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Abstract

Background: The lymphocyte transformation test (LTT) is an in vitro assay used to diagnose drug induced
hypersensitivity reactions by detecting the activation and expansion of drug-specific memory T cells to the suspected
implicated drug. Traditionally radiolabelled thymidine (3H-thymidine) has been used but requires the handling and
disposal of radioactive materials.

Objective: To examine safe alternatives to 3H-thymidine, test assay modifications for improved assay sensitivity and
evaluate the modified LTT in patients with DRESS and AGEP.

Methods: Four proliferation detection assays (BRDU, CyQUANT™, MTT and XTT) were screened for LTT sensitivity.
XTT the most sensitive and practical was selected for further evaluation Modifications like autologous serum (AS) and
regulatory T cell depletion (T-REG) were tested for improved assay sensitivity. Finally, an initial evaluation of the XTT-
LTT was performed in 8 patients with DRESS and 2 with AGEP including cytokine testing.

Results: Of the non-radioactive alternatives we tested, XTT a colorimetric assay was the most sensitive and practical
to move to evaluation. The addition of AS increased background signal. Depletion of T-REGs improved sensitivity but
cell sorting time and risk of contamination limited benefit.

Of eight patients diagnosed with DRESS and 2 with AGEP tested with XTT-LTT assay results showed our assay
matched clinical findings of implicated drugs in 8/10 patients when using a stimulation index (SI) > 2 and 8/10 with
analysis by ANOVA. All ten patients were correctly diagnosed by either analysis.

Conclusion: XTT appears to be a safe, viable alternative to 3H-thymidine, with high sensitivity and allowing direct
cytokine quantification on specific patient cells.

Keywords: DRESS, LTT, AGEP

include severe cutaneous adverse reactions (SCAR)
which are life-threatening. This paper focusses on two

Introduction
Type 4 hypersensitivity reactions are T cell-mediated

reactions that occur in response to contact with certain
allergens, including drug allergens. These reactions
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types of SCAR, drug reaction with eosinophilia and
systemic symptoms (DRESS) and acute generalised
exanthematous pustulosis (AGEP).

DRESS is  characterised by  fever, rash,
lymphadenopathy, leucocyte abnormalities including
eosinophilia, and internal organ involvement, usually
from 3 weeks of exposure to the drug culprit. Drugs and
metabolites bind directly to human leucocyte antigen
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(HLA) loci through the “p—i” concept (pharmacological
interaction of drugs with immune receptor), with specific
HLA variants carrying increased risk of DRESS for
different drug culprits. Reactivation of human herpes
viridae family viruses are hypothesised to dysregulate T
cell pathways, leading to T cell activation and increased
antiviral response with production of TNFa, IL-2, and
IFN-y. Expansion of regulatory T cells also occurs in the
acute phase of DRESS [1].

The resulting eosinophilic infiltration of organs with
subsequent damage occurs in response to chemokines
including eotaxin-1 and TARC, in synergy with IL-5
produced from T cells [2].

AGEP is caused by a drug culprit in>90% of cases. It
is characterised by fever, neutrophilia, and appearance of
disseminated sterile pustules within 2 days of exposure.
The pathogenesis is unclear but involves activation and
proliferation of drug-specific T cells. It is associated with
increased levels of chemokine CXCLS, IL-17, IL-22 and
GM-CSE.

Identifying the drug culprit is necessary to prevent
future reaction. This is challenging when there is more
than one implicated drug. In vivo and in vitro tests
are available for identification of drug culprits. Patch
testing has at best, a sensitivity of 30-60% for DRESS,
and 18-58% for AGEP depending on the drug culprit
[3-5]. Lymphocyte transformation tests (LTT) measures
proliferation of lymphocytes to a drug in vitro. Existing
LTT shows high specificity (98—99%) but lower sensitivity
in DRESS patients (73%) [6]. The interferon-gamma
(IFN-y)-ELISpot was found in the same review to have a
similar sensitivity and specificity in DRESS-patients [7].
Small numbers published for LTT in AGEP suggest high
sensitivity and specificity [7].

Classic LTT relies on incorporation of 3H-thymidine
in its method, and laboratories are progressively effacing
techniques using radioactivity due to safety the need
for specialised disposal and cost. Our group aimed
to develop and optimise a non-radioactive method of
LTT for identifying drug culprits in DRESS and AGEP.
We compare several non-radiolabelled proliferation
detection assays in the traditional 96 well assay format
and select the optimal assay for method validation in
DRESS and AGEP patients.

Methods

Study outline

Ethical approval was obtained from RNSH human
ethics committee (RESP/16/255). Following provision
of information on the study, DRESS and AGEP patients
diagnosed according to the RegiSCAR criteria gave
informed written consent to have their blood collected
for the study. For initial assay optimisation, blood was
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collected from healthy volunteers prior to being validated
in DRESS and AGEP patients.

