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Drug-induced hypersensitivity syndrome/drug reaction with 
eosinophilia and systemic symptoms (DiHS/DRESS) is a 
potentially fatal multiorgan inflammatory disease associated 
with herpesvirus reactivation and subsequent onset of auto-
immune diseases1–4. Pathophysiology remains elusive and 
therapeutic options are limited. Cases refractory to cortico-
steroid therapy pose a clinical challenge1,5 and approximately 
30% of patients with DiHS/DRESS develop complications, 
including infections and inflammatory and autoimmune dis-
eases1,2,5. Progress in single-cell RNA sequencing (scRNA-seq) 
provides an opportunity to dissect human disease pathophys-
iology at unprecedented resolutions6, particularly in diseases 
lacking animal models, such as DiHS/DRESS. We performed 
scRNA-seq on skin and blood from a patient with refractory 
DiHS/DRESS, identifying the JAK–STAT signaling pathway 
as a potential target. We further showed that central memory 
CD4+ T cells were enriched with DNA from human herpesvi-
rus 6b. Intervention via tofacitinib enabled disease control 
and tapering of other immunosuppressive agents. Tofacitinib, 
as well as antiviral agents, suppressed culprit-induced T cell 
proliferation in vitro, further supporting the roles of the JAK–
STAT pathway and herpesviruses in mediating the adverse 
drug reaction. Thus, scRNA-seq analyses guided successful 
therapeutic intervention in the patient with refractory DiHS/
DRESS. scRNA-seq may improve our understanding of compli-
cated human disease pathophysiology and provide an alterna-
tive approach in personalized medicine.

Here, we report a case of DiHS/DRESS in a 44-year-old male 
patient that was induced by sulfamethoxazole (SMX) and trim-
ethoprim (TMP). The patient had a severe rash with systemic 
symptoms that were uncontrolled despite high-dose prednisone. 
Attempts to taper prednisone led to severe flares and progression 
to a toxic epidermal necrolysis-like presentation (Fig. 1a) for which 

one dose of etanercept and high-dose intravenous immunoglobu-
lin was administered with no clear improvement. Skin presenta-
tion evolved to a diffuse, psoriasis-like process, ultimately resulting  
in generalized exfoliative dermatitis (Fig. 1a). Cyclosporine at 
400 mg d−1 decreased skin inflammation, but tapering or inad-
vertent discontinuation resulted in severe flares, and the patient 
developed recalcitrant renal hypertension. Two grams per  
day of mycophenolate mofetil (MMF) was added in an effort to 
reduce cyclosporine dosing, but without improvement in skin 
inflammation, leaving the patient at high risk for developing  
life-threatening complications.

