figure 1-4D).
They are present on the cell surface of all nucleated cells as well as ER in humans and the expression
is regulated by interferon-y (IFN-y). In their peptide presentation role, ERAPs are linked to several
diseases including ankylosing spondylitis (Evans et al. 2011), cervical cancer (Li et al. 2020), diabetes
(Fung et al. 2009), hypertension (Yamamoto et al. 2002), psoriasis, Crohn’s disease (Franke et al.
2010), pre-eclampsia (Ferreira et al. 2021), haemolytic uremic syndrome (Taranta et al. 2009), and
osteoporosis (Yamada, Ando, and Shimokata 2007). Majority of in vitro and in vivo disease models
investigating ERAP SNPs have shown that aberrant trimming of peptides or presentation by ERAP1
and HLA alleles are involved in the pathogenesis. The disease associated SNPs are positioned near
the catalytic site within the binding groove, or near locations that can influence the conformational
rearrangements and other SNPs are also present in interdomain areas or in domain IV, a regulatory

region responsible for C-terminal residue peptide binding.

ERAP which trims polypeptides in the endoplasmic reticulum to epitopes of various lengths before
presentation on HLA class I molecules is increasingly becoming a key element in cell mediated
immunity. Recent genome wide association studies show the interaction of HLA-B27 and ERAP as a
determining factor in the genetic predisposition to ankylosing spondylitis, HLA-A*29:02 and ERAP
in birdshot retinopathy and HLA-B*51:01 and ERAP interaction in Bechet’s disease. Relevant to IM-
ADRs, a recent study showed abacavir tolerant subjects tend to have hypoactive trimming ERAP1
allotypes. Abacavir is shown to bind within the F pocket of the peptide-binding groove of HLA-
B*57:01, and thus altering the repertoire of self-peptides presented to T cells. The potential for
ERAP1 to influence the repertoire of peptides available to be presented to T cells in the presence of
ABC is in keeping with the primary hypothesis of the altered peptide model by which ABC causes
hypersensitivity. These preliminary studies show the importance of antigen processing and
presentation and provide a strong motivation to investigate the influence and interaction of ERAP

with HLA class I alleles in disease development.
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Figure 1. Genomic structure of the human ERAP1 (A) and ERAP2 (B) genes. Exons are numbered
and depicted as boxes. Outlines indicate the sites of exonic or intronic polymorphisms described in
the text as rs and related infections.

Figure 1-4: ERAP structure

A) ERAP1 consists of four different domains (I-IV) made up of alpha helices and beta sheets as indicated and
colour coded. The residue numbers corresponding to different domains are indicated. B) The closed
conformation of ERAP with bound substrate indicated. C) ERAP1 open conformation to allow substrate access to
the active site. Adapted from (Nguyen et al. 2011). D) ERAP1 an ERAP2 genes with SNPs and associated
diseases. Adapted from (Saulle et al. 2020)
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1.6.3. Killer immunoglobulin receptors (KIR)

Natural killer (NK) cells are innate immune cells, among the first to enter inflammation site and
mediate a cytotoxic response to tumours and invading pathogens. NK cell responses are regulated by
interaction between their polymorphic receptors and specific HLA class I ligands. NK cell receptors
are categorised into inhibitory and activating receptors that regulate the protection of healthy cells and
the killing of target cells. The absence of HLA class I molecules or expression compromised by
infection renders the cell susceptible for NK cell lysis while they are prevented form lysing healthy
cells by recognition of HLA class I molecules. In humans, these receptors include CD94/NKG2 and
killer-cell immunoglobulin-like receptors (KIRs) (the focus of this review). The CD94/NK G2
molecules and KIRs are encoded by NK gene complex (NKC) and leukocyte receptor complex (LRC)
respectively. NK cells can express more than one receptor and the varied combination defines a
person’s NK cell receptor repertoire. The NKC is on the short arm of chromosome 12 and while
CD9%4 is a single copy gene, NKG2 region includes NKG2A, C, D and E. CD94 forms heterodimers
with NKG2A to serve as inhibitory receptors and NKG2C to deliver activating signals through
specific interaction with HLA-E.

The second genetic region known as leukocyte receptor complex is located on the long arm of human
chromosome 19, region 13. It encodes the family of NK cell receptors with extracellular
immunoglobulin (Ig) like domains. — the killer-cell immunoglobulin-like receptors that recognise
HLA class I ligands. In the LRC, the KIR loci consist of 12 genes, organized by lineages (I, IL, 111, V),
identified by the number of the Ig domains in the extracellular region (KIR2D — two Ig domains,
KIR3D - three Ig domains) (figure 1-5A) and specificity of HLA class I molecules (figure 1-5B). KIR
lineage I consist of 2DL4, 2DLS5A and 2DL5B which recognise HLA-G. KIR lineage II includes
KIR3DL1/S1, 3DL2 and they recognise antigens on HLA-A (A3/11) and HLA-B allotypes. The
lineage III of KIRs consist of KIR2DS1/2/3/4/5, 2DL1/2/3, 2DP1 and 3DP1 that interact with C1 and
C2 epitopes of HLA-C and HLA-B allotypes with epitopes similar to C1. Despite the diversity of
human KIR genes, they are only grouped into two haplotypes. Haplotype A and B (Boudreau and Hsu
2018). The A haplotypes are composed of Cen-A and Tel-A and include inhibitory KIRs, KIR2DLI1,
KIR2DL3, KIR3DL1, KIR3DL2, KIR2DL4 and one activating KIR2DS4. The B haplotype is
composed of Cen-A/Tel-B, Cen-B/Tel-A and Cen-B/Tel-B characterised by the presence of
KIR2DL2, KIR2DLS5B, KIR2DL5A, KIR2DS3, KIRDS1, KIR2DS2, KIR2DSS5 and KIR2DS 1

(Pende et al. 2019) (figure 1-5B).

The HLA class I ligands for lineage II KIRs contain the Bw4 motif at amino acid position 80 of the

HLA-B heavy chain and the HLA-C and HLA-B ligands for KIR lineage III are sorted into C1 and C2
groups based on the polymorphisms at this position. HLA-C1 allotypes, which are characterised by an

24



asparagine at position 80 are the preferred ligands for KIR2DL2 and KIR2DL3 whereas HLA-C2
allotypes with a lysine at position 80 are recognised by KIR2DL1. KIR3DL1 has a higher affinity for
isoleucine80 (Bw4-801) than threonine80 (Bw4-80T) — their interaction with Bw4-*80T results in

inhibition of NK cells responses.

In the KIR genes nomenclature, the S indicates activating receptors whereas L represents inhibitory
receptors. Their difference lies in the cytoplasmic tails of Ig domains (figure 1-5A). Inhibitory
receptors have immunoreceptor tyrosine inhibitory motifs (ITIMs) that recruits and activates SH2-
domain-containing protein tyrosine phosphatase 1 or 2 (SHP1 or SHP2). Their engagement terminates
stimulatory receptor signals and delivers an inhibitory signal on the surface of NK cells after ligand
binding. Activating receptors mediate their effects through immunoreceptor tyrosine-based activation
motifs (ITAMs) which contains molecules, known as killer activating receptor associated proteins.
After ligand binding, ITAM becomes phosphorylated and induces cytotoxic responses and cytokine

production.
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1.6.4. T cell receptor (TCR)

Majority of T cell express the alpha (a)-beta (3) receptor pair whereas the gamma (y) delta (d)
receptor pair is expressed on 1-5% of T cells in peripheral blood. The o TCRs on CD8+ T cells
recognise and bind antigens presented by MHC class I molecules and CD4+ T cells recognises and
binds to MHC class II peptide complex. The a- and B-chains of TCR heterodimers arise when
different variable (V), diversity (D) and joining (J) gene segments come together through somatic,
convergent recombination in the thymus to give rise to a single type of functional TCRa complex
expressed by each T cell. The V and J regions from the variable domain of the a chain whereas the V,
D and J segments form the B-chain. The somatic recombination and additional variation due to the

deletion and insertion of nucleotides results in highly variable complementarity-determining regions

(CDRs): CDR1, CDR2 and CDR3 (Rossjohn et al. 2015).

In the interaction with peptide-MHC complex, TCR binds in a conserved diagonal orientation that
positions the germline encoded CDR1 and CDR2 loops mainly over the MHC and the non-germline
encoded CDR3 over peptide. The CDR3 of each of the two receptor chains defines the clonal
specificity. Although, the CDR1 and CDR2 show no rearrangement, they have been shown essential
in the MHC biding followed by CDR3 contact with the peptide (van der Merwe and Dushek 2011;
Shah et al. 2021). T cell activation is triggered on the formation of stable interactions (figure 1-7). To
mount a specific immune response, naive T cells undergo antigen stimulation in secondary lymphoid
tissues to either mediate a helper T cell or cytotoxic response to eliminate the foreign pathogen or
abnormal cells. In the thymus, T cells subsequently undergo positive and negative selection to
generate T cells expressing a diverse and MHC restricted repertoire and to ensure specificity for
foreign but not self-peptides — minimizing the possibility of autoreactive T cells (Bradley and Thomas

2019).

The proposed mechanistic models to explain the recognition of drugs by T cells involves interaction
with highly variable T cell receptor (TCR). In carbamazepine induced SCAR a public TCR clonotype
present in SJS/TEN patients and not tolerant controls showed a bias for HLA-B*15:02 carried by
patients and controls (Ko et al. 2011; Pan et al. 2019). Similarly, in allopurinol induced SCAR, along
with HLA-B*5801 risk allele, a specific TCR clonotype recognised its metabolite oxypurinol (Chung,
Pan, et al. 2015). However, public TCRs in SCARs remain elusive due to patient specific repertoire

and lack of molecular and functional signatures to identify drug specific clonotypes.
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1.6.5. Structural and biochemical basis of how drugs induce an immune response.
There is now considerable evidence that a variety of individual drugs can cause multiple types of
ADRs, and a specific type of ADR can be due to any drug in susceptible individuals. For a drug to
elicit an IM-ADR, it must be both immunogenic (able to sensitize the immune system) and antigenic
(able to evoke an immune response from the sensitized immune system). The mechanisms small drug
molecules, typically in the size range of 1-3 amino acids and their metabolites, stimulate T cells and
the ability of T cells to promote an immune response and associated tissue injury remain poorly
understood. Several studies have reported on three proposed models explaining the recognition of
drugs by the immune system. These include the hapten/pro-hapten, pharmacological interaction (p-i
concept) and altered peptide repertoire models (figure 1-6). Once drugs enter cells such as
hepatocytes, drug metabolizing enzymes detoxifies and make them water soluble. The phase I
metabolic cytochrome P450 enzymes commonly mediate activation of drugs — this is the general
mechanism through which reactive metabolites are generated and can bind covalently to host MHC
molecules. However, in rare cases, a deficit in phase Il metabolizing enzymes — which involve
conjugation by coupling drugs or metabolites to other molecules, can render non-immunogenic parent

drugs, immunogenic.

In the hapten/pro-hapten model, there is formation of covalent bonds between drug molecules and
proteins or peptides, leading to a drug-specific cellular immune response. Haptens are chemically
reactive small molecules that are able to bind covalently to larger proteins or peptides, initiating an
immune response and pro-haptens are molecules that require enzymatic conversion to become
chemically reactive (Gerber and Pichler 2004; White et al. 2015; Usui and Naisbitt 2017; Roujeau
2006; Pichler, Naisbitt, and Park 2011; Padovan et al. 1996). An example of a hapten model where a
drug directly reacts with host MHC molecules is penicillin. In penicillin hypersensitivity, penicillin as
the parent drug binds to serum albumin that undergoes intracellular processing to generate peptides.
This forms a hapten-peptide conjugates associated with MHC molecules and transported on the
surface of APCs, such as follicular dendritic cells, Langerhans cells in the skin, B cells and
macrophages. Hapten—peptide conjugates on the surface of APCs interact with immature T cells
through T cell receptors - this interaction governed by the antigen binding specificity of T cell

receptors and influenced by binding specificity of MHC molecules, elicits an immune reaction.

The p-i concept involves pharmacological interaction of drugs with immunological receptors where
the parent drug or metabolite binds directly and non-covalently to T cell receptors, or to specific HLA
molecules without a specific peptide ligand (Pichler, Naisbitt, and Park 2011; Pichler et al. 2015;
Porebski et al. 2013). The antigenic peptide processing by antigen presenting cells is not necessary in

this model. This concept stems from the ability of certain drugs to bind selectively and reversibly to
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certain protein pockets of receptors and enzymes. It is termed pharmacophore — which defined as the
molecular framework that includes drug features responsible for its interactions with a specific
biological target and to block its biological response. From this definition, Picher et al deduced,
pharmacological interactions of drugs with highly variable TCR and MHC molecules induces an
immune response. For example, in carbamazepine induced SJIS/TEN, carbamazepine binds directly to
the protein encoded by HLA-B*15:02 - without the involvement of intracellular carbamazepine
metabolism or processing, endogenous peptide loaded HLA-B*15:02 presents the drug to cytotoxic T
cells. In this study, other HLA-B75 family members could also present CBZ to activate cytotoxic
responses. The peptide binding groove of HLA-B*1502 was suited to accommodate three residues
(Asn63, 11e95, and Leul56) involved in carbamazepine presentation and cytotoxic T cell activation

(Wei et al. 2012).

Unlike carbamazepine T cell activation, abacavir specific T cells are not activated by APCs
expressing HLA-B*57:01 closely related HLA alleles HLA-B*57:03, HLA-B*57:02 and HLA-
B*58:01 which differ by 2- 4 amino acids. Amino acids differences between these alleles locates
abacavir binding to the C-terminal end of the peptide binding groove - suggesting that abacavir-HLA-
B*57:01 specificity is particularly sensitive to the F-pocket (Illing et al. 2012). Abacavir binds non-
covalently within the binding pocket of HLA-B*57:01 and interacts with two residues Asp114 and
Ser116 which differentiates HLA-B*57:01 from naturally related HLA allotypes (figure 1-3B). This
binding leads to alteration of both the chemistry of F pocket in the binding cleft and the self-peptide

repertoire. This drug MHC molecule interaction is termed the altered peptide repertoire model.
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Figure 1-6: Schematic diagram showing proposed mechanisms of T cell activation in the development of
SCARs.

(a) In the Hapten/prohapten model drugs form covalent bonds with endogenous proteins/peptides. These drug-
modified peptides are then processed by antigen presenting cells and presented on the MHC resulting in a T-cell
response. (b) The drug-specific Pharmacological-Interaction (P-I) model proposed that drug binds directly to
immune receptors such as the T-cell Receptor (TCR) or HLA forming non-covalent bonds without the need for
peptide processing. Dashed lines represent non-covalent bonds. (c) The Altered peptide repertoire model the
drug forms non-covalent bonds within the binding pocket(s) of the MHC to alter the chemistry of the binding cleft
and repertoire of self-peptides able to bind to the HLA molecule in question. Some of these newly presented self-
peptides have not been previously tolerized and their presentation results in a T-cell response. (d) The interaction
between abacavir and HLA-B*57:01 as occurs in abacavir hypersensitivity syndrome exemplifies the altered
peptide repertoire model. Adapted from (Peter et al. 2017)
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Figure 1-7: Schematic diagram showing binding of antigenic peptides to HLA-B27 and recognition by the
T-cell receptor.

The sidechains of peptide 'anchor' residues P2, P3 and P9 (C-terminal) are bound in pockets. The sidechains of

P1, P4 and P8, which extend out of the peptide-binding groove, are critical for T-cell recognition. Adapted from
(Zaccai, Bird, and Jones 1999).
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1.7. Pharmacology of FLTD

1.7.1. Details of tuberculosis treatment

First line drugs used for the treatment of tuberculosis are Isoniazid (INH), Rifampicin (RIF),
Pyrazinamide (PZA), Ethambutol (EMB). The WHO currently recommends the use of fixed dose
combination (FDC) for the treatment of drug sensitive tuberculosis. In South Africa, Rifafour (RHZE)
e-275 tablets containing rifampicin 150 mg, isoniazid 75 mg, pyrazinamide 400 mg and ethambutol
hydrochloride 275 mg are used for drug sensitive tuberculosis treatment. The effectiveness of TB
treatment using FDC compared to separate drug formulations is still unclear. A new case of
tuberculosis is recommended a highly effective regimen of 1-2 months on RHZE and 3-6 months on
separate formulations of isoniazid and rifampicin. Guidelines for treatment with separate drug
formulations recommends INH, RIF for 6 months, together with EMB, PZA for the first 2 months.
First line anti-tuberculosis drugs (FLTD) are also administered as preventive therapy for people at
high risk of tuberculosis. In high burden countries, preventative therapy is targeted at people with HIV
— where it has been shown to be highly beneficial and children aged less than Syears with household
contacts. In low burden countries, preventative therapy is recommended for individuals with latent
mycobacterium tuberculosis infection to prevent progression to active TB disease. The standard TB
preventative therapy regimen is INH for 6-12 months, although other one or more FLTD can be

administered.

1.7.2. FLTD mode of action

Tuberculosis is caused by an intracellular bacterium, Mycobacterium tuberculosis (MTB), and is
transmitted when the organism is aerosolised by the cough of an infected patient and inhaled into the
alveoli of a new host (Alland et al., 1994). The introduction of MTB bacilli into the lungs can cause
respiratory infection characterised pathologically by necrotic granulomas, termed pulmonary TB
which can later disseminate to other organs resulting in extra-pulmonary TB (Rieder et al., 1990,
Solovic et al., 2013). In the lung, after aerosol inhalation, bacteria are taken up by resident
macrophages and a series of complex interactions with the host take place, more macrophages are
recruited to the site, specific T cells begin to accumulate, and a granuloma is formed (Ramakrishnan,
2012). To achieve sterilization of infection, FLTD advantages their bactericidal and bacteriostatic
properties against growing tubercule bacilli. Treatment for tuberculosis is lengthy and requires
multiple drug regimen, in part because tubercule bacilli respond slowly to treatment and some
Mycobacterium infected cells take longer to be killed by antibiotics. Identifying the pathways of
actions is limited by the broad reaching metabolic effects of drug treatment. The two most potent
sterilizing drugs are pyrazinamide and rifampicin - either of these drugs is most effective when

administered with isoniazid.
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Pyrazinamide is an effective sterilising drug in tuberculosis, but its mode of action is unclear. It works
in the opposite of other three FLTD as it has no or little activity against growing tubercle bacilli and is
primarily active against semi-dormant subpopulations of MTB persisters. Zhang et al model of PZA
action describes it as a pro drug converted to its active derivative pyrazinoic acid by nicotinamidase in
the bacterial cytoplasm. Due to the inefficient bacterial pump, pyrazinoic acid is excreted slowly
through the cell wall and its accumulation leads to toxicity to the cell membrane. EMB as a
bacteriostatic drug specifically interferes with the biosynthesis of arabinogalactan in the cell wall,
halting multiplying bacilli (Palomino and Martin 2014). Isoniazid is only active against metabolically
active replicating bacilli. Isoniazid as a pro-drug requires activation by the peroxidase enzyme KatG
to exert its effect. It inhibits the enoyl reductase from MTB by forming a covalent toxic chemical
adduct with the nicotinamide adenine dinucleotide (NAD) cofactor. Rifampicin forms the core of drug
susceptible antituberculosis regimen by halting bacterial DNA-dependent RNA synthesis. It binds to
the B-subunit of the RNA polymerase, inhibiting the elongation of messenger RNA (Blanchard 1996).

1.7.3. Immunogenicity of FLTD

An example on how anti-TB drugs could initiate ADRs, is a study on INH induced hepatoxicity
(Sharma et al. 2002). INH metabolism is associated with INH-induced liver injury, with the major
metabolites — Acetyl hydrazine, hydrazine, and acetyl isoniazid, shown to cause hepatic necrosis in
this study, parent drug INH at a higher dose did not cause toxicity. Though other studies also found
INH itself and not metabolites can bind to liver proteins and cause immune-mediated hepatotoxicity.
These contrasting results show how accumulation of an anti-TB drug, or its reactive metabolite can
activate T cells and stimulate a specific response. Various HLA alleles are associated with a drug-
specific clinical phenotype, and recently they have been implicated in anti-TB ADRs. The presence of
HLA-DQB1*0201 allele is associated with mild to serious INH-induced liver injury in patients of
Indian ancestry. Previously, mechanism of INH DILI was thought to not involve an immune response
and mainly due to the bioactivation of AcHz metabolite. The immune modulated severe phenotype of
INH-induced DILI is associated with the production of antibodies against CYP2E1, CYP3A4 and
CYP2C9 (Sharma et al. 2002) (Bothamley 2002).

1.7.4. Cross reactivity with drugs commonly used in in HIV TB coinfection
treatment.

Structurally related drugs can cause cross-reactions with SCARs. Cross-reactivity occurs when an
individual previously exposed and reacted to a drug, is exposed to a structurally similar drug, and the
immune system recognises the shared structural similarities resulting in another reaction. Cross-
reactivity is commonly reported in immediate rather than delayed hypersensitivity and associated with
penicillin and related antibiotics (Blumenthal et al. 2019), corticosteroids (Coopman, Degreef, and

Dooms-Goossens 1989), and aromatic antiepileptic drugs (Alvestad, Lydersen, and Brodtkorb 2008;
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Hirsch et al. 2008). Recently a study confirmed the potential immunologic cross-reactivity between
vancomycin, teicoplanin, and newer glycopeptide antibiotics in HLA-A*3201 positive patients with

vancomycin-induced DRESS (Nakkam et al. 2021).

In HIV TB patients, possible interactions have been reported between dapsone and trimethoprim/
sulfamethoxazole (Carr, Penny, and Cooper 1993; Beumont et al. 1996b; Holtzer, Flaherty, and
Coleman 1998). In our setting, the absence of cross-reactivity between drugs in the rifamycin class
(rifampicin and rifabutin) has been reported (Lehloenya, Dlamini, et al. 2016). However, as the
collection of ADR data expands, we have noted an increment in patients reacting to both rifampicin
and rifabutin on oral sequential drug challenge (IMARI registry unpublished data). Rigorous data

analysis ids required to confirm the likelihood of cross-reactivity between rifamycin.

1.8. Ilnmune mechanisms

SCARs are type IV delayed hypersensitivity reactions mediated by T cells which initiate and
perpetuate inflammation characterized by skin immune cell infiltration and the activation of different
effector or regulatory cells secreting cytotoxic mediators and inflammatory cytokines (Duong et al.
2017). In support of this assumption the largest group of genes associated with SCAR susceptibility
are involved in antigen presentation to T cells or in T cell signalling pathways (Peter et al. 2017). The
variability of SCAR clinical entities has led to a further subclassification of type IV reactions,
according to different cytokine production patterns by T cell subsets and to the contribution of certain
subpopulations of immune cells to the inflammation and tissue damage. In this classification, type [Va
reactions include Th1 immune responses with the release of large quantities of IFN-y and the
participation of monocytes. Type IVb reactions correspond to Th2 responses with production of 1L-4,
IL-13, and IL-5, that leads to the eosinophilia characteristic in some drug allergies. In type [Vc
reactions cytotoxic T lymphocytes are the main effectors of tissue injury. Finally, in Type IVd
reactions T cells promote the recruitment of neutrophils to affected tissue through the secretion of IL-

8/CXCLS (Pichler 2003).

Classically, DRESS is considered as a type IV a and b Thl and Th2-driven reactions; SJS/TEN as a
type IVc cytotoxic reaction, and AGEP is classified as a type IVd reaction. Although this
classification provides a useful understanding of the pathogenesis, their contribution to the mechanism
of a given clinical entity is not mutually exclusive. For example, high IFN-y levels (typical of type
IVa) have been identified in serum and blister fluid of SJS/TEN patients, and drug specific CD8+
cytotoxic T cells (typical of type IVc) may also be involved in DRESS and AGEP. On the other hand,
any of these reactions may occur in response to any drug, meaning that similar immune mechanisms

are triggered in response to different chemical compounds (Pichler 2003).
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1.8.1. Innate immune cells in SCAR pathogenesis

Innate immune cells are white blood cells that serves as the front line against foreign agents and
include basophils, dendritic cells, eosinophils, Langerhans cells, mast cells, monocytes and
macrophages, neutrophils, and natural killer (NK) cells. T cell responses to antigens are directed by at
least two signals. The first signal through the T cell receptor (TCR), removes T cells from a naive
state to proliferation and differentiation. The second co-stimulatory signal to acquire effector
functions is provided by antigen presenting cells (APCs) such as DCs, macrophages and monocytes
(Banchereau and Steinman 1998). The capacity of drugs and reactive drug metabolites to act as
danger signals and induce DC maturation, activate monocytes and macrophages to increase T cell
proliferation has been demonstrated (Lavergne et al. 2009). Not only drugs or drug-protein conjugates
can induce DC maturation, but signals can also come from other cells such as keratinocytes, natural
killer cells and B cells. Moreover, interaction of DCs and drugs might create an inflammatory
microenvironment that triggers a degree of of bystander activation and proliferation of memory T

cells without the continuous antigenic stimulation through the TCR (Rodriguez-Pena et al. 2006).

Proinflammatory cytokines released by CD14+ CD16+ monocytes in the epidermis in SIS/TEN skin
lesions, have been suggested to contribute to the stimulation cytotoxic T cells (Tohyama et al. 2012).
Another study by Araujo et al. (de Araujo et al. 2011) demonstrated CD1a+ CD14+ non-lymphoid
dendritic cells in blister fluid not only produce proinflammatory cytokines such as TNF-a at higher
concentrations in SIS/TEN patients than others, also the death ligands TWEAK and TRAIL capable
of inducing keratinocyte death in an HLA class-I independent manner (Bellon 2019). In acute
DRESS, a population of proinflammatory CD14+CD16+ monocytes were severely reduced and
recovered after resolution. Neutrophils and the neutrophil chemotactic factor IL-8/CXCLS8 have been
observed as key players in dermal cytotoxicity in AGEP. In addition, the presence of tissue infiltrating
neutrophils is a hallmark of T cell stimulated keratinocyte secretion of IL-8/CXCL8 which may also
contribute to the activation and recruitment of neutrophils from the bone marrow to peripheral blood,
causing increased circulating T cells and neutrophilia (Kabashima et al. 2011). A novel DRESS
mechanism involving innate type 2 lymphoid cells expressing the IL-33 receptor ST2 in the skin and
blood of patients during the acute phase, together with high serum concentrations of soluble ST2 and

IL-33 was recently reported (Tsai et al. 2019).

1.8.2. NK cells like cytotoxic responses in SCAR

Two mechanisms involving NK cells in the development of SCAR have been suggested. First,
particularly in SJS/TEN, drugs trigger the activation of NK cells and CD8 T cells to secrete
granulysin, shown to play a pivotal role as a cytotoxic mediator inducing keratinocyte necrosis

without direct cell contact. Second, perforin/granzyme B released by NK and T cells are also
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considered mediators of drug-induced cytotoxicity through interaction with target cells. These
pathways are not mutually exclusive and involve both the innate and adaptive mechanisms.

Patients with active SCAR to drugs present activated CD56dim or CD56bright NK subpopulations
and increased secretion of cytotoxic markers perforin and granzyme B and proinflammatory cytokines
correlating with CD56 expression. A population of CD56dim cells has an increased cytotoxic pattern
while CD56bright cells increased Thl cytokine production such as IFN-y (Chaves et al. 2010). The
CD56+ NK and NKT cells characterised by expression of CD3, CD56 were present in SIS/TEN
blister cells and were among the prominent sources of perforin, granzyme B and granulysin, a key

cytotoxic molecule responsible for keratinocyte death (Chung et al. 2004).

1.8.3. Adaptive immune responses in SCAR

T lymphocytes are central to most immune responses, and severe immunosuppression occurs in
individuals or animals deficient in T cells. They form part of adaptive immune system that is specific.
Recognition of specific antigens is necessary for T cells to undergo proliferation, differentiation,
acquisition of effector functions and also to provide ‘help’ to other cell subsets that participate in
adaptive immunity, such as B cells and natural killer cells. After HLA restricted drug stimulation or
inflammatory microenvironment, multiple subsets of T cells (CD4+, CD8+) from SCAR patients are
aberrantly activated, mediate inflammatory responses, have similar proliferative gene signatures in
peripheral blood and skin and their skin and blisters infiltration correlates with the severity of tissue

damage (Kim et al. 2020; Duong et al. 2017).

1.8.4. CD4+ T cells

SCAR CD4+ T cells display helper T cells (Th1) chemokine CXCR3, skin homing chemokine
receptors CLA, CCR10, CCR®6, profound production of Th1 proinflammatory cytokines, cytotoxic
molecules and their regulatory capacities are compromised. In AGEP, drug specific CD4+ T cells
produce IL-8/ CXCLS8 and IL-8/ CXCLS-specific receptor CXCR1, which could explain their
recruitment to the skin and in the skin, production of IL-8 increases neutrophil and T cell recruitment
to the epidermis. In T helper 17 subset (Th17), increased expression and serum levels of IL-17 and
IL-22 mark the increased inflammatory responses (Kabashima et al. 2011). Indeed, chemokine CCR®6,
a distinctive marker of Th17 cells has been found in skin infiltrating lymphocytes (Keller et al. 2005).
Altogether, these findings suggest increased circulating, 11-22 producing Th17 cells stimulate
keratinocyte secretion of interleukin 8 for neutrophil recruitment thus contributing to skin disease in
AGEP (Duong et al. 2017; Bellon 2019). In DRESS, Th2 cells, another subset of CD4+ T cells
expressing increased levels of IL-5 are associated with the development of eosinophilia (Choquet-
Kastylevsky et al. 1998). In the active stage of DRESS, circulating CD4+ T cells producing IL-4 and

IL-13 are significantly increased. The secretion of IL-4 which drives the differentiation of naive T

35



cells to Th2, confirms the major role of these cell subset in DRESS (Teraki and Fukuda 2017). In
addition, CCL17 which is also regarded as a Th2 chemokine expressed by dermal macrophages in
skin biopsies, has been associated with the recruitment of CCR4 + Th2 lymphocytes to the skin.
Moreover, the frequencies of Th2 lymphocytes positively correlated with serum CCL17 levels in

patients with DRESS (Bellon 2019; Ogawa et al. 2014).

1.8.5. CD8+ T cells

SCAR studies in CD8+ T cells are extensive, several reports demonstrate the cytotoxic capacity of
CD8+ T cells in SCAR that leads to the cell death, severe tissue damage characteristic of SIS/TEN.
For instance, CD8+ cytotoxic T lymphocytes (CTLs) and CD56+ and NKT cells have been found in
SJS/TEN blister cells and showed cytotoxicity against target cells such as keratinocytes. In addition,
the increased expression of granulysin (Chung et al. 2004), granzyme B, perforin and FasL in CD8+ T
cells from SJS/Ten patients have been implicated as key molecules in the disseminated keratinocyte
death (Viard-Leveugle et al. 2013). In addition, CD8+ T cells were found to be prominent sources of
secretory granulysin and its in vitro induction along with perforin granzyme mediated cytotoxicity
was in a drug specific, HLA class I manner in drug induced SJS/TEN patients (Schlapbach et al.
2011; Nassif et al. 2002). Although granzyme B and perforin have a lesser effect on SJS/Ten
associated tissue damage than previously thought, the role of Fas-Fas ligand interaction in
keratinocyte death and as effector molecules is debatable as previous findings have not always been
reproduced (Chung et al. 2004; Cho et al. 2014). In DRESS, a flow cytometry analysis of circulating
cells revealed predominance of CCR4+ CCR10+ CD8+ T cells with proliferative gene signatures
(Kim et al. 2020). Furthermore, keratinocyte-specific chemokine CCL27 known to recruits CCR10+
lymphocytes, is increased in SIS/TEN affected skin, along with increased gene expression of CCR10
in skin infiltrates and in blister fluid cells. This strongly suggests that CCL27 may be involved in the
recruitment of CCR10+ lymphocytes to the epidermis. In the acute phase of SJS/TEN, higher
frequencies of circulating CCR10+ lymphocytes were found (Bellon 2019; Tapia et al. 2004).

The proliferative and inflammatory responses of circulatory and skin infiltrating CD8+ T cells are
well documented in a T cell mediated clinical entity similar to SCARs called abacavir hypersensitivity
syndrome. In patients with active AHS, there is an elevated induction TNF- a and IFN- y in whole
blood and PBMCs exposed to abacavir in vitro (Martin et al. 2007), nonspecific production of these
cytokines were also noted in the recovery phase of AHS (King et al. 2005). In SJS/TEN, early studies
reported increased serum and blister fluid concentrations of TNF-a, IFN-y, IL-6 and IL-10, likely
produced tissue resident cells (Nassif et al. 2004; Paquet and Piérard 1998; Correia et al. 2002).
Another cytokine (IL-15) related to the severity of SJS/TEN was identified in a recent study (Su et al.

2017). The study was particularly relevant, as IL-15 is generally regarded as one of the main factors
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supporting the differentiation and acquisition of effector functions by CTLs and NK cells (Castillo
and Schluns 2012). In particular, CTLs and NK cells expression of granulysin has previously been
shown to be highly dependent on IL-15 (Clayberger and Krensky 2003). Overall, studies of T cells in
immunologically mediated hypersensitivity reactions have demonstrated the central functional role of
these cells in SCAR pathogenesis and, furthermore, the elucidation of various molecules produced in
these cells could not only be a diagnostic and prognostic marker but also a therapeutic target in

SJS/TEN.

1.8.6. Viral reactivation in the immunopathogenesis of SCARs

There is an existing hypothesis that postulates pre-existing memory T cells are responsible for the
development of IM-ADRs. A study by Picard et al (Picard et al. 2010) found Epstein-Barr virus
(EBV), human herpes virus 6 (HHV-6), or HHV-7 reactivation in 76% of patients at the onset of
DRESS. This study provides a better understanding of DRESS pathogenesis and confirm previous
reports that linked reactivation of viruses of the herpes group (HHV-6, HHV-7, EBV, and CMV) with
DRESS (Descamps et al. 2001; Shiohara, Inaoka, and Kano 2006; Kano et al. 2006). In this proposed
mechanistic model, IM-ADRs occur as a result of cross reactivity between pre-existing effector
memory T cells generated during a human herpesvirus infection and maintained by latency or re-
exposure to viral epitopes and drug-modified antigens — a phenomenon similar to heterologous
immunity has been demonstrated for CMV and EBV, and is mostly beneficial, mediating protective
immunity but in this instance, results are severe immunopathology (Adler et al. 2017). As HHVs
appear to be integral components of DRESS development responsible for the systemic symptoms
observed, there is minimal evidence for this association in SJS/TEN (Teraki, Murota, and Izaki 2008),
while some studies found association between CMV and development of AGEP (Haro-Gabaldén et
al. 1996).

In the blood, skin (and other associated organs) of DRESS patients, expanded populations of CD8+ T
cells recognized one of several EBV epitopes and share the same TCR repertoire (Picard et al. 2010;
Cho, Yang, and Chu 2017a; Shiohara, Inaoka, and Kano 2006; Hashizume et al. 2013). This confirms
drug-specific T cells are pathogen-specific effector memory T cells previously primed by viral
exposure through cross reaction or molecular mimicry mechanism and become activated after drugs
exposure in susceptible individuals causing disease. In the same Picard et al study discussed above,
patients with DRESS syndrome had circulating CD8+ T cells secreting TNF-a and interferon y and
nearly half of the activated circulating CD8+ T cells recognised HHV, whereas circulating or skin
infiltrated CD8+ T-cell mainly recognised EBV (Picard et al. 2010). In another study by Kim et al
(Kim et al. 2020), they sorted memory T cell subsets and found that DNA from HHV6b was highly

enriched in circulating central memory CD4+ T cells.
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HIV is a known risk factor of SCARs (Peter, Choshi, and Lehloenya 2019). In abacavir
hypersensitivity (AHS), the expansion of abacavir-specific CD8+ T cells from HIV-1-infected
patients with was comparable to the expansion observed for EBV-specific memory T cells or
allogeneic stimulator cells (Mifsud et al. 2008), suggesting proliferation of a memory T cell
population. This was confirmed by an ELISpot assay on blood from patients with AHS in which
abacavir-specific, IFN-y producing T cells were detected with frequencies of up to 700 spots per
million PBMC:s. In contrast to the presence of memory T cells in the circulation of AHS patients,
abacavir-specific IFN-y producing T cells were not detected in an ELISpot using PBMCs from
abacavir-naive HLA-B*5701-positive blood participants (Chessman et al. 2008). Immune
reconstitution inflammatory syndrome (IRIS) that occurs soon after the initiation of highly active
antiretroviral therapy in patients with HIV and is associated with an increase in CD4+ cell count
and/or decrease in HIV viral load has been shown to mimic drug hypersensitivity reactions, presenting
a diagnosis dilemma (Gupta, Mittal, and Nischal 2019). However, this should not be confused with
DRESS observed in the setting of IRIS where IRIS occurs as a result of immune recovery and results
in the host recognizing pre-existing or latent infections (Kano et al. 2014). And the unregulated

immune activation against reactivated herpesviruses triggers DRESS (Almudimeegh et al. 2014).

1.8.7. Immune cell imbalances — lack of cytotoxic responses regulation

Regulatory T cells (Tregs) play a critical role in maintaining self-tolerance and immune

homeostasis. They are CD127°% CD4+ T cells characterized by the high cell surface expression of
CD25 and induced expression of the nuclear transcription factor FoxP3. It has been proposed that the
lack of Treg function during acute SCAR could lead to excessive activation of effector T cells. One
study using mouse models to study the role of Tregs in pathogenesis of SJS/TEN found when CD4+
regulatory T cells are deficient, anti-OVA cytotoxic T cells killed OV A-expressing keratinocytes. The
functional defects of T regs we also seen in patients (Rozieres, Vocanson, et al. 2009; Azukizawa et
al. 2003). The frequencies of FoxP3 Tregs returned to normal numbers but functionally deficient after
resolution of DRESS whereas they were in normal range and their functional defect was restored in
SJS/TEN resolution (Hanafusa et al. 2012). These findings suggest that functional impairment in the
acute stage of TEN may be related to severe epidermal damage, while a gradual loss of function after

DRESS resolution may increase the risk of subsequently developing autoimmune disease.

In contrast, a study by Takahashi et al (Takahashi et al. 2009) was the first to report circulatory
expansion of Foxp3+ regulatory T cells and skin infiltration during acute DRESS. Additional studies
in animal models proposed, although Tregs are increased in the blood during the acute stage of
DRESS, their capacity to migrate into the skin and to suppress the activation of effector T cells is

profoundly impaired, thereby allowing drug-specific T cells to function in an uncontrolled manner
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(Azukizawa et al. 2003; Azukizawa et al. 2005; Azukizawa and Itami 2007). Another study made this
proposal unlikely, because they showed Treg subset expanded in the acute stage of DRESS is further
characterized by an increase in expression of ESL and CCR4, well-known markers associated with
skin-homing T cells (Takahashi et al. 2003; Hirahara et al. 2006; Campbell et al. 1999; Takahashi et
al. 2009).

