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Abstract

Background Delayed hypersensitivity is responsible for severe cutaneous

adverse drug reactions (CADRs), especially in Stevens-Johnson syndrome

(SJS), toxic epidermal necrolysis, and drug-induced hypersensitivity syndrome

(DIHS) (also known as drug rash with eosinophilia and systemic symptoms

[DRESS] syndrome). The drug-induced lymphocyte stimulation test (DLST), or

lymphocyte transformation test (LTT), is used to identify the culprit drug in

severe CADR cases.

Objective The aim of this study was to examine the immune reactions in CADR

patients through the identification of the drug-specific proliferating cells by flow

cytometric DLST (FCM-DLST).

Methods The peripheral blood mononuclear cells of 16 anticonvulsant-induced

cADR patients were investigated by conventional DLST and a FCM-DLST

protocol in which CFSE dilution and BrdU incorporation were combined.

FCM-DLST allowed for the identification of the drug-specific proliferating cells in

six cases. Three of these cases were DIHS cases, whereas there was one case
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of SJS, one case of maculopapular rash (MP), and one case of erythema

multiforme (EM) among the six cases.

Results In FCM-DLST, drug-specific proliferating T cells were detected as
CFSE™ Brdu"@" cells. These cells corresponded to the cells incorporating
3H-thymidine in conventional DLST. Although CD4* T-cell proliferation

dominated the observed proliferation in most of the cases_(in the recovery stage

of the three DIHS cases, the MP case, and the EM case), drug-specific CD8"

cytotoxic T lymphocytes (CTLs) were detected, especially in the acute stages of

the SJS case and one of the DIHS cases. There was a dramatic switch in the

predominant drug-specific proliferating T-cell population in the course of one of

the cases of DIHS in which CD8" CTLs were predominant initially, whereas CD4"

T cells were predominant later. Moreover, drug-specific CD4" CD25" Foxp3*

regulatory T cells (Tregs) proliferated during the recovery stage_in _one DIHS

case.

Conclusions FCM-DLST revealed that the cell proliferation detected by

conventional DLST is a heterogeneous proliferation of both CD8" CTLs and CD4"
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T cells that likely includes Tregs. However, the number of cADR cases in this

study was limited, which limits the conclusions that can be drawn from it.
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Introduction

T-cell-mediated delayed hypersensitivity is responsible for the
pathogenesis of severe cutaneous adverse drug reactions (CADRS), including
Stevens-Johnson syndrome (SJS), toxic epidermal necrolysis (TEN), and
drug-induced hypersensitivity syndrome (DIHS), also called hypersensitivity
syndrome (HSS) or drug rash with eosinophilia and systemic symptoms
(DRESS) syndrome [1-4]. In severe cADR, the drug-induced lymphocyte
stimulation test (DLST), or lymphocyte transformation test (LTT), is used to
identify culprit drugs [5]. In conventional DLST, freshly isolated peripheral blood
mononuclear cells (PBMCs) are incubated with the culprit drug for 5-7 days, and
cell proliferation is measured by °H-thymidine incorporation. Because
3H-thymidine incorporation occurs in all proliferating PBMCs, drug-specific
proliferating cells cannot be individually assessed by conventional DLST.

Flow cytometry (FCM) is a well-established semiquantitative assay that

can measure the cell surface and intracellular molecules expressed by individual

cells in a heterogeneous population. It has also been used for analyzing the in
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vitro immune reaction that occurs in DLST [6]. Drug-specific T cells and their

cytokine production were detected by a carboxyfluorescein diacetate

succinimidyl ester (CFSE)-based proliferation assay [7-9]. CFSE is partitioned

equally during cell division, resulting in the sequential halving of cellular

fluorescent intensity with each successive generation. Although CFESE dilution is

usually a useful technique for the measurement of cell proliferation, cells that

have proliferated are sometimes indistinguishable from a non-specific peak of

dead cells, especially when the cell proliferation is small in magnitude, which it

often is in a DLST reaction. 5-bromo-2'-deoxyuridine (BrdU) is a non-radioactive

thymidine analogue that becomes incorporated into DNA during the S-phase of

the cell cycle (Figure 1A). Here, drug-specific proliferating cells were identified by

a flow cytometric DLST (FCM-DLST) protocol that combines CFSE dilution and

BrdU incorporation and utilizes them as a substitute for >*H-thymidine

incorporation. The combination of the CFSE and BrdU assays allows for the clear

identification of the very small proliferating cell population as CFSE'™" Brdu"d"

cells. AFCM-DLST protocol that uses the combination of CFSE and BrdU assays
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can reveal the proliferating drug-specific cell population responsible for the

proliferation found by conventional DLST. We took advantage of this feature and

analyzed the drug-specific T cells of anti-convulsant hypersensitivity patients

during the acute and recovery stages of the disease. Interestingly, drug-specific