Blood collection and PBMC isolation

Fresh heparinised blood was collected for all experiments
and PBMCs were collected using our previously
published method [8]. After collection off interface,
PBMCs were washed with PBS and counted using a
haemocytometer. Nine out of ten patients were in the
recovery phase at time of blood collection and testing.
Patient 7 was on low dose prednisone (under 10 mg) at
the time of testing.

Proliferation assay evaluation

After PBMC collection and counting, cells were added
to wells of a 96 well plate at a concentration of 200,000
cells per well in triplicate. Phytohaemagglutinin (PHA) at
5 pg/ml (Sigma) and T-Cell Transact ' beads (Miltenyi
Biotec) at a 1:200 dilution, were used as positive controls.
Negative control wells contained cells in culture media
alone (RPMI+10% FCS). Samples were incubated
37 °C/5% CO, for 6 days to allow for cell-stimulant
interaction. At day 6, bromodeoxyuridine (BRDU),
CyQUANT", tetrazolium salt (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) and
tetrazolium salt (sodium 3’-[1- (phenylaminocarbonyl)-
3,4- tetrazolium]-bis  (4-methoxy6-nitro) benzene
sulfonic acid hydrate (XTT) proliferation detection assays
were evaluated to determine which was most sensitive
for determining cell proliferation in a non-radiolabelled
LTT assay.

Briefly BRDU detection was performed using the
Merck/Millipore Cell Proliferation ELISA, BrdU
(colorimetric) assay (Catalogue number 2752) according
to the manufacturer’s instructions. The CyQUANT " NF
cell proliferation assay kit (C35006) was performed as per
manufacturer’s protocol. MTT (Sigma/Merck, Catalogue
number M2128) at a stock concentration of 5 mg/ml was
added to each well for a final concentration of 0.5 mg/
ml (20 pl per well) and incubated for 4 h at 37 °C. As T
cells are not adherent, plates were spun at 1400 rpm
for 10 min and supernatants carefully removed before
addition of DMSO as a solvent to dissolve formazan
crystals in the cells and plate read at 590 nm. Absorbance
was then read at 570 nm. For XTT detection the (Roche/
Sigma) cell proliferation kit II (XTT) was performed
directly as per manufacturer’s instructions and read at 4,
6 and 24 h at 492 and 690 nm.

Other modifications tested

Once XTT had been shown to be the most sensitive and
practical of the proliferation detection methods, other
modifications to the assay were tested. The addition of
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autologous serum (AS) was tested to see the effect of
proliferation on PHA and CD3+/CD28+ stimulated
cells. AS is used in LTT assays particularly for Nickel
allergies and reported to improve sensitivity. PBMCs
were collected from three healthy controls. Briefly, RPMI
media with 10% FCS was compared to RPMI with 10%
FCS+5% AS, or RPMI+5% AS on PHA and CD3+/
CD28 + stimulated cells over 6 days.

Regulatory T cell (T-reg) depletion by flow cytometric
sorting was also tested. T-Regs may supress T cell,
activation so depletion was tested to see if this
improved the XTT-LTT assays sensitivity. Purified
PBMCs from three healthy controls were stained with
an anti-CD25 antibody (BD Biosciences) for 15 min
at room temperature before CD25+ positive and
negative PBMC’s were sorted using a BD FACSAria"".
CD25+ positive and negative cell populations were
spun at 1400 rpm for 5 min and washed in PBS prior
to being counted and plated at 100,000 to 200,000 cells
per well for testing in LTT assay. T-reg depleted (sorted)
and unsorted PBMC’s+5% AS were compared after
stimulation with PHA and CD3+/CD28+beads for
6 days. Positively sorted CD25+ve T-regs were also
tested for proliferation levels to PHA and CD3+4/
CD28 +stimulation after 6 days with and without the
addition of 5% AS.

Patient LTT

After XTT-modified LTT (XTT-LTT) assay optimisation,
8 patients diagnosed with DRESS and 2 with AGEP were
tested with the XTT-LTT against implicated drugs and
metabolites in some cases. A further 6 age and gender
matched controls for patients 2,3,4,5,7 and 8 with no
history of reactivity to any matched implicated drug
were also added to the study. These drugs included
vancomycin, piperacillin/tazobactam (Tazocin),
sulfasalazine, allopurinol, apixaban, sulfapyridine,
sulfamethoxazole, sulfamethoxazole + trimethoprim,
amoxicillin/clavulanic acid, ceftriaxone, ceftotaxime,
cefazolin, ceftazidime, benzylpenicillin, amoxicillin.
All drugs were tested at 100 pg/ml, 50 pg/ml, 25 pg/
ml, 12.5 pg/ml, 6.25 pg/ml and 3.1 pg/ml in duplicate
or triplicate depending on the amount of patient cells
available. The drugs allopurinol, oxypurinol, sulfapyridine
and sulfamethoxazole had to be solubilized in DMSO
prior to testing. PHA (Sigma) 5 pg/ml and T-Cell
Transact ' beads (Miltenyi Biotec) at a 1:200 dilution,
were used as positive controls. Negative control wells
contained cells in RPMI media+ 10% FCS alone. Drug-
Cell interaction was carried out for 6 days at 37 °C/5%
CO, At Day 6, 50 pl of XTT solution was added to each
well and read at 492 and 690 nm at 4, 6 and 24 h. All
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plates were frozen post 24 h read at — 80 °C for future
cytokine analysis.