Immune characterisation of inflammatory infiltrates in TEN found a decrease in the number of skin-
directed CD4+ T cells and an increase in the ratio of CD8+ to CD4+ T cells in HIV-infected patients
compared to noninfected individuals. This particular study concluded, the loss of skin protective
CD4+CD25+ regulatory T cells in HIV infected patients increases risk of developing drug reactions
(Yang et al. 2014). HIV associated abnormalities in the number of CD4+ T cells and function of
regulatory T cells, and resistance of cytotoxic effector CD8+ T cells to suppression, support the idea
that aberrant T cell activity contributes to IM-ADRs. Another transgenic mouse model study of
abacavir induced hypersensitivity reported that CD4+T cells which contain a subset of Tregs, are key
players in the regulation of immune responses to new antigens induced by abacavir (Cardone et al.

2018).
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1.9. AIMS

This study is structured around understanding the interactions between anti-TB drugs, the immune
system and HIV TB co-infection in SCAR patients. Neither immune responses characterizing these
reactions, nor the genetic underpinnings associated are known in populations of African descent,
especially those with co-morbid HIV. From the reaction site and peripheral blood, we can learn about
the type of reaction it is and the underlying pathomechanism by defining the nature of immune
responses. We want to understand and define mechanism by which non-reactive drugs are rendered
immunogenic and offer more plausible explanations on how immune dysregulation associated with
HIV promotes hypersensitive reactions to medication. Thus, with the aim to characterize

immunological events that underpin SCAR induced by first line anti-tuberculosis, we sought to:

In peripheral blood
1. Detect drug-specific T cells secreting analytes of interest at acute and recovery phases of the
reaction
2. Asses proliferative response of drug-specific T cells
Determine the phenotype and function of drug specific T cells.
4. Identify HLA risk alleles and associated KIR and ERAP genes linked to specific drug-SCAR

combination

At the site of disease (skin, blister fluid)
5. Determine the immune phenotype and function of activated T cells infiltrates and the TCR
repertoire/clonotype

6. Identify the transcriptional profile of activated T cells
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Chapter 2 — Precision phenotyping of SCAR cases and detecting druq specific T

cells

This chapter and figures included are an expansion of our published work - Porter, Mireille, Phuti
Choshi*, Sarah Pedretti, Tafadzwa Chimbetete, Rhodine Smith, Graeme Meintjes, Elizabeth
Phillips, Rannakoe Lehloenya, and Jonny Peter. 2022. 'TFN-y ELISpot in Severe Cutaneous
Adverse Reactions to First-line Anti-tuberculosis Drugs in an HIV Endemic Setting', Journal
of Investigative Dermatology. * First co-author

2.1. Introduction

FLTD-associated SCAR is a diagnostic challenge, with the simultaneous use of multiple drugs; and
often associated hepatic and/or renal failure.(Nalitye Haitembu et al. 2021). HIV co-infection
increases complexity with the common use of sulfa antibiotics (for opportunistic infection prophylaxis
or treatment) and anti-retroviral therapy (ART), themselves known to cause SCAR and often initiated
simultaneously or in close proximity. (Kakande and Lehloenya 2015; Meintjes et al. 2019). FLTD are
preferred agents for drug-sensitive TB due to higher efficacy, better accessibility, lower side-effect
profiles and shorter treatment duration compared to non-FLTD treatment options. (Grobbelaar et al.
2019; Hoosen et al. 2019; Corbett et al. 2003; Councils 1980; East African-British Medical Research
Councils 1974; Joint Tuberculosis Commitee of the British Thoracic Society 1998; Schaberg, Rebhan,
and Lode 1996). Thus, when managing FLTD-associated SCAR, rapid low-risk methods to identify
the offending drug, and allow expeditious and safe reintroduction of non-offending drugs, is critical.

(Lehloenya and Dheda 2012)

Our team has pioneered the use of additive sequential drug challenge (SDC) as a form of oral drug
provocation testing with FLTD, demonstrating that full-dose challenge is safe and effective at both
identifying offending drugs, and allowing safe and rapid reintroduction of effective drugs. (Lehloenya
et al. 2021a; Lehloenya et al. 2011; Lehloenya et al. 2020b). However, although benefits outweigh
risk, SDC can result in moderate or severe adverse events requiring specialised care and considerable
cost. (Lehloenya et al. 2011; Knight et al. 2019; Lehloenya, Todd, et al. 2012). As such, ex vivo/in
vitro testing has the potential to add considerably in both the identification of the culprit drug and to

inform risk stratification for SDC.

Given the role of T cells in cell mediated drug hypersensitivity reactions, ex vivo assays explored for
their diagnostic value in IM-ADRs to-date include enzyme linked immunospot assay (ELISpot) and
lymphocyte transformation testing (LTT). These assays are well known adjunctive diagnostic tools
successfully used to risk-stratify SCAR patients for future drug safety by identifying offending agents
in delayed drug hypersensitivity. (Lehloenya et al. 2020a; Copaescu, Choshi, et al. 2021; Copaescu,
Mouhtouris, et al. 2021; Lehloenya et al. 2020b). Although dependent on the specific SCAR
phenotype and the specific drug, g-INF ELISpot assay has shown to be more sensitive (82%) in the
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early stage after SCAR onset and specific in comparison to lymphocyte transformation test (LTT)
(50% sensitivity) (Polak et al. 2013) and flow cytometric-based assays testing various immunological
parameters in cell mediated hypersensitivity reactions (Pavlos et al. 2014; Maecker et al. 2008). Many
reports lack reproducibility and rigor and are contradictory and drug specific. In some studies LTT
demonstrated a higher sensitivity in other types of anticonvulsant hypersensitivity (70-90%)
(Elzagallaai et al. 2009). ELISpot assay is a highly sensitive method for ex vivo quantification of
cytokine or antibody secreting cells after stimulation with an appropriate stimulus. The standard
colorimetric ELISpot assay is based on the recognition and measurement of cytokine secreting cells
by quantifying spot forming cells. This method was selected for its specificity in monitoring immune
responses, detecting drug specific T cells and epitope discovery. It has also been shown to be less
complex, does not involve use of radioactive isotopes and is less likely to be associated with false
positives compared to traditional in vitro methods such as LTT. (Pavlos et al. 2014; Maecker et al.

2008; Polak et al. 2013).

However, IFN-y ELISpot assays have not been optimised nor are they available for high TB burden,
resource poor settings. (Kakande and Lehloenya 2015; Lehloenya and Dheda 2012) There is currently
no defined protocol for FLTD IFN-y ELISpot assay without the use of T cell clones and T cell co-
stimulation (Ye et al. 2017). Due to the lack of standardised strategy for these drug tests and
variability based on incubation times, co-stimulation factors and analyte of interest measured (e.g.,
granulysin, [FN-y, TNF-a), the aim of this study was to optimise [FN-y ELISpot for FLTD-associated
SCAR in an HIV TB endemic setting. We needed to better characterise FLTD SCAR cases and to
ideally translate anti-TB drugs IFN-y ELISpot assay into a diagnostic test that could improve anti-TB

drug safety and ensure optimal therapy, we explored its sensitivity and specificity.
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2.2. Materials and Methods

2.2.1. Patients and controls participants recruitment and enrolment
This study was conducted as part of IMARI biorepository established at Groote Schuur Hospital.
Participants who fit the criteria of drug induced adverse reactions were recruited into the IMARI
registry since November 2018. The IMARI registry (HREC REF R031/2018) and this sub-study
(HREC REF 500/2018) were approved by the UCT human research ethics committee (HREC).
Informed consent was obtained from all participants. Reporting in this sub-study includes participants
recruited between November 2018 and October 2021. All patients were assessed by dermatologists at
Groote Schuur hospital dermatology ward or at the multidisciplinary drug allergy clinic. Patients
recruited prospectively were followed up for 2 years at time of reporting. In all enrolled cases with
suggested FLTD SCAR, FLTD were regarded as the offending drugs if the SCAR symptoms occurred
on re-exposure and by drug exclusion when the symptoms resolved upon withdrawal of FLTD.
Patients with tolerance on re-exposure to FLTD and patients with transient, milder reactions that did
not meet the criteria of SCAR were excluded.
Included FLTD SCAR patients met the following inclusion criteria:

1. Age > 18-year-old
Able to provide written informed consent
Clinical and laboratory phenotype consistent with IM-ADR

Drug(s) treatment stopped/interrupted due to clinical/laboratory abnormalities

A I

Histological evidence supports immune-mediated pathology, where applicable e.g., skin, liver
or kidney

6. Drug probability scores e.g., Naranjo and ALDEN suggest “possible”, “probable” or

“definite” for a specific drug-ADR combination

Drug tolerant controls defined as participants who tolerated FLTD for more than 8 weeks and 12
weeks for participants taking TMP-SMX without any adverse events were recruited in the IMARI
registry. Included drug tolerant controls met the following inclusion criteria:

1. Age > 18-year-old

2. Able to provide written informed consent

3. Drug tolerant for at least 8 — 12 (for participants on TMP-SMX) weeks of treatment.

2.2.2. Blood collection and PBMCs isolation

Blood was collected in EDTA tubes (BD Biosciences) and peripheral blood mononuclear cells
(PBMCs) were isolated by density gradient centrifugation. Blood was diluted with room temperature
RPMI 1640 media (Gibco) or 1X PBS (life technologies) and gently layered on the Leucosep tube
(greiner bio-one) top barrier containing ficoll histopaque (sigma Aldrich) under the barrier,

centrifuged at 1000g for 10 minutes with brakes off. The buffy coat containing PBMCs was collected
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into new falcon tube and washed with RPMI or 1X PBS three times. First centrifuge at 300g and the
last two at 400g for 10 minutes. PBMCs were either cryopreserved at -80°C in 80% foetal bovine
serum (FBS) — heat inactivated (life technologies) and 20% dimethyl sulfoxide (DMSO) (sigma
Aldrich) or used fresh.

2.2.3. PBMCs thawing, resting and culture

Before use, cryopreserved cells were thawed in the 37°C water bath by swirling the tube until a small
button of ice remained in the sample. Cells were transferred into 10ml into R10 media containing 10%
FBS, 1% HEPES, L-glutamine, Pen/Strep (life technologies) and 10ug/ml DNAse (sigma Aldrich) in
RPMLI. Cells were washed twice and rested in a 6 well plate containing Sml/well R10 media without

DNAse for 6+ hours at 37°C, 5% CO2.

2.2.4. Drug preparation and stimulation

Cells were stimulated with rifampicin (R3501, sigma Aldrich), pyrazinamide (P7136, sigma Aldrich),
ethambutol (E4630, sigma Aldrich), isoniazid (13377, sigma Aldrich) and trimethoprim/
sulfamethoxazole (intravenous preparation, Groote Schuur pharmacy) for participants taking TMP-
SMX at the time of major reaction. The FLTD stock solution was prepared by dissolving the drugs in
relevant diluents (Table 2-1) and stored at -80°C for the stability tested period. The stock solution was

serially diluted with R10 media to obtain working solutions concentrations (appendix, section 2.1).

Table 2-1: ELISpot stimulants preparation

Drug Diluent Soluble Concentrations Stability at -
concentration tested (ug/ml) 80C (days)

Rifampicin methanol 50mg/ml 2.5, 25, 2500 626

Pyrazinamide DMSO 50mg/ml 50, 500, 5000 274

Ethambutol water 50mg/ml 50, 500, 5000 550

Isoniazid water 50mg/ml 50, 500, 5000 83

Trimethoprim-Sulfamethoxazole | pre-diluted 16/80mg/ml 50/250 room

(TMP-SMX) temperature
Positive controls

Anti-CD3 R10 media 1mg/ml 1 -

SEB R10 media 5mg/ml 0.05,0.1,0.5 -

2.2.5. ELISpot assay

On day one of the ELISpot assay, 96 well ELISpot plates (MAIPS4510 Millipore) were coated with

2ug/ml coating antibody (1-D1K) from the interferon gamma ELISpot assay kit (Mabtech),

100ul/well was added, covered with foil and incubated at 4°C overnight. On day two, ELISpot plates
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were washed by hand 6 times with 200ul of 1XPBS. The ELISpot plate was incubated for 1.5 hours
with 200ul/well R10 media to block no specific protein binding. After resting, cells were washed once
with R10 media and viable cell number was determined using trypan blue viability staining. Cells
were diluted with R10 media to 2 million/ml so that 100ul/well contains 200 000 cells. Drug
stimulants and positive controls were prepared as per section 2.2.4, Table 2-1. First, 100ul of cells and
stimulants were added into each well on a 96 well round bottom culture plate for a total volume of
200ul and incubated for 45 minutes at 37°C, 5% CO2, before transfer into an ELISpot coated plate
(appendix, section 2.2, plate layout). The ELISpot plate was incubated at 37°C, 5% CO2 for 18 hours.
Day three of the assay, the plate was washed 6 times with 1X PBS, then 100ul of 1ug/ml detection
antibody prepared in 0.5% FBS and 1XPBS was added into each well and incubated for 2 hours at
room temperature. The plate was washed 6 times after incubation with 1XPBS, then 100ul of 1ug/ml
detection antibody prepared in 0.5% FBS and 1XPBS was added into each well and incubated for 1
hour at room temperature. Plate was washed 6 times with 1XPBS and filtered TMB substrate
(Mabtech) was added at 100ul/well, incubated at room temperature for 15 minutes in the dark. The
reaction was terminated by rinsing the plate under tap water. The plate was left to dry overnight in the

dark before spot counting (figure 2-1).

Cell preparation Assay Plate reading
Isolate cells * 1. Coat plate Enumerate spots:
: |YYYYYYYYYY|
Optional:
2. Add cells and stimuli
* Restcells

* |solate subpopulations | ! ! ! ! = ! : ! : ! | 1. Prepare and load reader

2. Define plate position
2 s 3. Incubate ) )
* Stimulate in vitro (expand) 3. Establish reading parameters

and algorithm
Assess viability and ) .
prepare for assay Y 4. Assign settings

5. Acquire well images and
4. Remove cells/stimuli and evaluate for spot numbers
make bound analyte visible

6. Audit
. . . 7. Annotate
YYYYYYYYYY 8. Save results

Figure 2-1 Automated ELISpot Assay over three days

Schematic diagram showing the three stages of an ELISpot assay - cell preparation, cell stimulation and plate
reading. First is the isolation of cells and for cryopreserved cells, additional steps such resting are added to
expand the number of cells and interest and ensure the integrity and high quality of viable cells. Isolation of
subpopulation for assays on T cell lines and clones, invitro cell stimulation and cell viability are also assessed at
this stage. Adapted from (Janetzki et al. 2015)
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2.2.6. Spot counting
Generated spots were quantified and captured using an ELISpot AID automated reader (AID
diagnostika, software version 7) and results are presented as number of spot-forming units (SFU) per

million cells in response to stimuli after removal of background.

2.2.7. Flow cytometry staining and acquisition

To confirm optimal drug stimulation concentration without cytotoxicity we used flow cytometry to
measure cell viability. Cells were cultured and stimulated as per ELISpot assay protocol in section
2.2.5. After 18 hours incubation with drugs, cells were transferred into FACS tubes and washed two
times with FACS buffer (0.1% BSA (Sigma Aldrich), 0.01% NaN3 (Sigma Aldrich), in 1X PBS (life
technologies), pH 7.4) at room temperature, 500g for 5 minutes. Cells were stained with 1l (1ul to
<106 cells) 7AAD, PE-Cy5.5 (BD Pharmingen), washed once, resuspended in 200ul FACS buffer and
acquired on LSRII flow cytometer. FCS files were analysed using FlowJo (appendix, section 2.3,

gating strategy).
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2.3. Results

2.3.1. IFN-y release ELISpot assay optimisation

To ensure we were using optimal drug concentrations and maintaining a good percentage of viable
cells without inducing drug cytotoxicity - we have studied the highest non-cytotoxic rifampicin (25,
250, 2500ug/ml), isoniazid.(Copaescu, Choshi, et al. 2021), pyrazinamide, ethambutol (50, 500,
5000ug/ml) concentrations for in vitro 18-hour drug stimulation. Results showed that rifampicin
induces cytotoxicity in a dose dependent manner, whereas ethambutol, isoniazid and pyrazinamide
had no effect with exception of pyrazinamide at 100-fold concentration against DRESS patient cells
(figure 2-2A-B). For optimal interaction between cells and drug antigens, high cell density is required,
and as higher numbers of cells will lead to piling up of cells and linearity between cell input and
detected spot frequency is lost. We evaluated the use of two higher numbers of cells per ELIPOT well
(300 000 and 400 000 versus 200 000), and no notable improvement in spot forming units (SFU) per

million cells was noted (figure 2-2C).

As with many cell-based assays, ELISpot performance and sensitivity depend on the integrity and
high quality of viable cells. We compared ELISpot performance using fresh versus longer
cryopreserved cells (0 days-18 months storage in the -80°C freezer). In 3 DRESS or SJIS/TEN cases
induced by rifampicin and isoniazid, we noted 2-4 times higher SFUs/million cells when using freshly
isolated versus cryopreserved cells; in 2/3 cryopreserved cells samples, SFUs were lower than the set
positivity threshold (figure 2-2D). In certain cases, it was not possible to use freshly isolate cells; and
thus, where necessary we still used cryopreserved cells, as long as cell viability was >70%. We
measured IFN-y responses from different points of the reactions to test which phase displays greater
sensitivity. Comparison of SFU/million cells by sampling time-point was possible due to multiple
time-point sampling at acute stage of the reaction, before SDC, on positive reaction to any of the
FLTD, 3-, 6-, 12-, 24-months and up to 10 years post SCAR onset. For analyses, patients were
divided into two groups <12 weeks from onset of symptoms (n=30) (acute bloods and early recovery)
and >12 weeks (n=22) (recovery phase bloods). Blood samples collected in the 1-12 weeks after
SCAR onset showed higher SFU/million cells after rifampicin stimulation (P value = 0.0121)
compared to bloods collected >12 weeks after SCAR onset No differences were noted after

stimulation with isoniazid, pyrazinamide, and ethambutol (figure 2-2 E-F).
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Figure 2-2 FLTD IFN-y ELISpot optimisation
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FLTD and F) Blood sampling time point comparison of rifampicin response in 6 cases. RIF - rifampicin, INH —

isoniazid, PZA — pyrazinamide, EMB — ethambutol, SFU — spot

forming units, DRESS — drug reaction with eosinophilia and systemic symptoms, TEN — toxic epidermal necrolysis, SCAR — severe cutaneous adverse reactions. Adapted from

(Porter et al. 2022).
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2.3.2. Characteristics of SCAR cases

Thus far, a total of 164 cases of CADRs have been enrolled in the IMARI registry. This includes
n=132 prospective and n=32 retrospective cases. Of all CADR cases, 86 (52%) had FLTD as the
suspected primary offending drug and after detailed review and clinical characterisation which
included sequential drug challenge (SDC) outcomes, 53 (32%) cases were classified as FLTD SCAR
(figure 2-3). SDC to one or more FLTB drugs was performed for 43 SCAR cases. This included n=37
DRESS cases (15 definite (RegiSCAR score >5), 11 probable (RegiSCAR score 4-5) and 11 possible
(RegiSCAR score 2-3) and n=6 SJIS/TEN cases (3 definite and 3 probable). SDC did not occur
(n=10) due to death (n=4), un-confirmed TB diagnosis (#=2), and modified regimen use due to
contraindication to challenge such as severe liver disease (n=4). SDC included isoniazid in 40 patients

however only 34 included rifampicin, 31 pyrazinamide and 38 ethambutol (figure 2-3).

Table 2-2 shows the demographic and clinical characteristics of the 43 FLTD induced SCAR cases
who underwent SDC to one or more FLTD. Most patients were female (65%). At the time of SCAR
event 81% were HIV infected with a median CD4 cell count (closest to time of SCAR) of 103
cells/mm?; 54% were on ART and 51% were on trimethoprim-sulfamethoxazole (TMP-SMX).
Naranjo score where TMP-SMX was suspected (n=16) was 11 (Possible) and 5 (Probable).
Disseminated TB was seen in 42% of patients and 9% had a history of previous TB prior to the index

event and self-reported tolerance to anti-TB treatment on previous exposure.
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Figure 2-3 Enrolment and participants characteristics

CADR - cutaneous adverse drug reaction, FLTD - First line anti-tuberculosis drugs, SCAR: severe
cutaneous adverse reaction, DRESS - drug reaction with eosinophilia and systemic symptoms, SDC -
sequential drug challenge, SJS/TEN - Stevens-Johnson syndrome/ toxic epidermal necrolysis

Table 2-2: Demographic variables of 43 FLTD SCAR patients who underwent SDC to one or

more FLTD
Female 28 (65)
HIV positive n (%) 35 (81)
CD4 count median (IQR) cells/mm? 103 (42—-228)
On ART at time of SCAR n (%) 19/35 (54)
On TMP-SMX at time of SCAR n (%) 18/35 (51)
Previous TB n (%) 4 (9)
Disseminated TB n (%) 18 (42)
Positive drug reactors n (%) 33 (77)
Single drug reactors n (%) 24/33 (73)
Multiple drug reactors n (%) 9/33 (27)
Positive ELISpot to any FLTD n (%) 24 (56)
Positive ELISpot to TMP-SMX and/or major 9 (21)
metabolite n (%)

IQR - interquartile range, ART - anti-retroviral therapy, SCAR - severe cutaneous adverse reaction, TB -

tuberculosis, FLTD - first-line anti-tuberculosis drugs
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2.3.3. Oral drug provocation testing outcomes

Thirty-three (73%) of the 43 patients experienced one or more positive reaction to FLTD during SDC.
The clinical phenotypes and timing of SDC reactions were varied and are detailed in Table 2-3.
Reactions included immediate type reactions (<6 hours) and delayed reactions, and ranged from
flushing and hypotension to worsening rash, eosinophilia, and liver functions. Rifampicin was the
most common offending drug on SDC with 18/34 (53%) positive reactions (n=16 DRESS, n=2
SJS/TEN). Pyrazinamide was the next most common offending drug with 11/31 (35%) positive
reactions (n=7 DRESS, n=4 SJS/TEN). Isoniazid and ethambutol were positive in 8/40 (20%) (n=6
DRESS, n=2 SJS/TEN) and 8/38 (21%) (n=7 DRESS, n=1 SIS/TEN) SDCs respectively (figure 2-3).
Twenty-three of the 33 (70%) patients experiencing a positive SDC reactions showed a positive
reaction to only one drug on SDC (single reactors) - twelve cases were positive for rifampicin, four
for isoniazid, six for pyrazinamide, and one for ethambutol. Ten patients experienced a positive SDC
to more than one FLTB drug, with the commonest combination being reactions to rifampicin and
isoniazid (n=35) (Table 2-3). One patient (case ID 28, Probable SJS/TEN) experienced positive SDC
reactions to each of the four FLTD and one patient (case ID 49, Probable DRESS) to each of
rifampicin, isoniazid, and ethambutol (pyrazinamide SDC not done). Both of these latter two patients
also exhibited intolerance to second-line anti-TB drugs including moxifloxacin, linezolid, clofazimine

and bedaquiline.

In eight cases, rifampicin was not challenged as it was identified as the likely offending agent due to
clinical history including a positive rifampicin patch test for one. In these cases, rifampicin causation
was diagnosed based on exclusion with the successful challenge of the other FLTD. Similarly, five
pyrazinamide, two ethambutol and one isoniazid causation were diagnosed based on exclusion with
the successful challenge of the other FLTD. Two additional cases were not fully challenged, one was
initiated on continuation phase (rifampicin and isoniazid) and the other for whom rifampicin and

pyrazinamide were excluded due to severe renal and hepatic impairments (Table 2-3).
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Table 2-3: Characteristics of oral drug provocation testing to FLTD

Case Age/Sex Single or Positive TMP/ Validated
ID Drugs Multiple Reactors Reaction Characteristics ELISpot Results ART CD4 SMX Phenotype
rifampicin, isoniazid, 24 hours: facial oedema,
1 35/M ethambutol, Rifabutin Single rifampicin rash (erythema) RIF: 175 SFU No 101 No Probable DRESS
rifampicin, isoniazid,
pyrazinamide,
2 28/M ethambutol Single isoniazid unknown INH: 0 SFU 5 Yes Probable DRESS
rifampicin, isoniazid, 9 days: facial oedema, rash
3 45/M ethambutol Single isoniazid (erythema), eosinophilia INH: 103 SFU Yes 90 Yes Probable SJS/TEN
20 minutes: ltching burning,
rifampicin, isoniazid, sore throat, visual
pyrazinamide, disturbances, visible rash
4 24/F ethambutol, Rifabutin Single pyrazinamide | (exanthema) PZA: 46 SFU Yes 63 Yes Definite TEN
rifampicin, isoniazid,
pyrazinamide, RIF: 45 SFU, HIV
5 33/M ethambutol, Rifabutin Single rifampicin 24 hours: visible rash EMB: 45 SFU negative n/a n/a Probable DRESS
rifampicin, isoniazid,
pyrazinamide,
6 40/F ethambutol Single rifampicin 2-3 hours: vomiting, fever RIF: 261 SFU No 117 No Probable SJS/TEN
Within minutes: itching,
burning, photophobia, rash
rifampicin (erythema), facial oedema. RIF: 33 SFU
Within 24 hours: itching,
isoniazid facial oedema. INH: 47 SFU
d19: burning, facial oedema, Rifabutin - not
Rifabutint jaundice. done
d12: burning, facial oedema,
pyrazinamidet | jaundice, later tolerated PZA: 45 SFU
d10: burning, facial oedema,
ethambutolf | jaundice. EMB: 28 SFU
BDQ/ CFz/
rifampicin, isoniazid, MOX/
pyrazinamide, ethambutol/ d1: fever, headache, HIV
7 30/F ethambutol, Rifabutin Multiple ETH vomiting - negative n/a n/a Probable SJS/TEN
48/F 48 hours: Visible rash
rifampicin, isoniazid, isoniazid (erythema) PZA: 652 SFU
pyrazinamide, 18 hours: headache, painful HIV
8 ethambutol Multiple pyrazinamide | mouth and eyes INH: 0 SFU negative n/a n/a Definite TEN
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rifampicin, isoniazid,
pyrazinamide,

Within minutes: burning,
visible rash, facial oedema,

9 38/F ethambutol, Single rifampicin erythema. RIF:8 SFU No 457 Yes Definite DRESS
rifampicin, isoniazid, 10 days: itching, visible rash
10 50/F pyrazinamide Single pyrazinamide | (exanthema) PZA: 0 SFU No 337 No Definite SJS
rifampicin, isoniazid, Within 24 hours: itching,
pyrazinamide, visible rash (erythema), PZA: 13 SFU,
11 45/M ethambutol Single pyrazinamide | fever INH: 40 SFU Yes 39 No Definite DRESS
rifampicin, isoniazid,
pyrazinamide, 4 days: itching, fever,
12 35/M ethambutol Single isoniazid elevated liver enzymes INH: 0 SFU No 58 Yes Definite DRESS
rifampicin, isoniazid,
pyrazinamide, 1 day: itching, visible rash
13 29/F ethambutol, Rifabutin Single ethambutol (erythema) EMB: 8 SFU No 112 Yes Probable DRESS
rifampicin d11: increased ALT, AST. RIF: 0 SFU
d9: increased ALT, AST
isoniazid only INH: not done
Rifabutin - not
Rifabutin d1: increased ALT AST. done
rifampicin, isoniazid, MOX/ TZD/ d3: itching, visible rash HIV
14 56/F ethambutol, Rifabutin Multiple ethambutol (exanthema) - negative n/a n/a Probable DRESS
26/F 24 hours: itching, fever,
rifampicin, isoniazid, pyrazinamide | facial oedema PZA: 15 SFU
pyrazinamide, 24 hours: itching, visible rash | EMB: 16 SFU,
15 ethambutol, Rifabutin Multiple ethambutol (erythema) INH: 37 SFU Yes 5 Yes Definite DRESS
rifampicin, isoniazid,
pyrazinamide, Within minutes: ltching, HIV
16 23/F ethambutol Single rifampicin visible rash-erythema RIF: 0 SFU negative n/a n/a Probable DRESS
rifampicin, isoniazid,
pyrazinamide, 48 hours: itching, visible rash
17 26/F ethambutol Single pyrazinamide | (induration, erythema) PZA: 0 SFU No 330 No Definite DRESS
rifampicin, isoniazid, 5 days: itching, burning,
pyrazinamide, visible rash (exanthema,
18 41/F ethambutol, Rifabutin Single rifampicin erythema) RIF: 60 SFU No 39 No Definite DRESS
rifampicin, isoniazid,
pyrazinamide,
19 37/F ethambutol, Rifabutin Single rifampicin 24 hours: Fever, raised ALT RIF: 563 SFU No 121 No Possible DRESS
isoniazid, 72 hours: itching, burning,
pyrazinamide, joint pain, nausea, fever,
20 31/F ethambutol, Rifabutin Single isoniazid visible rash (erythema) INH: 0 SFU Yes 137 Yes Possible DRESS
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rifampicin, isoniazid,
pyrazinamide,

24 hours: abdominal pain,
ALT and AST increase,

21 47/F ethambutol Single pyrazinamide | visible rash (erythema) PZA: 0 SFU No 576 No Definite DRESS
36/M Unclear timing >7 days:
discharged and represented
rifampicin/ with erythema, induration, RIF: 0 SFU, INH:0
22 rifampicin, isoniazid Multiple isoniazid fever oedema SFU Yes 142 No Definite DRESS
39/F rifampicin, isoniazid, rifampicin/ 7 days: Visible rash RIF: 0 SFU, INH:
23 ethambutol Multiple isoniazid (erythema) 0 SFU Yes 360 No Possible DRESS
55/F rifampicin, isoniazid,
pyrazinamide, 7 days: itching, visible rash
24 ethambutol Single pyrazinamide | (erythema) PZA: 0 SFU No 41 Yes Possible DRESS
2 days: rash, oral sores,
rifampicin, isoniazid, rifampicin eosinophilia, fever RIF: 40 SFU
pyrazinamide, 2 days: burning skin, palmar
25 30/M ethambutol, Rifabutin Multiple ethambutol desquamation EMB: not done No 170 No Definite DRESS
15/F 8.5 hours: itching, sore
throat, fever, burning eyes,
palmar erythema,
morbilliform rash, increased
rifampicin AST and ALT RIF: 520 SFU
26 14 hours: itching, fever,
visible rash, purpurae,
isoniazid erythema INH: 33 SFU
36 hours: itching, burning,
rifampicin, isoniazid, visible rash, weakness in HIV
ethambutol Multiple ethambutol limbs, fever EMB: 17 SFU negative n/a n/a Probable DRESS
37/F ethambutol EMB: 0 SFU
27 rifampicin, isoniazid, Rifabutin - not
ethambutol, Rifabutin Multiple rifabutin unknown done Yes 21 Yes Definite DRESS
8 41M rifampicin visible rash and liver RIF: 0 SFU
rifampicin, ethambutol | Multiple ethambutol derangement EMB: 0 SFU Yes 162 No Probable DRESS
34/F rifampicin, isoniazid,
29 pyrazinamide, 2 hours: fever, increased HIV
ethambutol, Rifabutin Single rifampicin heart rate RIF: 576 SFU negative n/a n/a Definite DRESS
52/IM rifampicin, isoniazid,
30 pyrazinamide,
ethambutol Single rifampicin high dose rifampicin RIF: 3 SFU No 23 No Possible DRESS
rifampicin, isoniazid,
31 pyrazinamide, 14 hours: itching, fever,
51/F ethambutol, Rifabutin Single rifampicin facial oedema RIF: 0 SFU Yes 111 Yes Probable DRESS
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rifampicin, isoniazid,

32 pyrazinamide, Within minutes: itching,
ethambutol Single rifampicin fever, oedema RIF: 188 SFU No 93 Yes Possible DRESS
rifampicin, isoniazid, Within minutes: itching,
33 pyrazinamide, burning, pins and needles,
ethambutol Single rifampicin visible rash RIF: 2400 SFU No 142 Yes Possible DRESS
isoniazid,
34 pyrazinamide,
ethambutol Single rifampicint - RIF: 65 SFU No 26 No Possible DRESS
37M rifampicint - RIF: 245 SFU
35 isoniazid, ethambutol Multiple pyrazinamidet PZA: 0 SFU Yes 72 No Possible DRESS
isoniazid,
pyrazinamide,
36 39/M ethambutol Single rifampicint - RIF:2 SFU No 223 Yes Definite DRESS
isoniazid,
pyrazinamide, HIV
37 59/M ethambutol, Rifabutin Single rifampicint - RIF 59 SFU negative n/a n/a Definite DRESS
isoniazid,
pyrazinamide,
38 39/F ethambutol, Rifabutin Single rifampicint - RIF:28 SFU No 87 No Probable DRESS
pyrazinamidet PZA: 20 SFU
39 42/F rifampicin, isoniazid Multiple ethambutolt - EMB: not done No 177 Yes Definite DRESS
isoniazid INH: 0 SFU
ethambutol EMB: 0 SFU
40 10 days: visible rash, Rifabutin - not
rifabutin blisters, fever, peeling done
isoniazid, ethambutol, rifampicing RIF: 0 SFU
46/M Rifabutin Multiple pyrazinamidef | - PZA: 0 SFU Yes 141 Yes Definite DRESS
41 pyrazinamidegt PZA: not done
53/F rifampicin, isoniazid Multiple ethambutolf - EMB: 0 SFU Yes 82 Yes Probable DRESS
isoniazid,
42 pyrazinamide,
33/F ethambutol Single rifampicint - RIF: 0 SFU Yes 19 Yes Possible DRESS
rifampicint RIF: 0 SFU
43 isoniazidt INH: 2 SFU
43/M ethambutol Multiple pyrazinamidet | - PZA: 0 SFU No 90 No Possible DRESS
21/F RIF: 0 SFU INH: 0
44 no rechallenge - - - SFU Yes 384 Definite DRESS
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PZA: 0 SFU EMB:
0 SFU

45

59/F

no rechallenge - RIP

118

Yes

Definite TEN

46

36/M

unknown outcome

RIF: 8 SFU INH:
20 SFU

PZA: 0 SFU EMB:
8 SFU

No

22

No

Probable SJS

47

45/F

no rechallenge - RIP

RIF: not done
INH: not done

PZA: not
done EMB: 25
SFU

Yes

66

Yes

Probable DRESS

48

43/M

no rechallenge - dose
modified

RIF: not done
INH: not done

PZA: not
done EMB: 5 SFU

Yes

169

Yes

Probable DRESS

49

41/F

no rechallenge

RIF: 0 SFU INH: 0
SFU

PZA: 0 SFU EMB:
0 SFU

HIV
negative

n/a

n/a

Definite DRESS

50

35/M

no rechallenge - RIP

Yes

113

Yes

Definite TEN

51

53/F

no rechallenge - TB
misdiagnosis

RIF: 8 SFU INH: 0
SFU

PZA: 0 SFU EMB:
11 SFU

HIV
negative

n/a

n/a

Possible TEN
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40/F

no rechhallenge - TB
misdiagnosis

RIF: 0 SFU INH: 0
SFU

PZA: 0 SFU EMB:
0 SFU

No

349

No

Probable DRESS

53

48/M

no rechallenge - RIP

RIF: 0 SFU INH: 0
SFU

PZA: 0 SFU EMB:
1SFU

No

205

Yes

Definite DRESS

T Individually initiated but reaction occurred during exposure to all, T drug not challenged due to high clinical suspicion — regarded as the causative drug
based on clinical review — offending drug by exclusion. FLTD - first-line anti-tuberculosis drugs, RIF - rifampicin, INH - isoniazid, PZA - pyrazinamide, EMB -
ethambutol, RH - fixed drug combination rifampicin with isoniazid, MOX - moxifloxacin, TZD - terizidone, LZD - linezolid, LFX - levofloxacin, CFZ - clofazimine,
BDAQ - bedaquiline, ETH - ethionamide, ALT - alanine aminotransferase, AST - aspartate aminotransferase, d - time in days, SFU - spot forming units, ART -

anti-retroviral therapy.
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2.3.4. Diagnostic accuracy — ELISpot as a diagnostic tool for identifying culprit
FLTD

To assess the diagnostic utility of IFN-y ELISpot assay for the four FLTDs, its outcomes were
compared to those of the gold standard of oral full dose SDC. This required both SDC and IFN-y
ELISpot assay to have been completed for each drug in question resulting in rifampicin comparison
for 34 patients, isoniazid for 40, pyrazinamide for 31, and ethambutol for 38. The negative predictive
value (NPV) ELISpot was 62% for rifampicin, 77% for isoniazid, 80% for pyrazinamide and 79%
ethambutol respectively and positive predictive values (PPV) 100% for rifampicin, isoniazid, and
pyrazinamide (figure 2-4). Due to lower numbers of SJS/TEN cases, no stratification was done based
on SCAR phenotype. No difference was seen in NPV and PPV of IFN-y ELISpot assay for each of the
four FLTD when DRESS phenotype was stratified into RegiSCAR groups of possible, probable, or
definite. It is acknowledged however that with our smaller samples sizes we are currently
underpowered to detect this and also that RegiSCAR is a cross-sectional measurement tool to

phenotype DRESS and is not validated or useful for causality or severity assessment.

Acute sampling and lower cut-point to improve sensitivity of rifampicin IFN-y
ELISPOT assay

If the threshold for positive IFN-y ELISpot is reduced to SFU >20, the NPV for rifampicin increased
to 70%, 86% isoniazid, 86% pyrazinamide and 83% ethambutol (DRESS and SJIS/TEN combined) for
any time of sampling with PPV maintained at 100% (figure 2-4). The average value of SFUs in
background control wells was 0-7 for the cases with <50 to >20 SFU/million cells. Eight patients (Six
DRESS and two SIS/TEN) of the 18 patients who experienced positive reactions to rifampicin on
SDC had rifampicin ELISpot results >50 SFU/million cells (figure 2-4). Seven of these patients were
single reactors, HIV-infected, not on ART or TMP-SMX at the time of SCAR and with low median
CD4 cell count of 101 cells/mm3. Of the ten patients with positive SDC to rifampicin but negative
rifampicin ELISpot >50 SFU/million cells, three had SFU/million cells of greater than 20, five were
single reactors and five multiple reactors. In contrast to the six patients with rifampicin ELISpot
results >50 SFU, half of this group were HIV positive with median CD4 count of 170 cells/mm3. The
NPV of rifampicin ELISpot increased to 67% when only samples acquired during the first 12 weeks
from SCAR onset were included (figure 2-4). Positive predictive value for these samples was

maintained at 100%.
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rifampicin

N=34

isoniazid

N=40

pyrazinamide

N=31

ethambutol

N=38

SFU >50/106 cells
Sensitivity: 44% (8/18)
Specificity: 100%
PPV: 100%
NPV: 62%

SFU >50/106 cells
Sensitivity: 10% (1/10)
Specificity: 100%
PPV: 100%
NPV: 77%

SFU >50/106 cells
Sensitivity: 14% (1/7)
Specificity: 100%
PPV: 100%
NPV: 80%

SFU >50/106 cells
Sensitivity: 0% (0/8)
Specificity:100%
PPV: -

NPV: 79%

Acute Samples
Sensitivity: 82% (9/11)
Specificity: 100%
PPV: 100%
NPV: 67%

Acute Samples
Sensitivity: 25% (1/4)
Specificity: 100%
PPV: 100%
NPV: 86%

Acute Samples
Sensitivity: 14% (1/7)
Specificity: 100%
PPV: 100%
NPV: 60%

Acute Samples
Sensitivity: 0% (0/3)
Specificity: 100%
PPV: -

NPV: 86%

SFU >20/106 cells
Sensitivity: 61% (11/18)
Specificity: 100%
PPV: 100%

NPV: 70%

SFU >20/106 cells
Sensitivity: 50% (5/10)
Specificity: 100%
PPV: 100%
NPV: 86%

SFU >20/106 cells
Sensitivity: 43% (3/7)
Specificity: 100%
PPV: 100%
NPV: 86%

SFU >20/106 cells
Sensitivity: 25% (2/8)
Specificity: 100%
PPV: 100%
NPV: 83%

Figure 2-4: FLTD sensitivity and specificity compared to gold standard SDC.