CD8" T cells were detected only in the acute stage of severe drug

hypersensitivity, whereas drug-specific CD4' T cells were found to be dominant in

the recovery stage. Moreover, the percentage of drug-specific CD4" T cells that

were Foxp3™ requlatory T cells was increased during the recovery stage in one of

the DIHS cases, suggesting that different subsets of drug-specific T cells are

induced during different disease stages of a cADR.
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Materials and methods
Patients

Sixteen patients clinically diagnosed with anticonvulsant-induced cADR
were enrolled in this study from July 2008 to July 2011. Conventional DLST was
performed in all 16 cases, while FCM-DLST was performed in six of the cases.
Our institutional review board approved this study, and informed consent for all
diagnostic procedures and research was obtained from all patients and healthy

controls.

Cell preparation and culture

Cell preparation and culture for DLST were performed in accordance
with standard DLST protocols [6, 10, 11]. Briefly, PBMCs were isolated with
Ficoll-Hypague solution (Sigma-Aldrich), labeled with 6 mM CFSE (Invitrogen),
and cultured at 2 x 10° cells/well in two 96-well flat-bottomed plates for 7 days.
After addition of the identified culprit drug, one plate was used for conventional

DLST and one for FCM-DLST (Figure 1B).
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Preparation of culprit drugs

Culprit drugs were dissolved in phosphate-buffered saline (PBS), or
PBS with 0.025% dimethyl sulfoxide (Wako) if the drug was PBS-insoluble, and
added to the PBMC culture medium at the beginning of incubation (day O).
Sodium valproate was PBS-soluble, whereas phenytoin, zonisamide, and
carbamazepine were PBS-insoluble. The final drug concentrations were 100, 10,
and 1 ug/ml. PBMCs were also incubated without a drug (negative control) and

with 10 pug/ml phytohemagglutinin (PHA, Sigma-Aldrich; positive control).

®H-thymidine incorporation assay for DLST

Conventional DLST that used 3H-thymidine was performed as
previously described [10, 11]. The results are presented as the stimulation index
(SI), which was the ratio of the highest count per minute of the samples cultured
with diluted drug to that of the control cultured without_ a drug. A Sl value >2.0 was

interpreted as a positive result.

10
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Flow cytometric DLST

The other plate of CFSE-labeled PBMCs was incubated with or without
culprit drug in the same manner (Figure 1B). Six days after the start of incubation,
10 mM BrdU (Sigma-Aldrich) in 20 ul PBS was pulsed into the wells instead of
3H-thymidine. After 20-24 hours of further incubation, the cells were collected and
stained with the following antibodies and reagents: PerCP-conjugated CD4,
allophycocyanin (APC)-conjugated CD8, streptavidin-phycoerythrin (PE) (all BD
Biosciences), and biotin-conjugated BrdU (Abcam). For intracellular BrdU
staining, cells were labeled with CD4 and CD8, fixed and permeabilized with BD
Cytofix/Cytoperm™ Fixation/Permeabilization Solution Kit (BD Biosciences), and
treated with 0.3 mg/ml Deoxyribonuclease | (Sigma-Aldrich) before BrdU staining

[12]. In one case, cells were stained with the following antibodies and reagents:

Pacific-Blue-conjugated CD4 (BioLegend), AmCyan-conjugated CDS,

PE-conjugated CD45RA, APC-Cy7-conjugated CD25 (BD Biosciences), and

APC-conjugated Foxp3 (eBioscience). For intracellular Foxp3 staining, cells

11
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were first incubated with anti-CD4, anti-CD8, anti-CD45RA, and anti-CD25

antibodies, then fixed, permeabilized with the Anti-Human Foxp3 Staining Set

APC (eBioscience), and stained with anti-Foxp3 (eBioscience). All stained cells

were analyzed with a FACS Calibur or FACS Canto Il cytofluorometer (BD

Biosciences). Subsequent analysis was performed with FlowJo software

(TreeStar).