Cytokine analysis

Ninety-six well plates stored at — 80 °C were removed and
allowed to thaw at room temperature. Implicated drug-
positive wells for each patient, along with PHA, T-Cell
Transact ' bead positive controls and negative controls
were screened for interleukin-2 (IL-2), interleukin-4 (IL-
4) and interleukin-5 (IL-5) levels by ELISA according to
the manufacturers’ instructions (R and D Systems).

Data analysis by one way ANOVA and stimulation index (SI)
One-way ANOVA

Data collected from each XTT-LTT patient or control
were analysed using one-way ANOVA' with Tukey’s
multiple comparison post-test. All data was analysed
with Prism 5.0 (Graph pad, La Jolla, CA).

Stimulation Index (SI) calculation

Stimulation Index (SI) was calculated by dividing the
XTT signal (492-690 nm) of drug stimulated samples
with the XTT signal of unstimulated samples with no
drug added (negative control). A SI value of>2 was
considered a positive result.

Results

Evaluation of proliferation detection assays BRDU,
CyQUANT™, MTT and XTT

Four different proliferation assays BRDU, CyQUANT
NE MTT and XTT were analyzed for their potential
effectiveness for inclusion into LTT. BRDU, initially
assessed in an ELISA format, produced a no or weak
signal due to failure of the fixation step. Extending the
fixation time slightly improves the signal but the PHA
and CD3+/CD28+bead controls are not significant
by ANOVA and fails to achieve a SI (Table 1). The
CyQUANT"™ produces a slightly better PHA and
CD3+/CD28 +signal but the SI is<1.2 even at 3 h
reading. The MTT is sensitive for use in LTT but is
limited in performance to a single time point and the
need for the addition of DMSO to dissolve formazan
crystals. The XTT detects the strongest PHA and
CD3+/CD28+signal of all assays, the signal is read at
multiple time points and is the easiest to perform Table 1
summarises the results from this comparative assessment
of the four proliferation assays.

™

Analysis of T-Reg depletion and addition of 5% autologous
serum

Variations of the traditional 3H-thymidine LTT assay
included the addition of 5% autologous patient serum.
The results in Fig. 1 demonstrate that the addition of
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Table 1 Results of assessment of all proliferation assays tested as a potential detection method for LTT

ASSAY Multiple time  Positive signal strength Supernatant for cytokine analysis Comments
point read
outs PHA Transact beads
BRDU No, single Neg Weak Taken off before assay Required spinning cells down to prior to
SITT] Sh1.2< fixation. Fixing step failed possibly due
ANOVA (NS) ANOVA (NS) to T cells being small and non-adherent.
Low sensitivity
CyQUANT™ NF  Yes Weak Weak Taken off before assay Required spinning cells down and
SI<1.2 SI<13 removing supernatant. Signal weak after
ANOVA (NS) ANOVA (NS) 60 min slight increase at 3 h
MTT No, single High High Taken off before assay Assay sensitive enough but can only
SI24 SI2.6 be read at one time point. Requires
ANOVA *p<0.05 ANOVA addition of DMSO for reading—thus no
*p<0.05 further analysis could be performed
XTT Yes High High Taken before or after assay Simple addition of XTT
SI2.8 SI2.9 Can be read at multiple time points (4,
ANOVA **p<0.01 ANOVA 6 and 24 h). Plates can be frozen after
**p<0.01 reading for further analysis

All future experiments were performed using XTT detection

™

NS Not significant, NEG Negative, BRDU bromodeoxyuridine, CyQUANT ~ CyQUANT NF cell proliferation assay kit, MTT tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, XTTtetrazolium salt (sodium 3"-[1- (phenylaminocarbonyl)- 3,4- tetrazolium]-bis (4-methoxy6-nitro) benzene sulfonic acid hydrate

Sl greater > 2 positive, ANOVA *p <0.05, **p < 0.01
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Fig. 1 shows the effect of addition of 5% autologous serum to
normal media with 10% FCS, and media without FCS. The addition of
5% serum either alone or into normal media significantly increased
the level of signal from the negative control

autologous serum significantly increased the negative
control signal. When added to media without FCS, a
similar trend occurred but with a decrease in signal from
CD3+/CD28 +stimulated T cells.