Targeting specific immunological pathways represents a prom-
ising approach to treat inflammatory diseases. Given the recent 
advances in scRNA-seq, its application in human diseases may 
enable better understanding of pathological processes6. Given the 
failure of conventional therapies and the lack of alternative therapeu-
tic options in this DiHS/DRESS case, we hypothesized that scRNA-
seq might provide a powerful personalized medicine approach 
to determine transcriptomic changes that not only deepen our 
insight into disease mechanisms, but also enable the identification 
of overexpressed genes or altered pathways that might be targeted 
via currently available monoclonal antibodies or small-molecule 
inhibitors. Thus, we dissociated a skin biopsy into a single-cell sus-
pension and performed scRNA-seq analysis. Five healthy volunteer 
(HV)-skin biopsies served as controls. After performing unsuper-
vised clustering and a t-distributed stochastic neighbor (t-SNE) plot 
analyses (Fig. 1b and Extended Data Fig. 1a), cluster identities were 
determined by the expression of established markers (Fig. 1c and 
Extended Data Fig. 1b), which revealed successful capture of major 
skin cell subsets. In comparing patient- and HV-derived cells, we 
identified relative abundances of keratinocytes and immune cells in 
DiHS/DRESS skin (Extended Data Fig. 1c) that reflected an inflam-
matory state. Projection of the numbers of differentially expressed 
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Fig. 1 | scRNA-seq analysis reveals unique skin T cell transcriptome in DiHS/DReSS. a, Clinical presentation and course. TEN, toxic epidermal  
necrolysis; PSL, prednisone; IVIG, intravenous immunoglobulin; CsA, cyclosporine. b, Unsupervised t-SNE plot displaying 4,676 cells from DiHS/DRESS 
skin and 13,542 skin cells from five HVs, colored by shared nearest neighbor clusters. KC, keratinocyte; SM, smooth muscle. c, Expression levels (x axis) 
of cluster-defining genes in each cluster. Violin plots show the distribution of the normalized expression levels of genes and are color-coded on the basis 
of cluster, as in b. d, Number of DEGs between DiHS/DRESS and HV cells within each cluster projected onto the t-SNE map. DEG: |log fold change| > 0.5; 
adjusted P value <0.05 was derived by a Wilcoxon rank-sum test. e, Pathways upregulated in DiHS/DRESS lymphoid cells (cluster 4) with representative 
genes in each pathway. P value was derived by a hypergeometric test. f, A volcano plot of DEGs that are upregulated (red) or downregulated (blue) in 
lymphoid cells; relevant DEGs identified in the pathways are labeled (Supplementary Table 1). DiHS/DRESS cells, n = 589; HV cells, n = 1,148. P value  
was derived by Wilcoxon rank-sum test. g, Lymphocytes (cluster 4; n = 1,737 cells) were aligned across datasets using canonical correlation analysis 
(CCA) and projected onto a t-SNE plot that was color-coded on the basis of origin (left). Expression of selected genes were projected onto the t-SNE 
plot (top) and are shown as violin plots (bottom). Violin plots show the distribution of normalized expression levels of selected genes and dots represent 
individual cells.
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genes (DEGs) revealed broad transcriptomic changes in immune 
and nonimmune cell types, which were most prominent in the  
lymphocyte cluster (Fig. 1d). Because such differences could be 
influenced by the relative underrepresentation of homeostatic  
clusters in DiHS/DRESS samples, DEGs were projected on the  
t-SNE plots on the basis of major cell types (such as, keratinocytes 
and lymphocytes). This further demonstrated that the lymphocyte 
cluster was the primary cell type that exhibited the highest tran-
scriptomic differences (Extended Data Fig. 1d). Consistently with 
the dense infiltration of CD4+ and CD8+ T cells as determined by 
immunohistochemistry (Extended Data Fig. 1e), cells that expressed 
CD3E and CD4 or CD8A predominated within the lymphocyte 
cluster (Extended Data Fig. 1f,g).

To understand the biological significances of transcriptional 
changes in the lymphocyte cluster, we performed pathway-
enrichment analysis with DEGs obtained via unsupervised 
clustering analysis. We found enrichment of pathways, regard-
ing lymphocyte activation and cytokine signaling, which were, 
in part, driven by the upregulation of IL2RG, JAK3 and STAT1 
(Fig. 1e,f and Supplementary Table 1). IL2RG encodes the com-
mon γ chain of cytokine receptors that are crucial for lymphocyte 
homeostasis and function, the signaling of which are mediated 
by JAK and STAT molecules, where JAK3 directly interacts with 
the common γ chain7–10. Also upregulated, were genes involved in 
cell proliferation, such as MKI67, and migration, such as CCR10  
(Fig. 1e,f), whereas transcripts for potentially targetable cyto-
kines were undetected. Subclustering the lymphocytes resulted in 
the segregation of DiHS/DRESS and HV clusters, demonstrating 
distinct transcriptomic differences, and further validated that the 
expression of the above genes was enriched in the DiHS/DRESS 
cluster (Fig. 1g and Extended Data Fig. 1h). Immunofluorescence 
microscopy in DiHS/DRESS confirmed skin infiltration of 
CCR10+CD3+ T cells and the expression of JAK3 (Extended Data 
Fig. 1i,j). Furthermore, immunohistochemical staining detected 
phosphorylated STAT1 in mononuclear cells (Extended Data  
Fig. 1k), indicating that the JAK–STAT signaling pathway was 
active in skin-infiltrating lymphocytes. None of the genes that 
were upregulated in nonlymphocytes, including parenchymal 
cells, was directly targetable (Source Data Fig. 1d).