Acute samples - <12 weeks from SCAR onset. PPV - positive predictive value, NPV - negative predictive value,
SFU - spot forming unit, N — number of samples
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2.4. Discussion

A high burden of life-threatening SCAR leading to treatment interruptions occurs amongst vulnerable
persons living with HIV. In HIV/TB endemic settings, FLTD are common offending agents
(Lehloenya et al. 2021a; Lehloenya et al. 2020a; Lehloenya et al. 2020b). Rapidly identifying the
offending drug and reintroducing effective anti-TB therapy, as well as other important drugs such as
TMP-SMX and ART can be lifesaving in advanced immunosuppression. This is the largest study to
examine the utility and optimisation of in vitro IFN-y ELISpot assay to aid the identification of the
offending drug and characterisation of FLTD-associated SCAR. The major findings of our study were
that several strategies could improve the NPV of IFN-y ELISpot for FLTD, including: i) the use of
fresh rather than -80°C freezer cryopreserved PBMCs, ii) acute sampling (<12 weeks post-acute
SCAR admission) and iii) a lowered SFU cut-point for assay positive to SFU>20/million cells for
rifampicin. Even when applying optimisation strategies such as use of acute samples, IFN-y ELISpot
NPV was less than 100% for SCAR to FLTD. Both DRESS and SJS/TEN phenotypes were included
in this study, with a predominance of DRESS cases (86%). The small number of SIS/TEN cases in
this cohort limits meaningful comparison between phenotypes. Unlike in other published studies
where there is an increased sensitivity of IFN-y ELISpot seen in DRESS with other drugs, these

differences could not be investigated in our cohort (Polak et al. 2013).

We optimised the highest non-cytotoxic drug concentrations for stimulation in our rifampicin,
isoniazid (Copaescu, Choshi, et al. 2021), pyrazinamide and ethambutol ELISpot assays, and we also
showed that use of fresh rather than -80°C freezer cryopreserved samples improved drug-specific
IFN-y producing cells with rifampicin and isoniazid stimulation. Our findings are consistent with
other studies that reported ELISpot sensitivity increases with use of acute samples in the early stage
after DRESS onset (Polak et al. 2013). The reduced ELISpot positivity using cryopreserved cells may
relate to cell viability after storage in -80°C freezers versus liquid nitrogen. The comparison between
fresh and liquid nitrogen cryopreserved samples may be less significant, however -80°C freezer
capacity is more widely available than liquid nitrogen facilities in LMICs (Mendy et al. 2014; De
Oliveira et al. 2018). Use of an increased number of cells, which we hypothesised may be required in
the context of HIV and CD4 T cell depletion, increases non-antigen specific responses and did not
improve assay positivity. In contrast, adjustment of the threshold of SFUs (to >20 SFU/million cells)
for a positive assay significantly improved NPV in the rifampicin INF-y ELISpot, without
compromising PPV. In some studies, the threshold of positivity is defined by measuring the frequency
of antigen specific INF-y producing cells in drug tolerant controls (Rozieres, Hennino, et al. 2009),
setting the positivity threshold at twice the average value of background spots (Wang et al. 2007) and
based on the distribution of negative controls (Keane et al. 2014; Keane et al. 2012). In our results, the

mean of the background wells ranged from 0—7 SFU/million cells. With an optimised number of cells
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to stimulate and incubation period, non-antigen specific responses are limited and a lower limit
threshold of 20 drug specific IFN-y producing cells, an ELISpot for rifampicin can be considered
positive (Streeck, Frahm, and Walker 2009). Diagnostic accuracy was also not compromised in
patients with reactions to multiple FLTD or second-line anti-TB drugs, which is reassuring. In one
patient with reactions to all FLTD, IFN-y ELISpot was borderline positive for all FLTD, while in the
other rifampicin IFN-y ELISpot was 0 SFU/million cells; the significance of these results on
underlying mechanism of these reactions — whether “flare-ups” or multiple drug hypersensitivity

remains under further investigations.

Rifampicin is a cornerstone potent and important first-line treatment for drug-susceptible TB.
Rifampicin containing regimens are superior to those not containing rifampicin with sterilising
activity allowing 6 months treatment duration (Grobbelaar et al. 2019; Hoosen et al. 2019). Immune-
mediated adverse drug reactions, including SCAR, drug-induced liver injury and acute interstitial
nephritis are major treatment-limiting side effects of rifampicin (Tan et al. 2007; Jin et al. 2021). In
this and other South African cohorts of SCAR, rifampicin is the commonest of the four FLTD to
cause SCAR (Lehloenya et al. 2011; Lehloenya and Dheda 2012). Strategies, such as optimised
rifampicin IFN-y ELISpot, could be an important adjunctive tool that adds to a clinical risk
assessment that negates a need for SDC, and allowing the fast-tracked reintroduction of the other
three FLTD, offers major clinical utility. The large number of FLTD-associated SCAR cases
examined in our study compared to previous literature has enabled us to present the optimised NPV,
sensitivity and excellent specificity and PPV, further supporting the use of rifampicin IFN-y ELISpot
(Copaescu, Choshi, et al. 2021). Further studies are now required to confirm these findings in other
high HIV TB burden settings and increase the NPV to 100% where this assay can be used as a sole

diagnostic test.

Limitations include the low number of SJS/TEN phenotype cases thus preventing comparison of the
diagnostic use of IFN-y ELISpot across SCAR phenotypes. The time points of sampling were limited
due to the inclusion of retrospective cases as well as prospective sampling. The ability to achieve
consistent sequential sampling at all key time points would have strengthened this study, but the
complex clinical management makes this difficult to achieve. Furthermore, follow-up data,
particularly regarding the role of ART initiation on IFN-y ELISpot assay findings would have been a

valuable addition.

The high HIV prevalence and concomitant use of ART and prophylactic TMP-SMX seen in this study
highlights the complexity of FLTD-associated SCAR in an HIV endemic setting. We have also
described a considerable occurrence of multiple-drug reactions (over 25% of FLTD drug SDC

reactors and majority DRESS 70%). Multiple drug reactivity is a complex phenomenon and its
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pathophysiology ill-understood (Lehloenya, Wallace, et al. 2012). This complicated environment
limits the utility of the current gold standard of SDC, with particular reference to the variation in
reaction phenotypes seen on SDC in multiple drugs reacting patients and the likelihood of non-
specific and transient immune response that could be safely treated through. The frequent lack of drug
specific IFN-y producing T cells to FLTD in many of these cases may support this approach, although

other factors may influence ELISpot performance and further laboratory optimisation is required.
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Chapter 3 — Investigating genetic risk factors associated with FLTD-SCAR

3.1. Introduction

The distinct role of genetic factors pivotal to the mechanisms of SCAR have been discussed in the
general introduction of this study (chapter 1). The current proposed mechanistic models to explain the
recognition of drugs by T cells and the ability of T cells to initiate an immune response, include HLA-
molecules (Peter et al. 2017). Most identified polymorphisms and strongest associations have been
found within the class I region with an excess of 8000 variants (Kennedy, Ozbek, and Dorak 2017).
The binding specificity of each HLA-I molecule depends on the components of the antigen processing
pathway and peptide amino acid anchor residues favoured by particular HLA alleles. The binding
affinity for these anchor residues is dictated by pockets A,B,C,D,E and F within the peptide binding
groove of HLA class I molecules (figure 3-1) (van Deutekom and Kesmir 2015).

There are now several HLA class I associations with specific drug-SCAR pairings. HLA alleles and
haplotypes vary in prevalence amongst different populations, based on the evolutionary pressures of
infectious diseases and human migrations. Thus, there is a pressing need to study different Africa
populations, each of which have distinct patterns of evolutionary influences that have driven the
diversity of HLA alleles represented. This is relevant to HLA risk alleles for specific relevant drug-
SCAR combinations. To-date there have been very few of these studies in African populations.
Furthermore, discoveries of HLA risk have varied substantially in their scientific and translational
impact, because of variable positive and negative predictive values (PPV, NPV) and the background
prevalence of specific HLA risk alleles in different populations. In HIV -infected patients, the only
clear implementation success story has been the association between HLA-B*57:01 and abacavir
hypersensitivity (AHS) (Mallal, Phillips, Carosi, Molina, Workman, Tomazic, Jagel-Guedes, et al.
2008; Manson, Swen, and Guchelaar 2020) which has led to guideline-based universal pre-

prescription screening for HLA-B*57:01 before abacavir use in the developed world.

Figure 3-1: Schematic overview of the peptide binding groove.

Schematic overview of the binding groove showing amino acids positions that make up each pocket. As defined
in HLA-A2. Adapted from (van Deutekom and Kesmir 2015).
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For drugs prevalently used in the treatment of TB and HIV and its complications, such as rifampin and
other first-line anti-TB drugs, there have been no studies defining HLA associations in SCAR. An
association between nevirapine SJS/TEN and HLA-C*04:01 has been identified in a Malawian
population and confirmed by our group in a South African population (Carr et al. 2013; Pavlos et al.
2017) Konvinse et al, Peter et al (unpublished). The NPV for HLA-C*04:01 and nevirapine SJS/TEN
appears to be close to 100% in South African populations and to-date HLA-C*04:01 has not been
associated with another IM-ADR outside of NVP SCAR (Pavlos et al. 2017). However, the PPV is only
2.5%, meaning this HLA allele appears necessary but not sufficient for developing SJS/TEN. This is
similar to most other IM-ADR (Watanabe et al. 2017; Mallal, Phillips, Carosi, Molina, Workman,
Tomazic, Jigel-Guedes, et al. 2008). This suggests that other genetic and ecologic factors must be

important in the development of IM-ADRs.

Factors outside of HLA have also been found to be associated with SIS/TEN in heterogenous
populations. For instance, a study including both Southeast Asian and East Asian participants, found
that a poor metabolizing genotype CYP2C9*3 had the strongest association with phenytoin associated
SJS/TEN, DRESS and maculopapular eruption.(Chung et al. 2014). A study by Pavlos et al looking at
the new genetic predictors for abacavir tolerance in HLA-B*57:01 positive individuals predicted
abacavir tolerant individuals tend to have hypoactive trimming ERAP1 allotypes and proposed
ERAPI1 may influence the repertoire of peptides available for presentation to T cells in the presence of
abacavir (Pavlos et al. 2020). The importance of KIR in the development of IM-ADRs has not been
well-defined. However, the increased expression of KIR2DL2 and KIR2DL3 subtypes on circulating
T cells in SIS/TEN and the interaction of cognate HLA ligand with causative drugs which may
potentially affect interactions with KIR warrants further investigation with case-control association
studies — as KIRs are highly important in the regulation of cytotoxic NK and T cells responses
implicated in the development of SCAR (Duong et al. 2017). Discovery of new HLA associations and
non-HLA genetic associations could provide effective strategies for the prevention, diagnosis and
mechanistic understanding of factors that are necessary for the development of IM-ADRs in HIV-

infected African populations.

63



3.2. Materials and Methods

3.2.1. Patient and control participants matching, recruitment and enrolment.

For HLA association studies, 41 FLTD SCAR patients who were SDC and reacted to one or more
FLTD and/or if the offending drug was identified by exclusion (successful rechallenge to all other
drugs) were included. A total of 142 matched drug tolerant controls who consented to genetic testing
were selected from three cohorts - IMARI registry (n=6), PredART cohort (n=72) (Meintjes et al.
2018) and TB drug resistance study (n#=64) (Rockwood et al. 2017). All drug tolerant controls were
sampled one time with all clinical data collected at baseline. The second control group consisted of
192 healthy participants in HLA studies from the electricity supply commission (ESKOM) cohort, in
which 142 Black Africans (Loubser et al. 2020) and 50 South African Mixed Ancestry (Loubser,
Paximadis, and Tiemessen 2017) were recruited. There was representation of participants of black
Africans and South African Mixed Ancestry (SAM) background among the SCAR patients, drug
tolerant controls, and referenced general healthy participants studies residing in South Africa. Black
Africans form the largest ethnic group in South Africa, making up 80.2% of the population. Fourteen
(34%) FLTD SCAR cases were of SAM, which account for 8.8% of the South African population.
Drug tolerant controls were matched with cases on an average of 2:1 based on sex, age +/-5 years and

CD4 count for HIV infected patients (0-100, 100-200 and >200 cells/mm?).

3.2.2. Saliva collection, Oragene DNA kits
Saliva was collected into Oragene DNA OG-500 kit (DNAgenotek) according to manufacturer user

instructions. Saliva samples were stored at room temperature until DNA extraction.

3.2.3. DNA isolation

DNA was extracted from saliva using the prepIT.L2P protocol developed by Oragene DNA kits
manufacturer. DNA was extracted from blood for PredART cohort (n=72) (Meintjes et al. 2018) and
TB drug resistance study (n=64) (Rockwood et al. 2017) using the QIAamp DNA blood mini and
midi kits (Qiagen), following the manufacturer’s protocols. The NanoDrop 2000 spectrophotometer
(Thermo Scientific) or BioDrop were used to measure DNA concentrations and purity. TE buffer was
used as the reference sample (blank). Samples were stored at -20°C until HLA high resolution

genotyping and other sequencing.

3.2.4. HLA Genotyping

DNA extracted and purified from saliva and blood samples was sent to the institute for immunology
and infectious diseases (I1ID) at Murdoch University for HLA typing. HLA testing at [IID has been
accredited by the American Society for Histocompatibility and Immunogenetics (ASHI) and the
National Association of Testing Authorities (NATA). Specific HLA loci on the extracted DNA were
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PCR amplified using sample specific molecular indexed primers (MID- tagged) that amplify
polymorphic exons from Class [ (A, B, C Exons 2 and 3) and Class II (DQ, Exons 2 and 3; DRB and
DPBI, Exon 1) HLA genes. MID tagged primers have been optimised to minimize allele dropouts and
primer bias. Amplified DNA products from unique MID tagged products were pooled in equimolar
ratios and subjected to library preparation. Post QC and quantitation the normalised libraries were
then sequenced on the [llumina MiSeq platform using the MiSeq V3 600-cycle kit (2X300bp reads).
Sequences were separated by MID tags and alleles called using an in-house accredited HLA allele
caller software pipeline that minimises the influence of sequencing errors. Alleles were called using
the latest IMGT HLA allele database as the allele reference library. Sample to report integrity was
tracked and checked using proprietary and accredited Laboratory Information and Management
System (LIMS) and HLA analyse reporting software that performs comprehensive allele balance and

contamination checks on the final dataset

3.2.5. Full allelic KIR genotyping

Uniquely indexed primers were designed to target KIR exons 3, 4 and 5, (D0, D1 and D2 Domain).
Primer mixes were prepared containing 2-4 primers per amplicon to cover all KIR genes in a
multiplexed assay with an amplicon size ~400 bp. The primers chosen have been adapted and refined
from published literature (Lebedeva et al. 2007). Five separate PCR reactions were setup for each
sample to cover all target exons. In a 96 well plate, there was 12.5ul volume with GoTaq DNA
Polymerase (Promega) and the associated buffer system. As each sample was uniquely indexed during
the PCR reactions, all amplicons from the PCR reactions were pooled using volumes appropriate to
obtain balanced read coverage for each KIR exon. Each pool was then ligated with unique Illumina
indexes and sequencing adapters ready for Illumina sequencing. The products were sequenced on the
Miseq using 600V3 chemistry. Post sequencing, quality filtered paired reads were demultiplexed
based on unique molecular sequence for each sample and each set of overlapping paired reads were
merged based on the Q30 scores leading to a single read with a median read length of up to 500bps
spanning the full amplicon. Since these amplicons span across the full exon, the SNPs within the exon
are phased. These reads were then aligned to a reference sequence containing all KIR genes using
CLCbio genomics workbench. Following alignment, using an inhouse developed application All
Class the reads were moved to the correct gene by comparing each mapped read to the reference gene
dataset generated from IMGTKIR database; reads that didn’t map to any reference sequence data and
reads mapping below the defined minimum cut off were discarded. Multi mapped reads were
extracted and reassigned based on set defined rules based on KIR haplotypes and heterozygosity and

final assignments were reported as igroups http://www.iiid.com.au/s/iiid_KIR iGroups_v2100.xIsx.

This entire workflow has been validated for precision, accuracy and specificity using the reference

IWHG cell lines with known KIR alleles.
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3.2.6. ERAP sequencing

DNA from multiple samples were processed using massively parallel sequence-based typing where,
10 PCR primers pairs were utilised to amplify targeted regions which contain 17 SNPs for ERAP1
and 2 SNPs for ERAP2. Amplified DNA products from unique MID (molecular sample index) tagged
products were pooled in equimolar ratios and subjected to library preparation. Post QC and
quantitation the normalised libraries were then sequenced on the [llumina MiSeq platform using the
MiSeq V3 600-cycle kit (2X300bp reads). Post sequencing, sequences were separated by unique MID
tags and aligned using CLCbio genomics workbench. Sequence visualising and analysis tool VGAS

was then used for identification and reporting of the specific SNP variants and haplotypes.

3.2.7. Statistical analysis

Categorical variables were compared between cases and control participants using the Fisher’s exact
tests (suitable for small sample size) or chi-squared test, and continuous data (reported as median,
with interquartile ranges given in parentheses) were compared with use of t tests or Mann Whitney
tests depending on normalcy. A P value of <0.05 was considered statistically significant. For abacavir
hypersensitivity, HLA-B*57:01 and carbamazepine SJIS/TEN HLA-B*15:02, respectively, odds ratios
of >500 meant that less than 10 cases would have been needed to show a highly statistically
significant association. For this reason and from our experience with ERAP and nevirapine we
expected to be able to detect highly significant associations for each of our target drugs in African
ancestry. We had the benefit of matching at least 2:1 drug tolerant controls to cases to account for
high samples sizes needed when the HL A allele is highly represented in a population for a moderate
effect size (figure 3-2). Specific HLA allele frequencies for patients with FLTD induced SCAR were
compared with FLTD tolerant controls and the general population using a multivariate logistic
regression model to ascertain independent associations and examine differential effects on FLTD
SCAR risk of HLA class I alleles and allele clusters based on HLA supertypes (Sidney et al. 2008;
Lund et al. 2004), binding pocket structure and peptide binding groups assigned from MHCcluster
binding specificities (Rasmussen et al. 2014; Thomsen et al. 2013). Although we performed multiple
comparison correction using Bonferroni methods, due to the small numbers in this study, our analysis
and discussion took both P values into consideration. The strength of association was estimated by
calculating the odds ratio and 95% confidence interval (CI). Odds ratios were calculated with
Haldane’s modification, which adds 0.5 to all cells to accommodate possible zero counts (Haldane
1956). Odds ratios represent the estimated odds of SCAR development amongst cases carrying the
identified risk allele/cluster relative to tolerant controls. Analysis of class I peptide binding pockets
(A-F) were identified as in Sidney et al. (Sidney et al. 2008). Minor allele frequencies for genes
outside of the MHC (MAF) were taken from national library of medicine SNP database

(https://www.ncbi.nlm.nih.gov/snp/) or allele frequency net (http://www.allelefrequencies.net).
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Figure 3-2: Sample size calculations for HLA analyses

Sample size needed is dependent on the carriage frequency of the HLA allele in the population and the effect

size (odds ratio) of the association.
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3.3. Results

3.3.1. Characteristics of patients and drug tolerant controls

The demographics, clinical characteristics, and HLA class I alleles of the 41 HLA-typed cases with
FLTD SCAR are summarized in Table 3-1. A total of 142 TB patients who had been on FLTD for at
least 8 weeks and 12 weeks for patients receiving FLTD along with TMP-SMX with no adverse
events were used as the drug-tolerant controls. Of the enrolled patients with FLTD SCAR, 29 (76%)
were Black Africans and 9 (24%) were of South African Mixed ancestry group. The median (IQR)
age was 38 years (30-46 years), and majority of the patients (63%) were female. The onset of
symptoms for all patients was within 29 days (12-42 days) of FLTD exposure. Thirty-one patients
(76%) were HIV TB co-infected at the time of major reaction with a median CD4 count of 117 (50-
160 cells/uL). A total of 24 patients (59%) were on multiple drug regimen including FLTD, ART
(n=17) and TMP-SMX (n=18). Eleven patients were on both ART and TMP-SMX. TMP-SMX use
was more prevalent amongst drug-tolerant controls than SCAR cases (73% versus 44%, P=0.0004).
The difference can be explained by the fact that controls were selected from prospective cohort
studies amongst advanced HIV-infected patients where TMP-SMX prescription was protocol
specified in comparison to cases where routine practices may have varied. All patients received FLTD
for TB treatment and 5 (10%) cases had a previous TB episode — and did not report any adverse
events on previous exposure to FLTD (Table 3-2). Chronic diseases including hypertension, systemic
lupus erythematous (SLE), diabetes, asthma, epilepsy, and additional opportunistic infections were

absent or present at very low frequencies in the two groups (Table 3-3).

SCAR cases were from the prospective IMARI registry, and decision about SDC and omission of
inclusion of specific FLTD post SCAR was dependent on the clinic management team. All HLA-
typed cases were SDC, and 33 patients had a reaction to one (66%) or multiple (34%) FLTD on SDC.
Due to high clinical suspicion of the culprit agent, 8 cases were not SDC on all FLTD and had a single
(38%) or multiple (62%) FLTD excluded based on clinical review. Overall, 27 of 41 (66%) were
single drug reactors and 14 of 41 (34%) were multiple drug reactors. Rifampicin accounted for more
than half (59%) of all single drug reactions, followed by pyrazinamide (22%) and the common
multiple drug combination was rifampicin and pyrazinamide in 3 of 14 (21%) multiple reactors.
RegiSCAR scores for DRESS patients (n=35) were 4 to 7 in 25/35 (43% definite and 29% probable)
and <4 in 10/34 (29% possible DRESS). Patients with SIS/TEN (n=6) were also scored and 50%
were probable SJIS/TEN, 17% definite SJS and 33% definite TEN. Excluding TMP-SMX exposure,
there were no significant differences in demographic or laboratory parameters between the FLTD

SCAR cases and the FLTD tolerant controls (Table 3-2).
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Table 3-1: Characteristics of patients with FLTD induced SCAR and Class | HLA

) ) HLA-A HLA-A HLA-B HLA-B HLA-C HLA-C
Case | Age Sex CD4 Highest Naranjo Allele1 | Allele2 | Allele1 | Allele2 | Allele1 | Allele 2
ID (yr) at Birth Count Phenotype Latency Scoring Drugs
Group 1 rifampicin was identified as the single offending drug by SDC or exclusion, patients were back on other three FLTD and had rifampicin ELISpot >20 SFU/million cells
10001 35 Male 101 Probable DRESS 28 rifampicin 03:01:01 | 32:01:01 | 44:03:01 | 81:01:01 | 02:10:01 | 04:01:01
10020 33 Male - Probable DRESS 15 rifampicin 24:10:01 | 29:02:01 | 18:02 44:04 07:04:01 | 16:01:01
10024 40 Female 117 Probable SJS/TEN 52 rifampicin 23:01:01 | 34:02:01 | 44:03:01 | 58:02:01 | 04:01:01 | 06:02:01
10037 59 Male - Definite DRESS 47 rifampicin 03:01:01 | 32:01:01 | 15:01:01 | 18:01:01 | 02:02:02 | 03:03:01
10085 42 Female - Definite DRESS 39 rifampicin/ rifabutin 02:01:01 68:02:01 15:10:01 | 44:03:02 | 03:04:02 | 07:01:01
10092 38 Male 121 Possible DRESS 13 rifampicin 02:01:01 | 34:02:01 | 44:03:01 | 45:01:01 | 04:01:01 | 16:01:01
10188 34 Female - Definite DRESS 24 rifampicin 03:01:01 | 32:01:01 | 15:01:01 | 15:03:01 | 02:10:01 | 04:01:01
10225 54 Female 93 Possible DRESS 24 rifampicin 29:02:01 | 29:02:01 | 15:03:01 | 44:03:02 | 02:10:01 | 07:01:01
10278 30 Female 142 Possible DRESS 46 rifampicin 02:01:01 | 43:01:01 | 15:16:01 | 44:03:01 | 02:10:01 | 16:01:01
10322 26 Female 26 Possible DRESS 10 rifampicin 02:14:01 | 30:01:01 | 15:03:01 | 44:03:01 | 02:10:01 | 04:01:01
Group 2 patients reacting to rifampicin and other FLTD, rifampicin was amongst the highest Naranjo scoring drugs and rifampicin ELISpot >20 SFU/million cells
rifampicin/ pyrazinamide/ Ao, . an. 2. .- .01-
10002 37 Male 72 Possible DRESS 71 ABC/ 3TC/EFV 34:02:01 | 43:01 15:10:01 | 44:03:01 | 04:01:01 | 04:01:01
rifampicin/ isoniazid/ A5. 1. .AD- o .01- .01-
10028 30 Female - Probable SJS/TEN 13 pyrazinamide/ ethambutol 30:02:01 ) 74:01:01 | 42:02.01 | 45:01:01 | 16:01:01 | 17:01:01
10128 31 Female 170 Definite DRESS 59 rifampicin/ ethambutol 34:02:01 | 43:01:01 | 15:03:01 | 44:03:01 | 04:01:01 | 18:01:01
rifampicin/ isoniazid/ Aq. Aq- 0. - 0. .02-
10145 15 Female ) Probable DRESS 32 ethambutol 25:01:01 | 32:01:01 | 07:02:01 | 15:01:01 | 02:10:01 | 03:03:01
Group 3 includes all SCAR patients with reactions to rifampicin and additional FLTD, rifampicin was among the highest Naranjo scoring drugs irrespective of ELISpot result
10032 38 Female 457 Definite DRESS 14 rifampicin 02:05:01 | 30:02:01 | 45:01:01 | 58:01:01 | 07:01:01 | 16:01:01
TMP-SMX/ rifampicin/ 1. 1. s .AND- 40- .09-
10034 39 Male 203 Definite DRESS 27 pyrazinamide 03:01:01 | 23:01:01 | 07:02:01 | 58:02:01 | 02:10:01 | 06:02:01
rifampicin/ isoniazid/ Aq. 1. AE- o .n2- .09-
10049 56 Female ) Probable DRESS 44 ethambutol 01:01:01 | 11:01:01 | 15:05:01 | 57:01:01 | 03:03:01 | 06:02:01
10068 23 Female - Probable DRESS 25 rifampicin 30:01:01 | 74:01:01 | 42:02:01 | 53:01:01 | 04:01:01 | 17:01:01
10105 | 36 Female 142 Definite DRESS 176 rifampicin/isoniazid 30:02:01 | 36:01:01 | 53:01:01 | 53:01:01 | 04:01:01 | 04:01:01
isoniazid/ ethambutol/ An. Ao Aa. o o o
10137 46 Male 141 Definite DRESS 35 Rifamycin 29:02:01 | 68:02:01 | 44:03:02 | 53:01:01 | 04:01:01 | 07:01:01
10167 41 Male 162 Probable DRESS 34 pyrazinamide, isoniazid 03:01:01 | 29:02:01 | 08:01:01 | 15:03:01 | 02:10:01 | 07:02:01
10182 33 Female 19 Possible DRESS 48 Rifampicin/ TMP-SMX 30:01:01 | 34:02:01 | 42:01:01 | 44:03:01 | 04:01:01 | 17:01:01
levofloxacin/ linezolid/ AA- 5. .- .01- .09- .01-
10191 52 Male 23 Possible DRESS 31 rifampicin 01:01:01 | 68:02:01 | 14:01:01 | 81:01:01 | 08:02:01 | 18:01:01
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10197 51 Female - Probable DRESS 30 rifampicin 01:03:01 | 33:01:01 17:01:01 | 17:01:01
10198 | ,, Male 111 | Possible DRESS 6 “farg)f’r'g'z'?r/] 'asn‘:ir:j'gz'd/ 02:05:01 | 66:01:01 | 15:10:01 | 58:02:01 | 06:02:01 | 08:04:01
Other FLTD SCAR cases

10011 28 Male 5 Probable DRESS 40 isoniazid 02:05:01 | 29:01:01 | 07:05:01 | 58:01:01 | 07:01:01 | 07:02:01
10014 45 Male 90 Probable SJS/TEN 49 isoniazid 03:01:02 | 30:01:01 | 42:01:01 | 44:03:01 | 14:03:01 | 17:01:01
10018 24 Female 63 Definite TEN 15 pyrazinamide 30:02:01 | 68:02:01 | 07:02:01 | 07:02:01 | 07:02:01 | 07:02:01
10030 | 48 Female - Definite TEN, SLE 13 isoniazid/ pyrazinamide 02:05:01 | 43:01 27:05:02 | 44:03:01 | 02:10:06 | 07:01:01
10036 50 Female 388 Definite SJS 9 pyrazinamide 02:01:01 | 23:01:01 | 13:02:01 | 45:01:01 | 06:02:01 | 16:01:01
10041 45 Male 39 Definite DRESS 18 pyrazinamide 24:02:01 | 34:02:01 | 07:02:01 | 08:01:01 | 07:01:01 | 07:02:01
10042 35 Male 58 Definite DRESS 15 isoniazid 30:02:01 | 33:01:01 | 42:01:01 | 45:01:01 | 16:01:01 | 17:01:01
10044 29 Female 112 Probable DRESS 18 ethambutol 02:01:01 | 68:02:01 | 15:03:01 | 35:01:01 | 02:10:01 | 04:01:01
10051 26 Female 5 Definite DRESS 26 pyrazinamide/ ethambutol | 30:01:01 | 30:02:01 | 08:01:01 | 42:02:01 | 07:01:01 | 17:01:01
10071 26 Female 158 Definite DRESS 28 pyrazinamide 32:01:01 | 68:01:01 | 58:01:01 | 58:02:01 | 06:02:01 | 06:02:01
10100 30 Female 137 Possible DRESS 25 isoniazid 01:01:01 | 68:02:01 | 57:02:01 | 58:01:01 | 07:01:01 | 07:01:01
10104 47 Female 576 Definite DRESS 12 pyrazinamide 01:03:01 | 74:01:01 | 15:03:01 | 15:03:01 | 02:10:01 | 04:01:01
10119 42 Male 177 Definite DRESS 84 pyrazinamide/ ethambutol | 30:01:01 | 33:03:01 | 42:01:01 | 53:01:01 | 04:01:01 | 17:01:01
10121 55 Female 41 Possible DRESS 16 pyrazinamide 03:01:01 | 30:04:01 | 35:02:01 | 81:01:01 | 04:01:01 | 08:04:01
10162 | 37 Female 21 Definite DRESS 109 ethambutol/ rifabutin 29:02:01 | 74:01:01 | 15:03:01 | 58:01:01 | 02:10:01 | 03:02:01
10165 | oo | Fomale 62 | Probable DRESS g | PYrenamider sihambulol | 41.01:01 | 340201 | 35:01:01 | 44:03:01 | 04:01:01 | 04:01:01

DRESS - drug reaction with eosinophilia and systemic symptoms, SJS/TEN — Stevens Johnson syndrome and toxic epidermal necrolysis, ETH — ethionamide, TMP-SMX —

trimethoprim-sulfamethoxazole, LNZ — linezolid, Moxi- moxifloxacin, RHZE — Rifafour (fixed drug combination), EFV — efavirenz, 3TC - lamivudine, ABC — abacavir
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Table 3-2: Demographic variables, drug exposure details of FLTD SCAR patients and tolerant

controls

Characteristic FLTD SCAR Drug tolerant controls P value
(n=41) (n=142)

Sex, n (%)

Female 26 (63) 84 (61) 1.0000

Male 15 (37) 54 (39)

Age, median (range), yrs. 38 (30-46) 38 (32-45) 0.8122

Drug exposure, median (range), days

FLTD Duration | 29 (12-42) days | >8-12 weeks -

Additional medication history, n (%)

HIV+ 31 (76) 118 (86) 0.0791

CD4 count, median (range) 117 (50-160) 90 (49-170) 0.8500

ART at major reaction/ sampling 17 (41) 83 (60) 0.0993

TMP-SMX at major reaction/ sampling 18 (44) 101 (73) 0.0004

B 41 (100) 138 (100) -

Previous TB episode 5(12) 7/68 (10)* 0.5965

Additional bacterial and fungal infections 4 (10) 4/68 (10)* 0.8546

*Information not available for PredART controls

FLTD —first line anti-tuberculosis drugs, SCAR — severe cutaneous adverse reactions, ART — anti-retroviral
therapy, TB — tuberculosis, n — number of participants

Numbers in parenthesis indicate percentage

Table 3-3: Summary of FLTD SCAR patients’ clinical characteristics

Non-TB/HIV co-morbidities, n (%)

SLE 1(2)
Hypertension 1(2)
Diabetes 1(2)
Asthma 1(2)
Epilepsy 2 (5)
Drug reaction, n (%)

DRESS 35 (85)
Definite DRESS 15 (43)
Probable DRESS 10 (29)
Possible DRESS 10 (29)
SJS/TEN 6 (15)
Probable SJS/TEN 3 (50)
Definite SJS 1(17)
Definite TEN 2 (33)
Offending drugs, n (%)

Single drug reactors 27 (66)
rifampicin 16 (59)
isoniazid 4 (15)
pyrazinamide 5(19)
ethambutol 1(4)
Multiple drug 14 (34)
Rifampicin + pyrazinamide 3(21)

SLE — systemic lupus erythematous, DRESS — drug reaction with eosinophilia and systemic symptoms, SJUS/TEN
— Stevens Johnson syndrome/toxic epidermal necrolysis, n — number of participants
Numbers in parenthesis indicate percentage
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3.3.2. HLA associations with rifampicin-induced SCAR

SCAR cases were grouped and analysed by offending drug, and whether they reacted to one or
multiple FLTD. In addition, rifampicin-associated SCAR cases were further divided based on a
positive or negative ELISpot that demonstrated in vitro evidence of drug-specific T cells, making
potential HLA-associations more likely (see chapter 2 for details of ELISpot optimisation and results
for all FLTD) (Porter et al. 2022) . Cases in rifampicin-SCAR HLA studies were divided into three
groups. In group 1 rifampicin was identified as the single offending drug by SDC or exclusion,
patients were back on other three FLTD and had rifampicin ELISpot 220 SFU/million cells. In group
2 patients reacting to rifampicin and other FLTD, rifampicin was amongst the highest Naranjo scoring
drugs and rifampicin ELISpot (>20 SFU/million cells were added to patients in group 1. Group 3
includes all SCAR patients with reactions to rifampicin and additional FLTD, rifampicin was among
the highest Naranjo scoring drugs irrespective of ELISpot result. As shown in Table 3-4, HLA-
B*44:03 was present in 7 of 10 (70%) patients compared to 5 of 41 (12%) group 1 matched tolerant
controls (odds ratio: 16.8; 95% CI: 3.2-87, P=0.0008) and 19 of 192 (10%) of the general healthy
population (odds ratio: 21.2; 95% CI: 5.1-89.1; P<0.0001). In group 2, HLA-B*44:03 was present in
9 of 14 (64%) patients but only 5 of 54 (9%) tolerant controls (odds ratio: 17.6; 95% CI: 4.2-73.6,
P=0.0001) and 10% of the general population controls (odds ratio: 16.4; 95% CI: 6.5-54; P<0.0001).
The odds decreased when patients (n=11) with a negative rifampicin ELISpot (<20 SFU/million cells)
were added (Table 3-4). After adjusting for HLA-B*44:03 carriage, HLA-B*15:01was the second
significant allele carried by 3 cases with rifampicin positive ELISpot and zero controls (P= 0.0005)
(figure 3-3). Notably, all three cases were HIV negative (Table 3-1). Table 3-4 shows odds ratio for
HLA-B*15:01 in group 1(odds ratio: 24.4; 95% CI: 1.1-555.5, P=0.0451 and general healthy
population (odds ratio: 7.8; 95% CI: 1.3-44.6; P=0.0218); group 2, (odds ratio: 33.2; 95% CI: 1.6-
687.1, P=0.0235) and the general population controls (odds ratio: 8.5; 95% CI: 1.9-34.4; P=0.0057).