Depletion of CD25+ T-regs was tested against non-
depleted PBMCs to ascertain if their depletion increases
the signal to PHA and CD3+ /CD28+ beads. Figure 2A
demonstrates that depletion of T-regs did not improve
PHA or CD3+/CD28+ stimulation but did decrease
signal of the negative control. Addition of 5% autologous
serum decreased CD3+/CD28+stimulation and
increased the signal of the negative control. A similar

effect was seen when 5% autologous serum was added to
T-regs themselves (Fig. 2B). The duration of sorting-time
for these assays was approximately one hour for a few
million cells and was dependent on amount of PBMCs
initially collected. Contamination during the sorting
process resulted in bacterial growth in culture for 1 of 3
sorting experiments and thus had to be discarded.

Patient diagnosis and histories
The clinical details of patients enrolled for the validation
are detailed in Table 2.

Patient XTT-LTT results

Table 3 summarises the XTT-LTT results for the 8
DRESS and 2 AGEP patients tested as part of the initial
validation. All patient data was analysed statistically by
one way ANOVA or by calculating the stimulation index
(ST) with a cut off, of >2 considered positive. Ten patients
were enrolled in the method validation. Eight patients
had a clinical diagnosis of DRESS, and two had AGEP.
Of the 8 patients with DRESS, the implicated drug was
sulfasalazine (n=2), Piperacillin/Tazobactam (Tazocin)
(n=2), allopurinol (n=1), amoxicillin+ clavulanic
acid (n=1), apixaban (n=1), lenalidomide (n=1) and
vancomycin (n=1). At least 150,000 cells were present in
each well.

All 10 patients had a positive result using a combination
of ANOVA and calculation of SI. Six patients, all with a
diagnosis of DRESS, had positive results by both ANOVA
and calculation of SI. Patient 6 with AGEP to apixaban,
and patient 9 with DRESS to lenalidomide, had a positive
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result through ANOVA only. Patient 8 with DRESS to
amoxicillin + clavulanic acid, and patient 10 with AGEP
to benzylpenicillin had a positive SI only. The result
of the ANOVA analysis and SI calculation for each
patient are shown in Table 3. Figure 3 shows a graphical
representation of results for patient 7 and their age and
sex matched control.

All patients were negative for IL-2. Two patients had a
low level of IL-4, and 5 out of 7 patients had some level of
IL-5 secretion to the implicated drug. Two patients had
no cytokine production and 3 patients were not tested.

Real time XTT-LTT sample monitoring
All patients and controls had their XTT-LTT plates read
at 4, 6 and 24 h time points before plates were frozen for
cytokine analysis.

Figure 4 shows the real time monitoring data for patient
7 over a 24 h period. Generally, the 4 h time detection
time point is enough to show significant increased
proliferation to culprit drug but later time points can be
used to confirm results.

Discussion

Our study focused on validating the XTT proliferation
detection method for LTT for the diagnosis of patients
with DRESS and AGEP. Over time, modifications to
the classical 3H-thymidine LTT have been utilised to
increase sensitivity, specificity and practicality. The
classical LTT is based on the detection of drug-specific
memory T cells in the peripheral blood of sensitized
patients, and 3H-thymidine is added to the cell culture

and incubated for 10-16 h, which is incorporated
in the DNA of the proliferating cells. The amount of
3H-thymidine corresponds to the level of proliferation
and is measured by detecting the radiation in counts
per minute (cpm). In most cases a stimulation index (SI)
is calculated which takes the biological variation into
account. The SI value is calculated by dividing the cpm
value of the drug-stimulated samples by the cpm value
of the unstimulated sample. Generally, a SI value of >2
is considered a positive result, although a SI value>3 is
considered positive for beta-lactams by some institutions
[9].

Most data with 3H-thymidine-LTT show an overall
sensitivity of 56% and specificity of 94%, respectively [10].
Higher results in 3H-thymidine LTT are dependent on
the drug tested, and type of reaction, for example, higher
readings are observed from anticonvulsant-DRESS than
SJS/TEN [11]. False positive results can be generated with
certain drugs such as methotrexate [12]. Interestingly, the
performance data from 3H-thymidine LTT for severe
reactions reveals reduced sensitivity; for severe bullous
skin reactions 25-75% [13], with increased sensitivity
for DRESS 67% [7]. In contrast to SJS/TEN, positive LTT
reactions are obtained at the recovery phase i.e. 2 months
after onset, but not during the acute phase of DRESS
which may be due to activation of T-reg cells [14].