Given the systemic nature of DiHS/DRESS, and to explore 
whether similar transcriptomic signatures were reflected in the 
blood, we performed scRNA-seq of patient peripheral blood 
mononuclear cells (PBMCs), compared to age- and sex-matched 
HV PBMCs (Fig. 2a and Extended Data Fig. 2a,b). Projecting the 
number of DEGs onto the t-SNE plot revealed CD4+ and CD8+ 
lymphocyte subclusters with prominent transcriptomic changes 
(Fig. 2b) that were characteristic of DiHS/DRESS with prolifera-
tive gene signatures as observed in skin (Fig. 2c and Extended Data  
Fig. 2c,d). Single-cell T  cell receptor (TCR) sequencing, which 
enables profiling of paired TCR chain repertoires at the single T cell 
level, revealed strikingly diverse TCR usage in DiHS/DRESS T cells 
(Extended Data Fig. 2e,f), a counterintuitive finding, given that 
DiHS/DRESS was induced by a specific drug. Nevertheless, this 
finding demonstrated a negative finding on clonal TCR recombina-
tion, enabling the exclusion of lymphoproliferative disorders, such 
as T cell lymphomas11,12.

Unsupervised analysis revealed PBMC T  cell subclusters with 
large numbers of DEGs that were characterized by high expression 
of CCR4 and CCR10, which function as skin-homing chemokine 
receptors13,14 and low expression of CCR7, which enables migra-
tion of circulating T cells15,16 (Fig. 2c and Extended Data Fig. 2d). 
Flow cytometry validated the increase of CCR4+CCR10+ T cells in  
DiHS/DRESS blood (Fig. 2d). CCR4+CCR10+ T  cells were pre-
dominantly CD45RO+CCR7– and thus of central memory (TCM) 
and effector memory (TEM) phenotypes (Fig. 2e), corresponding 
with the CCR4high CCR10high CCR7low subclusters with large num-

bers of DEGs (Fig. 2b,c). CCR4+CCR10– T cells were enriched with  
TCM and double-negative cells with naive T  cells (Fig. 2e).  
Monocle trajectory analysis17,18 revealed that CCR4 and CCR10-
expressing CD4+ T  cell clusters were distributed to a later pseu-
dotime compared to a CCR7-expressing naive CD4+ T cell cluster 
(Extended Data Fig. 2g,h).

Notably, in contrast to our observations in skin, JAK and STAT 
genes were not detected in an unsupervised manner when the whole 
PBMC lymphocyte cluster was compared between DiHS/DRESS 
and HVs. Further comparison of clusters with high transcrip-
tomic changes (Fig. 2b) revealed upregulated pathways regarding 
cytokine-mediated signaling and T cell activation (Extended Data 
Fig. 2i) with increased frequency of T cells that expressed JAK3 and 
STAT1 (Fig. 2f). These findings demonstrated that while analysis of 
the primary site of inflammation (skin) for this patient was optimal 
for detecting targetable pathways, PBMCs can also partially reflect 
disease pathology, with similar features detected by using a combi-
nation of unsupervised and supervised approaches.

The contribution of herpesviruses to DiHS/DRESS pathogenesis 
remains controversial. However, virus reactivation occurs without 
immunosuppressive therapies and the emergence of virus-specific 
CD8+ T  cells suggests that herpesvirus reactivation is an integral 
component of disease process4,19,20. Among human herpesviruses 
(HHVs), HHV6b reactivation is reported to occur in the majority 
of DiHS/DRESS cases1,4,5. We hypothesized that refractory inflam-
mation might reflect persistent reactivation of herpesviruses21. 
Quantitative PCR using patient PBMCs detected DNA from 
HHV6b (Fig. 2g). We sorted T cells on the basis of memory phe-
notypes and found that DNA from HHV6b was highly enriched in 
CD4+ TCM (Fig. 2h). Taken together, DiHS/DRESS T cells in both 
skin and blood exhibited increased proliferation, distinct chemo-
kine receptor expression, upregulated genes involved in the JAK–
STAT signaling pathway and HHV6b was primarily enriched in 
circulating CD4+ T cells with a TCM phenotype.