12
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Results

Utility of conventional DLST in the clinical course of cADR

Positive results are not always obtained when conventional DLST is

performed during a cADR case. However, in many cADR cases, conventional

DLST is positive at certain times of the clinical course. Kano el al. previously

reported that regardless of whether patients were treated with systemic

prednisolone, positive DLST reactions were obtained in the acute, but not the

recovery, stage of MP and SJS/TEN, while the exact opposite was observed in

DIHS, where positive reactions were obtained in the recovery, but not the acute,

stage [13]. Therefore, we analyzed 16 patients with anti-convulsant-induced

delayed-type hypersensitivity to examine the correlation between the Sl value of

conventional DLST and the examination date after cADR onset. The clinical data

of our 16 cADR patients are summarized in Table 1. The Sl values dramatically

changed in individual patients over the course of the disease, and some patients

who were negative by conventional DLST during the acute stage were positive

30 days after disease onset. These results indicated that the drug-specific

13
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immune reactions detected by conventional DLST could vary during different

clinical stages of the disease course. Therefore, we speculated that the
variations in the Sl value of conventional DLST might reflect alterations in the
immune status and the magnitude of the drug-specific immunity. This led us to
focus on the drug-reactive proliferating cells that lead to positivity on

conventional DLST through the use of FCM.

Drug-specific proliferating T cells in conventional DLST are detected as
CFSE"" Brdu"9" cells in flow cytometric DLST

To visualize the proliferating cells that incorporate *H-thymidine in
conventional DLST, samples were examined for both CFSE dilution and BrdU
incorporation. To exclude the effects of CFSE labeling, CFSE-labeled PBMCs
were divided into two samples before incubation, with one aliquot used for
conventional DLST and the other for FCM-DLST. PBMCs used for FCM-DLST
analysis were incubated in the same manner as for conventional DLST for 6

days and pulsed with BrdU for 24 hours (Figure 1B). Theoretically, CFSE dilution

14
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reflects the total number of divided and proliferated cells during the 7-day culture,

whereas *H-thymidine and BrdU incorporation into cells during the synthesis

phase of the cell cycle represent cells that proliferated during the last 24 hours

before cell harvesting.

PBMCs of a patient_(Case 1) in the acute stage of phenytoin-induced
maculopapular rash were used for FCM-DLST and conventional DLST (Figure
2). In conventional DLST, PBMCs incorpora ted >H-thymidine (SI 5.0) after
treatment with 10 pg/ml phenytoin, whereas PBMCs from healthy controls did
not (S1 0.81).

Back-gating analysis revealed that the CFSE“" population was
distributed in the lymphocyte area, indicating that the cells that incorporated

3H-thymidine in conventional DLST were lymphocytes, which was consistent to

what _had been previously reported [13]. Although a few contaminating

granulocytes in PBMCs showed greater BrdU incorporation (likely due to these

cells being larger than lymphocytes), they never appeared as CFSE™ cells,

suggesting that granulocytes did not proliferate (Supplemental Figure 1).

15

Page 15 of 47



O©CoO~NOOTA~AWNE

Journal of Dermatological Science
Original Article

Therefore, the lymphocyte gate was used for all further analysis. As shown in a
histogram of CFSE fluorescence intensity (Figure 2), the CFSE"" proliferated

population (9.6%), the cell population that led to the positive result by

conventional DLST, appeared as a small peak when the cells were treated with

10 pg/ml phenytoin. However, cells cultured with 1 pg/ml phenytoin were found
to be negative for proliferation by conventional and FCM-DLST. In FCM-DLST,
the phenytoin-specific proliferating cells were detected as a CFSE" Brdu"d"
population, which clearly correlated with the SI value determined by
conventional DLST.

FCM-DLST allows for a detailed and precise analysis of the
drug-specific proliferating cells that correspond to cells that incorporate
3H-thymidine in conventional DLST. We examined CD4 and CD8 expression in
the cells that proliferated in FCM-DLST. In a positive case of FCM-DLST,
cultured PBMCs were categorized into three populations: R1, the CFSE'™"
BrdU"9" drug-specific proliferating cells that incorporated BrdU within the last 24

hours; R2, the CFSE™ Brdu'™" drug-specific proliferating cell population that did

16

Page 16 of 47



O©CoO~NOOTA~AWNE

Journal of Dermatological Science
Original Article

not incorporate BrdU within the last 24 hours; and R3, the CFSE"" BrdU'""
non-proliferating cell population (Figure 3A). The CFSE"" BrdU"9" population,
the population that incorporated *H-thymidine, was composed entirely of CD4"
and CD8" T lymphocytes even though the undivided cell population (CFSEhigh

BrdU'™) contained CD4" CD8 non-T cells (R3 in Figure 3B). When four

additional cases were analyzed, these three populations were identified in each

case (Figure 3A). Proliferating drug-specific T cells were better isolated in R1

than R2, suggesting that a FCM-DLST protocol that used both CFSE and BrdU

was superior to DLST that used CFSE only (Supplemental Figure 2). To date, we

have not detected proliferation in any cells other than T cells.