Modifications to classical 3H-thymidine LTT have
been trialed to improve sensitivity. Removal of T-reg/
CD+25hi cells in a cohort of 11 patients with drug
hypersensitivity resulted in an increase in sensitivity
from 25 to 82.35% and an enhanced SI (2.05 to 6.02)



Page 6 of 12

(2022) 18:90

Weir et al. Allergy, Asthma & Clinical Immunology

siiedsy
sjiydousod VSg %05 < Ysey
pue s31400ydwA| VOLXTY
Yum Jejnoseatad s1s03/00ydwiA]
SPI0J315021110) Ajpueujuopald V0L X LT
Brup paredidwl iU Ul 91eiyyul eljlydoulsos
0¢ peosesd  Syelspoul O1 PN JoneS SC Ll SS34d loutndojly 4 & ¥d
jlydou|soa paie|os|
yum uonoun( siyeday
|ewapidaolewap VSg %05 < ysey
leosjeing /0L X 06
Jejnoseaad s1s01400ydwiA]
Ajpueuiwopaid si V0L X €€
SIULISP Ul 23e43jyul eljlydoulsod
onAdonsiyoydwaA] [euinbul
SPI0J21SODI1I0D) siwaplda pue [edIAJa —
Bnup paredydwi ur uonewweyul  AyredouspeydwA]
9¢ pssesD prousydn EEUCE 9¢ 9 SS3¥a sulizejeseyns E| lc ¢
HWETs)
ul sjiydoulsoa
|BUOISEDD0
YUM 21ed3jyul
o1Lo0ydwA| siiedsy
Jejnoseauad pliw VS %05 <Ysey
HeJ[JE Newlillop) siulapida V0L X0'L
Bnip paresidwil Ul uonewwepul eljlydouiso] (UDOZe|) WeIdRqOZR|
1c pesesd prousyor Jons4 St S¢ SS34d /uijjpeiadid N [l Ud
sjiydouisoa
JlejndseAnad
paJa11eds siyeday
YHm o1edijyul VSg %05 <Ysey
s1A>0nsIyoydwiA| 0L X 09
OIA JlejndseAuad s1s01400ydwiA]
SPI0J21SODIMIOD)  [eWDp [edyadng VHOLX 1T
Bnup paredydwi sisoibuods eljiydoulso3
44 pasesd  [ewapida a|qelieA RE/CE| 4! Ll SS3dd uAWodURA 4 ¢ Ud
sAep
sAep ‘pasuawiwod sAep ‘yses ‘woydwiAs 351y sieak
juswieal) Jayye SJ13S14910BIRYD  JO }9SUO 01 3SOP  JO 13SUO 0} ASOP ‘sisoubelq
uolINjosai 0} dwi] juswieas] 3nsas Asdoiq unjs |eowuD 1S4y wody dwip 1siy woJaydwi] sisoubeiq Bnap pajesiidw] (4/W) 49puan 1e aby

\A_o_qum 2yl Ul po||0Ju= siuaied JO SOIIslisloeleyd |eoiul|D) g 9|qel



Page 7 of 12

(2022) 18:90

Weir et al. Allergy, Asthma & Clinical Inmunology

S||92 ewseld

pue sjiydosinau
‘sjydoujsoa
[PUOISEDD0 pUP
sa3£00151Y
‘s91£00ydwiA] yim
31eJ1|yul [ennsIaul
pue JejnoseAlad
|eWISP ‘BWIP0
|ewlap Asejjided

SP10J21SOI1I0D) JuaUIWold  AInful ASupy 91Ny
bnip sisolbuods siinedsy pioe
0L pawedjduwieses)  plu—siuuopidy V54 %06 < Ysey SSIYA  DIUBINARI + Ul||DIXOWY Bl 84
sjiydouisos
[BUOISEDD0 pUR
's91£001351Y pue
s 00ydwA|
JlejndseAnad
—s|wIap
|eysadng siedsy
OIAI S1S01400x9 VS %05 <Ysey
SPI0J1SODIMOD)  31kd0ydwiA| Jo 1204 V01 X 59
bnip yum sisolbuods eljlydouiso]
0¢  paseoidul sea) pliw—siwiapid3 JonsS 8¢ 8¢ SS34d upoze| W €5 /d
SPI0J31SODIHI0D yses Jejnisngd
feoidoy V0L X6€EL
bnip eljlydonnaN
[/ paedydw asea) pawiojiad 10N 19/ L | 43OV uegexidy 4 S 9d
snieday
VS4 %05 <Ysey
3|ge|leAeUN
an|eA ‘eljiydouisol
[euinbul ‘Alej|ixe
SPI0J3}SODI10D) ‘|ed1AIDD ‘|eydiDdo0—
Bnip paiedyduwi AyredouapeydwA]
09 pssead paw.opiad 10N REZCE| JAS Se SS3¥a ouizeeseyns W 8l Gd
skep
sAep ‘pasusawwod sAep ‘yses ‘wordwiAs 1say sieak
jJuswieal) Jaye SJ13s1491dRIRYD  JO }9SUO 01 3SOP  JO 13SUO 0} BSOP ‘sisoubelq
uoIilnjosai 0} dwi| juswieas] 3nsal Asdoiq unjs |edwu)  1siy wosydwil  1siy wodjdwil  sisoubeig B6nap pajesidw]  (4/N) 19pusn 1e 9by