Our data pointed to several potential therapeutic targets: (1) 
cell proliferation pathways, (2) chemokine receptors, (3) HHV6b 
and (4) the JAK–STAT pathway. MMF, which inhibits lymphocyte 
proliferation, had already failed to resolve skin inflammation. The 
occurrence of Stevens–Johnson syndrome/toxic epidermal necroly-
sis in patients treated with mogamulizumab22, an anti-CCR4 mono-
clonal antibody23, rendered it a less viable option. While foscarnet, 
cidofovir and ganciclovir are utilized in HHV6b infection24,25, none 
of these selectively targets HHV6b, and the two former were con-
cerning owing to renal toxicity, considering the underlying kidney 
dysfunction caused by cyclosporine. Thus, this left JAK inhibition 
as the sole feasible option. After obtaining informed consent, the 
patient was initiated on 5 mg d−1 of tofacitinib, a JAK1and JAK3 
inhibitor, and increased to 10 mg d−1 after confirming the absence 
of toxicity (Fig. 3a). The patient also received valganciclovir, an oral 
prodrug of ganciclovir, which mainly served as prophylaxis against 
the general herpesvirus infections that may occur during DiHS/
DRESS21 or treatment with JAK inhibitors26. Flow cytometry analy-
sis of PBMCs 2 weeks after initiation of treatment revealed a striking 
reduction of CCR4+CCR10+CD4+ and CD8+ T  cells (Fig. 3b and 
Extended Data Fig. 3). Consistently, comparison of pre- and post-
treatment PBMCs by scRNA-seq revealed a reduction of CCR4- and 
CCR10-expressing T  cells with proliferative gene signatures (Fig. 
3c–e). Notably, treatment extinguished residual skin inflammation 
and ultimately allowed the reduction of prednisone to replacement 
doses and discontinuation of MMF and cyclosporine (Fig. 3a). 
Notably, the tapering and discontinuation of cyclosporine led to 
improved kidney function and control of blood pressure. Neutrophil 
counts initially decreased but recovered after the discontinuation 
of valganciclovir. While HHV6b DNA levels transiently increased 
(Fig. 3f), the patient’s skin remained clear, indicating that disease 
control was due to tofacitinib. A decrease in monocytes at the time 

NATuRe MeDICINe | www.nature.com/naturemedicine

http://www.nature.com/naturemedicine


Letters Nature MediciNe

DiHS/DRESS HV

35.0 8.77

0.08556.2

6.77 1.45

0.1491.6

29.3 33.2

0.02137.5

0 105104103 0 105104103 0 105104103 0 105104103

104

103

–103

0

105

104

104

103

103 104

102

103

–103

0

105

104

103

–103

0

105

104

103

0

–103

1056.41 24.8

0.1368.7

DiHS/DRESS HV

CD3+CD4+ CD3+CD8+

CCR10-PE

C
C

R
4-

P
E

/C
y7

0.43 55.6

43.60.34

0 103 1040 103 1040

0

104

103

102

0

104

103

102

0

4.34 82.0

13.40.20

60.3 37.3

2.400.042

CCR4+CCR10+ CCR4+CCR10– CCR4–CCR10–

CD45RO-BUV395

C
C

R
7-

F
IT

C

CM

EM

Naive

e

f

a b c

t-SNE1

t-
S

N
E

2

CD3E CD4 CD8A FOXP3 MKI67 CD14 MS4A1

EBV(H
HV4)

CM
V(H

HV5)