Since CFSE intensity is reduced by half with every cell division, the

number of cell divisions can be calculated (Figure 2) [14]. The average number

of divisions was 5.5 (range: 3.54-6.47; Table 2). Thus, the drug-specific

proliferating lymphocytes divided approximately five or six times in the 7 days in

DLST-culture medium.

17
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CD8' T cells are the predominant proliferating population in a DLST culture

of the PBMCs from a severe cADR patient

Drug-specific CD4" T cells produce cytokines, including

interferon-gamma, and this production is related to the pathogenesis of CADR [9].

However, recent reports suggested that CD8" CTLs are the major effector cells
in SJS/TEN [15] and are involved in DIHS development [16]. Therefore, we
evaluated the percentage of CD4" and CD8" drug-specific T cells in FCM-DLST.
PBMCs from six cADR patients who were conventional DLST-positive were
analyzed by conventional DLST and FCM-DLST concurrently (Table 2). As
previously reported, the drug-specific proliferated cells were mainly CD4" T cells
in four of the six cases. Interestingly, the CFSE"" BrdU"9" population was
predominantly CD8" CTLs in the PBMCs of an SJS patient (Case 2) and those
from a patient in the acute stage of DIHS (Case 3). Drug-specific CTLs were
preferentially detected in these cases soon after the withdrawal of the culprit
drug, demonstrating that *H-thymidine incorporation in conventional DLST

actually represents a complex immune reaction against a drug antigen that could

18
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be classified into at least two subgroups according to the type of drug-specific

proliferating T cell.

The predominant drug-specific proliferating cell population in DLST

dramatically changes from CD8" CTLs to CD4" T Ilymphocytes in the

clinical course of DIHS

Conventional DLST is sometimes measured several times during the

course of a CADR, and Sl values in the acute stage differ considerably from those

in the recovery stage. To study differences in DLST during the clinical course of

DIHS, conventional and FCM-DLST were concurrently examined at different time

points in two cases of DIHS (Cases 3 and 4). In Case 3, a case of

phenytoin-induced DIHS, the human herpes virus-6 immunoglobulin G

(HHV-6-1gG) titer increased from 40x (day O after the withdrawal of the culprit

drug) to 2560x% (day 14), indicating that HHV-6 was reactivated (Figure 4). The

percentage of the CFSE™" BrdUM?" population (R1) increased from 2.7% (day 1)

to 5.4% (day 15) in accordance with the Sl. Surprisingly, the major drug-specific

19
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proliferating cell population dramatically changed from CD8" CTLs on day O

(86%) to CD4" T lymphocytes on day 14 (100%), indicating that the drug-specific

T-cell subsets may play different roles in the pathogenesis of DIHS at different

clinical stages.

In Case 4, a case of zonisamide-induced DIHS, the HHV6-IgG titer

increased from 20x to 1280x%, confirming a reactivation of HHV-6. From days 15

to 35, CD4" T lymphocytes were the predominant population that exhibited

drug-specific proliferation (Fiqure 5). However, drug-specific T cells were not

detected in the acute stage of this DIHS case, likely because this case was only

weakly positive on conventional DLST.

Drug-specific Tregs increase in DLST during the recovery stage

Next, we evaluated drug-specific Tregs by FCM-DLST in a case_(Figure

6) of carbamazepine-induced DIHS_(Case 6). DLST was performed at the

recovery stage (52 days)._A BrdU incorporation assay was not performed in this

case because intracellular Foxp3 staining is not compatible with the BrdU

20
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staining_protocol. We compared the CFSE'" population with the CFSE""

population and used PHA-stimulated CFSE"" proliferated CD4* T cells as a
positive control (Figure 6). The CFSE"" drug-specific proliferating cells were
mainly CD4" T cells. Almost all drug-specific CD4" T cells highly expressed CD25,
and the ratio of CD4" CD25" Foxp3" drug-specific Tregs was increased in this
population compared to the CFSE™" population and controls. In contrast, the
CD45RA" Foxp3"" resting Treg population almost disappeared in the CFSE'™"
population. These results indicate that drug-specific Tregs expand during the

recovery stage of drug hypersensitivity.