(panunuod) g ajqey



Page 8 of 12

(2022) 18:90

Weir et al. Allergy, Asthma & Clinical Immunology

WIS
ul sjydonnau sel
pue sjiydouisoa
paJa11eds
‘sa1400ns1y pue
sa1400ydWA|

Yim aredjyul
Alorewuleul
Jejndseauad
1uaulWwoid
'SN01eWIPI0
A|paxieu—siulag
§||92 A101RWIWIE Ul
Bunelsusbap yum
S9|21S9A dljoIbuods
pue ‘sajnisnd
[BRUIOOQNS ||BWS
‘soAo0ydwA|
[elj2yudae.iul
paJ211edS pUR

eisejdiadAy
SPI0J21SO2I1I0D) wioyiseriosd V0L X LT
brup ‘sisoibuods eljiydonnaN
| paredydul asead) —s|uwapid]y yses Jejnisng L L 43OV uljipiuadiAzuag N 99 0ld
sjiydoursoa
|BUOISEDD0
Yim s1edljyul
J1Ko0ydwA|  Ainfur ASuppy 91Ny
JejnoseAnad snieday
Ayored—sjuiiag SIIAIDUN[UOD
SISO1KD0XD V59 %05 < ysey
SPI0J31S0dI0D)  21Kd0ydwiA| Jo 1204 V0L X0S
bnip yum sisotbuods eljlydoulso3
/1L parediduirasea) pliw—siuapid] 19N 8¢ 8¢ SS3¥a Splwop|jeus’ 4 9 6d
skep
sAep ‘pasuawwod sAep ‘yses ‘wordwiAs 351y sieak
juswieas) Jvyye $J11S14910BIRYD  JO 19SUO 01 3SOP  JO 19SUO 0} ASOpP ‘sisoubeiq
uoiIN|osa4 0} dwi| juswieas] 3nsal Asdoiq unjs |edwuly  isijwoapdwil]  1siy wodydwil]  sisoubelq Bnap pajesijdw]  (4/IN) 419puan je aby

(penunuod) zajqeL



Weir et al. Allergy, Asthma & Clinical Inmunology (2022) 18:90 Page 9 of 12
Table 3 XTT-LTT results for the 10 patients enrolled in the study
Patient Implicated and culprit drugs Cells perwell ~ One way ANOVA Stimulation Index (>2 Cytokines (pg/ml)
positive, < 2 negative)
IL2 IL4 IL5
P1 Vancomycin 200,000 Vancomycin 100 pg/ml * Vancomycin 100 pg/ml (2.57) —ve —ve 03
P2t Piperacillin/Tazobactam (Tazocin) 153.000 Piperacillin/Tazobactam (Tazocin) Piperacillin/Tazobactam (Tazocin) —ve —ve 15-50
Ceftriaxone (NEG) 100 pg/ml* 100 pg/ml (2.33)
Ceftotaxime (NEG)
Cefazolin (NEG)
Ceftazidime (NEG)
Amoxyicillin (NEG)
Benzylpenicillin (NEG)
P3t Sulphasalazine 200,000 Sulphasalazine (50 ug/ml***, 25 ug/  Sulphasalazine 100 ug/ml (2.2) —ve 044 2-5
Sulfapyridine ml*and 12.5 pg/ml*** 50 pug/ml (3.3), 25 pg/ml (2.6),
Sulfamethoxazole Sulfapyridine 12.5 ug/ml*, 6.25 ug/  12.5 ug/ml (3.3)
Sulfamethoxazole + trimethoprim ml** 3.12 pg/mi** Sulfapyridine12.5 pg/ml (2.55),
Sulfamethoxazole 100 ug/mi**, 6.25 pg/ml (2.9), 3.12 ug/ml (2.97)
50 pg/ml*** Sulfamethoxazole 100 pg/ml (3.78),
Sulfamethoxazole + trimethoprim 50 pug/ml (2.66), 25 pg/ml (2.13)
(NS) Sulfamethoxazole + trimethoprim
50 pug/ml (2.46), 25 pg/ml (2.0)
P4t Allopurinol 200,000 Allopurinol 25 pg/mf* Allopurinol 100 ug/ml (2.19) —ve —ve —ve
Oxypurinol Oxypurinol 3.1 ug/ml* 25 pug/ml (2.63),12.5 ug/ml (2.15)
P51 Sulphasalazine 170,000 Sulphasalazine (25 pg/ml*) Sulphasalazine 25 pg/ml (4.97) —ve —ve —ve
Sulfapyridine (NEG)
Sulfamethoxazole (NEG)
Sulfamethoxazole 4 trimethoprim
(NEG)
P6 Apixaban 200,000 Apixaban (25 pg/ml**,12.5 ug/ml**,  Apixaban All SI<2 NT NT NT
6.25 pg/mland 3.1 ug/ml)
P71 Piperacillin/Tazobactam (Tazocin) 186,000 Piperacillin/Tazobactam (Tazocin) Piperacillin/Tazobactam (Tazocin) —ve —ve 5-10
(100 pg/ml*** and 6.25 pg/ml*) 100 pg/ml (3.16)
6.25 ug/ml (2.45)
P8t Amoxicillin 4 clavulanic acid 200,000 Amoxicillin 4 clavulanic acid (NS) Amoxicillin+ clavulanic acid —ve 03-07 05-241
Amoxicillin (NEG) 25 pg/ml (2.43)
P9 Lenalidomide 200,000 Lenalidomide (50 pg/ml* and Lenalidomide SI<2 —ve NT NT
Allopurinol (NEG) 6.25 pg/ml*)
Oxypurinol (NEG)
P10 Benzylpenicillin 200,000 Benzylpenicillin (NS) Benzylpenicillin —ve NT NT