Guided by four patients with *20 SFU/million cells and non-carriage of HLA-B*44:03 in group 2, we
used MHCcluster (which groups HLA molecules into supertypes according to their peptide-binding
specificity) to examine similarities between their identified alleles (HLA-B*15:01, -*15:03, -*18:01, -
*18:02 -*42:02, -*44:04 and -*45:01) and HLA-B*44:03. We found two HLA-B supertypes
associated with the development of rifampicin-SCAR (figure 3-4). HLA-B*44:03 was grouped
together with HLA-B*18:01 and -*45:01 as part of the HLA-B44 superfamily. HLA-B44 alleles
occurred at significantly increased frequencies in rifampicin SCAR patients (90% group 1 and 86%
group 2) compared to 37% in tolerant controls (group 1 odds ratio: 15.6; 95% CI: 1.8-135.48;
P=0.0127 and group 2 odds ratio: 10.2; 95% CI: 2.1-50.3; P=0.0043) (Table 3-4). However, the effect
significantly decreased when ELISpot negative rifampicin SCAR cases and matched tolerant controls

were added (group 3 odds ratio: 3.3; 95% CI: 1.3-8.1; P=0.0112). HLA-B 44 supertype was
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influenced by the presence of HLA-B*44:03 (n=12 alleles) followed by HLA-B*45:01 (n=3 alleles)
irrespective of groups (Table 3-3). HLA-B62 supertype was identified as the second significantly
increased supertype present in 11% of cases compared to 0% in matched tolerant controls (figure 3-3).
And the HLA-B62 association was significantly influenced by HLA-B*15:01 (n=3 alleles). We
analysed the allele distribution of the combined HLA loci to define the haplotypes using in house
software, Coby Gram. The HLA-A*34:02, -*44:03, C*04:01 haplotype was present in 4 of 14 (29%)
patients with ELISpot positive rifampicin—SCAR and 1 of 54 (2%) tolerant controls (odds ratio: 21.2;
95% CI: 2.1-210.0; P=0.0090). This significant association was confirmed with linear regression in
Coby Gram (figure 3-5). Although we had a small sample size to further divide rifampicin SCAR
cases, there was no significant differences in all analysis with further grouping according to SCAR
phenotype and race. Figure 3-6 shows frequencies of HLA-A and HLA-C class I alleles in rifampicin
ELISpot positive SCAR and matched tolerant controls. After Bonferroni correction, we did not
observe any significant differences in the frequencies of HLA-A and HLA-C alleles in cases versus

tolerant controls.
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Table 3-4: Frequencies of individual or combined loci of HLA-B*44:03/04 extended haplotype in patients with FLTD-induced SCAR, FLTD tolerant
controls, and general population controls

General
population

RIF RIF control'2
Genotype Group SCAR Tolerant controls | Odds ratio (95% Cl) | P value n=192 Odds ratio (95% CIl) | P value
1 710 (70) 5/41 (12) 16.8 (3.2-87) 0.0008 212 (5.1-89.1) | <0.0001
L AB 4403 2 9/14 (64) 5/54 (9) 17.6 (4.2-73.6) 0.0001 16.4 (5-54) <0.0001
3 | 11125 (44) 9/92 (10) 7.2 (2.5-20.7) 0.0002 | 19/192(10) 7.2 (2.8-18) <0.0001
1 9/10 (90) 15/41 (37) | 15.6 (1.8-135.5) 0.0127 19.8 (2.5-159.8) | 0.0051
HLA-B44 Supertype | 2 | 12/14 (86) 20/54 (37) | 102 (2.1-50.3) 0.0043 132 (2.9-60.8) | 0.0009
3 | 15/25 (60) 29/92 (32) 3.3 (1.3-8.1) 0.0112 | 80/192(31) 3.3 (1.4-7.8) 0.0063
1| 211020 0/41 (0) 24.4 (11-555.5) | 0.0451 7.8 (1.3-44.6) 0.0218

HLA-B*15:01 6/192 (3)
2 | 314 0/54 (0) 33.2(1.6-687.1) | 0.0235 8.5 (1.9-34.4) 0.0057

Numbers in parenthesis indicate percentage

Group 1 - rifampicin was identified as the single offending drug by SDC or exclusion, patients were back on other three FLTD and had rifampicin ELISpot >20 SFU/million
cells.

Group 2 - patients reacting to rifampicin and other FLTD and rifampicin ELISpot >20 SFU/million cells were added to patients in group 1.

Group 3 — patients reacting to rifampicin and other FLTD and rifampicin ELISpot <20 SFU/million cells (ELISpot negative) were added to patients in group 2.

RIF — rifampicin, SCAR — severe cutaneous adverse reactions, Cl- confidence interval, n — number of participants. The Bonferroni corrected P value for multiple comparisons

Pc=0.004.

"Loubser, S., M. Paximadis, N. L. Gentle, A. Puren, and C. T. Tiemessen. 2020. 'Human leukocyte antigen class | (A, B, C) and class Il (DPB1, DQB1, DRB1) allele and
haplotype variation in Black South African individuals', Hum Immunol, 81: 6-7.

2Loubser, S., M. Paximadis, and C. T. Tiemessen. 2017. 'Human leukocyte antigen class | (A, B and C) allele and haplotype variation in a South African Mixed ancestry
population', Hum Immunol, 78: 399-400.
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Figure 3-3: Frequencies of HLA-B alleles present in ELISpot+ rifampicin SCAR cases and matched drug

tolerant controls.
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Allele frequencies among group 1 and 2 cases (n=174) and controls (n=54). HLA-B*44:03 was strongly associated
with rifampicin SCAR with an allele frequency of 0.321 compared to 0.056 in matched FLTD tolerant controls
(P=0.0001, chi-squared test). Adjusted for HLA-B*44:03 carriage, HLA-B15:01 was another allele strongly
associated with rifampicin SCAR — present in 3 of 4 (75%) rifampicin-SCAR cases and 0 of 10 matched FLTD
tolerant controls (P= 0.0005, chi-squared test). Analysis is restricted to immunologically confirmed cases
(ELISpot >20 SFU/million cells). Significant P value was set at <0.05 after Bonferroni correction for multiple
comparisons (Pc=0.002). Allele frequency = (alleles/2n). RIF — rifampicin, SDC+ - sequential drug challenge
positive, ELISpot+ - ELISpot positive. *B44 and *B62 here refers to the B44 and B62 supertypes respectively

(Sidney et al. 2008).
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The distance tree shows sequence logos for shared predicted peptide binding sequences. HLA-B risk alleles for FLTD induced SCAR (HLA-B*44:03/04, -*45:01 and -*18:02)
which belong to HLA-B44 and HLA-B62 supertypes (Sidney et al. 2008) are shown in green and orange circle respectively.
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Figure 3-5: HLA class | haplotypes in rifampicin ELISpot positive SCAR cases and matched tolerant
controls using Coby Gram
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Figure 3-6: Frequencies of HLA-A and HLA-C alleles present in ELISpot+ rifampicin SCAR cases and
matched drug tolerant controls.
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3.3.3. Specificity of rifampicin T cell responses and binding to HLA-B alleles

We examined the functional capacity of allotypes HLA-B*44:03, -*44:04, -*45:01 and -*15:01 and
how it differs from other HLA-B alleles in the cohort. We were also testing the differences in
rifampicin specific responses according to risk allele status. We performed IFN-g ELISpot assay on
all prospectively and retrospectively enrolled patients and drug tolerant controls with stored PBMCs.
There were 9 drug tolerant controls recruited in the IMARI registry with stored PBMCs to investigate
drug responses in comparison to participants with FLTD-SCAR in specific immunologic studies. Of
the 25 rifampicin-SCAR cases, 14 (56%) had an IFN-g ELISpot response >=20 SFU/million cells
compared to 0 of 9 (0%) drug tolerant controls (P=0.0032). ELISpot positivity was 10 of 14 (71%)
among patients carrying HLA-B*44:03/04. Only one drug tolerant control carried HLA-B*44:03. In
samples with sufficient cell numbers, PBMCs were routinely tested against all FLTD, and
concurrently administered medications potentially implicated in development SCAR — such as TMP-
SMX). Two HLA-B*44:03 patients with negative rifampicin ELISpot had >=20 SFU/million cells to
isoniazid 50ug/ml and 4-Nitro-sulfamethoxazole 10ug/ml (major TMP-SMX metabolite) respectively

— and these drugs had the highest Naranjo scores along with rifampicin.

After adjusting for HLA-B44:03/04 carriage, 1 of 2 (50%) patients carrying HLA-B*45:01 had a
positive ELISpot. The negative ELISpot in the second patient could be explained by blood collection
5 years post rifampicin SCAR onset. The last three rifampicin ELISpot positive cases carried HLA-
B*15:01 (figure 3-7A). ELISpot positivity was 12 of 14 (86%) among patients carrying one or more
allele that belongs to the HLA-B44 supertype (Table 3-4) and compared to patients carrying other
HLA-B alleles, there was a significant difference in the SFU with a P value of 0.0020 (figure 3-7A).
After adjusting for HLA-B*44:03, -*44:04, -*45:01 and -*15:01 carriage, the remaining eight cases
carried the following alleles, HLA-B*14:01, 81:01, 42:02, 53:01,08:01, 15:03, 07:02, 58:02, 15:10,
15:05 and 57:01 which did not activate rifampicin-specific T cells (figure 3-7B). One of the eight
patients carried the HLA-B allele combination 15:05 and 57:01. Interestingly, HLA-B*15:05 has a
similar peptide binding motif as HLA-B*15:01 (figure 3-9). The negative ELISpot results in this case,
could also be attributed to blood collection 2-year post rifampicin-SCAR (Table 3-5). Using CD4
count as a measure immune status and HIV progression, we did not observe any significant

differences between ELISpot positive and negative patients stratified by HLA-B allele (Table 3-5).
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Figure 3-7: IFN-y ELISpot responses in RIF SCAR cases stratified by HLA risk allele carrier

status

A) IFN-y ELISpot responses in rifampicin SCAR (RIF SCAR) cases (n=25) and tolerant controls (n=9) after
stimulation with 25ug/ml of rifampicin results. There were significant differences between cases and controls
(P=0.0020, t-test). Rifampicin SCAR cases were stratified by HLA risk allele carriage. The risk allele carriage in

tolerant controls was n= 1 HLA-B44:03, n=2 HLA-B45:01, n= 2 HLA-B*18:01

. There was no carriage of HLA-

B*15:01 tolerant controls with stored PBMCs. Means of replicates are plotted. In patients with blood collected at
different at time points, the highest ELISpot results are plotted. Spot forming units (SFU) per million cells above
20 after the removal of background (unstimulated cells) were considered positive (positive ELISpot threshold
indicated by pink line). B) In samples with sufficient cell numbers, PBMCs were routinely tested against all FLTD.
Results of these other tested drugs for rifampicin cases with negative rifampicin ELISpot — patients identified by

HLA-B alleles on the x-axis.
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Table 3-5: ELISpot results stratified by HLA-B allele and HIV status

HLA-B allele | ELISpot | HIV positive (if | Median CD4 ELISpot HIV positive Median CD4

positive | ELISpot count negative/SDC | (if ELISpot count
positive) positive negative)

B44:03/04 10 9 101 2 2 80

B45:01 1 0 - 1 1 457

B44 11 9 101 3 3 141

B15:01/05 3 0 - 1 0 -

Other HLA-B | 0 0 - 7 6 127

alleles
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3.3.4. Models of Rifampicin docking onto risk HLA B alleles (with peptide)

The chemical structure of three mycobactericidal rifamycin are shown in figure 3-8A. Rifampicin
(C3HsgN4O12) is a polyketide belonging to a chemical class of compounds termed ansamycins, named
for the heterocyclic structure containing a naphthoquinone core spanned by an aliphatic ansa chain; it
is a relatively large, small-molecule drug with a molar mass of 822.95 g/mol!. Given the relatively
large size of the small molecule rifampicin and the putative risk alleles HLA-B*44:03 and -B*15:01,
we applied molecular docking (CD-Dock?2 — cavity detection guided blind docking) to determine
potential binding sites for rifampicin. CB-Dock predicts binding sites of a submitted protein and
performs docking with a popular docking program, AutoDock Vina (Watanabe et al. 2017). We
carried out docking of rifampicin ligand (National Center for Biotechnology Information (2023).
PubChem Compound Summary for CID 135398735, Rifampicin. Retrieved June 5, 2023 from
https://pubchem.ncbi.nlm.nih.gov/compound/Rifampicin) with HLA-B*44:03 (PDB ID: 3DX7 ) and
HLA-B*1501 (PDB ID: 6UZP) peptide complexes.

The docking model showed rifampicin interacting at the highest vina score to HLA-B*4403-peptide
complex (-7.1 Kcal/mol) and HLA-B*1501-peptide complex (-8.3 Kcal/mol) (figure 3-8D-E) at
conserved positions responsible for overall structural stability. These include positions 6, 8, 27, 98,
102 and 113 located in the B-sheet floor of the binding groove or in a-1 and a-2 domains contacting
the B-sheet floor (figure 3-8B-C) (Haliloglu, Gul, and Erman 2010; Sercinoglu and Ozbek 2020). The
model also showed rifampicin interacting via hydrogen bonds with residues ARG48, ALA49, PROS50,
TRP51, residues that are in close vicinity to position 45, 63 and 67 which contribute to antigen

specificity of the peptide binding B-pocket (figure 3-8D-E).

Thus, in the subsequent analyses we have considered both drug-pMHC models. Initially we
considered the possibility of direct interaction with peptides and hence examine shared-binding
specificities between the group of risk B alleles noted in our rifampicin SCAR cases compared to
controls, focused on key amino acid positions that determine differential peptide-binding specificity.
Linked to this we have explored whether known polymorphisms in endoplasmic reticulin
aminopeptidase 1 and 2 — important enzymes in peptide trimming and hence peptide repertoires —
improve predictive value of these class I risk alleles. Subsequently, we explore whether risk alleles
potentially sort or interact with other pMHC complexing machinery, in particular the relationship

between risk alleles and tapasin dependency.
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rifampicin rifapentine

rifabutin N\\(

Scheme 1. Exemplary structures of known and used in antibacterial and antitubercular therapy ansa-macrolides — semisynthetic derivatives of 3-formylrifamycin SV.

HLA-B*44:03

CurPocket ID: C1

Cavity volume (A3): 3850

Vina score: -7.1

Contact residues:

Chain A: TYR27 ASP30 ALA211 GLU212 ILE213 VAL231
GLU232 THR233 PHE241 LYS243

Chain B: LYS6 TYR26 SER57 LYS58 ASP59 TYR63
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HLA-B*15:01

CurPocket ID: C1

Cavity volume (A3): 1820

Vina score: -8.3

Contact residues:

Chain A: ASP30 THR31 GLN32 PHE33 ARG48 ALA49 PRO50
TRP51 THR178 PRO235 GLY237 ASP238 ARG239

Chain B: ARG12 PHE22 GLU50 SER52 ASP53 LEU65 TYR67

Figure 3-8: Models of rifampicin docking onto risk HLA B alleles (with peptide)

A) Exemplary structures of rifamycin. Three-dimensional structure of pMHC (B) and conserved positions within
the HLA structure (C). Adapted from (Czerwonka et al. 2016) and (Serginoglu and Ozbek 2020)CB-Dock results
for HLA-B*44:03 (D) and *15:01 (E).
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3.3.4. The effects of individual amino acids in the peptide binding groove

HLA-class I alleles typically interact with two amino acids in the peptide chain —amino acid 2 and 9
which corresponds to pocket B and F as locations of anchor residues. The type of sidechain bound by
each pocket depends upon the class I allotype, more specifically on the residues at positions of
polymorphism that line the pockets. The size, shape and polarities of pockets determine the peptide
sidechains they bind. We therefore asked whether similarities exist between binding specificities for
the identified HLA-B risk alleles (HLA-B44 and -B62 supertypes) (figure 3-4). We used IMGT/HLA
database (http://www.ebi.ac.uk/ipd/imgt/hla) to determine the characteristic motifs across pockets A-F

which makes the peptide binding groove of class I molecule (figure 3-1).

We found that the association with HLA-B*44:03 and other B44 and B62-associated polymorphisms,
may be explained by commonality in certain critical B-pocket residues such as position 67 (figure 3-
9A). The position 67 forms part of the HLA-B peptide-binding groove, located in the B pocket, which
anchors the side peptide position 2 whose specificity is also influenced by the residues at polymorphic
amino acid positions 9, 45 and 63 of the class I heavy chain. HLA-B44 and B62-associated
polymorphisms were also grouped by commonality of residues 7Tyr 22Phe 34Val 66lle 70Thr 99Tyr
of the anchor B pocket. These alleles also differed at several B pocket positions Tyr9His
Thr24Ser/Ala Lys45Thr/Met Glu63Asn (figure 3-9A). This polymorphic position 67 carries as many
as five different amino-acid residues in the cohort, differing in charge and polarity (figure 3-9C), and
each conferring different degree of risk (or protection) to rifampicin SCAR, consistent with the
analysis of HLA-B allele frequencies (figure3-3). Serine, a neutral polar amino acid, at position 67
(predominantly found in HLA-B44 alleles) was increased in rifampicin SCAR patients than tolerant
controls (P<0.0001); and phenylalanine, a neutral non-polar amino acid (found in HLA-B53 alleles),
was found increased in tolerant controls than rifampicin SCAR cases (P=0.0032). Amino acid
position 45 of HLA-B alleles and the type of amino acid seemed to support and strengthen signals at
position 67.

Most alleles in the HLA-B44 supertype share a preference for peptides with negatively charged
glutamic acid (Glu, E) at anchor position 2 and polar and hydrophobic residues at the C terminus
(Marsh, Parham, and Barber 1999). Alleles most prevalent in the drug tolerant group (HLA-B*42:01,
-*57:03 and *58:02) (figure 3-3) differ from the HLA-B44 alleles by three amino acids (45E, 63N,
67Y — HLA-B*42:01) and two amino acids (45M/T, 67M — HLA-B*57:03, -*58:02) in the B pocket
(figure 3-9A). The difference in position 67 and the similarities between HLA-B44 alleles and HLA-
B*15:01 at position 67 suggests rifampicin specificity is particularly sensitive to the B-pocket
architecture, namely residue 67. In the B pocket of the characteristic motif HLA-B*44:03 the
positively charged polar lysine at position 45 is reported to select peptides having negatively charged
glutamic acid at position 2 (Madden 1995). The difference in HLLA-B44 residues at position 45 shows
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the environment of the B pocket and its ability to accommodate glutamic acid at P2 depends on all
residues in polymorphic positions. Therefore position 67 may not the only be key residue forming the
B-pocket anchor site for rifampicin, the amino acid substitutions positions 45 and 63, could also
influence recognition of rifampicin. In particular, the presence of T at position 45 in HLA-
B*18:01/02, in common with HLA-B*58:02 potentially explains the slight increase in the frequency
of HLA-B*18:01 in controls and that although it shares similarities with HLA-B44:03, in our cohort,
its association with rifampicin-SCAR is dependent on HLA-B*44:03 and HLA-B15:01 carriage
(Table 3-1). In addition, Ser67 could be the most probable site where rifampicin may be influencing
the B pocket, especially for HLA-B*15:01 since it differentiates it from HLA-B57:03 (Met67).
However, the interaction could also be controlled by neighbouring residues including substitution
with a neutrally charged Met45 in HLA-B15:01 which counter charge the negative charge - while the
presence of Glu45 in HLA-B*42:01, in combination with varied residues at position 67 (figure 3-9A)
completely blocks the binding of glutamic acid in the B pocket. In our AutoDock modelling, we
observed rifampicin interactions with residues in close vicinity to these polymorphic positions for

HLA-B*44:03 and HLA-B*15:01 (figure 3-8D-E).
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Figure 3-9: HLA-B alleles frequencies and binding pockets associated with rifampicin induced SCAR

A) Alignment of HLA-B B and F pocket sequences. Yellow highlighted positions show polymorphic key residues
that confer specificity and peptide preference for HLA-B allotypes. In bold font is the sequence of HLA-B*44:03
rifampicin SCAR risk allele. B) Alignment of HLA-B A, C, D and E pocket sequences. C) Amino-acid residue
frequencies in 2n=28 cases and 2n=108 controls within associated amino-acid positions of HLA-B alleles. D)
Schematic overview of the binding groove showing amino acids positions that make up each pocket. As defined
in HLA-A2. Adapted from (van Deutekom and Kesmir 2015)
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3.3.5. Investigating ERAP polymorphism in rifampicin-SCAR

Our HLA data suggests that rifampicin-SCAR is associated with HLA-B44 and B62 alleles. However,
in comparison to other HLA-drug-ADR pairs the odds ratios are modest (12-30 versus >100), and
HLA-B44 risk alleles are found amongst rifampicin tolerant controls suggesting that other genomic
risks may be necessary either outside of the HLA region or modifying the HLA-peptide-TCR
complex interactions. In autoimmune and inflammatory diseases, polymorphisms in the endoplasmic
reticulum aminopeptidase (ERAP) 1 and 2 genes have been found to be important in association with
HLA-class I risk alleles (Evans et al. 2011; Strange et al. 2010; Reeves et al. 2014). ERAP1 is an
enzyme responsible for ER N-terminus peptide trimming, and polymorphisms are associated with
differential trimming activities and thus altered peptide presentation or HLA-peptide stability (Falk
and Rotzschke 2002). ERAP 1 and 2 are in almost complete linkage disequilibrium and ERAP genes
(on chromosome 5) are epistatically linked to HLA. We thus hypothesised that ERAP1 and 2 may be
important candidate genes, linked to class I HLA risk alleles driving the occurrence of FTLD-SCAR
in affected individuals. We selected 19 SNPs located across ERAP1 and ERAP2 to investigate.

To assess their association with the development of rifampicin SCAR, we investigated their
frequencies in HLA-B risk allele positive and negative rifampicin SCAR cases and matched tolerant
controls. Twenty-four rifampicin SCAR cases and 80 matched tolerant controls were ERAP typed.
Table 3-6 shows the allelic frequencies of these SNPs and P values. There were significant
differences in the frequency of genotype CT of rs27529 (P=0.0522), AG of rs30187 (P=0.0522) and
AG of rs17482078 (P=0.0312) in HLA-B risk allele positive cases compared to controls. In HLA-B
risk allele negative cases and controls, significant differences were observed in CC of rs27434
(P=0.0315), CC of 1527529 (P=0.0315) and GG of rs30187. After Bonferroni correction (Pc=0.001)
for multiple comparisons, no significant differences were observed. Additionally, we did not observe

any differences in an independent HLA non-restricted analysis.

In comparisons with >30% differences where the effect size will be increased with a larger sample
size, we investigated the robustness of non-synonymous variants, rs30187 and rs17482078 in ERAP 1
on rifampicin SCAR predisposition and pathogenesis. ERAP1 genotype AG in rs30187 (odds ratio:
3.5;95% CI: 0.97-12.9; P=0.0548) and genotype AG in rs17482078 (odds ratio: 12.0; 95% CI: 0.58-
247.4; P=0.1082) were associated with rifampicin SCAR in cases carrying at least one HLA-B risk
allele than HLA-B risk positive matched controls. Whereas genotypes GG in rs30187 (odds ratio: 8.0;
95% CI: 0.87-73.6; P=0.0662) had an effect in HLA-B risk allele negative rifampicin SCAR cases
compared to matched controls (figure 3-10A-B). These differences were not observed between HLA-
B risk allele positive and negative matched tolerant in terms of frequency (Table 3-6). Our data

suggests interaction between HLA-B-risk alleles and ERAP1 even heterogenous genotypes 1rs30187
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and rs17482078 are associated with rifampicin SCAR while homozygosity of rs30187 and
rs17482078 are protective against SCAR in HLA-B risk allele positive controls and lack of drug
specific IFN-y responses in HLA-B risk allele negative SCAR cases (figure 3-10-A-B). For ERAP
haplotype and analyses by activity of peptide “trimming” we used amino acid positions relevant to
impute ERAP1 allotype based on (Reeves et al. 2013) and (Ombrello, Kastner, and Remmers 2015) to
assign ERAPI trimming efficiency as efficient, hyperactive or hypoactive as indicated in figure 3-10C
and appendix, section 3.2. Analysis of ERAP1 functionality based on haplotype analysis showed an
increased carriage of hypoactive allotypes in HLA-B risk allele negative cases (P=0.0362), whereas
no significant differences were observed between HLA-B risk allele positive cases and controls

(figure 3-10D).
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Table 3-6: Rifampicin ERAP

HLA-B risk allele

HLA-B risk allele

positive negative
Cases Cases

n=18 Controls n=6 Controls
Locus SNP Genotype freq. n=26 freq. | P value freq. n=54 freq. | P value
rs3734016 AG 0,000 0,077 | 0.2242 0,000 0,093 | 0.4472

GG 1,000 0,923 1,000 0,870
rs73148308 CT 0,111 0,115 | 0.9198 0,000 0,130 | 0.3513

1T 0,889 0,885 1,000 0,833
CcC 0,000 0,154 | 0.0888 0,333 0,185 | 0.4234
rs26653 CG 0,611 0,462 | 0.3330 0,500 0,481 | 0.9265
GG 0,389 0,385 | 1.0000 0,167 0,296 | 0.5078
126618 AA 0,944 0,846 | 0.3597 0,833 0,778 | 0.7791
AG 0,056 0,154 0,167 0,185 | 0.9061
AA 0,056 0,115 | 0.5103 0,333 0,111 | 0.1342
127895 AG 0,500 0,385 | 0.4744 0,500 0,537 | 0.8534
GG 0,333 0,500 | 0.2683 0,167 0,315 | 0.4528

IR 0,111 0,000 0,000 0,000
AA 0,722 0,808 | 0.4884 1,000 0,815 | 0.2603
12287987 AG 0,167 0,115 | 0.6427 0,000 0,130 | 0.3513
GG 0,000 0,077 | 0.2242 0,000 0,019 | 0.7289

IR 0,111 0,000 0,000 0,000
CcC 0,167 0,346 | 0.1944 0,833 0,370 | 0.0315
127434 CT 0,611 0,423 | 0.2205 0,167 0,481 | 0.1510
ERAP 1 1T 0,111 0,231 | 0.3149 0,000 0,111 | 0.3960

IR 0,111 0,000 0,000 0,000
rs73144471 AT 0,111 0,077 | 0.7382 0,000 0,148 | 0.3118
T 0,889 0,923 1,000 0,815 | 0.2603
CC 0,167 0,385 | 0.1217 0,833 0,370 | 0.0315
rs27529 CT 0,722 0,423 | 0.0522 0,167 0,519 | 0.1066
1T 0,111 0,192 | 0.4787 0,000 0,074 | 0.5068
AA 0,111 0,192 | 0.1217 0,000 0,074 | 0.5068
rs30187 AG 0,722 0,423 | 0.0522 0,167 0,519 | 0.1066
GG 0,167 0,385 | 0.4787 0,833 0,370 | 0.0315
AA 0,000 0,077 | 0.2242 0,000 0,019 | 0.7289
110050860 AG 0,167 0,115 | 0.6427 0,000 0,130 | 0.3513
GG 0,778 0,808 | 0.8097 1,000 0,815 | 0.2603

IR 0,056 0,000 0,000 0,000

AA 0,000 0,077 | 0.2242 0,000 0,000
rs17482078 | AG 0,167 0,000 | 0.0312 0,000 0,074 | 0.5068
GG 0,833 0,923 | 0.3663 1,000 0,889 | 0.3960
CcC 0,111 0,115 | 0.9198 0,000 0,037 | 0.6208
rs27044 CG 0,444 0,385 | 0.7431 0,167 0,370 | 0.3339
GG 0,444 0,500 | 0.6985 0,833 0,556 | 0.2064
GG 0,111 0,192 | 0.4787 0,500 0,296 | 0.3232
rs2549782 | GT 0,500 0,577 | 0.6043 0,500 0,426 | 0.7450
ERAP 2 T 0,389 0,231 | 0.2582 0,000 0,241 | 0.1790
AA 0,111 0,192 | 0.4787 0,500 0,296 | 0.3232
rs2248374 | AG 0,500 0,577 | 0.6043 0,500 0,426 | 0.7450
GG 0,389 0,231 | 0.2582 0,000 0,241 | 0.1790
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Figure 3-10: Association findings for ERAP1 SNPs rs27529, rs30187 and rs17482078 stratified by the
rifampicin HLA-B risk alleles and ERAP1 allotype analysis

A) rs30187 B) rs17482078. C) Amino acid positions relevant for the ERAP1 allotype nomenclature. Adapted from

(Pavlos et al. 2020). D) ERAP1 allotype frequency for HLA-B risk allele positive and negative rifampicin SCAR
cases and matched tolerant controls.
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3.3.6. Exploratory analysis of KIR genes in patients with rifampicin SCAR

Our rationale for separately assessing KIR, is the known strong interactions between KIR and HLA
alleles (Lanier 1998). KIR and HLA class I are known to have actively co-evolved and evidence
exists that prevalent KIR, HLA and ERAP alleles have co-evolved in Africans under the selective
pressure of infectious diseases such as malaria (Garamszegi 2014; Yindom et al. 2012). KIR binding
specificity and affinity to HLA class I molecules, and consequently patterns of resistance to specific
diseases are influenced by complex interactions of allelic polymorphisms of both KIR and HLA class

I genes.

Twenty-four rifampicin SCAR cases and 78 matched tolerant controls were KIR genotyped. We
analysed KIR genotypes in n=18 rifampicin SCAR cases and n=26 tolerant controls carrying either
one or two HLA-B risk alleles outlined in section 3.3.2 and n=6 rifampicin SCAR cases; n=52
tolerant controls negative for HLB44 and HLLA-B62 risk alleles. We have concerted the allelic KIR
into present or absent without the resolution to look at the full allelic level and we are aware not all
alleles are expressed at the cell surface. Table 3-7 shows the frequencies and statistical associations.
The presence of KIR2DL3 (odds ratio: 9.3; 95%CI: 1.8-49.1; P=0.0084) and KIR2DS3 (odds ratio:
12; 95%CI: 2.6-55.7; P=0.0014) had a significantly increased effect in HLA-B risk allele positive
rifampicin SCAR cases than controls. After multiple test analyses using Bonferroni correction, the
association was only significant for the presence of the activating KIR2DS3 (Pc=0.003). The
frequencies of KIR haplotypes in the same groups are outlined in Table 3-8. The number of KIR
centromeric A/B haplotype (odds ratio: 3.5; 95%CI: 1-12.5; P=0.0498) was increased in HLA-B risk
allele positive cases than controls, whereas centromeric B/B haplotypes (odds ratio: 0.13; 95%CI:
0.02-0.66; P=0.0140) was significantly increased in controls than cases. HLA-B risk allele negative
cases had a significantly increased number of centromeric B/B haplotypes (odds ratio: 6.7; 95%CI:

1.1-40.9; P=0.0406) compared to controls.

KIR3DLI is the only KIR locus that encodes for activating allotype KIR3DS1 and several inhibitory
alleles. KIR3DL1 allotypes ligands are HLA-B molecules that contain the Bw4 motif at position 80
(figure 3-7). Although there was no difference in the presence of KIR3DL1 and KIR3DS1 between
cases and controls (Table 3-7), we still looked at the allele frequency of KIR3DL1 and KIR3DS1
given the high frequency of Bw4 alleles in SCAR patients than controls. We next compared frequency
of Bw4 alleles by the amino acid encoded at position 80 and observed that cases had increased
frequency of Bw4-80T allotypes (influenced by HLA-B*44:03 carriage), whereas controls had an
increased frequency of Bw4-80I allotypes. KIR3DL1 has a higher avidity for isoleucine80 (Bw4-80I)
than threonine80 (Bw4-80T) (Alter et al. 2007). HLA-B*44:03 was the only rifampicin HLA-B risk
allele in the Bw4 group while the other HL-B44 and HLA-B62 risk alleles belonged to the Bw6 motif
(figure 3-12).
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KIRs act to regulate cytotoxic NK and T cells responses with specificity for the interacting peptide
(Hertzman et al. 2021; Thananchai et al. 2007). Although we cannot completely rule out the
possibility of Bw4-801 protection in controls, we calculated the KIR3DL1 and haplotypes frequencies
in combination with Bw4-80T ligands based on the proposed peptide preference for Bw4-80T
molecules in rifampicin SCAR. Analysis of various KIR-HLA-Bw4-80T combinations revealed no
significant differences between rifampicin SCAR patients and tolerant controls. The frequency of KIR
centromeric B/B and HLA-Bw4-80T (odds ratio: 0.1; 95%CI: 0.01-0.78; P=0.0281) was significantly

increased in tolerant controls than rifampicin cases (Table 3-9).

To perform its inhibitory function, KIR3DL1 must be expressed at the cell surface. The level of
allotype expression at this locus is divided into three groups: high (KIR3DL1*001, *002, *003, *008,
*009, *015 and *020), low (KIR3DL1*005, *006 and *007), and not expressed (KIR3DL1*004)
which represents an unusual allele as it encodes a protein that is retained within the cell. In individuals
with Bw6/Bwo6 risk alleles, it does not matter which KIR3DL1 subtype is present because the ligand
is absent, so the KIR3DL1 molecule is non-functional — therefore we focused our subtype analysis on
KIR3DL1+Bw4-80T rifampicin SCAR patients and tolerant controls. Overall, there was no difference
between cases and controls in the expression of KIR3DL1 inhibiting allotypes. The most notable
result was some of the highly expressed allotypes such as KIR3DL1*001, *002, *020 were only
expressed in controls (figure 3-12) and thus any protective effect of KIR3DLI interacting with Bw4-

80I molecules would most likely be seen in tolerant controls.
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Table 3-7: Frequencies of KIR genes in rifampicin SCAR cases and matched FLTD tolerant controls

HLA-B risk allele positive

HLA-B risk allele negative

Cases | Controls Cases | Controls
Allele n=18 n=26 OR 95% CI P value n= n=52 OR 95% CI P value
KIR-2DL1 1,000 1,000 | 0.6981 | 0.0132-36.7945 | 0.8590 1,000 1,000 | 0.1238 | 0.0023 - 6.7857 | 0.3065
KIR-2DL2 0,722 0,808 | 0.6190 | 0.1497 - 2.5599 0.5079 0,833 0,712 | 2.0270 | 0.2181 - 18.8382 | 0.5345
KIR-2DL3 0,889 0,462 | 9.3333 | 1.7747 - 49.0844 | 0.0084 0,333 0,692 | 0.2222 | 0.0369 - 1.3399 | 0.1008
KIR-2DL4 1,000 0,962 | 2.1765 | 0.0839 -56.4787 | 0.6397 1,000 0,923 | 1.2062 | 0.0580 - 25.0728 | 0.9036
KIR-2DL5 0,611 0,692 | 0.6984 | 0.1978 - 2.4662 0.5771 0,667 0,481 | 2.1600 | 0.3634 - 12.8400 | 0.3971
KIR-2DP1 0,889 0,654 | 4.2353 | 0.7914 - 22.6660 | 0.0917 0,833 0,865 | 0.7778 | 0.0788 - 7.6805 | 0.8297
KIR-2DS1 0,278 0,308 | 0.8654 | 0.2299 - 3.2580 0.8307 0,167 0,096 | 1.8800 | 0.1817 - 19.4516 | 0.5964
KIR-2DS2 0,667 0,769 | 0.6000 | 0.1573 - 2.2890 0.4546 0,833 0,538 | 4.2857 | 0.4677 - 39.2717 | 0.1979
KIR-2DS3 0,611 0,115 | 12.0476 | 2.6047 - 55.7234 | 0.0014 0,500 0,231 | 3.3333 | 0.5936 - 18.7172 | 0.1714
KIR-2DS4 1,000 0,962 | 2.1765 | 0.0839 - 56.4787 | 0.6397 1,000 0,923 | 1.2062 | 0.0580 - 25.0728 | 0.9036
KIR-2DS5 0,611 0,615 | 0.9821 | 0.2860 - 3.3730 0.9772 0,667 0,519 | 1.8519 | 0.3115-11.0082 | 0.4980
KIR-3DL1 0,889 0,885 | 1.0435 | 0.1561 - 6.9738 0.9650 1,000 0,808 | 3.2118 | 0.1673 - 61.6552 | 0.4389
KIR-3DL2 1,000 0,885 | 5.5106 | 0.2675- 113.5105 | 0.2688 0,333 0,096 | 4.7000 | 0.6811 - 32.4340 | 0.1164
KIR-3DL3 1,000 0,846 | 2.1765 | 0.0839 - 56.4787 | 0.6397 1,000 0,923 | 1.2062 | 0.0580 - 25.0728 | 0.9036
KIR-3DP1 0,944 0,923 | 1.4167 | 0.1187 -16.9101 | 0.7831 0,833 0,885 | 0.6522 | 0.0648 - 6.5669 | 0.7168
KIR-3DS1 0,167 0,115 | 1.5333 | 0.2725 - 8.6273 0.6277 0,000 0,077 | 0.8291 | 0.0399 - 17.2336 | 0.9036
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Table 3-8: KIR haplotype frequencies in rifampicin SCAR
HLA-B risk allele positive HLA-B risk allele negative
Cases | Controls Cases | Controls
Allele n=18 n=26 OR 95% CI P value n= n=52 OR 95% CI P value
Cen-A/A | (278 0,154 | 2.1154 | 0.4802-9.3193 | 0.3220 0,167 0,212 | 0.7455 | 0.0787 - 7.0575 | 0.7978
Cen-AB | (511 0,308 | 3.5357 | 1.0013 - 12.4850 | 0.0498 0,167 0,481 | 0.2160 | 0.0236 - 1.9787 | 0.1751
Cen-BIB | (111 0,500 | 0.1250 | 0.0238 - 0.6567 | 0.0140 0,667 0,231 | 6.6667 | 1.0846 - 40.9760 | 0.0406
Tel-A/A | 0611 0,615 | 0.6044 | 0.1828 - 1.9983 | 0.4092 0,833 0,673 | 2.4286 | 0.2627 - 22.4477 | 0.4342
Tel-AIB | 0278 0,269 | 0.5495 | 0.1337 - 2.2575 | 0.4062 0,167 0,115 | 1.5333 | 0.1523 - 15.4394 | 0.7168
Tel-BB | 0,111 0,077 | 1.4118 | 0.1806 - 11.0338 | 0.7424 0,000 0,115 | 0.5503 | 0.0276 - 10.9572 | 0.6955
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Figure 3-11: Allele frequency of KIR3DL1 alleles and HLA-Bw4/Bw6 subtypes

The frequency of each variable except Bw4-801 and -80T (frequency of Bw4) is shown for KIR3DL1 positive
cases carrying rifampicin HLA-B risk alleles and matched drug tolerant controls

Table 3-9: Effects of KIR3DL1 and HLA-Bw4-80T combinations in rifampicin SCAR

KIR-HLA-B Cases, Controls,

combination n=12 Freq. | n=9 Freq. [ OR 95% CI P value
KIR3DL1+Bw4-80T 11/12 0,917 | 7/9 0,778 | 3.1429 | 0.24 - 41.51 0.3845
KIR3DS1+Bw4-80T 2/12 0,167 | 0/9 0,000 | 4.5238 | 0.19 - 106.7 0.3493

KIR haplotype-HLA-B
combination

Cen-A/A+Bw4-80T 3 0,250 | 1 0,111 | 2.6667 | 0.2289 - 31.0708 | 0.4337
Cen-A/B+Bw4-80T 7 0,583 | 2 0,222 | 4.9000 | 0.7000 - 34.3014 | 0.1094
Cen-B/B+Bw4-80T 2 0,167 | 6 0,667 | 0.1000 | 0.0128-0.7812 | 0.0281
Tel-A/A+Bw4-80T 9 0,750 | 6 0,667 | 1.5000 | 0.2233 - 10.0769 | 0.6765
Tel-A/B+Bw4-80T 2 0,167 | 1 0,111 | 1.6000 | 0.1219 - 20.9943 | 0.7205
Tel-B/B+Bw4-80T 1 0,083 | 2 0,222 | 0.3182 | 0.0241-4.2024 | 0.3845
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3.4. Discussion

In this chapter we investigated associations between specific immunogenomic genes important in
adaptive immune responses and antigen processing and their association with FLTD associated
DRESS and SJS/TEN. This study and ability to phenotype the culprit drug was facilitated by
optimisation of an ELISpot assay to identify FLTD-specific IFN-y producing T cells. The
immunogenomic genes included a focus on HLA class I alleles previously shown to be strongly
associated with SCAR reactions as well as ERAP and KIR. Genetic polymorphisms in KIR in
particular have been previously associated with many diseases of evolutionary importance in African
populations (Norman et al. 2013) as well as cutaneous diseases (Margolis et al. 2021; Margolis et al.
2023). ERAP polymorphisms have also been associated with abacavir hypersensitivity in the context
of HLA-B*57:01 and nevirapine SJS/TEN in the context of HLA-C*04:01. In both cases hypoactive
trimming phenotype was protective against a hypersensitivity reaction (Hertzman et al. 2021). There
are limited data on genetic factors that cause predisposition to FLTD induced-SCAR, especially in
HIV-TB co-infected endemic settings. Published genetic association studies also highlighted the
influence of ethnicity and specific risk allele frequencies in study population to the strength of the

association.