21
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Discussion

DLST, a widely used in vitro diagnostic tool for drug hypersensitivity, is

used irrespective of the effector mechanism and clinical phenotype of the

hypersensitivity reaction [10].__However, the sensitivity and specificity of

conventional DLST is sometimes problematic, particularly when the Sl value is

not that high [10]. In our study, the S| values of conventional DLST dramatically

changed in individual patients over the course of the disease. FCM-DLST

determined that the percentage of drug-specific proliferating cells was very small

even when the Sl value was much higher than the current standard cut-off value.

These results indicated that conventional DLST might be useful for the

screening of the causative drug in a cADR case and that FCM-DLST, due to its

ability to provide more detailed information about the drug-specific T-cell

population, could be a suitable method for the determination of the culprit druq.

In vitro detection of drug-specific cytokine production by PBMCs

appears to be an adequate alternative for the detection of drug hypersensitivities

[6, 9, 17-19]. In many reports, the total T-cell population in the cultures, including

22
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the non-proliferating T cells, was analyzed. However, a few reports focused on
the drug-specific proliferating T cells. In our FCM-DLST, the proliferating CD4"
lymphocytes and CTLs, the cells that take up *H-thymidine in conventional DLST,

are clearly visualized. Hashizume et al. previously reported that when DLST was

performed with CFSE alone, the CFSE"" proliferated population appears even

in the absence of the culprit drug. However, the CFSE'" population in a CFSE

dilution assay not coupled to a BrdU assay might include non-specific dead cells

as described above. Our FCM-DLST has the advantage of differentiating the

overlapping dead cells as well as any cells with non-specific CFSE dilution from

the proliferated population through BrdU labeling.

In previous clinical reports, CD4" T cells were the predominant

population that infiltrated into maculopapular rash skin lesions [20], and most

drug-specific T cells were CD4" T cells. In contrast, recent reports suggested that

SJS and TEN result from HLA class I-restricted drug hypersensitivity. CTLs were

the predominant population that infiltrated into the epidermis of skin lesions of

SJS and TEN patients, and HLA B1502 was found to be fully associated with

23
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carbamazepine-induced SJS in Han-Chinese [21-23]. In addition, we reported

that epidermal antigen-specific CTLs in Treg-depleted mice induce severe

epidermal damage that mimics human TEN, suggesting the effector cells of SJS

and TEN are CTLs [24-26].

Interestingly, although the number of patients is limited in this study,

FCM-DLST revealed that drug-specific CTLs predominantly proliferated during

the acute stages of SJS and DIHS, indicating that this proliferation corresponded

to the administration of the culprit drug. On the other hand, drug-specific CD4" T

cells, which likely included suppressive Foxp3® Tregs, were detected during the

recovery stage of a DIHS patient after the withdrawal of the culprit drug. Moreover

unlike the previous report [13], positive DLST reactions were clearly observed

during the acute stage of DIHS. This is likely because drug administration had

been continued for 12 days after the onset of cADR, which could have led to the

drug-specific CTLs becoming greatly expanded.

In conclusion, FCM-DLST demonstrated that the cell proliferation

detected by conventional DLST is a heterogeneous proliferation of both CD8"

24
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CTLs and CD4" T cells that likely includes Tregs. However, the conclusions that

can be drawn from this study are limited due to the limited number of cases. As

these T-cell populations recognize antigen on different MHC molecules, it will be

interesting to test how a single drug antigen presented on MHC class | and class

Il independently primes and activates drug-specific T cells.

25

Page 25 of 47



O©CoO~NOOTA~AWNE

Journal of Dermatological Science
Original Article

Acknowledgements

Funding Source

This work was supported in part by Health and Labour Sciences

Research Grants (Research on Intractable Diseases) from the Ministry of Health,

Labour and Welfare of Japan.

26

Page 26 of 47



O©CoO~NOOTA~AWNE

Journal of Dermatological Science
Original Article

References

[1] Roujeau JC, Stern RS: Severe adverse cutaneous reactions to drugs. N Engl

J Med 331: 1272-1285, 1994.