HHV6a

HHV6b

HHV7
0

2,000

4,000

6,000

D
N

A
 c

op
ie

s
pe

r 
10

6  P
B

M
C

s

ND ND ND ND

CD4:
EM

CD4:
CM

CD4:
na

ive
CD8

CD19

M
on

oc
yte

0

20,000

40,000

60,000

H
H

V
6b

 D
N

A
 c

op
ie

s
pe

r 
10

6  c
el

ls

ND ND

h

Max

Min

Number of DEGs

200

100
0

d

JAK3 STAT1 IL2RG

g

Normalized expression

0 1 2 3

DiHS/
DRESS

HV

0 1 2 0 1 2 3

20.0

62.8

26.8

61.4 97.1

85.9

C
C

R
7

t-SNE1

t-
S

N
E

2

Min Max

M
K

I67
C

C
R

4
C

C
R

10
DiHS/DRESS HV

Min Max

CD4(3)

CD8(1)

Mitotic6

1

2

3

4

5

10

7

11

8

12

9

13

14

18

15

19

16
17

t-SNE1

t-
S

N
E

2

1.CD4(1)
2.CD4(2)
3.CD4(3)
4.CD8(1)
5.CD8(2)
6.CD8(3)
7.Mitotic
8.Treg
9.CD14 monocyte
10.CD16 monocyte
11.Dendritic
12.B(1)
13.B(2)
14.B(3)
15.NK(1)
16.NK(2)
17.NKT
18.Megakaryocyte
19.Red blood cell

PBMCs

Fig. 2 | Circulating DiHS/DReSS T cells with distinct transcriptomic profiles and enrichment of HHV6b DNA in CD4+ central memory T cells. a, scRNA-
seq analysis on PBMCs from DiHS/DRESS (6,956 cells) and an age- and sex-matched HV (7,976 cells). Individual cells are color coded on the basis of 
cluster (n = 19) in a t-SNE plot. t-SNE projections of well-known marker genes (bottom). b, Number of DEGs between DiHS/DRESS and HV clusters.  
DEG: |log fold change| > 0.5, adjusted P < 0.05 determined by Wilcoxon rank-sum test. c, t-SNE projections of selected genes, segregated by origin.  
The dotted region highlights clusters from b with high transcriptomic changes (CD4(3), CD8(1) and mitotic clusters). d,e, Flow cytometry analysis 
of PBMCs for chemokine receptor expression and memory phenotype (a representative of two independent experiments). f, Violin plots show the 
distributions of JAK3, STAT1 and IL2RG expression levels in clusters with high transcriptomic changes (CD4(3), CD8(1) and mitotic cluster; DiHS/DRESS,  
n = 925 cells; HV, n = 2,960 cells). Numbers indicate the percentages of cells that expressed each gene. g, Quantitative PCR of HHV in PBMCs.  
h, Quantitative PCR for HHV6b DNA using sorted PBMC subsets. Data for g and h are from n = 1 and are representative of two independent sampling 
points. ND, not detected.

NATuRe MeDICINe | www.nature.com/naturemedicine

http://www.nature.com/naturemedicine


LettersNature MediciNe

a

Post-treatment

Pre-treatment Pre-treatment Post-treatmentPost-treatmentb

c

e f

HLA−DPA1

CCR10

HLA−DRB1

GZMA

TYMS

HMGB2

STMN1

TUBA1B

0

100

200

300

−1.5 −1.0 −0.5 0.0 0.5 1.0

logFC

−
lo

g 10
(P

 v
al

ue
)

UpDown

−1 0 1 2 3 4

Months after JAK inhibitor

PSL 40 mg

CsA 400 mg

MMF 2 g

VGCV 1,800 mg

Tofacitinib   10 mg

M
ed

ic
at

io
ns

 (
do

se
s 

d–1
)

t-SNE1

t-
S

N
E

2

CD4(1)

CD4(2)

CD4(3)

CD4(4)

CD8(1)

CD8(2)

Mitotic

Treg

CD14 monocyte

CD16 monocyte

Dendritic

B(1)

B(2)

NK

NK(T)