Primary findings elucidated in this chapter include an association of HLA-B*44:03 with development
of rifampicin SCAR in Black and South African mixed ancestry individuals. Of interest is the
strength of the association is highest in cases where rifampicin was identified as the primary clinical
culprit and positive on SDC and ELISpot. Detailed analysis of the HLA-B*44:03 peptide binding
groove, guided by positive rifampicin ELISpot in rifampicin SCAR patients not carrying HLA-
B*44:03 revealed key HLA-B*44:03 risk polymorphic positions in the pathology of rifampicin
SCAR. These alleles belong primarily to the HLA-B44 and HLA-B62 supertypes (Sidney et al. 2008).
We also applied a detailed analysis of the peptide binding groove which revealed that the HLA-B44
and HLA-B62 supertypes share commonality in the polymorphic positions that determine the
specificity of the peptide binding groove. A hypothesis from the virtual modelling is that HLA-B44
and HLA-B62 supertypes share a similar B-pocket confirmation for rifampicin binding and peptide
presentation capable of activating T cells. Virtual analysis of the peptide groove has previously been
applied to great success in nevirapine hypersensitivity to study shared peptide binding specificities

across different HLA class I and II supertypes in different ethnicities (Pavlos et al. 2017).

In our model docking findings, we observed potential mechanistic differences in the development of
rifampicin SCAR between PLHIV and HIV negative cases. With HLA-B*15:01, our virtual modeling
findings suggest possible parent drug interacts with the peptide binding groove at higher affinity for

presentation and induction of drug specific responses, whereas, in HLA-B*44:03, rifampicin may be

96



present in the ER and as a tapasin dependent allotype (appendix, section 3.1) (Bashirova et al. 2020),
rifampicin may bind to conserved tapasin related positions to provide structural stability for high
pMHC complex presentation. However, future invitro based studies will be highly important to prove
physiological relevance of these possible interactions. Given the long incubation time (median, 29
days), these could be peptide with unknown T cell epitopes now stabilised by rifampicin for
presentation. Although further analysis is required, our docking model results provides support
compatible with pMHC complex stability required in peptide ligand presentation. In addition, in view
of the fact that our HIV uninfected populations are underrepresented, and that race and ethnicity
factors come into play we cannot rule out the role of a founder population effect on the HLA-B*15:01

analysis.

Our results confirm general findings seen with all other associations between HLA class I alleles and
drug hypersensitivity reactions in that we believe that HLA-B*44 supertype may be an important risk
factor for the development of rifampicin SCAR. However, it is not sufficient for the development of
rifampicin SCAR and additional experimental work is required to ascertain other risk factors that may
be important in the PPV of HLA-B*44:03 for rifampicin SCAR. Intriguingly one model may be that
rifampicin SCAR is an HLA class I-restricted CD8+ T cell mediated reaction which can be correlated
to the loss of immune tolerance seen in advanced HIV immunosuppression (McMichael and
Rowland-Jones 2001). This is a similar to the hypothesis tested by Cardone et al in a mouse model
that showed in immunocompetent HLA-B*57:01 animals, abacavir induces CD8+ T cells with an

anergy-like phenotype that did not lead to ADRs (Cardone et al. 2018).

Additional risk factors included in an exploratory of other genes which from part of antigenic
processing and the immune response synapse such as ERAP, and KIR which have been implicated in
the development of SCAR to other drugs (Hertzman et al. 2021). Our results also signified the
importance of HLA-B44 and HLA-B62 interaction with ERAP1 in the peptide generation and

presentation.

Due to type one error, we did not observe any significant differences in ERAP analysis. However,
with a larger sample size, the presence of genotype and AG at rs30187 and AG at SNP rs17482078
may potentially increase the aminopeptidase activity with more peptides presented which may
account for the increased number of rifampicin specific CD8+ T cells and potentially the lack of drug
specific responses (measured by ELISpot) in other HLA-B risk allele positive cases not carrying this
genotype. Additionally, the increased presence of hypoactive ERAP allotypes in HLA-B risk allele
negative may also explain the lack of rifampicin specific ELISpot responses in these SCAR cases.

These SNPs have been demonstrated to be correlated with modifications in peptide length and
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trimming specificity of peptides generated from HIV and HCV antigens (Saulle et al. 2020). These are
viral epitopes implicated in the development of DRESS (Duong et al. 2017).

After establishing the frequencies of HLA-B risk alleles among rifampicin cases and tolerant controls,
we employed KIR typing to analyse the association between KIRs with HLA-B cognate ligands and
development of rifampicin SCAR or NK and CTLs tolerance in controls. Combinations of HLA-Bw4
and KIR3DL1 and KIR3DS1 have been reported to correlate with the occurrence of autoimmune
diseases (Zvyagin et al. 2010) and HIV progression (Alter et al. 2007). We found no differences in the
presence of KIR3DL1 and KIR3DS1 in HLA-B risk allele positive cases and matched controls. Given
alleles in the HLA-B44 supertype are the primary contributors to the Bw4 motif, we looked at the
frequency of KIR3DL1 alleles to study the strength of inhibitory signals in cases versus controls.
Although Bw4 motif with threonine at position 80 has been shown to have low affinity for KIR3DL1
(Lanier 1998), the increased frequency of highly expressed KIR3DL1 alleles in controls suggests
stronger inhibitory signals between KIR3DL1 and HLA-Bw4-80T may be sufficient to confer NK and
CTLs tolerance in HLA-B risk allele positive controls. The protective function of KIR3DL1*001,
*002 and *02 has been reported in the pathogenesis of autoimmune diseases (Zvyagin et al. 2010) and
infectious disease control and progression (Martin et al. 2002; Alter et al. 2007). Whereas
KIR3DL1*004, *005 and *015 present at high frequencies in cases than controls are associated with
unregulated inflammation and autoimmunity. However, functional studies are necessary to support

KIR variants and SCAR outcome.

A couple of limitations need to be addressed. Firstly, the total number of isoniazid, pyrazinamide and
ethambutol were even lesser than rifampicin SCAR cases and therefore excluded from further genetic
testing analysis. Secondly, for any genetic association study, the population ethnicity is important in
matching cases and tolerant controls. The susceptibility HLA-B*15:01 we discovered in HIV
uninfected cases was present only in SAM and has higher allele frequencies in SAM than Black
African populations. The inclusion of general healthy population as a control group where SAM
participants are well represented was helpful in this instance. However, to confirm this allele as the
reason for rifampicin SCAR susceptibility in this group, we need to improve the numbers of SAM
drug tolerant controls and include race and ethnicity in our matching criteria. Thirdly, modelling
studies in ADRs (Ostrov et al. 2012; Pavlos et al. 2017; Thomas et al. 2017) and many other common
diseases (Khodadoust et al. 2017; Nair et al. 2006; Madden 1995) have provided the best evidence of
proteins and gene-gene interactions. However, these are still virtual analyses for hypothesis
generation and functional studies are necessary to provide novel insights in our understanding of

molecular mechanisms involved in the development of rifampicin SCAR.
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Chapter 4 - Single cell immune profiling of rifampicin DRESS contrasting HIV

infected and uninfected cases

4.1. Introduction

A key element of T cells responses in SCARs is activation of T cells and the generation of specific
proinflammatory, cytotoxic molecules. We identified the HLA class I B - HLA-B*44:03, and the
HLAB44 supertype as associated with rifampicin induced SCAR. However, not all individuals who
carry HLA-B*4403 and HLA-B44 risk alleles will develop a hypersensitivity reaction to rifampicin.
Those identified in our control group, completed their FLTD anti-TB treatment without adverse
events. HIV-associated chronic immune activation is characterized by an increase in proinflammatory
mediators, dysfunctional T regulatory cells, and a pattern of T-cell-senescent phenotypes similar to
those seen in the elderly (figure 4-1). At present, the extent of immune system dysfunction associated
with advanced HIV, its contribution to the SCAR pathogenesis, especially with concomitant TB
disease are understudied. In fact, many studies have reported SCARs are more common and severe in
HIV infected patients, a few have focused on delineating the immune factors that are associated with
increased susceptibility and overcoming immune tolerance in these patients and elucidating the
cellular mechanisms that govern transition from tolerance to allergic reaction — particularly given the

phenotypic variability and drug exposure latency in these patients (Cardone et al. 2018).

We hypothesize, mechanisms that regulate cytotoxic immune responses (previously shown to drive
these reactions and cause tissue injury) are defective due to the lack of CD4+ T regulatory cells in
HIV. Therefore, the balance between recognition of drugs and regulation of immune responses are
impaired. To broadly characterize this immune state, we used high-dimensional CyTOF and single
cell RNA sequencing to assess and characterise the overall lymphocyte and myeloid cell population of
PBMCs, the abundance to T cells, NK cells, monocytes and DCs, their differentiation and functional
differences. Here, we compared immune profiles in longitudinally collected blood samples from
rifampicin DRESS patients, alongside a cohort of drug tolerant patients at more than eight weeks on
treatment. This was to identify immune signatures specific to reaction timepoint (pre-SDC, post-SDC
and recovery), those specific to anti-TB drug induced DRESS by analysing HIV negative DRESS
patients and lastly drug tolerant controls where we expected to only observe pathogen-associated
immune profile. Understanding why some patients with HLA-B*4403 develop rifampicin SCAR,
whereas others do not, the differences, if any between SCAR in HIV positive and negative patients, is

crucial for accurate diagnosis and management of drug allergy.

HIV is associated with aCD4+ T cell depletion, marked differential immune profiles and cytokine

production from innate and adaptive immune responses. A study by Cardone et al which relied on
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animal models showed patient specific conditions may determine the outcome of responses to
abacavir (Cardone et al. 2018). In this study, the in vivo depletion of CD4+ T cells prior to abacavir
administration enhanced DC maturation to induce systemic abacavir-specific CD8+ T cells with an
effector-like and skin-homing phenotype and CD8+ infiltration and inflammation in the skin of mice.
A combination of two high-dimensional analyses will allow us to comprehensively explore the
immune state of HIV infected patients at each reaction timepoint and determine whether reactions are
fleeting flare-ups with the possibility of tolerance upon the expansion of functional immunoregulatory
factors or there is sustained immune memory after drug sensitization. Additionally, we will
understand the relationship between presence of viral antigens, viral reactivation, and the

immunological mechanisms of DRESS.
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Figure 4-1: HIV associated immune dysfunction

Adapted from (Peter, Choshi, and Lehloenya 2019)
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4.2. Materials and Methods

4.2.1. Patients and controls participants selection
In this hypothesis generating and initial characterisation of FLTD SCAR with high-dimensionality
approaches, we decided to select representative grouping of available patients. We aimed to include
rifampicin induced DRESS cases, HIV infected and uninfected cases from the IMARI registry, drug-
tolerant controls matched for HIV-related immunosuppression (CD4 counts) and active TB disease
from the PredART cohort. We also included a group of healthy controls without DRESS, HIV, and
active TB to serve as an experimental control for our mass cytometry panel in normal peripheral
blood mononuclear cells (appendix 4.4). Table 4-1 summarizes the demographic and clinical
characteristics of SCAR cases and matched drug-tolerant matched controls used for mass cytometry
stratified by HIV status. Majority of the participants (73%) were female with a median (IQR) age of
35 years (32-38 yrs.).
For inclusion in this CyTOF experiment cases (n=4) needed to meet the following criteria:
e RegiSCAR criteria meet as possible, probable, or definite DRESS
e Sequential drug challenge reaction to rifampicin
e Rifampicin ELISpot positive (=20 SFU/million cells)
e Known HIV status and CD4 cell count if applicable
Drug tolerant controls (n=4)
e Matched to cases w.r.t self-identified race, age, gender, HIV status and CD4 cell count
e Tolerated at least eight weeks of all four first-line anti- TB drugs (rifampicin, isoniazid,
ethambutol, and pyrazinamide) and at least more than 12 weeks for controls also on TMP-
SMX
e No history of any cutaneous or other immune-mediated adverse drug reactions during
treatment
Healthy controls (n=3)
e No prior exposure to FLTD
e HIV and TB uninfected
A total of four rifampicin DRESS cases were included and matched to four FLTD tolerant controls
and three healthy controls. Three cases were HIV+ with a median (IQR) CD4 count of 101 cells/mm?
(70-111 cells/mm?). One HIV- rifampicin DRESS cases were selected to study the role of HIV in the
development of SCAR. Four HIV+ tolerant controls with a median CD4 cell count of 81 cells/mm?
(56-114 cells/mm?) were included to allow differentiation of SCAR specific responses from HIV/TB
associated immune dysfunction. The demographic data, medical history, symptoms, signs, main
laboratory findings and major reaction details for each SCAR case were captured on a case record

form into the IMARI patient registry password-protected redcap database, and detailed case
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descriptions with photographs, Naranjo/ALDEN scoring, ELISpot and HLA data is shown in (figure

4-6A-B).

Table 4-1: CyTOF patients and control participants

Sample CD4 Offending SCAR validated
Group ID Gender | Age | count drug phenotype

10001 M 35 101 rifampicin Probable DRESS

10085 F 41 39 rifampicin Definite DRESS

DRESS HIV+ 10092 F 37 121 rifampicin Possible Dress

DRESS HIV- 10020 M 33 - rifampicin Probable DRESS
SNO048 F 42 56 - -
SNO050 F 27 56 - -
Drug tolerant SN0 F 29 106 - -
controls HIV+ SN155 M 35 138 - -
201 F 37 - - -
202 F 46 - - -
Healthy controls 203 F 28 - - -

4.2.2. Sample Collection

Peripheral venous blood was collected from each participant into tubes containing EDTA as an anti-

coagulant (BD Vacutainer). Figure 4-2 below shows the timeline of blood sampling allowing

comparison between cases. Bloods was collected at one baseline for controls and different stages of

the reaction for rifampicin DRESS cases. There were four reaction timepoints for blood collection 1)

during the acute stage of the reaction (<6 days since first symptoms onset), 2) once the patient

laboratory findings have settled and SDC is about to be started (pre-SDC), 3) when the patient is

having a positive reaction to any FLTD and 4) during recovery which ranges 3-24 months for cases

selected. Blood was processed within 3 hours of collection and PBMCs were stored as outlined in

section 2.2.2.
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Figure 1-2: Drug reaction history and sample collection timepoints for mass cytometry
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4.2.3. Mass cytometry by time of flight (CyTOF)

The initial immune characterisation of SCAR has been conducted with flow cytometry; however, the
number of immune markers is restricted with this approach. Consequently, we worked with our mass
cytometry core facility at the University of Cape Town to develop a multiparameter mass cytometry
by time-of-flight panel to allow for the broadest possible immune profiling that was locally available
and funded at the time of this work. In mass cytometry, fluorescent labelling of antibodies used in
flow cytometry are replaced by heavy metal ion labels. Advantages of mass cytometry include
increased numbers of simultaneous markers that can be tested at once, without loss of sensitivity and
lack of spill-over between mass channels that is normally experienced between fluorochromes which
requires complex compensation matrices to control. Our collaborators at Vanderbilt University
Medical Centre had developed and optimised a mass cytometry antibody panel to study ADRs - we
combined this antibody panel with the one developed by our core facility at UCT to study tuberculosis
responses and totalled 33 surface and intracellular markers. Fourteen antibodies with new heavy metal
ion labels or new clones were titrated to determine their optimal concentration for detection and
resolution. Four serial dilutions were done for each antibody and the stimulation index calculation was
used to choose concentration. In the subsequent run we tested the full antibody panel, and the results

are reported in appendix, section 4.4.

CyTOF sample preparation

Figure 4-3 provides a schematic outline of the mass cytometry workflow and 33 marker immune
panel. In brief, frozen PBMC:s, as per the sampling in section 4.2.2 were thawed, rested, stimulated at
1-2 x10° cells/ml and incubated for 18-20 hours at 37°C, 5% CO as outlined in section 2.2.3 and
2.2.4. Monensin and Brefeldin A were added an hour after incubation to block the release of
intracellular markers in all in vitro stimulation conditions. Following overnight incubation, cells were
washed with 1ml of 2% EDTA in 1X PBS, then incubated with 500ul of Rh103 (fluidigm) solution
for 10 minutes at room temperature. Cells were washed with cell staining media (CSM, fluidgim) in
preparation for antibody staining. Extracellular antibody cocktail (appendix, section 4.1 and 4.2) was
prepared in CSM, filtered through 0.1um column, 50ul was added in each tube and incubated for 45
minutes at 4°C. Prior to intracellular staining, cells were washed with CSM, 200ul of perm/fix
(fluidigm) was added and incubated for 20 minutes at room temperature. Cells were washed after with
perm/wash buffer (BD Biosciences). Intracellular antibody cocktail was prepared in perm/wash,
filtered through 0.1pm column and 50ul was added in each tube, incubated for 45 minutes at 4°C.
Washed twice with perm/wash and added 1ml of 1/6000 dilution of Ir191/193 for overnight
incubation at 4°C. On acquisition day, cells were washed twice with de-ionised (milliQ) water,

pelleted on ice and transported to the CyTOF2 lab (figure 4-3).
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Acquisition and processing of CyTOF data

When the CyTOF2 was ready, cells were resuspended in 500ul of 1/10 dilution of EQ™ four element
in de-ionised (milliQ) water. The sample was injected into the cytometer for acquisition of
approximately 0.5 - 1 million events and normalized with the with Helios normalizer software
(Fluidigm version 6.7.1014). Data were uploaded to Cytobank.org for analysis and visualization. Data
were processed to remove calibration beads, debris, and dead cells. In DRESS cases and tolerant
controls, we analysed 53 613 with an average of 5957 per sample. For T cells metacluster and manual
gating analysis, T cells were defined as CD3+CD19-CD14-CD16- and gated as such. For manual
gating analysis, 33300 CD3+ T cells were further stratified as CD4+ or CD8+ T cells. T cells
subpopulations were defined as follows: CD45RA+CD28+CD27+; central memory are CD45RA -
CD28+CD27+/-; effector memory are defined by the lack of expression of CD45RA-CD28+/-
CD27+/-; terminal differentiated effector memory are CD45RA+/-CD28-CD27+/- (Martin and
Badovinac 2018) and CD56+ T cells (appendix, section 4.3, CyTOF gating strategy).

Analysis of CyTOF data

Data were analysed and visualised in Cytobank.org and R-based semi-automated pipeline developed
at Vanderbilt University Mass Cytometry Centre of Excellence. The pipeline uses UMAP (Mclnnes,
Healy, and Melville 2018) for dimensional reduction visualization, FlowSOM (Van Gassen et al.
2015) as an automated clustering tool and marker enrichment modelling (Diggins et al. 2017)
algorithm for independent identification of cell clusters. Statistical analysis of cell population
frequencies between sample groups were identified by calculating the fold change between mean
event count across groups. P values were calculated using unpaired, two-tailed Student’s t-test and

Bonferroni correction for multiple comparisons and Wilcoxon test were done with GraphPad Prism

10.
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Figure 1-3: Schematic representation of the CyTOF experimental workflow

Cryopreserved PBMCs from n=4 HIV+/- rifampicin DRESS cases and n=4 HIV+ tolerant controls were thawed
and underwent 18-20h stimulation with media (unstimulated control), FLTD (rifampicin 25ug/ml, ethambutol
50ug/ml, pyrazinamide 50pug/ml — drug specific stimulation) and SEB (non-specific stimulation - positive control).
Samples were stained with a panel of antibodies including 26 surface markers and 8 intracellular markers and
analysed with mass cytometer 2. For data analysis, we used a combination of manual gating and unsupervised
computational analyses for reductionality, clustering and visualisation to identify immune cells and their
functionality between included clinical groups.
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4.2 4. Cite-seq and ScRNA-seq

Cite-seq sample preparation

Cryopreserved PBMCs, as per the sampling in section 4.2.2 were thawed, rested, with each timepoint
sample divided into two for unstimulated and rifampicin stimulated in vitro conditions and incubated
for 18-20 hours at 37°C, 5% CO, as outlined in section 2.2.3 and 2.2.4. After incubation, cells were
collected into 15ml tubes and wshed with 10-12ml of 1XPBS and spun at 300g for 10 minutes. The
second washed was done with Sml of cell staining buffer (Cat. No. 420201), spun at 400g for 10min.
The supernatant was removed and pelleted cells were resuspended in 50l cell staining buffer. Cells
were then blocked with the addition of 5pl of human TruStain FcX™ Fc blocking reagent to the
recommended number of cells in 22.5ul cell staining buffer and incubated for 10 min at 4°C. The
lyophilized antibody cocktail was (BioLegend Cat. No. 399905) (appendix, section 4.5 for Cite-seq
antibodies) was prepared following manufacturer’s instructions for staining. To perform staining, FcX
blocked cells were transferred to 12 x 75 mm tubes and 25l of reconstituted antibody cocktail to each
tube and incubated for 30min at 4°C (on ice). The 1ul of hashtag antibody per sample according to the
experimental plan. After staining incubation, cells were washed with three times with cell staining
buffer, spun at 400g for Smin. Cells were then resuspended in 200ul of 1XPBS and counted using
trypan blue viability staining in a countess. Cells were pooled based on the countess numbers to get
36000 cells in 37.8ul for 10X genomics. The single cell suspensions were processed through the 10X
genomics Chromium Next GEM Single Cell 5’ Reagent Kits v2 to prepare SCRNA-seq and TCR-seq
libraries according to the manufacturer’s instructions (10X Genomics) (figure 4-4). Next, Illumina

sequencing was applied.

Cell Ranger version 6.0.1 (10X Genomics) was used to process the data from the 5> SCRNA-seq and
TCR-seq experiments using human reference genome version GRCh38. Gene counts were normalized
with Seurat v4 using SCtransform and scale-factor transform methods. Genes with >0 counts in fewer
than three cells and low-quality cells that either contained less than 100 genes or more than 25%
mitochondrial content were filtered out. Seurat's CellCycleScoring function was used for determining
cell-cycle phases. Joint analysis of merged samples was performed using R package Harmony.
Identification of clusters of single cells was performed by dimensional reduction using PCA and by
applying graph clustering algorithms to the reduced components. Visualization of the results was
performed with uniform manifold approximation and projection (UMAP) and t-distributed stochastic
neighbour embedding (t-SNE). The clusters were annotated by cell types derived using ScMatch and
SingleR with the help of FANTOMS and human cell atlas reference datasets. Antibody count matrix
was derived using the Cell Ranger's feature barcoding analysis pipeline. TotalSeqC antibody barcodes
corresponding to the 142 features (5 hashtags and 137 antibodies) was supplied as the reference. The

filtered counts were later imported in Seurat R package and subjected to centered-log-ratio (CLR)
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normalization. The values returned were superimposed over RNA derived clusters (tSNE /UMAP) for

visualization. TCR results were exported and visualized through VGAS.

Cite-seq differential gene expression and GO enrichment analyses

Differential gene expression (DGE) analysis was performed among (1) pre-SDC versus post-SDC
samples, (2) unstimulated versus rifampicin stimulated cells in both pre- and post-SDC samples, (3)
comparison with recovery samples in patient 10001 with longitudinal data. Differential gene
expression was calculated using UMI normalized gene expression data and genes were considered for
analysis if they were expressed in two or more cells per cell subset. DGE analysis was performed
using our in-house VGAS analysis which incorporates Bioconductor R packages for SCRNA-seq
analysis. Differential expression was calculated using t-test with FDR for multiple comparisons
correction. DGEs were considered statistically significant with an adjusted (FDR) P value of >0.05
and fold change >0.6. To find the function of DGEs in each sample groups, we used biological
pathway enrichment analysis. The top <2000 DEGs in the identified cell clusters were investigated
with the gene enrichment analysis tool with function enrichGO (OrgDb = "org.Hs.eg.db", keyType =
"SYMBOL", ont = "BP") of ClusterProfiler (Yu et al. 2012) and plotted the top 20 enriched pathways.
The terms from the functional libraries were plotted using adjusted p values and gene count as bar

height and colour.
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Figure 4-4: Schematic diagram of Cellular Indexing of Transcriptomes and Epitopes by Sequencing
(CITE-seq)

Adapted from cite-seq.com
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4.3. Results - CyTOF

4.3.1. Chapter 4 sample selection and experiment guideline

Chapter four of this thesis details characterization of T cells in rifampicin-induced DRESS. We used
two single cells methods in an integrated manner to investigate the cell phenotype, function and TCR
clonotypes. Patient samples were collected at various reaction timepoints. Figure 4-5 was designed as
a reference tool to better understand the samples available, their time-points across the course of case
acute DRESS, and sequential drug rechallenge and positive reaction to Rifampicin. These timing we
consider important in understanding the biological differences within the analyses and between
patients. Importantly, in this laboratory study sampling is opportunistic based on the clinical care of

the case which is managed by the treating clinicians.

A subset of four adults from the FLTD-SCAR cohort were selected for single cell analyses - n=3 HIV
positive and n=17 HIV negative with SDC confirmed rifampicin reaction and n=4 matched drug
tolerant controls (figure 4-2, Table 4-1). Oral SDC were performed in all cases according to
standardized protocols (Lehloenya et al. 2020b) and as detailed in chapter 2, to confirm rifampicin
reaction. All cases had skin and systemic symptoms including sore throat, fever, cough, dyspnoea, and
chest pain at the start of major reaction. The diagnosis of active rifampicin-susceptible TB disease
was confirmed in all cases during admission with the detection of MTB DNA (GeneXpert) in sputum
and chest x-ray for patient 10092. The latency between commencement of rifampicin based FLTDs
and onset of DRESS rash was 28, 39, 13 and 15 days in patient 10001, 10085, 10092 and 10020
respectively; case 10092 is notable in the shorter latency between drug exposure and DRESS onset.
This is best explained in that case 10092 had previous TB (2012) and received FLTDs without any
adverse reaction; notably the patient was HIV negative at the time of this previous TB drug exposure
(HIV positive from 2014). Our CyTOF experiments we analysed one case (10092) with a sample
collected within the first week since onset of DRESS; one case (10085) with samples collected pre-
and post- a positive in vivo rifampicin sequential drug challenge (SDC) reaction; one case (10001) we
analysed sample collected at 24 months post the onset of DRESS well into the recovery phase and the
one HIV negative rifampicin DRESS case (10020), we analysed sample collected at three months post
the onset of DRESS (figure 4-5). In all three cases of PLHV with rifampicin DRESS, in our Cite-Seq
data we analysed samples from pre- and post- a positive in vivo rifampicin SDC reaction, with times
ranging from day 11-28 (pre SDC) and 17-62 (post-positive rifampicin reaction). The time from
rifampicin exposure to the onset of positive drug challenge reaction was 1, 5, and 1 days in cases
10001, 10085, and 10092 respectively. Case 10001 we also analysed a sample in the recovery period
at 24 months following the onset of DRESS (figure 4-5). Figure 4-6 (A-D) describe clinical
characteristics with photographs, ELISpot and rechallenge reactions and timelines. Details about all

drug exposures and HIV and TB disease are also highlighted.
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Figure 1-6: CyTOF and CITE-Seq patients’ reaction timelines

Detailed patient reaction timeline including medical history, medication history, laboratory findings, sample
collection and experiments performed at relevant timepoints.

! Patient 10020 was recruited at 3 months post rifampicin DRESS symptoms and reaction pictures are
not available. Probable DRESS validated phenotype was made prospectively.
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4.3.2. Immune profiling FLTD induced DRESS by unsupervised analysis

To determine the proportions and phenotypes of unstimulated cells between PLHV and uninfected
rifampicin-induced DRESS cases (n=4) and HIV infected drug-tolerant controls (n=4), we performed
uniform manifold approximation and projection (UMAP) based on a total 53 613 unstimulated live
cells and 14 known major immune cell lineage markers (figure 4-3). Major immune cells were
resolved, and we used FlowSOM (Van Gassen et al. 2015) coupled with marker enrichment
modelling (Diggins et al. 2017) to unbiasedly cluster cells by shared proteins and determine the

number of phenotypically distinct populations in each individual patient.

Secondary clustering identified 10 meta clusters (MC) and the cells were colour highlighted by their
respective FlowSOM cluster (figure 4-7A). All major immune cells were identified in cases and
controls and based on the expression of lineage markers (figure 4-7B), the clusters were classified into
the following 10 cell types: CD4+ T cells (CD3+CD4+ CD25+ CD127+, MC1); naive CD8+ T cells
(CD3+ CD8+ CD45RA+, MC2); memory CD8+ T cells (CD3+ CD8+ CD45RA—, MC12) (Martin
and Badovinac 2018; Mahnke et al. 2013); gamma-delta (y5) T cells (CD3+ TCRgd+, MC5); CD8+
CD4+ T cells (MC4); B cells (CD3— CD19+ HLADR+, MC6); NK cells (CD3— CD19— CD14-
CD56+, MC7); CD56+ T cells (CD3+ CD56+ TCRgd+, MC8); CD14+ monocytes (CD3- CD19-
CD14+ CD11c+ HLADR+, MC10), and CD16+ monocytes (CD3— CD19— CD56— CD16+ CDI11c+,
MC9) (Maecker, McCoy, and Nussenblatt 2012). The frequencies of each cluster, stratified by
reaction timepoint are shown in figure 4-7C, with each slice representing the percent of live cells — the

legend shows the contribution of each marker to the cluster.

Comparing distributions of unstimulated cell populations between HIV+ rifampicin DRESS cases
(10092; 10085 pre- and post-SDC; 10001), HIV- rifampicin DRESS (10020) at different timepoints of
the reaction and HIV+ FLTD tolerant control, we noted memory CD8+ T cells (MC3) were specially
enriched in the acute (day 6) sample of 10092 and during in vivo Rifampicin exposure (day 11) and
positive reaction sample of 10085 (day 30 following 6 days of re-exposure to rifampicin). The highest
frequencies of naive CD8+ T cells (MC2) were observed in the early (day 84, case 10020) and late
recovery (day 678, case 10001) samples of DRESS regardless of offending drug and HIV status. High
frequencies of both naive and memory CD8+ T cells (MC2 and 3) were also noted in the drug tolerant
PLHV control samples. TCR gamma delta T cells were the only non-conventional immune cells more
abundant in HIV- rifampicin DRESS (day 84, 10020). An increase in the percent of CD14+ and
CD16+ monocytes was noted in 10085 pre-SDC (day 11), 10020 HIV- (day 84) and late recovery
(day 678, 10001) samples. The CD4+ CDS8- (MC1) cluster was not further differentiated by
unsupervised analysis and the highest frequency of this cluster was observed in HIV- rifampicin

DRESS. Although we noted these differences in PBMC frequencies between reaction timepoints;
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overall, there was considerable interindividual variations and no consistent differences between HIV+
DRESS cases and tolerant controls, although the HIV negative DRESS patient stands out due to the
lack of CD4 T cell depletion. Thus, all differences in PBMC count difference noted can be attributed
to effects of HIV on the immune system (Kazer et al. 2020), rather than across the disease course of

DRESS or treatment of active TB disease (Table 4-2, figure 4-7C).
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Figure 1-7: Immune cell profiling of unstimulated PBMCs from FLTD DRESS and tolerant controls

Uniform Manifold Approximation and Projection (UMAP) clustering of live PBMCs derived from HIV+ and HIV-
rifampicin DRESS cases (n=4) and drug tolerant controls (n=4). A) Unsupervised clustering with FlowSOM
identified ten major immune cells in unstimulated PBMCs. Parentheses indicate the metaclusters. B) heatmap of
the median expression of 14 lineage markers used to generate MEM labels which highlights the expression
levels on each cell subset. C) Pie charts representing relative frequency of major immune cell populations in each
participant, stratified by clinical outcome, reaction, and baseline sampling timepoint for tolerant controls. NK,
natural killer cell.
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Table 4-2: Summary of cell frequencies (% of parent population) by manual gating and
unsupervised clustering

Parent Cell 10092 | 10085 pre | 10085 post | 10020 | 10001 | Sn048 | Sn050 | Sn091 | Sn155
population | population SDC SDC
Live cells CD4 T cells 14,82 | 10,48 8,86 26,64 | 7,30 13,67 | 20,67 | 48,64 | 14,82
CD8 T cells 68,56 | 61,84 75,22 34,80 | 47,54 | 57,56 | 50,55 | 35,61 | 68,56
NK cells 6,37 5,44 4,28 9,67 9,55 14,77 | 4,23 6,25 6,37
Monocytes 4,05 8,40 2,95 12,51 | 12,28 | 3,88 2,66 4,92 4,05
B cells 2,08 6,49 0,81 4,92 8,11 3,24 3,59 0,17 2,08
TCRgd Tcells | 1,33 0,75 0,00 6,14 0,06 2,14 2,49 0,46 1,33
CD4CD8T
cells 2,78 6,60 7,87 5,33 15,17 | 4,75 15,81 | 3,94 2,78
CD8 T Naive CD8 T
cells cells 13,09 | 28,08 16,21 2797 | 2,78 40,07 | 11,52 | 20,85 | 13,09
Memory CD8 T
cells 55,47 | 33,76 59,00 6,83 44,76 | 17,49 | 39,03 | 14,77 | 55,47
NK cells CD3+ CD56+ 3,88 3,65 2,43 4,23 7,82 11,58 | 2,84 3,47 3,88
CD56+ NK
cells 2,49 1,80 1,85 5,44 1,74 3,18 1,39 2,78 2,49
Monocytes | CD14+
monocytes 1,62 6,60 2,26 12,45 | 10,94 | 3,82 2,20 4,81 1,62
CD16+
monocytes 2,43 1,80 0,69 0,06 1,33 0,06 0,46 0,12 2,43

SDC - sequential drug challenge
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4.3.3. Characterization of T cell subsets

We next studied the CD4+ and CD8+ T cells in DRESS patients and controls to identify distinct cell
populations that contribute mostly to the reaction. Data analysis included manual gating and
unsupervised analysis. Firstly, we used manual gating to identify CD3+ T cells (appendix, section 4.3,
gating strategy) — after removal of beads, the first gate was set on time and viability, then we
identified CD3+ T cells in the second gate set on parameters CD3 and CD19. We followed by
unsupervised analysis on this population of interest which considers the entire T cell landscape and
characterisation of CD4+ and CD8+ T cells. It is the same approach as in section 4.3.2 which uses
UMAP for dimension reductionality and FlowSOM coupled with MEM for clustering. We looked at

markers associated with differentiation, senescence and exhaustion, activation, and regulation.

In figure 4-8A-C, we identified CD4+ and CD8+ T cells in 33 300 CD3+ T cells from 4 rifampicin
DRESS cases (two timepoint for 10085) and 4 tolerant controls with three stimulation conditions.
Unsupervised analysis revealed five subpopulations of CD8+ T cells including naive CD8+ T cells as
defined by the expression CD45RA+CD28+CD27+ (MC15); central memory are CD45RA -
CD28+CD27+/- (MC13); effector memory are defined by the lack of expression of CD45RA -
CD28+/-CD27+/- (MC11); terminal differentiated effector memory are CD45RA+/-CD28-CD27+/-
(MCS, 16) (Martin and Badovinac 2018) and CD56+ T cells (MC12, 14) (figure 4-8D-E). Although
DRESS cases and tolerant controls displayed comparable levels of total CD8+ T cells, with
subpopulation we discovered distinct phenotypic groups enriched in HIV+ cases versus HIV+
controls. Specifically, the three DRESS enriched clusters (MC2, 8 and 16) (MC2 mean of 3% in cases
versus 1% in controls; p=0.00413, MC8 mean of 36% in cases versus 21% in controls; p=0.000132
and MC16 mean of 1% in cases versus 0% in controls p=0.00371) (figure 4-8F) were all memory
CD8+ T cells. For MC16, the co-expression of CD4 was heterogenous between individuals. Further,

MCI16 T cells increased in cases following stimulation with rifampicin and SEB (figure 4-8G).

The CD4+ T cells compartment was comprised of four major clusters, including naive CD4+ T cells
(MC11), memory CD4+ T cells (MC10). Two CD4+ T cells subpopulations (MC7, 9) were
significantly more abundant in HIV+ controls than HIV+ cases (MC7 mean of 1% in cases versus 5%
in controls; p= 0.00743). For MC9 the differences were noted in the mean event of 6 cells in cases
versus 14 cells in controls, p= 0.000822 (figure 4-8F). Regulatory T cells (Treg) are best identified by
the expression of FoxP3, which is not included in our panel. Since they were not distinctly clustered
in FlowSOM analysis, we used the expression of CD127 (low), CD25 (high) and CCR4 (high) to
identify a Tregs metacluster (figure 4-8E). The comparison of frequency between cases and controls

for all stimulation conditions is shown in figure 4-7J. No differences were not in the frequency of MC
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7 and 9 based on stimulation conditions. However, we noted a higher frequency of MC7 in 10020

(HIV- DRESS) and 10001 (late recovery) as compared to other DRESS cases (figure 4-8G).

We further investigated if expanded T cell subpopulations were due to HIV or reaction specific by
comparing enrichment between HIV+ and HIV- DRESS (figure 4-8H); between HIV+ participants
(cases and controls combined) and HIV- participant (figure 4-8J). The data suggest, expansion of
MCS8 may be the effect of HIV. Since MC2 is commonly expanded in DRESS irrespective of HIV co-
infection, could be a rifampicin specific enriched population. MC16 was still uniquely only enriched
in HIV+ DRESS. The expansion of and MC7,9 was shared between HIV- DRESS and HIV+ tolerant
controls. The two unconventional T cell phenotypes were CD45RA+ and CD45RA- gamma-delta
cells (MC3, 6) and MC constituted mean of 2% in HIV+ DRESS and mean of 6% in HIV- DRESS,
p=0.000124. Similarly, comparison of HIV+ and HIV- showed a mean difference with 3%, p= 0.117
in HIV+ participants (figure 4-8H, J).
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Figure 1-8: Diversity of T cell population in HIV+ DRESS
A-D) Metaclustering of CD3+ T cells from concatenated cells from 4 DRESS cases and 4 tolerant controls at all stimulation conditions: representative UMAP of clustered T cells (n = 33 300 cells)

overlaid by clinical outcome (A), spectral colours indicating protein expression of the T cell markers CD4+ (B) and CD8+ (C) and with the respective T cell subpopulations clustered by FlowSOM
(metacluster numbers indicated in the corresponding population colours) (D). E) Cluster heatmap showing protein marker expression in each metacluster — independently labelled using MEM
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event count in HIV+ participants (right) and HIV- participant (right).
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4.3.4. Analysis of T cells enriched in HIV+/- DRESS cases and HIV+ tolerant
controls

Within the CD4+ and CD8+ subpopulations, we looked at markers commonly related to T cells
activation (CD69, OX40 and HLA-DR), senescence and exhaustion (CD57, PD1, TIGIT),
differentiation (CD45RA, CD28 and CD27). Metacluster 8 and 9 CD8+ and CD4+ T cells
respectively had high expression of CD57 and no expression of co-stimulation markers CD28, CD27,
suggesting a senescent non-replicative population possibly due to chronic antigen stimulation related
to tuberculosis and HIV (figure 4-8E). Therefore, we focused functional investigations on metaclsuter

2, 16 enriched in HIV+/- rifampicin DRESS and metacluster 7 in HIV+ tolerant controls.