[2] Takahashi H, Tanaka M, Tanikawa A, Toyohara A, Ogo Y, Morimoto A, et al.: A

case of drug-induced hypersensitivity syndrome showing transient

immunosuppression before viral reactivation during treatment for pemphigus

foliaceus. Clin Exp Dermatol 31: 33-35, 2006.

[3] Nishio D, Izu K, Kabashima K, Tokura Y: T cell populations propagating in the

peripheral blood of patients with drug eruptions. J Dermatol Sci 48: 25-33, 2007.

[4] Chung WH, Hung SI, Yang JY, Su SC, Huang SP, Wei CY, et al.: Granulysin

is a key mediator for disseminated keratinocyte death in Stevens-Johnson

syndrome and toxic epidermal necrolysis. Nat Med 14: 1343-1350, 2008.

[5] Pichler WJ, Tilch J: The lymphocyte transformation test in the diagnosis of

drug hypersensitivity. Allergy 59: 809-820, 2004.

[6] Martin M, Wurpts G, Ott H, Baron JM, Erdmann S, Merk HF, et al.: In vitro

detection and characterization of drug hypersensitivity using flow cytometry.

27

Page 27 of 47



O©CoO~NOOTA~AWNE

Journal of Dermatological Science
Original Article

Allergy 65: 32-39, 2010.

[7] Beeler A, Engler O, Gerber BO, Pichler WJ: Long-lasting reactivity and high

frequency of drug-specific T cells after severe systemic drug hypersensitivity

reactions. J Allergy Clin Immunol 117: 455-462, 2006.

[8] Beeler A, Zaccaria L, Kawabata T, Gerber BO, Pichler WJ: CD69

upregulation on T cells as an in vitro marker for delayed-type drug

hypersensitivity. Allergy 63: 181-188, 2008.

[9] Tsuge I, Okumura A, Kondo Y, Itomi S, Kakami M, Kawamura M, et al.:

Allergen-specific T-cell response in patients with phenytoin hypersensitivity;

simultaneous analysis of proliferation and cytokine production by

carboxyfluorescein succinimidyl ester (CFSE) dilution assay. Allergol Int 56:

149-155, 2007.

[10] Nyfeler B, Pichler WJ: The lymphocyte transformation test for the diagnosis

of drug allergy: sensitivity and specificity. Clin Exp Allergy 27: 175-181, 1997.

[11] Lopez S, Torres MJ, Rodriguez-Pena R, Blanca-Lopez N, Fernandez TD,

Antunez C, et al.: Lymphocyte proliferation response in patients with delayed

28

Page 28 of 47



O©CoO~NOOTA~AWNE

Journal of Dermatological Science
Original Article

hypersensitivity reactions to heparins. Br J Dermatol 160: 259-265, 2009.

[12] Gonchoroff NJ, Katzmann JA, Currie RM, Evans EL, Houck DW, Kline BC,

et al.: S-phase detection with an antibody to bromodeoxyuridine. Role of DNase

pretreatment. J Immunol Methods 93: 97-101, 1986.

[13] Kano Y, Hirahara K, Mitsuyama Y, Takahashi R, Shiohara T: Utility of the

lymphocyte transformation test in the diagnosis of drug sensitivity: dependence

on its timing and the type of drug eruption. Allergy 62: 1439-1444, 2007.

[14] Gett AV, Hodgkin PD: A cellular calculus for signal integration by T cells. Nat

Immunol 1: 239-244, 2000.

[15] Hung SI, Chung WH, Jee SH, Chen WC, Chang YT, Lee WR, et al.: Genetic

susceptibility to carbamazepine-induced cutaneous adverse drug reactions.

Pharmacogenet Genomics 16: 297-306, 2006.

[16] Hashizume H, Takigawa M: Drug-induced hypersensitivity syndrome

associated with cytomegalovirus reactivation: immunological characterization of

pathogenic T cells. Acta Derm Venereol 85: 47-50, 2005.

[17] Hashizume H, Takigawa M, Tokura Y: Characterization of drug-specific T

29

Page 29 of 47



O©CoO~NOOTA~AWNE

Journal of Dermatological Science
Original Article

cells in phenobarbital-induced eruption. J Immunol 168: 5359-5368, 2002.

[18] Lochmatter P, Beeler A, Kawabata TT, Gerber BO, Pichler WJ:

Drug-specific in vitro release of IL-2, IL-5, IL-13 and IFN-gamma in patients with

delayed-type drug hypersensitivity. Allergy 64: 1269-1278, 20009.