Flucloxacillin
Ceftazolin-AFT

Flucloxacillin (NS)
Ceftazolin-AFT
3.12 pg/ml*

12.5 pg/ml (3.75), 6.25 pg/ml (3.56)
Flucloxacillin

25 ug/ml (4.03), 12,5 ug/ml (3.3),
6.25 pg/ml (3.45),3.12 pg/ml (3.14)
Ceftazolin-AFT

50 ug/ml (3.44), 12.5 ug/ml (2.5),
6.25 ug/ml (3.66), 3.12 ug/ml (4.02)

NSNot significant, NT= Not tested, — ve/NEG =Negative, ANOVA * p <0.05, ** p<0.01 and *** p <0.001

Sl greater > 2 positive

 Age and sex matched control with no history of reactivity to drug performed for this patient “All were negative

[15]. In our study, depletion of T-regs did not increase
signal to PHA and CD+3/CD+28 beads, however it
reduced the background in the negative control (Fig. 2A)
which could potentially improve sensitivity. Due to the
associated addition processing time of an hour or more
of cell sorting per patient and risk of contamination, we
did not pursue this for the method evaluation.

The testing of reactive metabolites as well as the
implicated inert drug appears important to avoid false
negative results to certain drugs [16]. XTT-LTT results
for patients 3 and 5 who had sulfasalazine-DRESS,
showed that one was positive to the drug itself, whereas

the other was only positive to the reactive metabolites,
sulfapyridine and sulfamethoxazole. This demonstrates
the importance of testing downstream metabolites of
certain drugs [17, 18].

Classic LTT involves working with radioactive material
(3H-thymidine), and most diagnostic laboratories are
utilising less hazardous materials. Whilst neither the
3H-thymidine LTT nor our XTT-LTT can characterise
the type of hypersensitivity reaction and proliferation
is given per culture well and not per individual cell,
no additional assays can be performed with or after
3H-thymidine incorporation [19]. Therefore, a distinct



Weir et al. Allergy, Asthma & Clinical Immunology (2022) 18:90 Page 10 of 12
*
. 259 il 25ug Pip/3.12ug Taz ]
E 201 1 50ug Pip/6.25ug Taz- ]
% 1.5 l 100pg Pip/12.5pg Taz4 ]
£ - —
S 1.0 l - l 200ug Pip/25ug Taz
% 400pg Pip/50pg Taz4___——— 1
Q °'5‘j . r"‘l 800ug Pip/100yg Taz ]
0.0~ T T T T T T PHA
ST AT GE [ (P S E—
& o QQQ«QQQ«%QQ«&« o CD3/CD28 Beads
"e“e \,& ) Q\ﬁ . Q\'v o \gy \ﬂ;{b T T 1
Q'b Q\Q SRR Q\Q Q\Q Q\Q 0 1 2 3 4
® ESE S R SRS Y . .
S WA ST P Stimulation Index
A
ok %k %k *k
1.5 FEX* | 25ug Pip/3.12ug Taz4____]
B T T 50ug Pip/6.25ug Taz - ]
2  1.04 100pg Pip/12.5pg Taz4_______1]
£ 200g Pip/25pg Taz ]
€ o054 T . 400pg Pip/50pug Taz4____ ]
2 . -_Iil_llr 800pg Pip/100pg Taz-{——— 1|
0.0- T T T T T T PHA- ]
& T B & < CD3/CD28 Beads - l
°0° 2 QQQQ\‘,QQQ qf-’s) fﬁq ‘f’Q \‘_‘9@ " .
5 & o gf VS 0 2 4 6
& S LK
ST S S S Stimulation Index
B
Fig. 3 Patient 7 Analysis by ANOVA and Calculation of SI (A) and Age and sex matched control for patient 7 (B)
advantage of our XTT-LTT is the analysis of cytokine or Alternative markers of lymphocyte proliferation