Firstly, we assessed the expression of CD69 as a marker of early activation, OX40 which plays a
major role in promoting T cell clonal expansion and cytokine production and human leukocyte
antigen-DR isotype. CD69 expression was high and uniform in a stimulation dependent manner in
cases versus tolerant controls. HLA-DR expression was high in resting cells; however, we noted an
increased stimulation dependent expression in participant 20, 85 pre SDC and 92. 0X40, while of low
expression in resting and drug stimulated cells for cases and controls, notably increases uniformly
upon non-specific SEB stimulation in cases. These data suggest that cells of MC 16 CD8+ T cells
subset in cases are more activated than controls and present a heterogenous spectrum of activation.
The magnitude of activation seems to be driven by sampling timepoint; with the highest expression
observed in samples collected in the acute stage of the reaction compared to recovery in HIV+ cases

(figure 4-9A).

Metacluster 16 had a high expression of CD57 in cases and controls regardless of HIV status and
stimulation condition, suggesting replicative senescence and minimal antigen induced T cell
apoptosis. Additional markers of exhaustion, PD1 and TIGIT showed no consistent changes between
cases and controls, reaction timepoint and stimulation conditions (figure 4-9B). Regarding the effector
memory compartment, CD8 T cells are grouped into two distinct clusters based on the expression of
CD57 and CD28, CD27 (figure 4-8E). Co-stimulatory molecules (CD28, CD27) expressed by CD8+
T cells are important for T cell activation, formation, and survival of memory subsets. Their presence
is vital for induction of immune response and clonal expansion after antigenic stimulation. Co-
stimulatory molecules (CD27, CD28) were highly expressed in cluster 16 in cases and controls and all
stimulation conditions (figure 4-9C). Increased expression of CD57 and decreased expression of
CD27 and C28 are markers of senescent memory CD8+ T cells associated with cytotoxic effector
responses and produce interferon-y. Metacluster 16 cells exhibited a chronically activated (HLA-DR)
and differentiated phenotype (CD57), the high levels of co-stimulatory molecules. These findings

along with the re-expression of CD45RA on memory phenotype upon stimulation (which is re-
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expressed in cell subsets that simultaneously initiate an exhaustion reprogramming in response to
antigenic stimulation) (figure 4-9C) suggest proliferative capabilities in addition to the inflammatory
and cytotoxic responses. We did not observe any clinical outcome, reaction timepoint or invitro

stimulation specific differences in expression of selected markers in metaclusters 2.

In metacluster 7, regulatory T cells (CD4+ CD127,w CD25+) we looked at functional characterisation
of Tregs based on differential expression of HLA-DR and CCR6. Drug tolerant controls showed a
higher expression of HLA-DR than rifampicin DRESS cases, with a significantly higher median
expression noted in drug stimulated cells (figure 4-9E). This data suggests an early contact and
suppressive activity of Tregs with high FoxP3 expression (Peiser, Becht, and Wanner 2007; Baecher-
Allan, Wolf, and Hafler 2006). CCR6 expression on Tregs is associated with activation, memory, and
expansion that are indicative for an effector memory function (Kleinewietfeld et al. 2005). The
expression of CCR6 was variable in tolerant, however, the median expression was still higher than in

rifampicin DRESS cases (figure 4-9F).

Given the well characterised role of T cells at the site of disease in SCAR, we interrogated the
expression of chemokines as key regulators of leukocytes trafficking expressed on functionally
distinct T cell subsets, including Th2 and Tregs. As indicated in figure 4-9D, no differences were
noted in the expression of CCR6, CCR4, CXCR3 and CXCRS in cluster 16 cells between cases and
controls, reaction timepoint and stimulation conditions. However, manual gating using the gating
strategy outlined in appendix, section 4.3, showed a lower percentage of CD4+ T cells expressing
CXCR3, CCR4 and CCR6 in cases as compared to controls (figure 4-10A). These data suggest an
increased attraction and movement of CD4+ T cells to areas of inflammation and immune
surveillance with a potential regulatory function in controls than cases. Although not significant, the
opposite was observed in CD8+ T cells with a higher mean percentage expression of CXCR3, CCR4
and CCR6 in cases than controls (figure 4-10B) — suggesting trafficking of activated and cytotoxic
(higher mean percentage of CD8+ T cells expressing OX40 (CD134) and perforin in cases than
controls — figure 4-10C) CD8+ T cells to the site of disease mediating DRESS and associated tissue
damage (Peter et al. 2017).

122



A

Activation
CD69_MC16
40
unstimulated drug seb
A
S 30
2
[l
g
°
& 20
o
el
£ L4 ] [ Iy
z 10 °
© ° ——
[
. —E— e ¢
0 * T T T T T
cases controls cases controls cases controls
B
Senescence and exhaustion
CD57_MC16
500 unstimulated drug seb
< 400 —.—
S
2 °
[
a 300
3 °
o e
T 200 °
£ —— [ ] - A
3 ° ° d
© -
100 ° ° °
[
0 T T T T T T
cases controls cases controls cases  controls

raw median expression

raw median expression

HLADR_MC16
15—
Unstimulated drug seb
)
° L °
104 —.— | —
——r N
° °
5 ® ° n L]
°
[
0 T T T T T T
cases controls cases controls cases controls
PD1_MC16
20 unstimulated drug seb
18—
16— °
14 .
12+
10 -~
5 -_
4 °
37 o
2 ° °
14 _._e
S A, e .
0O—=eoro——=n hd *Te® T hd
cases controls cases controls cases controls

raw median expression

raw median expression

0X40_MC16

2.0+ unstimulated drug seb

[ ]
1.5+
1.0

b (] -0
0.5+ °

L] .0
00— et ——— T Aje—

cases controls cases controls cases  controls
TIGIT_MC16
4— unstimulated drug seb
[ )
3
[ J
A
2
1 P Y
——
— ® [ ]
° [}
0 ore T * - F—¢ —
cases controls cases controls cases  controls

Participant Key

® ¢ > 1

92
85pre
85post
01

20
Sn048
Sn050
Sn091
Sn155

123




C
Differentiation

CD28_MC16
25— unstimulated drug seb
= °
A
c 20 °
o
2 ° °
o [ — n
S 15 —_—
o oo s ®
= — —— ) °
T 10 o
[ ]
£
3
S 5
0 T T T T T T
cases controls cases controls cases controls
D
Chemokines and skin homing
CXCR3_MC16
25
unstimulated drug seb
c 20
kel
2
[l
g 15
x
o
S .
3 10—
£ A
2
S 5
o W 2 4
—a— %49 °
0 . ] 'y Y Py
T T T T T hd
cases controls cases controls cases controls
CLA_MC16
5 "
unstimulated drug seb
c 44
kel
7]
]
g 34 A
x
(o}
c
k] 2
5 2
£ o N
°
2 ——
S 14
—
— 0
01— roe——m——ore .0 2 .
T T T A
cases controls cases controls cases  controls

raw median expression

raw median expression

CD27_MC16
80— unstimulated drug seb
—_—
60—
o [ ]
40+ —o— u
L] —0—3
° o0
204 © — o4
[ ]
0 T T T T T T
cases controls cases controls cases controls
CCR4_MC16
40—
unstimulated drug seb
30 N
20
10—
° -2 - °
S S » o °® o~ o%e
T o7 T T
cases controls cases controls cases  controls

raw median expression

raw median expression

CD45RA_MC16
60 unstimulated drug seb
40—
[ ]
® °
°
20
[ ] ® ® Y N
v s ° °
. 8.
0 T T T * T T
cases controls cases  controls cases controls
CCR6_MC16
57 unstimulated drug seb
)
4 -
3_
—.— ®
[ ]
24 A
[ ]
14 [ ]
- [ ) ——
. oo oo ©°
0 * T oTe—H-9—¢ T T
cases controls cases controls cases  controls

Participant Key
o 92

85pre
85post

01

20

Sn048
Sn050
Sn091
Sn155

® ¢ > 1

124




E

Activated regulatory T cells

Participant Key
e 92

85pre
85post

01

20

Sn048
Sn050
Sn091
Sn155

® ¢ > 1

HLADR_MC7
%
3_
Unstimulated ¢ drug seb
c | |
K]
[7]
N 2 ( ]
o [ ]
a A .
X
(]
5 e 4+ _.
B
g 1 |
E —— ¢
e A
0 14 I *—o—o I 4 T
cases controls cases controls cases controls
F
CCR6_MC7
5_
Unstimulated drug seb
c 4+ ¢
o
[
% [ ]
g 37 .
o *
G d
S 2
3 —_—
e [ )
S ® LIPS *
& 14 ———
| ]
_._. - Y L
A
N A
0 * T 4 * T !
cases controls cases controls cases controls

Figure 1-9: Unique T cell signature in DRESS cases compared to tolerant controls.

A-D) Median expression of selected markers in FlowSOM generated immune cluster 16 (CD4+ CD8+ effector
memory T cells) and metacluster 7 (regulatory T cells) for each timepoint and in vitro stimulation condition (data
for individual HIV+/- DRESS cases (n=4) are shown in specific colour. Participants numbers that begin with Sn
and are coloured in black, different shapes are HIV+ tolerant controls n=4). A) Markers related to T cell activation
are CD69, HLA-DR and OX40. B) Senescence and exhaustion markers are CD57, PD1 and TGIT. C) T cell
differentiation into naive and memory subsets is indicated by CD28, CD27 andCD45RA. D) Chemokines and skin
homing markers included CXCR3, CCR4, CCR6 and CLA. Median expression of HLA-DR (E) and CCRG6 (F) in

MC. P value of >=0.05 was considered significant and if not indicated, p value is not significant.
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Figure 1-10: Percentage of T cells expressing chemokines and cytokines.

A-C) Representative dot plots expression of different chemokine receptors and effector markers in manually gated CD3+CD4+ and CD3+CD8+ T cells from rifampicin DRESS
cases and tolerant controls. The frequency of cells expressing the indicated markers are determined for each participant and in vitro stimulation conditions (each colour
represent stimulation condition in HIV+/- cases n=4 and HIV+ tolerant controls n=4). Data represent individual values (dots), mean (centre bar). Mann-Whitney unpaired t-tests
were used to compare between cases and tolerant controls with stimulation conditions combined. P value of >=0.05 was considered significant and if not indicated, p value is
not significant.
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4.3.5. In vitro production of proinflammatory and cytotoxic molecules

We next studied the functionality of CD4+ (MC7) and CD8+ (MC2, 16) T cells enriched in cases and
controls, including the production of IFN-y, IL-17, IL-2, TNF-o,, TGF-f and perforin in resting cells
and following stimulation with FLTD and SEB. Figure 4-11 shows the raw median expression of
intracellular cytokines in metacluster 7, 2 and 16. Based on our ELISpot results, IFN-y production is
dependent on drug specific and non-specific stimulation. In comparison to drug tolerant controls,
metacluster 16 cells from cases (10092, 10085 pre, 10085 post and 10020) had a higher and uniform
expression of IFN-y in a stimulation dependent manner. Similarly, to ELISpot results, there was no
IFN-y production in unstimulated, and rifampicin stimulated cells for patient 10001 bloods collected
in recovery stage of the reaction (24 months since onset of symptoms). A similar trend of stimulation
dependent expression was present in patient 10092, 10085 pre, 10085 post and 10020 with the
production of TNF-a (figure 4-11A) and IL-2 (excluding 85 pre). The co-expression of these
inflammatory and proliferative cytokines suggests polyfunctionality of cells in this cluster. Perforin
was most abundant in DRESS cases than tolerant controls and the expression was similar in all
stimulation conditions (figure 4-11B). Analysis of metacluster 2, majority of HIV+ DRESS and HIV+
tolerant controls showed no functionality in response to drug and non-specific stimulation (SEB). This
confirmed this population has little to no activity in these participants because of HIV related CD4+
effector dysfunction. HIV- rifampicin DRESS cases had the highest production of IFN-y, TNF-a., IL-
2 and perforin in response to drug and SEB stimulation (figure 4-11C-D). We observed no differences

in the expression of IL-17, TGF-3 for metacluster 2 and 16.

To investigate whether any functional differences that determine FLTD tolerance, we compared the
expression of cytokines in metacluster 7 enriched in drug tolerant controls. There was a high
abundance of TGF-f in resting metacluster 7 cells for tolerant controls and interestingly, we also
noted higher expression in cases with samples collected when lab findings are within normal range
(early recovery — 10085 pre, 3 months — 10020 and 24 months — 10001) relative to samples collected
in the acute stage of the reaction (10092, 10085 post) (figure 4-11C). Because immune homeostasis
and tolerance is characterised by TGF-f3 inhibiting expansions and functions of components of the
immune system, the general upregulation of markers associated with T cell regulation in tolerant
controls suggests expansion of metcacluster 7 influences clinical phenotype. Following stimulation,
cells in metaclusters 7 showed no differences in the expression of TGF-f (figure 4-11E) and overall,
for other included cytokines. These trends from the unsupervised analysis were confirmed when
comparing the median IFN-y levels in manually gated effector memory CD8+ HLA-DR+ T cells and
CD4+ T cells. Comparison of manually gated percentage of expression reflected a similar trend and

differences were also not significant.
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Figure 1-11: Cytokine production by CD4+ and CD8+ T cells after in vitro stimulation with rifampicin and

SEB

A-D) Representative dot plots of median expression of intracellular cytokines in FlowSOM generated immune
cluster 16 (CD4+ CD8+ effector memory T cells), metacluster 2 (CD4+ effector memory T cells) and metacluster
7 (regulatory T cells) of HV+/- rifampicin DRESS cases and HIV+ tolerant controls after invitro stimulation with
drug and SEB. Case and control, stimulation condition and reaction timepoint comparison between the median
expression of IFN-y and TNF-a and perforin (A) in metacluster 16. Case and control, stimulation condition and
reaction timepoint comparison between the median expression of IFN-y and TNF-a (B), IL-2 and perforin (C) in
metacluster 2. D) Case and control comparison between the median expression of TGF-beta in metacluster 7.
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4.3.6. Innate immune responses specific to rifampicin DRESS

We next looked at the differentiation and functionality of CD3- lymphoid cells. We used UMAP
generated in section 4.3.3 and NK cells were further were resolved into two clusters (CD45RA+ and
C45RA-) while there was no further differentiation of CD14+ classical and CD16+ non-classical
monocytes (figure 4-12A-B). CD45RA- NK cells were distinguished as a proliferative, activated
cluster with high levels of non-antigen specific production of inflammatory and cytotoxic molecules.
Although we did not observe any differences based on stimulation conditions, CD45RA+ NK cells
showed a more activated, inflammatory, and cytotoxic response in cases than tolerant controls (figure
4-12C-D). Both clusters had a higher median expression of TIGIT in cases than tolerant controls. NK
cells with low levels of TIGIT expression are associated with higher cytokine secretion and cytotoxic
potential. This finding may reflect a key component of NK cell mediated innate immune responses in

rifampicin DRESS cases and drug tolerance in controls with diminished cytotoxic capabilities.

We observed the strongest changes in CD 16+ non-classical monocytes, with an upregulation of TNF-
o and IL-2 upon drug and SEB stimulation in cases than controls. The highest drug specific
stimulatory responses of this cluster were noted in HIV- DRESS and HIV+ DRESS samples collected
in the acute stage of the reaction (10092 and 10085 post) (figure 4-12E-G).
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Figure 1-12: Monocytes and NK cells in rifampicin DRESS

A) UMAP of spectral colours indicating protein expression of the CD3- cell markers CD56+ (NK cells)
CD14+CD11c+ (CD14 monocytes and CD16+CD11c+ (CD16 monocytes). B) UMAP with the respective
populations clustered by FlowSOM (metacluster labelled and identified by colour). C-D) Representative dot plots
showing median expression of HLA-DR, TNF, and perforin in CD45RA- NK cells (C) and in CD45RA+ NK cells
(D). E) Representative dot plot indicating expression of regulatory molecule TIGIT in CD45RA+ and CD45RA- NK
cells. F) TNF G) IL-2 expression in CD16+ monocytes. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001,
Mann-Whitney test, Bonferroni correction and if not indicated, p value is not significant.
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4.4. Results — Cite-seq

4.4.1. Cite-seq immune profiling

To further decipher key differences in immune molecular mechanisms and signalling pathways in pre
vs post SDC and recovery bloods, we analysed immune cells using Cite-seq, a method that quantifies
proteomic and transcriptomic data within a single cell readout (Stoeckius et al. 2017). We collected
data from 55916 cells pre- and post-SDC in three rifampicin DRESS patients (10001, 10085 and
10092) and in the recovery stage (patient 10001) of the reaction (see figure 4-5). In our Cite-seq
analysis we only looked at HIV infected rifampicin DRESS cases. 5'sc-TCR-RNA-Cite-seq collects
data on pre-selected surface protein marker expression, transcriptomics and TCRs of individual cells.
We identified and clustered groups of cells using canonical genes and surface antibody expression of
lineage markers resulting in 10 clusters organised into populations including B cells, CD4+ T cells,
CDS8+ T cells, dendritic cells, erythrocytes, hematopoietic stem cells (HSC), macrophages,
monocytes, neurons, and natural killer (NK) cells (figure 4-13A).

Consistent with our CyTOF results in HIV infected patients, majority of immune cells were CD8+ T
cells (figure 4-13B). All cell subsets were compared between reaction timepoints and following in
vivo drug stimulation. The CD8+ T cells were significantly enriched in post-SDC bloods compared to
pre-SDC in all three patients regardless of in vitro stimulation conditions (p=0.0022) (figure 4-13C).
In contrast, monocytes and macrophages were more abundant in pre- than post-SDC samples
(p=0.0260) with minimal to no differences between stimulation conditions (figure 4-13D). After
Bonferroni correction for multiple comparisons, only CD8+ T cells differences between pre-SDC and

post-SDC were significant.
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4.4.2. Landscape of circulating T cells in rifampicin induced DRESS

We further classified T cells from the 5'sc-TCR-RNA-Cite-seq profiling based on the expression of
canonical genes (figure 4-14A-B). CD8+ and CD4+ T cells subsets showed distinct expansions and
alterations in functional states. Pre SDC and recovery samples have a higher percentage of naive and
central memory T cells. Differentially expressed genes (DEGs) were projected on the T cell UMAP to
show high expression of naive and central memory markers (CCR7, SELL, CD27) in pre SDC
samples (figure 4-14E). Post-SDC samples showed an expected expansion of CD8+ effector memory
T cells (figure 4-14C). We noted a high amount of interindividual variability of regulatory T cells

between patients and stimulation conditions (figure 4-14D).

Although both pre and post SDC unstimulated T cells showed gene expression consistent with chronic
viral infection (Kazer et al. 2020), post SDC samples display an increase in activation and cytotoxicity
markers compared to pre SDC which likely represents the T cell activation associated with in vivo
rifampicin exposure at the time of sampling (figure 4-14F); DEGs with fold change >0.6 and P
adjusted >0.05 are labelled and include: cytotoxic molecules (GZMB, GNLY, GZMH, NKG7 and
CST7) and proinflammatory chemotaxis CCL5 which is expressed on recently activated T cells via
TCR (Swanson et al. 2002) and is a chemoattractant of eosinophils (Daugherty et al. 1996) (figure 4-
14F). Signalling pathway analysis in pre-SDC unstimulated T cells highlighted viral processing and
viral specific responses whereas activation and effector functions were expressed in post-SDC
unstimulated T cells. The genes in the alpha-beta T cell activation (ZNF683/TRBC2/TRBC1/
TBX21/RORA/PTPRC/PTGER4/PRDM1/NKG7/IL2ZRG/HMGB1/EOMES/CD3G/CD3D/BCL11B/
ANXA1), cell killing (SLAMF7/ SH2D1A/PTPRC/PRF1/NKG7/KLRD1/HMGN2/GZMB/GNLY/
GAPDH/FCGR3A/CX3CR1/CTSC/CD2) and TCR signalling (TRGC2/TRBC2/TRBC1/THEMIS/
SH2D1A/PTPRJ/PTPRC/CDSA/CD3G/ CD3D/BTN3A1) are consistent with recent antigen
interaction and effector phenotype (figure 4-14G). These data confirm our CyTOF observations where
in post-SDC unstimulated samples and during in vivo rifampicin stimulation there is evidence of
differing degrees of activation that overlap with exhaustion and is evident despite the background
state of HIV-driven perturbations of the T-cell compartment and activation state. The expression of
CCLS, IL2RG and cytotoxic effector molecules (PRF1, GZMB, GNLY) indicate effector
differentiation, suggestive of replicative, inflammatory, and cytotoxic responses despite the hybrid or

co-expression of exhaustive markers.
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Figure 1-14: Characteristics of circulating T cells in rifampicin induced DRESS

A) UMAP plot clustered by canonical genes and antibody derived expression and overlaid by T cell subset. B)
Bar chart of T cell frequencies in three DRESS patients, two reaction timepoints and two in vitro stimulation
conditions. C-D) Scatter plots showing population percentage of effector memory CD8+ T cells and regulatory T
cells (Treg) stratified by reaction timepoint, and each patient annotated by dot colour. Data were analysed with
the Mann-Whitney test. Values are mean with standard deviation and P value <0.05 was considered significant
after Bonferroni correction for multiple comparisons. All T cell subpopulations were compared between reaction
timepoints and stimulation conditions. E) UMAP plots showing the expression of T cell differentiation markers in
pre- and post-SDC unstimulated cells. F) Volcano plot of DEGs determined by two-sided t-test and FDR
correction in unstimulated T cells of pre- and post-SDC samples. G-H) Pathway analysis of T cell DEGs with q
value <0.05 upregulated in pre- (G) and post-SDC (H) unstimulated cells. Q values determined by FDR
correction. rRNA — ribosomal RNA, SDC — sequential drug challenge.
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The preceding sections of this chapter (CyTOF and Cite-seq) has demonstrated that patients with HIV
and rifampicin DRESS show HIV-related CD4 T cell depletion (with some differences in naive versus
memory populations and activation and exhaustion states). Similarly, there is expansion of the CD8 T
cell compartment with predominance of an effector memory phenotype, with features of chronic
activation and exhaustion across time-points — features which are likely contributed to by both HIV,
DRESS, and even differential states of active TB disease. Although interindividual variability is
present and sample size is small, there are suggestive trends that with in vivo drug stimulation (SDC)
there is evidence in the peripheral blood of expansion in the CDS effector memory, activated and
cytotoxic cells compared to prior to drug reintroduction. Thus, we thought that it would be worthwhile
to further attempt to define the specific cytotoxic T cells with the ex vivo stimulation conditions and

through TCR repertoire analyses.

4.4.3. Characteristics of CD4+ T cell subset after ex vivo rifampicin stimulation

We did sub-analysis of CD4+ T cell responses to rifampicin stimulation in vitro for pre and post SDC
samples, attempting to dissect out regulatory from effector CD4 T cell responses and confirm some of
the suggestive regulatory T cell response data from mass cytometry. We performed pathway
enrichment analysis with DEGs obtained from comparison of unstimulated and invitro rifampicin
stimulated cells in pre-SDC samples from three DRESS patients and two stimulation conditions.
Figure 4-15A shows top 20 enriched biological processes in CD4+ T cells from pre-SDC samples and
majority of pathways mainly signal CD4+ T cell responses to HIV as the primary cell target for
infection (Nishimura et al. 2005). We identified enrichment of genes associated with lymphocyte
mediated immunity, proliferation, and differentiation. Particularly, genes associated with regulation of
T cell immune responses and NK mediated cytotoxicity (FOXP3, TIGIT, IL10RA, FCRL3, ZFP36)
were overexpressed in unstimulated than rifampicin stimulated cells (figure 4-15C). Although
expression was not uniform in all patients, CD4+ T cells from patient 85 showed a distinct functional
regulatory pathway with the highest expression of TGFB1 observed in pre-SDC unstimulated,
followed by pre-SDC rifampicin stimulated cells and minimal expression in post-SDC samples.
Upregulated in pre-SDC rifampicin stimulated cells were genes which interact with cytokine receptors
to mediate lymphocyte function, provide co-stimulatory signals for expansion and effector
differentiation of activated T cells (IL2RG, IL4R, STATSA, TUBAIB) and genes involved in CD4+ T
cell exhaustion (PDCD1, CTLA4 and TIGIT) (figure 4-15C). Interindividual variability was truly vast
and as such we did not identify a conclusive effector or regulatory transcriptional profile in pre-SDC

rifampicin stimulated cells.

In the post-SDC samples, enriched biological processes in relation to immune function and responses

included regulation of lymphocytes apoptosis, differentiation, and cellular response to interleukin 4
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(figure 4-15B). Interleukin-4 (IL-4) induces differentiation of CD4+ T cells into T-helper 2 (Th2)
cells. IL-4 is one of the central cytokines regulating allergic inflammation as it occurs in DRESS
syndrome (Musette and Janela 2017). Genes enriched in pathway regarding cellular responses to IL-4
were not enhanced by in vitro rifampicin stimulation as no uniform differences were observed in the
levels of expression between rifampicin stimulated cells and unstimulated (figure 4-15C). The
upregulation of STAT6, IL4R and GATAS3 in post-SDC unstimulated (in vivo drug stimulation) cells
contributed most to the IL-4 signalling pathway observed in post-SDC samples. Genes such as IL-5,
IL13, CCRS; related to Th2 phenotype and eosinophilic inflammation in the skin during allergic
disease (Endo et al. 2014), were minimally expressed in our dataset. The regulation of immune
effector process was in part driven by genes which negatively impact the regulation of Th2 responses,
plasmacytoid dendritic cells cytokine production, NK and T cell mediated cytotoxicity (ANXAL,
BST2, CD96, FGL2) (figure 4-15C). Again, not all genes in these immune response regulatory
pathways were upregulated in a drug specific manner. Patient 10001 recovery samples presented an

overall downregulation of gene expression.

Changes related to lymphocyte proliferation and Th2 responses were largely observed in the CD4+
TEM cluster (figure 4-15D). The highest inhibitory and regulatory transcriptomic changes were noted
in the Treg cluster — a population that was lower in post compared to pre SDC samples, although
interindividual variability dominated (figure 4-14D). Furthermore, analysis of surface expression of
IL4-R+ (CD124) and CCR6- (CD196) confirmed a Th2 phenotype as observed in DEG analysis and

in response to in vitro rifampicin stimulation for post-SDC cells (figure 4-15E).

141



A
Pre-SDC CD4+ T cells (816 DEG)

cytoplasmic translation -

ribonucleoprotein complex |
biogenesis

ribosome biogenesis 1
ribosome assembly 4

rRNA processing 1

ribonucleoprotein complex |
assembly

ribonucleoprotein complex |
subunit organization

translational initiation 1

ribosomal small subunit |
biogenesis

rRNA metabolic process -

intrinsic apoptotic |
signaling pathway

response to virus §

regulation of intrinsic |
apoptotic signaling pathway

ribosomal large subunit |
biogenesis

ive re ion of
<R R
a; 0
recombination of immune |
receptors built from
immunoglo%‘“bﬁ i
differ 1

leukocyte proliferation -

regulation of response to |
biotic stimulus

(=]
n
o
'S
o
[+
[=]
@®
o

Count

p.adjust

4.0e-06
8.0e-06
1.2e-05

1.6e-05

leukocyte apoptotic process

lymphocyte apoptotic process

B
Post-SDC CD4+ T cells (224 DEG)

cytoplasmic translation

ribosomal small subunit
biogenesis

ribosomal small subunit
assembly

ribosome assembly

ribosome biogenesis

regulation of leukocyte
apoptotic process

positive regulation of
signal transduction by p53

intfHRRE SREPREE
signaling pathway by p53
class mediator

intrinsic apoptotic
signaling pathway
regulation of lymphocyte
apoptotic process

antigen processing and
presentation

negative regulation of
ubiquitin protein ligase
activity

signal transduction by p53
class mediator

rRNA processing

cellular response to
interleukin-4

mononuclear cell
differentiation

ribonucleoprotein complex
biogenesis

T cell apoptotic process

o4
-
[S)
8
w
o

Count

p.adjust

0.0005
0.0010
0.0015

0.0020

142



01PreUns
01PreRif

01PostUn
01PostRit
01RecUn
01RecRif
85PreUns
85PreRif

85PostUn
85PostRif
92Preusn
92PreRif

92PostUn
92PostRit

<
$a
= O
(&

TCF7
TUBA1B

Annotation

<
s
<
n

X
< =
'—
o5

IL2RG
JAK3
STAT1
TNFRSF1B
HLA-DRB1
S100A11
S100A4
CTLA4
FOXP3
TGFB1
PDCD1
TIGIT
JUNB
CD9%6
IL10RA
ANXA1
BST2
FCRL3
FGL2
ZFP36

Color Key

Count
0 20 40

-2 -1 o 1 2
Column Z-Score

. * = X £ 3
i'cm* cells 'E.cmon:m % CD4+Tem "Treg

GATA3 i N L4 i N FOXP3 . N TGFB1 .

143



Count

0.9-

0.6-

0.6-

0.4-

Count

0.2-

0.0-

Figure 1-15: CD4+ T cells Cite-seq

Ab_CD124-TotalseqC-C0363_norm

Ab_CD196-TotalseqC-C0143_norm

Group

E CD4 Tem pre unstim [32]
B3 CD4 Tem pre rif [47]

E CD4 Tem post unsstim [67]
E3 CD4 Tem post rif[27]

E3 CD4 Tem rec unstim [43]
E CD4 Tem rec rif [60]

Group

E CD4 Tem pre unstim [32]
E CD4 Tem pre rif [47]

E CD4 Tem post unsstim [67]
E CD4 Tem post rif [27]

E CD4 Tem rec unstim [43]
E3 CD4 Tem rec rif (60]

Pathway analysis of CD4+ T cell DEGs (816 genes in pre-SDC and 224 genes in post-SDC) upregulated in pre-
(A) and post-SDC (B) samples. The g values were determined using the FDR correction for multiple
comparisons. C) Heatmap of the variable genes contributing the highest to the annotation of biological pathways
related to immune responses and effector functions across timepoints and in vitro stimulation conditions.
Columns show log2 counts, averaged and scaled per gene. D) Scaled gene expression to identify effector and
regulatory CD4+ T cells and the co-expression of Th2 (GATAS3, IL-4R) and regulatory (FoxP3, TGFB1) markers.
E) Tagged antibody expression of CD124 and CD196 in responses to rifampicin in pre- and post-SDC samples.
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4.4.4. CD8+ T cells

A sub-analysis of CD8+ effector memory T cells showed a pattern consistent with the hyperactive
immune state in HIV (Kazer et al. 2020). We performed enrichment pathway analysis and we focused
on co-stimulatory and co-inhibitory signals essential for innate and adaptive immunity with an
emphasis on T lymphocyte responses. Pre- and post-SDC samples shared many of the same top 20
enriched pathways, highlighting similar coexistence of activated, pro-inflammatory and exhausted

CDS8+ T cells phenotype (figure 4-16A-B).

Distinct gene expression and signalling pathways (leukocyte mediated cytotoxicity, cell killing,
leukocyte migration) indicated specific chemotactic and cytotoxic functions of CD8+ T cells in post-
SDC samples with the highest enrichment noted in rifampicin stimulated cells for both pre- and post-
SDC samples Pre- and post-SDC rifampicin stimulated cells were characterised by unique set of
genes including CXCL3, CXCLS, CXCL13, CCL2, IL1B, TNF-a, PRF1, TNFRSF9 (CD137) and
TNFRSF4 (0X40) (figure 4-16C). These genes were upregulated in a drug specific manner in
pathways related to T cell activation, migration, and cytotoxic responses (figure 4-16B). T cell
exhaustion is characterised by gradual depletion of effector functions in response to chronic
inflammation and the identification of concomitant action of exhaustion markers (LAG3, CD160 and
EOMES) and expression of CX3CR1 suggests that these highly cytotoxic CD8+ T cells undergo
exhaustion reprogramming to also display a higher proliferative capacity and promote long lasting
immunity in tissues with the upregulation of IL15RA; reported to enhance cell proliferation and
expression of apoptosis inhibitor BCL2 (Wu et al. 2002; Herndler-Brandstetter et al. 2018). These
findings are consistent with our CyTOF observations that terminally differentiated effector memory
CD8+ T cells that drive drug specific responses are reprogramed and re-directed towards proliferative
and pro-inflammatory responses with possible migration to the skin which is supported by the
expression of CCR10 in this subset of CD8+ T cells (figure 4-16C). Although T cell exhaustion marks
chronic and persistent inflammation, it has been reported in drug induced immune responses
generated in CD4 depletion (Cardone et al. 2018). Additionally, upregulation of genes such as
TNFRSF4 (0X40) and ZAP70 support a recent TCR ligation with present antigen and most likely
reflect rifampicin-induced immune responses specific to DRESS syndrome. Similar to CD4+ T cell

cluster, patient 10001 recovery samples presented an overall downregulation of gene expression.
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Figure 1-16: CD8+ T cells Cite-seq

Pathway analysis of the top 4000 DEGs of effector memory CD8+ T cells upregulated in pre- (A) and post-SDC
(B) samples. The g values were determined using the FDR correction for multiple comparison. C) Heatmap of the
variable genes contributing the highest to the annotation of biological pathways related to immune responses and
effector functions across timepoints and in vitro stimulation conditions. Columns show log2 counts, averaged, and
scaled per gene.
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4.4.5. Analysis of TCR clonotypes

The immunological synapse combination of peptide-MHC complex interacting with TCR is at the
centre of SCAR pathogenesis (figure 1-7). Relevant examples include public TCRaf from the
cytotoxic T lymphocytes of patients with carbamazepine-SJS/TEN, with its expression showing drug
specificity and bias for HLA-B*15:02 (Pan et al. 2019). In allopurinol-induced SCAR, private but
dominant TCR clonotypes were identified in HLA-B*58:01 positive allopurinol SJS/TEN patients
from Southeast Asia. (Chung, Pan, et al. 2015). Thus, given our findings of HLA-B*44:03 as a risk
allele for rifampicin DRESS, and the fact that all three of the patients including in our 5'sc-TCR-
RNA-Cite-seq analyses carried HLA-B*44:03 we sought in the following analyses to characterise the

TCR repertoires of these three patients.

We mapped the V-J junction and CDR3af} pairings and looking at the top 100 clones, we found each
patient had a unique TCR repertoire, and the clonally expanded cells were overrepresented in the
CD8+ T cell clusters (figure 4-17A-C). One exception to this was that TRAV14/DV4/TRBV6-2 was
unique to patient 10001 recovery samples but given the long period between the day 62 and day 678
samples, this is not surprising. The percentage frequency of the top 100 peripheral blood clonotypes
were similar among in pre- and post-SDC samples. In each patient, we observed differences in the
percentage frequency across time-points with higher differences observed in pre- and post-SDC
compared to recovery samples of patient 10001 — again mainly due to the long period since onset of
symptoms, SDC and recovery. There were no differences within in vitro stimulation conditions

(figure 4-17D).

Next, we evaluated phenotypic characteristics of dominant TCR clonotypes to identify specific clones
responsible for the highly inflammatory, proliferative, and cytotoxic microenvironment observed
among CD8+ T cells from pre- and post-SDC cells stimulated with rifampicin. We performed TCR
profiling in all cells from the three patients pre and post SDC samples and analysed the top 5/100
expanded clones. None of the V-J combinations and CDR3af pairings showed significant
transcriptional profile consistent with highly inflammatory, proliferative, and cytotoxic
microenvironment observed among CD8+ T cells from pre- and post-SDC cells stimulated with
rifampicin — even when restricted to CD8+ effector memory T cells. Therefore, we next performed
analysis to identify cells with identical TCRP sequences and significant responses to rifampicin that

could be attributed to DRESS syndrome.
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Figure 1-17: T cell receptor clonotype analysis across different patients, timepoints and stimulation
conditions

A-C) A representative TRAV-TRBV Circos plot of PBMCs of each rifampicin induced DRESS patient, reaction
timepoint and in vitro stimulation condition 10001 (A), 10085 (B), 10092 (C). Ribbons represent alpha/beta
pairings with sizes scaled to pairing frequency. Also represented under Circos plots for each patient are UMAPs
with the top 5 clones highest — majority in the CD8+ effector memory cluster. D) Distribution of the top 5
clonotypes per patient, reaction time point and in vitro stimulation condition — represented as mean percentage
frequency. The top 5 clonotypes were unique in each patient. SDC — sequential drug challenge.
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4.4.6. Defining shared TCR specificity groups for rifampicin specific T cells in
DRESS

Although it is possible that we may be missing a public TCRa in the affected skin of these patients,
in the above sections, we identified inflammatory, proliferative, and cytotoxic T cells responses in
vivo rifampicin exposure and following in vitro rifampicin stimulation. This transcriptional profile of
highly expanded CD8+ T cells suggests the presence of individual TCRaf clonotypes in peripheral
blood that share common peptide-binding features and are drug-specific and responsible for driving

DRESS pathology.

Shared TCRa and TCRJ clonotypes in three patients are absent. In chapter 3 we discussed a model
where rifampicin may stabilise and increase the surface expression of HLA-B*4403. We deduce
distinct TCR sequences from proliferative and cytotoxic T cells recognise the same pMHC ligand.
Therefore, we explored grouping of lymphocyte interactions by paratope hotspots (GLIPH2)
algorithm that groups TCR sequences based on shared peptide-binding specificity (Glanville et al.
2017; Huang et al. 2020; Musvosvi et al. 2023) to find commonalities between the three HLA-B*4403
restricted patients. GLIPH2 identifies shared specificity groups based on identical amino acid
sequence motifs or global homologies within the complementarity-determining region 3 (CDR3) of

the TCRp chain.

We had a dataset of 8518 distinct CDR3p sequences from 14 PBMCs samples (three patients, two
timepoints — pre and post SDC, recovery and two stimulation conditions — unstimulated and 25ug/ml
rifampicin). After applying GLIPH2, we identified 2264 specificity groups with 29 recognised as
clonally expanded motifs. TCR similarity groups shared by all three participants at least one of the
timepoints were further examined for DGE following in vitro rifampicin stimulation. This filtering
resulted in eight (LGGF, LINE, SQVP, QVPG, FYNS, GLIN, TDSS and SIWG) TCR similarity
groups (figure 4-18A-B) which showed no significant association with HLA-B*44:03. The absence of
TCR similarity group: HLA-B*44:03 combinations could be due to the preselection of patients with
shared HLA-B allele as there were TCR groups significantly associated with HLA-A*0201 carried by
two patients (10085 and 10092). The number of CDR3f sequences in each GLPH2 group and number

of cells contributing to each group are reported in figure 4-18C.