[19] Zawodniak A, Lochmatter P, Yerly D, Kawabata T, Lerch M, Yawalkar N, et

al.: In vitro detection of cytotoxic T and NK cells in peripheral blood of patients

with various drug-induced skin diseases. Allergy 65: 376-384, 2010.

[20] Hari Y, Frutig-Schnyder K, Hurni M, Yawalkar N, Zanni MP, Schnyder B, et

al.: T cell involvement in cutaneous drug eruptions. Clin Exp Allergy 31:

1398-1408, 2001.

[21] Hertl M, Bohlen H, Jugert F, Boecker C, Knaup R, Merk HF: Predominance

of epidermal CD8+ T lymphocytes in bullous cutaneous reactions caused by

beta-lactam antibiotics. J Invest Dermatol 101; 794-799, 1993.

[22] Chung WH, Hung SI, Hong HS, Hsih MS, Yang LC, Ho HC, et al.: Medical

genetics: a marker for Stevens-Johnson syndrome. Nature 428: 486, 2004.

[23] Chave TA, Mortimer NJ, Sladden MJ, Hall AP, Hutchinson PE: Toxic

30

Page 30 of 47



O©CoO~NOOTA~AWNE

Journal of Dermatological Science
Original Article

epidermal necrolysis: current evidence, practical management and future

directions. Br J Dermatol 153: 241-253, 2005.

[24] Azukizawa H, Kosaka H, Sano S, Heath WR, Takahashi I, Gao XH, et al.:

Induction of T-cell-mediated skin disease specific for antigen transgenically

expressed in keratinocytes. Eur J Immunol 33: 1879-1888, 2003.

[25] Azukizawa H, Sano S, Kosaka H, Sumikawa Y, Itami S: Prevention of toxic

epidermal necrolysis by regulatory T cells. Eur J Immunol 35: 1722-1730, 2005.

[26] Azukizawa H: Animal models of toxic epidermal necrolysis. J Dermatol 38:

255-260, 2011.

31

Page 31 of 47



O©CoO~NOOTA~AWNE

Journal of Dermatological Science
Original Article

Legends

Table 1.

Summary of the 16 cADR cases examined by conventional DLST. M: male; F:

female; cADR: cutaneous adverse drug reaction; d: days; MP: maculopapular

rash; SJS: Stevens-Johnson syndrome; DIHS: drug-induced hypersensitivity

syndrome; EM: erythema multiforme; TEN: toxic epidermal necrolysis; Sl:

stimulation index.

Table 2.

Summary of the six CADR cases examined by conventional and flow cytometric

DLST concurrently. M: male; F: female; cADR: cutaneous adverse drug reaction;

PBMC: peripheral blood mononuclear cell; d: days; MP: maculopapular rash;

SJS: Stevens-Johnson syndrome; DIHS: drug induced hypersensitivity

syndrome; EM: erythema multiforme.

Figure 1.

(A) Cell cycle scheme. 3H-thymidine and BrdU are incorporated into S-phase

cells, while the CFSE intensity of a labeled cell is reduced by half every cell
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division. G1: gap 1 phase; S: synthesis phase; G2: gap 2 phase; M: mitotic

phase; BrdU: 5-bromo-2'-deoxyuridine;: CFSE: carboxyfluorescein diacetate

succinimidyl ester. (B) Comparison of the conventional and flow cytometric

drug-induced lymphocyte stimulation tests (DLST). A patient’s peripheral blood

mononuclear cells (PBMCs) were isolated and CFSE-labeled. They were

cultured for 7 days in two culture plates with a culprit drug for conventional and

flow cytometric DLST (one plate for conventional, one for flow cytometric). Six

days after incubation, 3H-thymidine or BrdU were added. After an additional

20-24 hours of incubation, the cells were harvested, and 3H-thymidine

incorporation was measured for conventional DLST. For flow cytometric DLST,

BrdU-pulsed cells were stained with anti-CD4 and anti-CD8 antibodies, fixed,

permeabilized, and then intracellularly stained for BrdU.

Figure 2.

Representative data of conventional DLST, the CFSE dilution assay alone, and

the CFSE dilution assay combined with the BrdU incorporation assay (Case 1

and a healthy control). Conc: concentrations of culprit drugs, Sl: stimulation index.
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Corresponding with a positive Sl value, 9.6% of the cells were found to be

drug-specific proliferating cells by the CESE dilution assay in the culture treated

with 10 pg/ml of a culprit drug. The CFSE™ BrdU"®" population was detected by
the dilution assay combined with the BrdU incorporation assay in PBMCs treated
at the same concentration (10 pug/ml) of the culprit drug. On the other hand, no
cell proliferation was detected at any concentration of culprit drug in healthy
control PBMCs.