even cells after reading. Further, a standard ELISA plate
reader can be used for XTT-LTT instead of an expensive
beta-scintillation counter. No dedicated radioactive
handling facilities for use and disposal of contaminated
radioactive waste is required. Finally, multiple time
points can be read using the XTT-LTT method.
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Fig. 4 Real time monitoring of patient 7 samples over a 24 h period

were determined in this study. BrdU was more labour-
intensive with the requirement for spinning cells down
to fix. Moreover, this crucial fixing step often failed. We
also found the sensitivity of the BrdU assay to be low as
compared to the XTT-LTT assay. The CyQUANT " assay
was also more labour-intensive with the requirement for
spinning cells down and removing the supernatant. The
signal was weak after 60 min with only a slight increase
at 3 h. The MTT-LTT assay is sensitive but can only be
read at one time point. It requires addition of DMSO
for reading to dissolve formazan crystals and thus no
further analysis can be performed. The XTT-LTT assay
in contrast was easy to perform by simply adding the
reagent to each well without the need for spinning plates
down or fixation. It can be read at multiple time points.
We tested 4, 6 and 24 h time points (Fig. 4) and found
that 4-6 h was optimum. Twenty-four, hour reading can
be useful however in some patients to monitor specific
samples and drug concentrations which have borderline
significance at 4-6 h. The major advantage is that plates
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can be frozen after reading for further analysis, such as
for cytokine measurement. We found that the XTT-LTT
signal was sensitive enough to verify hypersensitivity for
all patients in the study in contrast to other published
data [20]. This study however was done in canines so
XTT sensitivity could be vary in different species. The
assay is robust enough to be performed following the
acute phase of DRESS and in one patient up to 5 years
following the reaction.

We initially tested drugs at concentrations
ranging from 1 to 400 pg/ml but generally found
concentrations>100 ug/ml to be toxic and therefore
dilutions from 100 pg to 3.12 pg/ml were used in this
study. It is vitally important to minimise the occurrence of
false negative results that a wide range of concentrations
be tested as 40% of our cohort were only positive at one
concentration (not dose dependent) demonstrating the
complexity of drug/T cell interaction in vitro [21].

Evaluation of the addition of autologous serum showed
a significant increase in the negative control which may
have been due to the interaction of XTT with human
serum albumin as found by other groups, and [22] thus
was not included for the study patients.

Cytokine analysis of patient samples from XTT-
LTT positive drug wells were negative for IL-2 for all
patients as seen in other studies [21]. IL-4 was present
at very low levels in patient 3 (0.44 pg/ml) and patient
8 (0.3-0.7 pg/ml) and was negative for all the 6 other
tested patients. Other groups have suggested that IL-4
may be a useful additional marker for LTT, but this was
only assessed in cases of phenytoin and carbamazepine-
induced DRESS [23]. IL-5 was detected in 5/8 patients
tested at a range of 0.3-50 pg/ml including both cases
of piperacillin/tazobactam-DRESS. Interestingly, of the
two sulfasalazine-DRESS patients, IL-5 was detected in
patient 3 who reacted to both the drug and derivative
but not in patient 5 who reacted to the drug only. The
detection of IL-5 has thus far proven useful as a surrogate
marker for hypersensitivity to metals only such as nickel
and palladium [24].

The benefit of a LTT with high sensitivity in
addition to specificity is for the evaluation of severe
hypersensitivity reactions implicating more than one
drug. Both allopurinol and lenalidomide were possible
causes for DRESS in patient 9. Allopurinol is one of the
leading causes of DRESS globally [25] with few cases
associated with lenalidomide to date [26]. Surprisingly,
the patient had a positive XTT-LTT to lenalidomide
and not allopurinol or its metabolite oxypurinol [27].
The patient has consented to an allopurinol challenge
if the drug is required in the future. In contrast, The
XTT-LTT for patient 4 with allopurinol-DRESS was
positive to both allopurinol and oxypurinol with
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no other agent considered clinically as a possible
culprit. Confirmation of the likely causative drug as
in our case(s) is useful in confirming the aetiology of
the reaction and restriction of drugs with potential
structural cross-reactivity.

The major limitation of this study is the small sample
size, but it is method validation study that will now
proceed to a clinical validation. Our cohort comprises
mainly of patients with DRESS. The assay also performed
well in both patients with AGEP indicating its potentially
utility in this type of hypersensitivity reaction. The XTT—
LTT requires evaluation in SJS/TEN patients, a cohort
that traditionally has low sensitivity for LTT assays. The
assay correctly diagnosed all 10 patients with varied
drug culprits, including common precipitants of DRESS.
Despite the robust performance of the assay, its optimal
timing with serial measurements requires further
elucidation.

In summary, our group has validated a LTT assay
utilising XTT for detection of causal drugs in patients
with DRESS and the method also holds promise for
AGEP. The assay awaits a clinical validation study with an
appropriate sample size and maybe sensitive enough to
use following the acute phase of the DRESS reaction and
for up to 5 years following the reaction.
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