We were particularly interested in three TCR groupings: LGGF and SQVP TCR groups which were
enriched in patient 10001 and 10085 at both pre- and post-SDC timepoints and stimulation conditions;
and then the SIWG TCR group present only in post-SDC rifampicin stimulated cells, but consistently
across all three patients (figure 4-18D). Differential gene expression analysis included all cells that

contribute to each TCR group. The SIWG group showed increased expression in differentiation gene
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markers (CCR7) associated with naive and central memory phenotype observed more in pre-SDC
samples and an upregulated expression of IL-4R related to IL-4 signalling pathways observed in
CD4+ T cell cluster. The LGGF group showed a cytotoxic and inflammatory profile with the
upregulation of GZMK, GZMA, CXCL13, CXCLI1, CCL5 and CCL2. However, the markedly
increased expression of LAG3, CTLA4 and IL10RA suggest direct inhibition of T cell function.
SQVP TCR group showed consistent effector memory phenotype (KLRG1+ CX3CR1+ CCR7-)
characterised by inflammatory (IL2RG, CCL4, CCL5, CXCLS5) and the highest expression of
cytotoxic molecules including GNLY, GZMB, GZMH, NKG7). Most importantly, T cell clones in the
SQVP group were the only ones expressing IFNG — an analyte measured in our ELISpot data to
confirm the specificity of rifampicin induced immune responses (figure 4-18E). Patient 10085 was the
only participant with SQVP TCR group present in pre- and post-SDC unstimulated and rifampicin
stimulated cells. We observed a similar trend toward increased inflammatory (IFNG, CCL4) and
cytotoxic (GZMB, NKG7, GZMH) molecules in rifampicin stimulated cells compared with
unstimulated (figure 4-18F-G).
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Figure 1-18: Establishing specificity groups with CDR3b sequences and phenotypic characterization of
grouped clones

A) Flow diagram of analysis of shared T cell specificities with GLIPH2 algorithm. B) The bar plot depicts the
number of patients with CDR3p sequences that belong to the similarity group indicated on the x-axis. The
similarity groups are denoted by the amino acid motif that is shared by TCR sequences clustered together.
Similarity groups including ‘%’ marks the GLIPH2 wildcard in identifying the shared amino acid motif. C)
Scatterplot of the correlation between the number of unique CDR3B sequences in a TCR group and the number
of T cells contributing to the group. D) Summary of the patient level TCR specificity from three patients. Each
patient and reaction timepoint studied is shown in a row; each TCR group occupies a column. Column colours
mark response in one or more stimulation conditions for a patient possessing the TCR group at a specific
reaction timepoint. E) A heatmap display with log2 counts (averaged and scaled per gene) of 36 gene related to
function and differentiation of T cells in TCR groups present in the three patients. F) Volcano plots and G) genes
and foldchange for the DGE in SQVP specificity group present in patient 10085 pre- and post-SDC rifampicin and
unstimulated cells.

154



4.4.7. Rifampicin induces activated and inflammatory monocytes/macrophages
As (markers associated with antigen presentation) were differentially expressed across T cells, we
established whether there was a relationship between antigen presenting cells and drug specific T cell
mediated immunity. Antigen presenting cells, and their pro/anti-inflammatory phenotype are
important drivers/modifiers of effector T cells responses, and have been linked to the optimal co-
stimulation for drug to induce drug-reactive CD8+ T cells (Cardone et al. 2018) and keratinocyte
killing in SCAR (de Araujo et al. 2011; Tohyama et al. 2012). The transcriptional analysis of
monocytes/macrophages identified revealed a greater functional heterogeneity compared to the two
CD14+ and CD16+ subsets detected in our CyTOF analysis. Here, using antibody expression and
canonical genes, further subclassification included (M1, M2 macrophages and subclassification of
monocytes based on the expression of CD14+ classical monocytes and CD16+ non-classical
monocytes) (figure 4-19A-B). However, this subclassification reduced the number of cells per patient

and stimulation condition, therefore, we looked at the whole monocytes and macrophage populations.

Differentially expressed genes were identified by comparing rifampicin stimulated and unstimulated
cells at pre and post SDC timepoints in each DRESS patient (pre- or post- SDC, unstimulated vs
rifampicin stimulated). Labelled genes had a fold change >0.6 and P adjust <0.05. Patient 10001 and
10085 had a downregulation of gene expression (figure 4-19C-D), whereas in patient 10092, markers
associated with activation and enhanced antigen presentation (HLA-DR, HLA-DR-B1), which control
the expression of proinflammatory cytokines such as TNF and its receptors, through which monocytes
my interact with CD4+ and CD8+ T cells (STAT1) were upregulated in rifampicin stimulated cells
than unstimulated (figure 4-19E). We also noted an upregulation CD14+ along with calgranulin genes
(S100A4, S100A6), and RNasel expression associated with antiviral and antimicrobial activity in
post-SDC unstimulated cells. There was also downregulation of gene expression in macrophages,
especially in rifampicin stimulated cells and post-SDC unstimulated. This showed the unrelatedness
of the cells to drug induced immune responses, as non-drug factors were dominating, and

macrophages were therefore excluded from further analysis.

The signalling pathway analysis of genes upregulated in pre- and post-SDC monocytes showed
enrichment of biological processes related to bacterium responses and interactions with lymphocytes.
One of the unique characteristics of the top enriched pathways in pre-SDC samples - cytokine
signalling pathway and the response to lipopolysaccharide and molecule of bacterial origin was the
enriched expression of CD14 in the latter. In post-SDC cells and rifampicin stimulated pre-SDC cells
we recognised a higher expression of CX3CR1 and enrichment of genes contributing to cytokine
signalling pathway such as CCL3, CCL4 expressed within a couples of hours after stimulation to

attract myeloid and effector T cells to inflamed sites were induced in post-SDC cells including CCLS5
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induced in the later stage of inflammation seen in rifampicin stimulated cells. We also detected that
rifampicin stimulated monocytes showed high expression of NFKBIA, STAT1, STAT2 which control
the expression of proinflammatory cytokines such as TNF and its receptors, through which monocytes
my interact with CD4+ and CD8+ T cells (figure 4-19F-H). We noted an increased expression of IL-
10 in unstimulated cells from pre- and post-SDC samples. Interleukin-10 has been shown to directly
inhibit CD8+ T cell function in chronic viral infection such as HIV, by enhancing N-glycan branching
to decrease antigen sensitivity. Looking further at this proposed mechanism, we noted an increase in
the expression of MGATS, a gene also implicated in the down regulation of TCR signalling by
increasing the antigenic threshold required for T cell activation (Smith et al. 2018). The
downregulation of IL-10 and MGATS5 by rifampicin suggests the assembly and surface expression of
p-MHC is compromised to various degree by drug — adding the proposed mechanisms of rifampicin

and MHC class I molecules interactions discussed in chapter three of this thesis.
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Figure 1-19: Gene expression characterisation associated with monocyte/macrophages in rifampicin

induced DRESS

A-B) UMAP plots showing monocytes (A) and macrophages (B) subpopulations into CD14+/-, CD16+/-
monocytes and M1, M2 macrophages. C-E) Volcano plots showing DEGs between monocytes/macrophage

population for patient 10001 (C), 10085 (D), 10092

(E) in rifampicin or unstimulated cells. F-G) Bar plots of GO

annotations enriched in monocytes from pre- (F) or post-SDC (G) samples. Q values were calculated using two-
sided t-test and the FDR correction for multiple comparisons. H) Heatmap of the DEGs in immune function

related pathways in F and G.
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4.4.8. Rifampicin enhances a mature and activated DCs and NK cells phenotype
After defining adaptive responses and characterizing the T cells landscape of rifampicin DRESS, we
next looked at features specific to innate responses and their relation to proinflammatory and
cytotoxic rifampicin specific T cells. The number of DCs were not sufficient in our dataset for further
subpopulation into myeloid and plasmacytoid DCs. We initially focused on surface markers to define
mature and immature DCs (CD40, CD54, CD58, CD83), co-stimulation (CD24, CD86), viral
receptors (CD4, CD46 [RNASeq]), DC signalling (CD88), antigen presenting (HLA-A-B-C, HLA-
DR, CDIc), antigen uptake (CD32, CD64), homing (CD11a, CD11b, CD11c, CD44, CD49d) as
outlined in a review by Banchereau et al (figure 4-20A) (Banchereau and Steinman 1998) and co-
inhibitory receptors (CD274 (PD-L1), PDCD2L [RNASeq], CD80 [RNASeq]) involved T cell
tolerance. DC maturation as characterised by upregulation of CD40, CD54, CD58, HLA-DR occurred
more in the presence of rifampicin than in unstimulated cells for both pre- and post-SDC samples
(figure 4-20B, yellow box). rifampicin stimulated DCs also had a higher expression of antigen
presenting markers HLA-A-B-C, HLA-DR and CD1c, with the highest significance of this
relationship seen in the pre-SDC samples of patient 10001 and 10085 (figure 4-20B, green box).
When expression was scaled by rows (each patient, timepoint and stimulation condition), in
unstimulated pre- and post-SDC cells, we observed upregulation and uniform expression of DCs
ligands (CD274, PDCD2L, CD&80) that largely modulate activated T cell inhibition and suppress
adaptive immune responses through interaction with PDCD1 and CTL4 on T cells. The highest
significance of this relationship was seen in the post-SDC samples of patient 10001 and 10092 (figure
4-20C, purple box).

The data demonstrated a functional dendritic cell compartment enhanced by presence of drug — the
high level of co-stimulation markers and CD40 suggests interaction with CD28 and CD40LG for drug
specific T cell activation. The upregulation of co-inhibitory ligands in unstimulated cells is also an
interesting observation potentially related to the regulation of pre-existing memory CD8+ T cells
specific to either self of foreign (viral) antigens — a now source of drug responsive T cells after culprit
drug viral reactivation (Cardone et al. 2018; Picard et al. 2010; Cho, Yang, and Chu 2017b). We noted
the contribution of Th2 cells to rifampicin induced DRESS in section 4.4.3 of this thesis. Here, we
also looked at DC transcriptional changes required for optimal Th2 priming in vivo (Walker and
McKenzie 2018). The increased expression of IRF4 and KLF4 in rifampicin stimulated cells suggests
participation of DCs in the development of Th2 cell subset (figure 4-20B). These transcriptional
factors (IRF4, KLF4) directly activate the expression of 11-10, IL-33 and can be induced by various
stimuli including allergen, alarmins and inflammatory stimuli. Interestingly, IRF4 expression does not
correlate with expression of IL-10 in rifampicin stimulated cells (figure 4-20B). This is similar to the

observation made in monocytes and possible relation to antigen presentation in rifampicin reactions.
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Finally, analysis of unstimulated versus rifampicin stimulated cells in pre- and post-SDC did not
reveal any drug specific responses in the NK cell compartment. We then compared unstimulated cells
in pre- and post-SDC samples to study the effect of in vivo drug exposure. We saw an upregulation of
genes associated with cytotoxic NK responses (GZMB, GZMH, GNLY) in highly inflammatory
conditions (CCL4, CD74, CCL4L2) (figure 4-20 D-F). The post-SDC unstimulated cells of patient
10085, showed a phenotype of CD56+ T cells with a high expression of T cell co-receptor CD3E.
Whereas, pre-SDC unstimulated cells were marked by increased expression of inhibitory molecule
TGFBI1 (figure 4-20E) consistent with our CyTOF data where unstimulated cells from pre-SDC and
recovery samples, along with drug tolerant controls had an increased expression of regulatory

molecules (figure 4-11E).
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Figure 1-20: innate immune signatures in rifampicin DRESS
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A) DC analysis approach. Features useful in the identification and characterisation of DCs. Adapted from (Banchereau and Steinman 1998). B) Heatmap shows Z-score
transformed expression of log2 counts (averaged and scaled per gene and antibody) of 6 genes and 22 antibody surface markers related to function and differentiation of DCs
(as specified in section 4.4.8) in three patients, two timepoints and two in vitro stimulation conditions. Yellow box highlights expression of markers related to DC maturation in
rifampicin stimulated cells. Green box highlights expression of markers related to antigen presentation in rifampicin stimulated cells C) Heatmap scaled by patient, timepoint
and in vitro stimulation condition. Purple box highlights markers related to T cell inhibition and immune tolerance in pre- and post-SDC unstimulated cells D) Volcano plot of
gene expression in NK cells from unstimulated pre- compared to post-SDC samples. Genes from the pre-SDC cells up signature are highlighted in blue and genes upregulated
in post-SDC unstimulated cells are highlighted in red for patient 10001, 10085, 10092. Genes with a fold change >0.6 are labelled — excluding patient 10092 genes contributing

to up signature in post-SDC unstimulated cells.
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4.5. Discussion

The functional studies in chapter two and three of this thesis confirm the immunological basis of
rifampicin SCAR, the presence of drug-specific T cells, and putative risk HLA alleles. However,
HLA risk allele show modest odds ratio and there were considerable numbers of drug-tolerant
controls carrying the risk HLA allele. This is like several other drug-HLA risk allele combinations
and has been characterised in the literature as the ‘positive predictive gap’ (Peter et al. 2017). Herein,
we have tried to further characterise the immune profile and the possible presence in the peripheral
blood of drug specific TCR in the pathogenesis of rifampicin DRESS. This exploratory work aimed to
better understand the immunological factors that may contribute to tolerance versus allergy —
especially in the context of HIV. The challenge though has been to disentangling rifampicin-specific
cells from the complex immune dysregulated environment associated with advanced HIV (Phillips
and Mallal 2007; Peter, Choshi, and Lehloenya 2019) as well as the acute immune activation
associated with acute DRESS. We aimed to detect consistent patterns between profiling Cite-seq
profiling and CyTOF analyses, and use both in vitro drug stimulation conditions, drug tolerant
controls, and samples across in vivo drug rechallenge and positive reactions to rifampicin to uncover
relevant immune cell subsets and a more accurate assessment of the functional properties of

rifampicin-specific T cells.

First examining cell counts across sampling conditions, we noted increased frequencies of CD8+ T
cells post SDC. CD8+ T cells were not only prominent in post-SDC samples, but showed a more
activated, exhausted, and terminally differentiated effector memory phenotype compared to pre-SDC
samples. This is consistent to other studies reporting pre-existing memory CD8+ T cells, directed
against either self or foreign antigens as potential sources of drug responsive T cells (Picard et al.
2010; Adam et al. 2014). Post-SDC T cells expressed high levels of CD57, a marker of terminally
differentiated, exhausted and senescent T cells upregulated in chronic inflammation or aging (Pinti et
al. 2016), and this CyTOF expression was consistent with a terminally differentiated and exhausted
gene expression signature (KLRGI, PD-1, CTLA4, EOMES, LAG3 and TIGIT) in Cite-Seq.
Expanded, exhausted T cells are well reported in advanced HIV (Wherry and Kurachi 2015; Lopez
Angel et al. 2021; Ndhlovu et al. 2015). In contrast, T cells from pre-SDC samples showed a more
naive and central memory phenotype with high expression of CCR7, SELL and CD27. It has been
suggested that CD57+ cells secrete cytokines after activation, however, due to increased susceptibility
to antigen-induced cell death, they are unable to undergo cell proliferation (Focosi et al. 2010).
However, there was no difference in the expression of exhausted T cell markers between unstimulated
and rifampicin stimulated T cells in vitro, making it unlikely that antigen-induced apoptosis is
responsible for the CD57 expression (Brenchley et al. 2003). A subset of CD4+ and CD8+ T cells
with co-expression of CD27, CD28, CD45RA and CX3CRI1 suggested the presence of activated T

164



cells with high capacity for proliferation, proinflammatory and cytotoxic responses after antigenic
stimulation (Herndler-Brandstetter et al. 2018; Horiuchi et al. 2001; Tian et al. 2017). In CyTOF

analysis, this co-expression was not observed for drug tolerant controls.

In vitro stimulation with rifampicin significantly increased CD8+ T cell responsiveness in pre- and
post-SDC samples. In our CyTOF data, analysis of intracellular cytokine production following FLTD
and SEB stimulation both showed an increased expression IFN-y, TNF-o and IL-2 in T cells enriched
in DRESS patients than tolerant controls. An excessive inflammatory response characterised by
elevated levels of proinflammatory cytokines and chemokines and extensive keratinocyte death has
been described in DRESS patients (Duong et al. 2017), with circulating CD8+ T cells known to be the
greatest producers of IFN-y and TNF-a (Cho, Yang, and Chu 2017b). In our DRESS patients,
transcriptional expression of many cytotoxic, proinflammatory cytokines and chemokines including
CXCL3, CXCLS5, CXCL13, CCL2, IL1B, TNF-a, PRF1; were dramatically increased upon drug
stimulation. Interestingly, a more potent activation was seen in post- than pre-SDC samples where
upregulated gene expression responses following in vitro rifampicin stimulation mapped towards viral
processing rather than only activated and cytotoxic responses (NKG7, GZMB, GZMH, GNLY) seen
in post-SDC samples, related to in vivo rifampicin stimulation. High levels of CCL17 and CCL22,
ligands of CCR4 and indicators of T cell recruitment and subsequent antigen presentation mediated by
monocytes upon exposure to the culprit drug have been reported in a DRESS patient, and our data is

consistent with this (Kim et al. 2020).

DRESS is thought to have a Th2 phenotype, with Th2 cytokines like IL-5 and IL-13 driving tissue
eosinophilia (Cacoub et al. 2011). We noted The CD4+ T cells showed enrichment of genes in the
cellular responses to IL4 pathway in response to both in vivo and in vitro rifampicin stimulation.
These included TCF7, a transcription factor that promotes Th2 differentiation (Walker and McKenzie
2018). We also found a significantly increased in vitro responsiveness of Th2 cells to rifampicin in the
CDA4+ effector T cells subpopulation, confirmed by surface expression of IL4R (CD124) and minimal
expression of CCR6 (CD196). Surprisingly, we did not observe a corresponding increased expression
of typical Th2 cytokines such as IL-4, IL-5, IL-10, and IL-13. Expression of chemokine CXCR3 and
CD62L have been used to subdivide effector memory TH2 T cells into four distinct subpopulation,
and on antigen stimulation each had diverse cytokine production, with not all sub-populations
showing robust cytokine production (Endo et al. 2014). Therefore, our Th2 cells may represent low
cytokine producing subpopulations, or the lack of robust cytokine production may also suggest

limited drug-specific response amongst the CD4 T-cell compartments.
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Elegant murine studies in abacavir hypersensitivity, have shown that CD4+ T cell depletion increases
DC maturation, thereby providing increased co-stimulatory signals which enable a break in immune
tolerance in the presence of drug and generation of clinical hypersensitivity (Cardone et al. 2018). For
this reason, we wanted to explore the phenotype and activation state of peripheral blood antigen
presenting cells, especially in the HIV infected DRESS samples. Exploring cell numbers, we found a
decreased frequency of monocytes in post-SDC samples, with increases in pre-SDC and drug tolerant
controls; a subset of CD16+ monocytes were uniquely enriched in DRESS recovery samples. In cases
compared to drug-tolerant controls, monocytes overproduced TNF-o and IL-2 following nonspecific
SEB stimulation. An increased production of inflammatory cytokines from myeloid cells have
previously been shown in peripheral blood and site of disease for SCAR patients (de Araujo et al.
2011; Tohyama et al. 2012), however non-specific monocyte responsiveness and variability in
monocyte cell numbers may also reflect non-drug/DRESS changes but rather relate to TB disease
state. Active TB is known to cause increases in circulating monocytes and induce disease-specific

immunosuppression (Lastrucci et al. 2015).

Cite-seq analysis on pre- and post-SDC immune cells, using canonical genes and antibody expression,
identified two subsets of macrophages resembling classical M1 mainly involved in inflammatory
responses and M2 phenotype involved in anti-inflammatory responses (Yunna et al. 2020). In
addition, we identified CD14+ classical and CD14%™ CD16+ non-classical monocytes. Although there
was more resolution at transcriptional level, to maintain substantial number of cells for comparison,
we analysed whole monocytes and macrophages populations. Monocytes in pre-SDC samples with an
increased expression of CD14, expressed genes involved in bacterium responses, whereas in post-
SDC samples showed an inflammatory transcriptional signature enriched with genes related to
cytokine signalling and attraction of effector T cells to the sites of inflammation (Shi and Pamer
2011). These data shows drug-specific monocytes subset responses even without prior resolution by
canonical genes and surface protein markers into CD14+ and CD16+ monocytes. Monocytes from
pre-SDC samples showed enrichment of wound healing pathway which signifies this early recovery
stage, with settled laboratory and clinical findings following acute DRESS and prior to SDC. We also
examined T cell ligands that indicate recent TCR ligation with the present antigen and found
upregulation of CD40 and HLA-DR which may indicate cell-cell interaction for the activation of
rifampicin specific T cells — indicating co-ordinated innate and adaptive communication in the
presence of drug. Additionally, we defined the possible role of DCs in the priming and development
of Th2 cells implicated in the pathogenesis of DRESS. We also observed the lack of IL10 expression
which highlights DCs as possible ignitors of immune responses and their neglect of immunity control

in the presence of rifampicin.
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Very few data exist on the changes in the T regulatory cell compartments in patients affected by
SCAR, particularly in HIV infected patients Consequently, we looked at regulatory T cells and their
functionality in the presence of drug. Regulatory T cells are crucial for regulating immune
homeostasis and self-tolerance. They express transcription factor Foxp3, but can also be identified by
surface expression of CD25 and low or null expression of CD127 (Buckner 2010). They maintain
peripheral tolerance by becoming activated, producing inhibitory cytokines and modulating DC
maturation and function to suppress antigen-specific responses. They also function in a homeostatic
manner to downregulate immune responses against invading pathogens and tumours — this can be
deleterious by limiting infection sterilization or anti-tumour immunity (Vignali, Collison, and
Workman 2008). The was considerable inter-individual variation in the numbers of Tregs, but we did
note the post-SDC samples to have lower percentages of Tregs compared to HIV infected drug
tolerant controls, pre-SDC and recovery samples from HIV infected and uninfected DRESS patients.
Interestingly, drug-tolerant controls show higher expression levels of activation marker (HLA-DR)
and chemokines (CCR6) regulating trafficking to sites of inflammation. These data, along with the
increased expression of TGFf suggests that drug-tolerant controls carrying at risk HLA alleles may

have more Tregs functionality, but considerable further work is necessary to confirm this hypothesis.

With scRNA-seq, we were also able to look at V(D)J sequences for paired T cell receptors and
provide a detailed characterization of expanded clones from T cell repertoires and identify strong drug
specific immune responses that shape the entire immune repertoire in rifampicin DRESS. In a study
explaining the interaction between HLA, carbamazepine and TCR in SCAR, they found public
affTCR with a bias for HLA risk allele. The oligoclonal clonotypes overexpressed cytotoxic and T cell
activation markers in comparison to healthy controls (Pan et al. 2019). In contrast, our data
demonstrated interindividual heterogeneity of TCR repertoire and T cell clones overrepresented in the
CD8+ T cell clusters with multiple phenotypes and functionally divergent. In an attempt to explore for
any shared antigen-specificity between the TCR repertoires of our patients, we used the GLIPH2
algorithm applied to the three rifampicin DRESS patients. We inferred HLA restrictions by only
analysing patients with HLA-B*4403. We then prioritised TCR specificities groups shared among
three patients and present the pre- and post SDC timepoints and unstimulated and rifampicin
stimulated conditions, with interesting hypothesis generating results. T cells bearing TCRs with the
SQVP group were found across all three patients and had a massive production of cytokines similar to
what have seen ELISpots and single cell immune profiling following drug stimulation. When cells
from one patient were stimulated with rifampicin, we observed an increased expression of IFN-y and
cytotoxic molecules as compared to unstimulated cells. This indicates that T cells with TCRs from
SQVP group, have a higher ability to respond in vitro to rifampicin stimulation producing molecules
that drive inflammatory responses and T cell mediated apoptosis. None of the TCR similarity groups

overlapped with the TCR groups associated with MTB disease outcomes (Musvosvi et al. 2023) and
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CMV TCR repertoire (Attaf et al. 2020). However, comparisons to clonotypes driven by HIV antigens

and other HHVs remains unknown.

Several studies described the upregulation of granzyme B, perforin and granulysin among other
cytotoxic and inflammatory markers and they have been suggested as biomarkers of severity (Peter et
al. 2017; Chung et al. 2008). These cytotoxic markers can be linked to NK as well as T cells, and thus
we explored NK cell populations as part of our analyses. Indeed, we found a more activated,
inflammatory, and cytotoxic NK compartment in the post-SDC compared to the pre-SDC
unstimulated cells demonstrating the immune activation of in vivo drug exposure. However, we did
not observe any differences between unstimulated and rifampicin stimulated cells in vitro. Therefore,
it was unclear if the emerging cytotoxic pattern in NK cells was the results of general
immunopathology induced by SCAR and non-specific NK responses in an hyperactivated

microenvironment or results of an innate lymphoid response relevant to DRESS immunopathogenesis.

This part of the study has several limitations. Firstly, we had low numbers of DRESS patients and
drug tolerant controls in our CyTOF data, therefore having insufficient statistical power for grouped
analyses. Similarly, in our scRNA-seq analysis, we had only three patients, who were chosen on the
basis of similar clinical characteristics and presence of HLAB44:03 carriage, limited any comparison
to those without HLA-B*4403 carriage, or to HIV negative rifampicin DRESS and drug tolerant
controls. Secondly, due to the fact that oral sequential drug challenge was not standardised, and
rifampicin was re-introduced at different times across the time course of both DRESS and TB disease,
some of the differences that we have noted may not relate to drug, but rather acute DRESS and
recovery, or active TB disease with different amounts of exposure to sterilising medications.
Furthermore, the post-SDC sampling time-point did not always occur immediately at the onset of
symptoms, being performed hours to days following onset of symptoms and reaction to rifampicin on
re-exposure. This may also add additional complexity to the interpretation of this data. Thirdly, our
CyTOF antibody panel did not include surface markers for a thorough subpopulation of T cell
phenotypes, or identification of all innate and innate-like immune cells or unconventional T cells
subsets such as MAIT cells. To an extent this was mitigated by the expanded cell phenotyping
afforded by Cite-seq.

In conclusion, in rifampicin DRESS patients, we have found: i) both T cells lineages with increased
expression of activation, exhaustion and senescence markers; ii) skewing of CD4+ T cell activation
towards Th2 functional phenotype; iii) increased CD8+ effector T cells; iv) high expression levels of a
variety of cytokines and chemokines, from proinflammatory to cytotoxicity in active reaction (post-
SDC and rifampicin stimulated cells), to those that inhibit immune responses largely in early recovery

(pre-SDC unstimulated cells); v) T cell clones with a shared TCR specificity group with increased
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inflammation upon rifampicin in vitro stimulation; and vi) a mature innate immune cell compartment
that promotes activation of T cells, not induction of peripheral tolerance. Our analyses provide an the
first in depth characterisation of DRESS in persons living with HIV, and an introductory
understanding to immunological factors that mediate transitions from drug tolerance to reaction in
rifampicin DRESS. It offers a framework for future in-depth investigations into the roles of innate
immune cells, drug specific T cells influx at the site of disease and confirm tissue specificity of T cell

clones bearing SQVP TCR specificity group.
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Chapter 5 - Site of disease
5.1. Introduction
In chapter 4 we examined the peripheral blood compartment of three SCAR patients. The limitations
of this compartment compared to site-of-disease samples meant that we actively tried to collect skin
biopsies for Cite-seq immune profiling to match with our peripheral blood compartment findings. The

only patient where this was possible was patient 10085 transcriptional profile in rifampicin induced

DRESS.

Site of disease samples shown to have enriched populations of infiltrated and pathogenic lymphocytes
(Chung et al. 2008; Kim et al. 2020). Skin infiltrating T cells express genes involved in T cell
activation, proliferation, and migration such as (JAK3, STATI1, IL2RG, MKI67 and CCR10) (Kim et
al. 2020). However, little is known about the comprehensive expression programs and functional
states of skin-infiltrating T cell populations, particularly in an immune state complicated by HIV TB
co-infection. In this chapter we attempted to profile and characterized the types and states of skin-
infiltrating T cells isolated from frozen lesioned and non-lesioned skin biopsies collected during an

oral additive sequential drug challenge.

5.2. Materials and Methods

5.2.1. Patient characteristics — 10085 affected and non-affected skin

A 41-year female diagnosed with HIV in 2018, developed skin and systemic signs and symptoms
associated with adverse drug reaction thirty-two days after starting Rifafour — a fixed drug
combination for the treatment of drug susceptible tuberculosis. The patient presented at a primary care
hospital with a 55% body surface area skin rash characterised by exanthema, erythema, epidermal
necrolysis which affected the trunk, legs, arms, palms, and soles. The patient was antiretrovirals naive
and the most recent CD4 count, measured close the onset of major reaction was 39 cells/mm?. Notable
laboratory findings were high eosinophils in the acute stage of the ADR (7 days since symptoms
onset) and on SDC reaction to rifabutin, liver enzymes were also elevated in the acute stage, pre-SDC
and post-SDC rifampicin and rifabutin reactions. We measured the viral copies of HHV6, EBV and
CMV in the plasma samples collected longitudinally and observed detectable levels on CMV in all
samples with the highest viral load noted in the post-SDC rifampicin reaction plasma (figure 4-6B).
Sequential drug challenge is the gold standard for diagnosis and management of FLTD induced ADRs
at Groote Schuur hospital. The first of the four FLTD to be re-introduced was isoniazid followed
fifteen days after symptoms onset, followed by rifampicin after twenty-three days. Five days later, the
patient reacted to rifampicin and clinical manifestations included itching, burning and visible rash

characterised by exanthema and erythema (figure 4-6B).

170



5.2.2. Skin biopsy collection

Patient 85 4mm across and 6mm deep skin biopsy of lesioned skin was sampled within 24 hours of
the positive reaction to rifampicin re-exposure (figure 5-1A). This was 30 days after the acute onset of
systemic and skin signs and symptoms. Three (2X lesioned and 1X non-lesioned) skin biopsies were
collected in R10 media for cryopreservation (1X lesioned and 1X non-lesioned) and formalin (1X

lesioned) for histology.

5.2.3. Immunohistochemistry and immunofluorescence

Skin biopsy for histopathology was prepared and analysed as reviewed and detailed here (Chimbetete
et al. 2022; Chimbetete et al. 2023). We used basic immunohistochemistry (IHC) to stain CD3, CD4,
CDS8 and CD45RO+ T cells. We also established an immunofluorescence assay in our laboratory to
further identify T cell subpopulations, including regulatory T cells and their location in the skin.
Confocal microscopy was used for visualization and visual semi-quantitative analysis scoring systems
or a quantitative analysis counting positive cells per high powered field were the two quantification

methods used (Chimbetete et al. 2022; Chimbetete et al. 2023).

5.2.4. Skin biopsy cryopreservation and shipping to VUMC for analysis

For cryopreservation, skin biopsies were transferred into 1ml cryovial containing 20% DMSO in
foetal bovine serum (FBS) and stored in strata cooler at -80°C overnight and transferred to cryobox
the next day for long term storage. The cryopreserved skin biopsies were shipped on dry ice to
VUMC in February 2020, with non-optimal cold chain in transit — which could have possibly had an

effect on the low cell numbers after thawing and single cell suspension.

5.2.5. Single cell suspension, TCR sequencing, Cite-seq/Total Seq

To achieve single cell suspension for Cite-seq including TCR sequencing, we collaborators at VUMC
performed skin digestion using collagenase P enzyme (Sigma). The skin biopsy was thawed in August
2021, following 20 months of cryopreservation. Collagenase P solution was prepared by dissolving
60mg of lyophilized powder in 10ml of sterile 1XPBS to make 6mg/ml stock concentration. Cryovials
of affected and non-affected skin biopsies were thawed in 37°C water bath. The FBS/DMSO was
removed, and biopsies were washed with R10 media then transferred to a petri dish, chopped with
scissors until finely minced. The skin bits were transferred to 15ml conical tube and topped up with
R10 to bring the volume to Sml. One millilitre of collagenase P (6mg/ml) and 25ul of DNase I
(20mg/ml) were added. The tubes were incubated at 37°C for 90 minutes with gentle agitation. After
digestion, cells were passed through a 70um strainer using a syringe plunger. To wash the cells, 15ml
of 1XPBS was added and centrifuged at 400g for 7 minutes. Cells were lysed for 3 minutes with 3ml
ACK lysis buffer (life technologies) and then washed again with 30ml 1XPBS. Cells were counted,
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pelleted and the 10X genomics sample preparation and staining were followed as outlined in section

4.2.4.

5.2.6. Data analysis — Cite-seq
Data analyses including normalization, clustering, visualization, and differential analysis were

performed as outlined in section 4.2.4.
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5.3. Results

5.3.1. Histopathology and immunohistochemistry report

The haematoxylin and eosin (H&E) staining showed the dermis with an interstitial and perivascular
lymphohistiocytic dermatitis with pigmentary incontinence and oedema with no eosinophils. The
pathological diagnosis was an interface, erythema multiforme-like dermatitis of the vacuolar
degeneration type (appendix, section 5.1, histology report). In comparison, a skin biopsy of an HIV-
infected drug tolerant control showed no histopathological and morphological changes in both dermal
and epidermal compartments, as well as a low distribution of inflammatory infiltrates compared to

those observed for patient 85 lesioned skin (figure 5-1B).

Immunohistochemistry of the same skin biopsy stained with anti-CD3, CD4, CD8, CD45RO and a
triple staining immunofluorescence panel of CD3+CD4+FoxP3+ specific for Tregs; confirmed
infiltration of T cells to the site of disease. Majority of skin infiltrating T cells were found in the
superficial dermis, and minimally at the dermo-epidermal junction and in the epidermis. Overall,
dermal (and epidermal) CD4+ T cell infiltrates were lower when compared to CD8+ T cells, with an
average number of positive cells per high-powered field of 26 versus 67 dermal T cells respectively,
P=0.03. Expression of effector memory T cells was assessed using the CD45RO marker. CD45RO+
T cells predominated across CD3+ T cell infiltrates in the dermis, although no dual staining was
carried out to determine which T cell sub-population (CD4, CDS) displayed a higher effector memory
phenotype. The average density of Tregs in the dermis (number of CD3+CD4+FoxP3+ Tregs divided
by the average dermal area) and frequency (CD3+CD4+FoxP3+ Tregs as a percentage of dermal
CD3+CD4+ T cells present) over three high-powered field (X60) stitched panel images was low and
very sparse, with almost none appearing in the epidermis. Overall, the few Tregs observed were in the
superficial dermis, appearing in clusters of CD3+CD4+ T cells, with an average density and

frequency of 10 cells/mm? and 20%, respectively (figure 5-1C).

173



Patient 10085 HIV positive, rifampicin induced definite DRESS
Macroscopic: right upper back, 55% body surface area skin rash, exanthema, erythema. Microscopic: interface,
erythema multiforme-like dermatitis of vacuolar degeneration type.

() E

Figure 1-1: Rifampicin DRESS affected skin biopsy histology and immunohistochemistry

A) Post-SDC reaction to rifampicin skin biopsy site. Skin biopsy collected 24 hours after SDC reaction to
rifampicin, at day 30 after onset of systemic and skin symptoms. Signs and symptoms on rifampicin re-exposure
were similar to onset, including itching, burning and rash characterised by exanthema and erythema. B)
Haematoxylin and eosin staining of punch skin biopsy from patient 10085 and normal skin from HIV+ drug
tolerant control (top right corner of H&E image). C) Second and third panels illustrate immunohistochemistry
results of the same skin biopsy stained with CD3, CD4, CD4 and C45RO0 antibodies for detection of T cell
subsets infiltrating the dermis and epidermis of patient 10085 (rifampicin DRESS). Lower two panels are
immunofluorescence staining with CD3, CD8, CD4 and FoxP3 to detect T cells and further subpopulation to
quantify regulatory T cells among CD3+CD4+ T cells (Chimbetete et al. 2023).
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5.3.2. Cite-seq immune profiling in affected and unaffected skin biopsy.

In our affected and unaffected skin biopsy SCRNA-seq experiments we targeted 5000 cells in affected
and unaffected skin. However, only 203 major immune cells were recovered after removal of doublets
and normalization (figure 5-2B), making our findings in this experiment of limited value.
Nevertheless, we conducted cautionary exploratory analyses of the small number of cells, focused on
T cells and monocytes enriched in both affected and unaffected samples. Unsupervised clustering and
the UMAP shows clusters of cells found in the skin — determined by expression of canonical genes

and lineage surface expression markers (figure 5-2A).

CD8+ T cells.

Consistent with our analysis of drug specific peripheral T cells in sc-RNAseq and CyTOF data, CD8+
T cells in affected skin showed a significant upregulation of genes related to memory phenotype and
maturation (IL7R — CD127, IL2RG, CD52) (Martin and Badovinac 2018), co-stimulation markers
highlight monocyte-T cell interaction for T cell activation (CD2, LINC01871) (Binder et al. 2020)
and proliferation regulation (MT2A, SH3BGRL3) (Subramanian Vignesh and Deepe 2017) (figure 5-
2C).

Monocytes.

Monocytes/macrophages in the affected skin biopsy were more activated, proinflammatory (IL1B,
CCL3, CCL4, TIMP-1), and expressed neutrophil attracting chemokines (CXCL2, CXCLS), which
extravasate in the vicinity of perivascular macrophages (Heath and Carbone 2013). Affected skin
monocytes also highly expressed known mediators of IL1B production (NFKBIA) (Sutterwala,
Haasken, and Cassel 2014), monocytes migration (CXCL3, CCL2), T cells chemoattractant
(CCL3L1, CCL20) (Kupper and Fuhlbrigge 2004) (figure 5-2D).

TCR clonotypes.

We had limited number of cells with TCR a- chain and TCR B-chain to define clonotypes for

downstream analysis.
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Figure 1-2: Single cell gene expression of profiling of immune cells in affected skin biopsy of rifampicin
induced DRESS

A) The UMAP projection of skin cells from rifampicin induced DRESS skin biopsies, showing the formation of 15
clusters in different colors. The description of each cluster is determined by expression of canonical genes. Cells
on the left are from affected skin biopsy and right were from unaffected skin biopsy. B) Major immune cell
numbers in affected and unaffected skin. C) Differential gene expression of CD8+ T cells in affected compared
unaffected skin. Reported are the genes highly and significantly (after FDR correction for multiple comparisons)
expressed in the CD8+ T cells cluster in affected skin. D) Differential gene expression of monocytes in affected
compared unaffected skin. Reported are the genes highly and significantly (after FDR correction for multiple
comparisons) expressed in the monocytes cluster in affected skin.

5.4. Discussion

Here, we attempted to demonstrate and characterise immune cells that drive rifampicin DRESS
pathology. The histopathology results forms part of the work published in our lab (Chimbetete et al.
2023). Our Cite-seq data were heavily limited by skin biopsy storage and shipping, digestion
techniques and the amount of skin at the start of digestion to achieve single cell suspension.
Experiments could not be repeated to the lack of paired site of disease samples for the participants
included in this thesis. Therefore, we are very cautious to form any conclusive remarks based on these
limitations. Future experimental plans to look at the site of disease are outlined in section 6.16 of this

thesis.
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Chapter 6 — Future directions and Conclusion

6.1. Future directions

In this thesis we have presented genetic, immunological, and viral factors related to development of
SCAR in HIV-TB co-infected patients. An easy performance in vitro assay (ELISpot) allowed us to
establish the immunological basis of first line anti-tuberculosis drug induced SCAR, and this
optimized assay has already impacted patient care and received international recognition. We
identified and substantiated the importance of HLA risk alleles in the development of SCAR
suggesting a putative risk HLA-B allele for rifampicin DRESS, and specificity of drug responsive T
cells. High dimensional single cell analysis including CyTOF and sc-RNAseq afforded the first
insights and exploration of DRESS in the context of HIV and TB co-infection, with advancement in
our understanding of phenotype, differentiation, and functions of drug-specific T cells. The inclusion
of drug tolerant controls carrying HLA risk alleles greatly contributed to the exploration of immune

state associated with drug allergy and tolerance, in the context of HIV.