The number of cell divisions was estimated as follows. a: the value of the peak

CFSE fluorescence intensity of the non-proliferating cell population, b: the value

of peak fluorescence intensity of the proliferating cell population. Since CFSE

intensity is reduced by half per single cell division, the number of cell divisions

can be roughly calculated by taking the binary logarithm of a by b times (log:

alb).

Figure 3. (A) The results of flow cytometric DLST in five cases and the T-cell

subsets found in the flow cytometric DLST of Case 1. Seven-day-cultured

PBMCs were categorized into three subpopulations: R1, the CFSE™" Brdu"o"
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drug-specific proliferating cells that had incorporated BrdU within the last 24
hours of culture (day 6-7); R2, the CFSE" BrdU'"" drug-specific proliferating cell

population that had divided until day 6 but did not incorporate BrdU within the

last 24 hours of culture; and R3, the CFSE™" BrdU'" non-proliferating cell
population. The CFSE™" BrdU"9" population, the population that corresponded
to the cells that incorporated *H-thymidine, was composed entirely of CD4" and
CD8" T lymphocytes even though the undivided cell population (CFSE™"
BrdU'") contained CD4" CD8 non-T cells (R3).

Figure 4. The predominant drug-specific proliferating cell population changed
from CD8" CTLs to CD4" T lymphocytes during the clinical course of DIHS (Case
3). When conventional and flow cytometric DLST were examined on day O after
the withdrawal of phenytoin, the major drug-specific proliferating cell population
was CD8" CTLs (86% of proliferating cells). However, on day 14, the proliferating
population was composed entirely of CD4" T lymphocytes (100%). The undivided
cell population remained predominantly CD4" T lymphocytes.

Figure 5. The predominant drug-specific proliferating cell population remained
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CD4" T Ilymphocytes during the recovery course of DIHS (Case 4). From day 15

to day 35 after the withdrawal of zonisamide, the major drug-specific proliferating
cell population remained the CD4" T lymphocyte population. Drug-specific T cells
were not detected on day 1, perhaps because the Sl was only weakly positive in
this case (2.4).

Figure 6. Drug-specific Tregs were increased in DLST at the recovery stage. A
case of a patient with a carbamazepine-induced DIHS was examined by CFSE
dilution assay combined with Foxp3 staining. On day 52 after drug withdrawal,
the major CFSE" drug-specific proliferating cell population was CD4" T
lymphocytes (83%). Almost all of the drug-specific CD4" T cells highly expressed
the activation marker CD25, the CD4" CD25" Foxp3" drug-specific Treg

population was expanded in the proliferated population compared to the CFSE""

non-proliferated population and a CFSE"®" PHA-stimulated population, and the

CD45RA* Foxp3™ resting Treg population almost disappeared. R1 + R2: the

CFSE'" drug-specific or PHA-stimulated proliferated cell population: R3: the

CESEM9" non-proliferated cell population.

36

Page 36 of 47



O©CoO~NOOTA~AWNE

Journal of Dermatological Science
Original Article

Supplemental Figure 1. Drug-specific proliferating cells were distributed in the

lymphocyte area of a FSC and SSC plot (Case 1). Lym: lymphocyte: Gr:

granulocyte. (A) Culture with 10 ug/ml phenytoin. Back-gating analysis revealed

that the CFSE"" population (R1 + R2) was in the lymphocyte area. When the

FSC"°" and SSC"" population (Lym) was gated, the CFSE"" population was

enriched (Right column). The CESE"" and Brdu"9" population (R4) was FSCM9"

and SSC"" indicating that they were granulocytes or monocytes, not

lymphocytes. The CFSEM" and BrdU"" population (R3) was composed of

lymphocytes and dead cells. (B) Culture without phenytoin. The CESE"?" and

BrdU"9" population (R4) was also identified in a culture without the culprit drug.

Back-gating analysis revealed R4 was FSC"" and SSC"9" indicating R4

consisted of non-specific granulocytes or monocytes.

Supplementary Figure 2. Comparison of CFSE" Brdu"9" (R1) and CESE""

BrdU"" (R2) drug-specific proliferating T cells. R1 and R2 corresponded to the

cases in Figure 3A.
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