6.1.1. Drug-specific T cells to first-line anti-tuberculosis drugs

In Chapter 2, we discussed our efforts to optimize an ELISpot assay to confirm the specificity of drug
responsive T cells and identify causative drug in a multi-drug regimen. In terms of diagnostics, an
important aspect of SCAR management is the early withdrawal of causative drugs and supportive
therapy to reduce life threatening complications. Causative drugs with long half-lives remain a
dreaded complication associated with major morbidity and mortality (Rajaratnam et al. 2010).
Traditional diagnostics to identify causative drug in SCAR have included chronology of drug
exposure, patch testing and oral drug rechallenge if multiple drugs have been taken. These remain

limited by the time they can be conducted and the risk of severe relapse on drug re-introduction.

ELISpot, LTT and cytometry-based assays are in vitro tests used to measure peripheral blood
mononuclear cell responses to culprit drugs in patients with SCAR. In our study we focused on
ELISpot assay, and even in our best performing drug, namely Rifampin, several limitations remain
including sensitivity, specificity, reproducibility, and standardization for routine testing. Although
rifampicin ELISpot is already proving clinically useful despite limited sensitivity, the other three
FLTD (pyrazinamide, ethambutol, and isoniazid) could not be linked in vitro to the immunological
mechanism of SCAR. Thus, further ELISpot optimization and development is required. The next
steps we are considering and working on include: i) immune augmentations such as addition of IL-2
(Kato et al. 2017), or alpha-galacotsylceramide (Klaewsongkram et al. 2021); ii) longer drug
incubations (Chessman et al. 2008) to improve antigenicity in immunoassays; iii) use of fresh rather

than frozen PBMCs; and iv) the use of metabolites. To date, others have examined the use of
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adjuvants but found issues of high background and false positive results (Janetzki et al. 2015),
emphasizing the need to interpret laboratory results in the context of clinical testing, and continue

trying several different optimization strategies.

6.1.2. Pharmacogenomic risk for FLTD-associated SCAR

In recent years, population specific predictive testing for HLA risk prior to starting a certain SCAR
offending drugs has been introduced into routine clinical practice. The best examples is HLA-
B*57:01 prior to starting abacavir which has nearly eliminated DHS secondary to abacavir (Mallal,
Phillips, Carosi, Molina, Workman, Tomazic, Jigel-Guedes, et al. 2008), but HLA-B*15:02 prior to
carbamazepine use is also used in many Asians countries (Ferrell and McLeod 2008). In these HLA
risk alleles, the associations were very strong with odds ratios >100 and 100% negative predictive
value. Furthermore, with abacavir the positive predictive value is more than 50% meaning in
populations with high HLA-B*57:01 prevalence number needed to test is as low as 30. However,
many HLA risk associations, similar to what we have noted in this thesis, show more modest odds
ratio and low positive predictive values, limiting immediate clinical use and likely indicating
important aspects of immunopathogenesis such as that risk may relate to certain shared features across
groups of HLA risk alleles e.g., peptide binding specificities. In our context, given the lower-than-
expected odds ratio for HLA-B*44:03 and HLA-B*15:01, our immediate next steps are a larger
sample sizes of cases to validate these risk alleles conclusively. Similarly, we are looking to increase
our numbers for other FLTD-SCAR combinations so that we have adequate power to uncover risk
alleles for the other three first-line anti-TB drugs, as well as considering whether any of our multiple
drug hypersensitivity phenotypes we see have unique HLA associations. Understanding the positive
predictive gap, in this thesis we also examined for any other gene polymorphisms that contribute to
hypersensitivity or tolerance including ERAP and KIR genes that have strong epistatic associations
with HLA. We did note differences including higher frequency of efficient ERAP1 functional
haplotypes in rifampicin SCAR compared to tolerant controls and possible regulation of NK and CTL
responses in tolerant controls through KIR inhibitory receptor and HLA-B risk alle cognate ligand,
however all were underpowered. Thus, enlarging our sample size will be critical to allow us to make
more definitive conclusions of how HLA gene risk, ERAP polymorphisms and KIR haplotypes
impact outcomes following rifampicin exposure. There have also been pharmacogenomic associations
between adverse drug reactions and ADME genes. For instance, NAT2 polymorphism have been
associated with FLTD DILI (Huang et al. 2002). Further work will explore if polymorphism that

change drug concentration also increase the risk of hypersensitivity in at-risk individuals.

179



6.1.3. How Rifampicin interacts with the peptide-MHC:TCR immune synapse

This thesis work has detected drug-specific T cells recognizing the parent drug rifampicin, identified
putative HLA and possible ERAP pharmacogenomic risk, as well as suggesting groups of TCRs that
may be involved. Using in silico modeling tools we have several possible locations for rifampicin to
bind HLA-B*44:03 and HLA-B*15:01; the highest sites include interacting with peptide, and between
the HLA a-chain and B2-microglobulin in a manner that suggests it might stabilize the peptide-MHC
complex. In-depth in vitro work is now planned to better understand where rifampicin binds to the
peptide-MHC:TCR complex, if antigen processing is required, and if our suggested TCR grouping
does in fact represent the offending clones. We will use two approaches for investigation: i) a Jurkat
reporter cell line, electroporate with TCRs of interest (including SQVP TCR specificity group). These
T cells will be cultured with patient B cell line or single antigen cell line expressing HLA-B*44:03
and HLA-B*15:01 pulsed with peptides including CMV and HIV antigens in the presence of
rifampicin. In this assay different in vitro conditions will allow to monitor drug specific T cell
activation as well as inhibition ii) a T cell cloning assay to expand drug specific T cells stimulated
with rifampicin. The proliferative drug specific T cells will also be co-cultured with APCs and under
different in vitro stimulation conditions, we will investigate the interaction of rifampicin with proteins
involved in the antigen processing and presentation and required peptides (if any) for T ell

recognition.

6.1.4. Changing co-stimulatory phenotypes in antigen presenting cells in person
living with HIV

Many questions remain regarding how diverse co-stimulatory and inflammatory signals influence
antigen presenting cells to shape the transcriptional and functional landscape in a manner that favours
tolerogenic versus cytotoxic T cells in drug hypersensitivity. The elegant murine studies by the
Norcross laboratory first examining how CD4 T-cell depletion leads to increased DC co-stimulation
and consequent generation of cytotoxic CD8 T cells causing SCAR, and more recently in the role of
tissue-resident Kupffer cells of the liver in suppressing flucloxacillin-reactive CD8 T cells preventing
drug-induce liver injury highlight i) the important influence of APCs on drug hypersensitivity
outcomes, ii) that APCs can be both beneficial and harmful, and iii) that several factors influence
APC phenotypes (Cardone et al. 2018; Ananthula et al. 2023). In Chapter 4 we also explored
circulating antigen presenting cells showing drug-stimulated activation of monocytes and cytokine
production, as well as changing phenotypes across the time-course our samples. However, it is hard to
dissect the drivers of these phenotypes and what direct they influence drug-specific T cells and the
clinical phenotype. We are currently discussing and considering the best future methods for studying
this important aspect of drug hypersensitivity pathogenesis in the context of HIV. Potential options
include an HLA-B*44:03 transgenic murine model, while the other involves a shift to focus on drug

tolerant persons carrying the risk HLA alleles during the first six weeks of anti-TB treatment. The
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volume of TB patients in South Africa allows consideration of such an approach, but sample size and
resource requirement would be considerable. In addition, given both the flucloxacillin DILI
mechanistic work, as well as elegant spatial transcriptomic work in atopic dermatitis highlighting the
exceptionally small number, yet profound influence of only a few resident antigen presenting cells in
driving AD pathology, study of skin is critical (Schébitz et al. 2022). We now have a major focus to
study antigen presenting cells and their phenotypes at the site-of-disease in rifampicin DRESS skin
biopsies using high dimensionality approaches such as imaging mass cytometry or spatial

transcriptomics.

6.1.5. A critical role for regulatory T cells for ensuring tolerance to Rifampicin.
Immune homeostasis is maintained by FoxP3+ Tregs and other immune cells producing suppressive
cytokines such as IL-10 and TGF-f which counter responses of autoreactive T cells and provides
negative regulation of cytotoxic responses (Vignali, Collison, and Workman 2008). In fact, regulatory
T cells have also been shown to be dramatically expanded and functional in the acute stage of
DRESS, whereas in SJS/TEN they were diminished. Another student in our laboratory, using
immunofluorescence staining for CD4, CD25 and FoxP3+ demonstrated no differences in T-
regulatory numbers in the skin of HIV infected compared to uninfected DRESS cases, including
rifampicin DRESS. Furthermore, in a DRESS patient with a slow onset of positive drug reaction
symptoms following rifampicin re-exposure, Treg infiltrates were very high, likely demonstrating
their homeostatic role to counteract effector T-cell responses (Chimbetete et al. 2023). These findings
are consistent with the variable number of T-regs in the peripheral blood compartment of the
rifampicin DRESS patients in this cohort. However, in our exploratory analyses of T-reg functionality
there was a suggestion of increase HLA-DR activation amongst Tregs from drug-tolerant and
recovering DRESS, and reduced expression of TGF-3 and transcription factors T-bet, IRF4 and
STAT3 in Tregs from rifampicin DRESS patients. Tregs with this profile are likely unable to suppress
Thl and Th2 responses (Zheng et al. 2009; Schietinger and Greenberg 2014). Based on this we
hypothesize that peripheral lymphoid derived FoxP3+ Tregs infiltrating the skin, lack distinct tissue
and drug specific molecular signature to control drug specific inflammatory and cytotoxic responses.
This hypothesis needs to be explored in future work, including by characterisation of Tregs at the site
of disease (skin and blister fluid) of both acute and recovery DRESS patients to examine their
suppressive capabilities in localised inflammation across longitudinal sampling, as well as compared
to drug tolerant controls. In fact, similar to the work examining the polarity of antigen presenting
cells, the ideal studies to conduct our prospective cohorts across the first six weeks of anti-TB
treatment in at risk individuals. Additional questions that we will consider during the course of this
planned future work, includes: i) what are the molecular alterations in signalling that would account
for Treg hypo responsiveness in at risk individuals? ii) what functions, if any may Tregs that are

functionally deficient have in response to drug specific cytotoxic cells? and iii) is the functional
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deficiency a consequence of advanced HIV-related immune suppression (in other words confined to

persons living with HIV)?

6.1.6. Cutaneous immune cells and drug specific responses in the skin

During the course of this thesis, we worked hard to optimise shipping and sample processing methods
for handling rifampicin DRESS skin biopsies. However, this has not yet been successful, and until
recently we lacked 10X genomic capabilities at the University of Cape Town. We attempted shipping
and processing of skin biopsy sample from patient 10085, however, due to suboptimal freezing
conditions when shipping frozen skin biopsies to out collaborators at Vanderbilt University Medical
Centre for processing and Cite-seq, there was a huge loss of cells during skin processing and
considerable cell clumping. Thus, although we present some exploratory analysis of the sample, we
were unable to perform most of our downstream analyses involving major immune cells. We have
now optimised these methods and await the appropriate patient for sampling and analyse. In that
initial analysis, the focus will be on examining the site-of-disease TCR repertoire to see if we can
confirm tissue specificity of T cells bearing TCRs with the SQVP motif. Furthermore, the detection
and characterisation of antigen presenting cells will also be important as we continue to study the

interplay between the innate immune system and promotion of drug responsive T cells.

6.2. Conclusion

SCARs remain one the most challenging syndromes to diagnose, understand and treat, especially in
HIV TB co-infected individuals. In this thesis we have begun to detail the immune phenotype of
rifampicin SCAR in the context of HIV TB co-infection, using our unique setting of supportive care
(not oral corticosteroids) and in vivo drug provocation to allow insights into drug-stimulated immune
activation. We noted differences in several relevant immune compartments, including antigen
presenting cells, regulatory T cells, and drug-specific T-cell clonotypes. Examining for HLA risk
associations, we have noted an association with HLA-B*44:03 possibly modulated by ERAP
haplotypes. However, all our genetic exploratory work needs larger sample sizes for confirmation,
while our mechanistic work requires site-of-disease single-cell study. Considerable further in vitro
mechanistic work as mapped out in this chapter is also required to confirm putative mechanisms for
how rifampicin interacts with pMHC:TCR. Furthermore, additional larger studies both in humans and
with animal models are warranted to explore immune tolerance in those carrying at risk HLA alleles,
and the critical roles of antigen presenting cell phenotypes and regulatory T-cell functionality in drug

tolerance and hypersensitivity.
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Appendix
1.1. Naranjo scaling

Naranjo Adverse Drug Reaction Probability Scale

Question Yes | No Do Not | Score
Know
1. Are there previous conclusive reports on this reaction? +1 0 0
2. Did the adverse event appear after the suspected drug was administered? +2 -1 0
3. Did the adverse reaction improve when the drug was discontinued or a +1 0 0

specific antagonist was administered?

4. Did the adverse event reappear when the drug was re-administered? +2 -1 0

5. Are there alternative causes (other than the drug) that could on their own -1 +2 0
have caused the reaction?

6. Did the reaction reappear when a placebo was given? -1 +1 0

7. Was the drug detected in blood (or other fluids) in concentrations known +1 0 0
to be toxic?

8. Was the reaction more severe when the dose was increased or less severe | +1 0 0

when the dose was decreased?

9. Did the patient have a similar reaction to the same or similar drugs in any +1 0 0
previous exposure?

10. Was the adverse event confirmed by any objective evidence? +1 0 0

TOTAL SCORE:

Modified from: Naranjo CA et al. A method for estimating the probability of adverse drug reactions. Clin
Pharmacol Ther 1981; 30: 239-245.
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1.2. ALDEN algorithm

Table 5 Details of the algorithm of drug causality for epidermal necrolysis (ALDEN)

Criterion Values Rules to apply
Delay from initial drug component Suggestive +3 From 5 to 28 days -3to3
intake to onset of reaction (index day)
Compatible +2 From 29 to 56 days
Likely +1 From 1to 4 days
Unlikely -1 >56 Days
Excluded -3 Drug started on or
after the index day
In case of previous reaction to the same drug, only changes for:
Suggestive: +3:from 1to 4 days
Likely: +1:from 5 to 56 days
Drug presentin the body on Definite 0 Drug continued up to index day or stopped at a time point less -3to0
index day than five times the elimination half-life? before the index day
Doubtful -1 Drug stopped at a time point prior to the index day by more than
five times the elimination half-life? but liver or kidney function
alterations or suspected drug interactions® are present
Excluded -3 Drug stopped at a time point prior to the index day by more
than five times the elimination half-life?, without liver or kidney
function alterations or suspected drug interactions®
Prechallenge/rechallenge Positive specific for SJS/TEN after use of same drug —2to4
disease and drug: 4
Positive specific for SJS/TEN after use of similar® drug or other reaction with
disease or drug: 2 same drug
Positive unspecific: 1 Other reaction after use of similar¢ drug
Not done/unknown: 0 No known previous exposure to this drug
Negative —2 Exposure to this drug without any reaction (before or after
reaction)
Dechallenge Neutral 0 Drug stopped (or unknown) -2o0r0
Negative —2 Drug continued without harm
Type of drug (notoriety) Strongly associated 3 Drug of the “high-risk”list according to previous case—control studiesd -1to3
Associated 2 Drug with definite but lower risk according to previous
case-control studies?
Suspected 1 Several previous reports, ambiguous epidemiology
results (drug “under surveillance”)
Unknown 0 All other drugs including newly released ones
Not suspected —1 No evidence of association from previous epidemiology
studyd with sufficient number of exposed controls¢
Intermediate score = total of all previous criteria -11to 10

Other cause

Possible —1

Rank all drugs from highest to lowest intermediate score

If atleast one has an intermediate score >3, subtract 1 point
from the score of each of the other drugs taken by the patient
(another cause is more likely)

Final score—12t0 10

<0, Very unlikely; 0-1, unlikely; 2-3, possible; 4-5, probable; 26, very probable.

ATC, anatomical therapeutic chemical; SJS, Stevens-Johnson syndrome; TEN, toxic epidermal necrolysis.

2Drug (or active metabolite) elimination half-life from serum and/or tissues (according to pharmacology textbooks, tentative list available in complementary table), taking into
account kidney function for drugs predominantly cleared by kidney and liver function for those with high hepatic clearance. ®Suspected interaction was considered when more

than five drugs were present in a patient’s body at the same time. <Similar drug = same ATC code up to the fourth level (chemical subgroups), see Methods. 9See definitions for
“high risk,""lower risk,”and “no evidence of association”in Methods, ref. 15 (detailed list available in complementary table).
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2.1. Drugs working solutions preparation

Rifampicin (0.1g powder in 2mL methanol) (desired stock 50mg/mL)
. Reconstitute 100mg in 2mL methanol — 50mg/mL = 50 000ug/mL

. Then put 0.5mL vials and store
e  Then put 0.5mL in 4.5mL R10 to give 10 000ug/mL (starting stock concentration) — total 5 mL

V1 =100 ul
C1 V2 =200 ul (= 100+100 ul) C2
Stock drug concentration Dilution starting Working drug concentration Volume working drug added to Volume cells/media added to Final drug concentration
(ug/mL) stock (ug/mL) plate (ul) plate (ul) (ug/mL)
10 000 1:2 5000 100 100 2500
10 000 1:20 500 100 100 250
10 000 1:200 50 100 100 25
Pyrazinamide 0.5g powder (desired stock 50mg/mL)
Reconstitute 0.5g in 10mL DMSO — 50mg/mL = 50,000ug/mL
Then put 1mL vials and store
Then put 1mL in 1.5mL R10 to give 20 000ug/mL (starting stock concentration) — total 2.5mL
V1 =100 ul
C1 V2 =200 ul (= 100+100 ul) Cc2
Stock drug concentration Dilution starting Working drug concentration Volume working drug added to Volume cells/media added to Final drug concentration
(ug/mL) stock (ug/mL) plate (ul) plate (ul) (ug/mL)
20 000 1:2 10 000 100 100 5000
20 000 1:20 1000 100 100 500
20 000 1:200 100 100 100 50
Isoniazid 0.5g powder — (desired stock 50mg/mL)
e  Reconstitute0.5g in 10mL water — 50mg/mL = 50,000ug/mL
e  Then put 1mL in 1.5mL R10 to give 20 000ug/mL (starting stock concentration)
V1 =100 ul

C1

V2 = 200 ul (= 100+100 ul)

C2

Stock drug concentration

Dilution starting

Working drug concentration

Volume working drug added to

Volume cells/media added to plate

Final drug concentration

(ug/mL) stock (ug/mL) plate (ul) (ul) (ug/mL)

20 000 1:2 10 000 100 100 5000
20 000 1:20 1000 100 100 500

20 000 1:200 100 100 100 50
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Ethambutol 0.5g powder — (desired stock 50mg/mL)
e  Reconstitute 0.5g in 10mL water — 50mg/mL = 50,000ug/mL
e  Then put 1mL in 1.5mL R10 to give 20 000ug/mL (starting stock concentration)

V1 =100 ul
C1 V2 =200 ul (= 100+100 ul) C2
Stock drug concentration Dilution starting Working drug concentration Volume working drug added to Volume cells/media added to plate Final drug concentration
(ug/mL) stock (ug/mL) plate (ul) (ul) (ug/mL)
20 000 1:2 10 000 100 100 5000
20 000 1:20 1000 100 100 500
20 000 1:200 100 100 100 50
2.2. Plate layout
Sample ID 116 156 157 160
1 2 3 4 5 6 7 8 9 10 11 12
A aCD3 aCD3 aCD3 aCD3 aCD3 aCD3 aCD3 aCD3 aCD3 aCD3 aCD3 aCD3
B EMB 50 EMB 50 EMB 50 EMB 50 EMB 50 EMB 50 EMB 50 EMB 50 EMB 50 EMB 50 EMB 50 EMB 50
C INH 50 INH 50 INH 50 INH 50 INH 50 INH 50 INH 50 INH 50 INH 50 INH 50 INH 50 INH 50
D PZA 50 PZA 50 PZA 50 PZA 50 PZA 50 PZA 50 PZA 50 PZA 50 PZA 50 PZA 50 PZA 50 PZA 50
E RIF 25 RIF 25 RIF 25 RIF 25 RIF 25 RIF 25 RIF 25 RIF 25 RIF 25 RIF 25 RIF 25 RIF 25
TMP-SMX | TMP-SMX | TMP-SMX | TMP-SMX | TMP-SMX | TMP-SMX | TMP-SMX | TMP-SMX | TMP-SMX | TMP-SMX | TMP-SMX | TMP-SMX
50/250 50/250 50/250 50/250 50/250 50/250 50/250 50/250 50/250 50/250 50/250 50/250
G
H media media media media media media media media media media media media
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2.3. Flow cytometry gating strategy
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3.2. Identity of ERAP1 haplotypes

SNP rs2287987 | rs30187 | rs150860 | rs17482078 | rs27044
NT change T- T-C C-T C- G-C
A- A-G G-A G- C-G
Activity AA change M (K528R) | (D575N) R (Q730E)
1 WT WT M K D R Q
2 WT 349V/575N/725Q N Q
3 WT 349V K D Q
10 WT 730E M K D R E
8 Over 528R/725Q M R D Q
9 Over 725Q/730E M K D E
4  Under 5SNP R N E
5  Under 528R/730E M R D R E
6  Under 528R M R D R Q
7  Under 349V/528R R D R Q
11 Under VRNQE R D E
13 Under VRNRE R N R E
12 Under VRNRQ R N Q

210



4.1. CyTOF extracellular markers and concentrations

Probe | Marker Clone Titration
1 155Gd | CD279 (PD-1) EH12.2H7 | 2
2 154Sm | TIGIT MBSA43 1
3 173Yb | HLA-DR L243 1
4 150Nd | CD134 (OX40) ACT35 1
5 | 209Bi | CD16 3G8 1
6 141Pr CD196 (CCR®6) GO34E3 0.85
7 145Nd | CD4 RPA-T4 0.8
8 152Sm | TCRgd 11F2 0.8
9 153Eu | CD194/CCR4 L291H4 0.8
10 | 160Gd | CD28 CD28.2 0.8
11 | 170Er CD3 UCHT1 0.75
12 | 161Dy | CD26 BA5b 0.75
13 | 168Er CD127 (IL-7Ra) | A019D5 0.75
14 | 159Tb | CD161 HP-3G10 0.7
15 | 171Yb | CD185/CXCR5 RF8B2 0.7
16 | 146Nd | CD8a RPA-T8 0.5
17 | 156Gd | CD183 (CXCR3) | G025H7 0.5
18 | 167Er CDh27 0323/L128 | 0.5
19 | 172Yb | CD57 HCD57 0.5
20 | 176Yb | CLA HECA-452 | 0.5
21 | 142Nd | CD19 HIB19 0.5
22 | 143Nd | CD45RA HI100 0.5
23 | 144Nd | CD69 FN50 0.5
24 | 147Sm | CD11c Bu15 0.5
25 | 151Eu | CD14 M5E2 0.5
26 | 149Sm | CD56 (NCAM) NCAM16.2 | 0.5
27 | 169Tm | CD25 (IL-2R) 2A3 0.25
4.2. CyTOF intracellular markers and concentrations

Probe | Marker Clone Titration
1| 148Nd | IL-17A BL168 1
2 | 175Lu | Perforin B-D48 0.8
3 | 158Gd | IL-2 MQ1-17H12 | 0.5
4 | 165Ho | IFNg B27 0.5
5 | 174Yb | TNFa Mab11 0.5
6 | 163Dy | TGFbeta | TW4-6H10 0.1
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4.3. CyTOF gating strategy
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4.4. Mass cytometry antibody panel titration results

Unstimulated s | C— —
Titration Plan N = =
PHA stimulation | S——— —_—
« Healthy control, thawed and rested PBMCs for 2+ hours sl ]
« Stimulation — 10ug/ml PHA and unstimulated (R10) — stimulated for 18 hours. Added C D3+ -
Monensin/Brefeldin an hour after incubation
« Titration concentrations tested — 0.125, 0.25, 0.5, 1 and FMO (fluorescence minus one) + CD45RA
« FMO has just the lineage markers + CD8a -l — = —
« Tested concentrations tubes ( 4 for each group, stim and Unstim) has lineage markers + CD127 R 1 e e
and antibodies being titrated . CD26 — — ——
Antibodies Titrated Lineage markers to identify cell populations + CD134_OX40 e R
142Nd  CD19 150Nd  CD134 (OX40) 170Er cD3 075 + CD69
143Nd  CD45RA 151Eu CD14 . TGFbeta
144Nd  CD69 161Dy  CD26 145Nd CD4 |0.8 —_— = ——
146Nd CD8a 163Dy  TGFbeta 172Yb CD57 | 0.5 e IL-17A 1 ——— = =%
147Sm CD11c 168Er  CD127 (IL-7Ra) 1 7] mm— H — ——
148Nd  IL-17A 174Yb  TNFa 169Tm CD25 | 0.25 « TNFa ) — i e
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1 3
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4.5. Cite-seq antibodies

DNA_ID Description Clone Barcode
C0006 anti-human CD86 1T2.2 GTCTTTGTCAGTGCA
C0007 anti-human CD274 (B7-H1, PD-L1) 29E.2A3 GTTGTCCGACAATAC
C0020 anti-human CD270 (HVEM, TR2) 122 TGATAGAAACAGACC
C0023 anti-human CD155 (PVR) SKIl.4 ATCACATCGTTGCCA
C0024 anti-human CD112 (Nectin-2) TX31 AACCTTCCGTCTAAG
C0026 anti-human CD47 CC2C6 GCATTCTGTCACCTA
C0029 anti-human CD48 BJ40 CTACGACGTAGAAGA
C0031 anti-human CD40 5C3 CTCAGATGGAGTATG
C0032 anti-human CD154 24-31 GCTAGATAGATGCAA
C0033 anti-human CD52 H1186 CTTTGTACGAGCAAA
C0034 anti-human CD3 UCHT1 CTCATTGTAACTCCT
C0046 anti-human CD8 SK1 GCGCAACTTGATGAT
C0047 anti-human CD56 5.1H11 TCCTTTCCTGATAGG
C0050 anti-human CD19 HIB19 CTGGGCAATTACTCG
C0052 anti-human CD33 P67.6 TAACTCAGGGCCTAT
C0053 anti-human CD11c S-HCL-3 TACGCCTATAACTTG
C0058 anti-human HLA-A,B,C W6/32 TATGCGAGGCTTATC
C0063 anti-human CD45RA HI100 TCAATCCTTCCGCTT
C0064 anti-human CD123 6H6 CTTCACTCTGTCAGG
C0066 anti-human CD7 CD7-6B7 TGGATTCCCGGACTT
C0068 anti-human CD105 43A3 ATCGTCGAGAGCTAG
C0070 anti-human/mouse CD49f GoH3 TTCCGAGGATGATCT
C0071 anti-human CD194 (CCR4) L291H4 AGCTTACCTGCACGA
C0072 anti-human CD4 RPA-T4 TGTTCCCGCTCAACT
C0073 anti-mouse/human CD44 M7 TGGCTTCAGGTCCTA
C0081 anti-human CD14 M5E2 TCTCAGACCTCCGTA
C0083 anti-human CD16 3G8 AAGTTCACTCTTTGC
C0085 anti-human CD25 BC96 TTTGTCCTGTACGCC
€0087 anti-human CD45R0O UCHL1 CTCCGAATCATGTTG
C0088 anti-human CD279 EH12.2H7 ACAGCGCCGTATTTA
C0089 anti-human TIGIT (VSTM3) A15153G TTGCTTACCGCCAGA
C0090 Mouse 1gG1, k isotype Ctrl MOPC-21 GCCGGACGACATTAA
C0091 Mouse IgG2a, k isotype Ctrl MOPC-173 CTCCTACCTAAACTG
C0092 Mouse IgG2b, k isotype Citrl MPC-11 ATATGTATCACGCGA
C0095 Rat IgG2b, k Isotype Cirl RTK4530 GATTCTTGACGACCT
C0100 anti-human CD20 2H7 TTCTGGGTCCCTAGA
C0101 anti-human CD335 (NKp46) 9E2 ACAATTTGAACAGCG
C0124 anti-human CD31 WM59 ACCTTTATGCCACGG
C0134 anti-human CD146 P1H12 CCTTGGATAACATCA
C0136 anti-human IgM MHM-88 TAGCGAGCCCGTATA
C0138 anti-human CD5 UCHT2 CATTAACGGGATGCC
C0140 anti-human CD183 (CXCR3) G025H7 GCGATGGTAGATTAT
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C0141 anti-human CD195 (CCR5) J418F1 CCAAAGTAAGAGCCA
C0142 anti-human CD32 FUN-2 GCTTCCGAATTACCG
C0143 anti-human CD196 (CCR6) GO034E3 GATCCCTTTGTCACT
C0144 anti-human CD185 (CXCRS5) J252D4 AATTCAACCGTCGCC
C0145 anti-human CD103 (Integrin aE) Ber-ACT8 GACCTCATTGTGAAT
C0146 anti-human CD69 FN50 GTCTCTTGGCTTAAA
Cc0147 anti-human CD62L DREG-56 GTCCCTGCAACTTGA
C0149 anti-human CD161 HP-3G10 GTACGCAGTCCTTCT
C0151 anti-human CD152 (CTLA-4) BNI3 ATGGTTCACGTAATC
C0152 anti-human CD223 (LAG-3) 11C3C65 CATTTGTCTGCCGGT
C0153 anti-human KLRG1 (MAFA) SA231A2 CTTATTTCCTGCCCT
C0154 anti-human CD27 0323 GCACTCCTGCATGTA
C0155 anti-human CD107a (LAMP-1) H4A3 CAGCCCACTGCAATA
C0156 anti-human CD95 (Fas) DX2 CCAGCTCATTAGAGC
C0158 anti-human CD134 (OX40) Ber-ACT35 (ACT35) | AACCCACCGTTGTTA
C0159 anti-human HLA-DR L243 AATAGCGAGCAAGTA
C0160 anti-human CD1c L161 GAGCTACTTCACTCG
C0161 anti-human CD11b ICRF44 GACAAGTGATCTGCA
C0162 anti-human CD64 10.1 AAGTATGCCCTACGA
C0163 anti-human CD141 (Thrombomodulin) M80 GGATAACCGCGCTTT
C0164 anti-human CD1d 51.1 TCGAGTCGCTTATCA
C0165 anti-human CD314 (NKG2D) 1D11 CGTGTTTGTTCCTCA
C0167 anti-human CD35 E11 ACTTCCGTCGATCTT
C0168 anti-human CD57 Recombinant QA17A04 AACTCCCTATGGAGG
C0170 anti-human CD272 (BTLA) MIH26 GTTATTGGACTAAGG
C0171 anti-human/mouse/rat CD278 (ICOS) C398.4A CGCGCACCCATTAAA
C0174 anti-human CD58 (LFA-3) TS2/9 GTTCCTATGGACGAC
C0176 anti-human CD39 A1 TTACCTGGTATCCGT
C0179 anti-human CX3CR1 K0124E1 AGTATCGTCTCTGGG
C0180 anti-human CD24 ML5 AGATTCCTTCGTGTT
C0181 anti-human CD21 Bu32 AACCTAGTAGTTCGG
C0185 anti-human CD11a TS2/4 TATATCCTTGTGAGC
Cc0187 anti-human CD79b (IgB) CB3-1 ATTCTTCAACCGAAG
C0189 anti-human CD244 (2B4) C1.7 TCGCTTGGATGGTAG
C0206 | anti-human CD169 (Sialoadhesin, Siglec-1) 7-239 TACTCAGCGTGTTTG
C0214 anti-human/mouse integrin 37 FIB504 TCCTTGGATGTACCG
C0215 anti-human CD268 (BAFF-R) 11C1 CGAAGTCGATCCGTA
C0216 anti-human CD42b HIP1 TCCTAGTACCGAAGT
C0217 anti-human CD54 HA58 CTGATAGACTTGAGT
C0218 anti-human CD62P (P-Selectin) AK4 CCTTCCGTATCCCTT
C0219 anti-human CD119 (IFN-y R a chain) GIR-208 TGTGTATTCCCTTGT
C0224 anti-human TCR a/ 1P26 CGTAACGTAGAGCGA
C0236 Rat IgG1, k isotype Ctrl RTK2071 ATCAGATGCCCTCAT
C0238 Rat 19G2a, k Isotype Cirl RTK2758 AAGTCAGGTTCGTTT
C0241 Armenian Hamster IgG Isotype Ctrl HTK888 CCTGTCATTAAGACT
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C0246 anti-human CD122 (IL-2RB) TU27 TCATTTCCTCCGATT
C0247 anti-human CD267 (TACI) 1A1 AGTGATGGAGCGAAC
C0352 anti-human FceRla AER-37 (CRA-1) CTCGTTTCCGTATCG
C0353 anti-human CD41 HIP8 ACGTTGTGGCCTTGT
C0355 anti-human CD137 (4-1BB) 4B4-1 CAGTAAGTTCGGGAC
C0358 anti-human CD163 GHI/61 GCTTCTCCTTCCTTA
C0359 anti-human CD83 HB15e CCACTCATTTCCGGT
C0363 anti-human CD124 (IL-4Ra) GO77F6 CCGTCCTGATAGATG
C0364 anti-human CD13 WM15 TTTCAACGCCCTTTC
C0367 anti-human CD2 TS1/8 TACGATTTGTCAGGG
C0368 anti-human CD226 (DNAM-1) 11A8 TCTCAGTGTTTGTGG
C0369 anti-human CD29 TS2/16 GTATTCCCTCAGTCA
C0370 anti-human CD303 (BDCA-2) 201A GAGATGTCCGAATTT
C0371 anti-human CD49b P1E6-C5 GCTTTCTTCAGTATG
C0373 anti-human CD81 (TAPA-1) 5A6 GTATCCTTCCTTGGC
C0384 anti-human IgD 1A6-2 CAGTCTCCGTAGAGT
C0385 anti-human CD18 TS1/18 TATTGGGACACTTCT
C0386 anti-human CD28 CD28.2 TGAGAACGACCCTAA
C0389 anti-human CD38 HIT2 TGTACCCGCTTGTGA
C0390 anti-human CD127 (IL-7Ra) A019D5 GTGTGTTGTCCTATG
C0391 anti-human CD45 HI30 TGCAATTACCCGGAT
C0393 anti-human CD22 S-HCL-1 GGGTTGTTGTCTTTG
C039%4 anti-human CD71 CY1G4 CCGTGTTCCTCATTA
C0396 anti-human CD26 BA5Sb GGTGGCTAGATAATG
Co0407 anti-human CD36 5-271 TTCTTTGCCTTGCCA
C0420 anti-human CD158 (KIR2DL1/S1/S3/S5) HP-MA4 TATCAACCAACGCTT
C0575 anti-human CD49a TS2/7 ACTGATGGACTCAGA
C0576 anti-human CD49d 9F10 CCATTCAACTTCCGG
C0577 anti-human CD73 (Ecto-5-nucleotidase) AD2 CAGTTCCTCAGTTCG
C0581 anti-human TCR Va7.2 3C10 TACGAGCAGTATTCA
C0582 anti-human TCR V32 B6 TCAGTCAGATGGTAT
C0591 anti-human LOX-1 15C4 ACCCTTTACCGAATA
C0592 | anti-human CD158b (KIR2DL2/L3, NKAT2) DX27 GACCCGTAGTTTGAT
C0599 anti-human CD158e1 (KIR3DL1, NKB1) DX9 GGACGCTTTCCTTGA
C0830 anti-human CD319 (CRACC) 162.1 AGTATGCCATGTCTT
C0845 anti-human CD99 3B2/TA8 ACCCGTCCCTAAGAA
C0853 anti-human CLEC12A 50C1 CATTAGAGTCTGCCA
C0864 anti-human CD352 (NTB-A) NT-7 AGTTTCCACTCAGGC
C0867 anti-human CD94 DX22 CTTTCCGGTCCTACA
C0894 anti-human Ig light chain k MHK-49 AGCTCAGCCAGTATG
C0896 anti-human CD85j (ILT2) GHI/75 CCTTGTGAGGCTATG
C0897 anti-human CD23 EBVCS-5 TCTGTATAACCGTCT
C0898 anti-human Ig light chain A MHL-38 CAGCCAGTAAGTCAC
C0902 anti-human CD328 (Siglec-7) 6-434 CTTAGCATTTCACTG
C0912 anti-human GPR56 CG4 GCCTAGTTTCCGTTT
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C0918

anti-human HLA-E 3D12 GAGTCGAGAAATCAT

C0920

anti-human CD82 ASL-24 TCCCACTTCCGCTTT

C0944

anti-human CD101 (BB27) BB27 CTACTTCCCTGTCAA

C1046

anti-human CD88 (C5aR) S5/1 GCCGCATGAGAAACA

C1052

anti-human CD224 KF29 CTGATGAGATGTCAG

5.1. Patient 10085 post-SDC rifampicin reaction histology report

: 1 1 1

CLINICAL HISTORY:

41 year old female positive and CD4 count 39 (not on ARV's). PTB - 19/09/19, GXP positive

and RIF (S). Now: p enting with erythematous/pruritic papular rash for 1 month. 3 Days off
with TB therapy - no ass ated facial swelling and no fever. On exam: indurated,

erythematous papules and plaques with epidermal necros Palmar and plantar olvement and

no eyes ... Differential diagnosis: DRESS secondary to rifafour versus SJS/TEN secondary to

Rifafour.

MACROSCOPY:

Specimen consists of a punch biopsy measuring 4mm across x 6mm deep.

MICROSCOPY:

Sections of the punch biopsy show skin with basketweave hyperkeratosis and the epidermis
showing an intact granular layer with spongiosis, follicular plugging and a dist
lermatitis of the hydropic/vacuolar degeneration type with numerous colloid bodies
dyskeratosis. superf al dermis shows an interstitial and perivascular lymphohistiocytic
dermatitis with pigmentary incontinence, oedema with no eosinophils. There is also
periadnexal involvement.

interface

COMMENT :

The differential diagnosis to this interface/ erythema multiforme - like dermatitis of the
vacuolar degeneration type include lupus erythematosus, dermatomyositis and PLEVA with drug
induced, least likely due to absence of eosinophils.

PATHOLOGICAL DIAGNOSIS:
Skin, punch biopsy:
- Interface, erythema multiforme-like dermatitis of the vacuolar degeneration type.

Reported by: Dr DJ Maartens
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