CD4

CD8

Mitotic

Monocyte

BNK

25.55 29.929.9

0.5544.1

0

0

104

–102 102
103 0–102 102

103 103
104

103

0

104

103

102 102

0

104

103

0

104

103

322.5 9.01

0.1858.3

27.8 54.2

17.80.18

0 103
1040

31.7 61.6

6.710.044

CCR10-PE

C
C

R
4-

P
E

/C
y7

CD45RO-BUV395
C

C
R

7-
F

IT
C

0

1

2

3

CD4(
1)

CD4(
2)

CD4(
3)

CD8(
1)

CD8(
2)

M
ito

tic

CCR4

0

1

2

3

CCR10

0

1

2

3

MKI67

CD4(
1)

CD4(
2)

CD4(
3)

CD8(
1)

CD8(
2)

M
ito

tic

CD4(
1)

CD4(
2)

CD4(
3)

CD8(
1)

CD8(
2)

M
ito

tic

4 months after JAK inhibitor

NK

M
on

oc
yt

e

CD8

CD4

B

NK

)CD8(1))

CD8(2)
C

CD4(1)

CD4(2)

CD4(3)

B(2)

B
(1)

M
ito

tic

Post-treatmentPre-treatment

d

t-SNE1

t-
S

N
E

2

NK

Monocyte

Mitotic

CD8

CD4

B

NK

N
K

T

CD14

CD16

CD8(1)

CD4(3)

CD4(2)

C
D

4(4)
Treg

B(1)

B
(2)

CD8(2)CD4(1)

PRE POST

5 6

5 mg

–1 0 1 2 3 4 5 6

0

5,000

10,000

15,000

20,000

Months after treatment

H
H

V
6b

 c
op

ie
s 

m
l–1

 w
ho

le
 b

lo
od

Tofacitinib

Valganciclovir

N
or

m
al

iz
ed

ex
pr

es
si

on

7 8 9

PBMCs
(pre- and post-treatment)

10

Fig. 3 | Clinical improvement with JAK inhibition with reversal of DiHS/DReSS-related transcriptome. a, Clinical course after intervention with tofacitinib 
and valganciclovir (VGCV) (left). Clinical presentation at 4 months after starting tofacitinib (right). b, Flow cytometry analysis for chemokine receptors 
and memory phenotypes in blood CD4+ T cells before and 2 weeks after intervention (representatives of two technical replicates). c, scRNA-seq analysis 
on DiHS/DRESS PBMCs that were sampled before and 2 weeks after intervention. Unsupervised t-SNE plot generated from a merged dataset of the 
two time points (n = 12,516 cells). Violin plots show the distribution of the normalized expression levels of selected DiHS/DRESS-associated genes 
in lymphocyte and mitotic cell clusters (bottom). d, t-SNE plots segregated on the basis of cellular origin (top, before treatment, n = 7,222 cells; after 
treatment, n = 5,294 cells). Dotted regions highlight T cell clusters diminished after intervention. Pie charts showing relative cluster abundances before 
and after intervention (bottom). e, Volcano plot for DEGs that were upregulated (red) or downregulated (blue) by tofacitinib treatment in lymphocytes 
(before treatment, n = 4,967 cells; after treatment, n = 4,320 cells; P value was derived by Wilcoxon rank-sum test). f, Long-term follow-up of HHV6b 
DNA copy numbers in blood before and after tofacitinib.
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Fig. 4 | SMX-TMP-induced in vitro T cell proliferation is suppressed by tofacitinib and antiviral agents. a, Detection of CD4+ T cell proliferation via an  
LTT. CFSE-labeled DiHS/DRESS PBMCs were cultured with indicated concentrations of SMX-TMP for 6 d. Flow cytometry (left), quantification of CD4+ 
cells that have proliferated (center, the percentage of CFSE-diluted cells among Zombie-aqua–CD3+CD4+ cells, n = 3, three independent experiments)  
and morphology of cell aggregates induced by SMX-TMP (right). b, scRNA-seq t-SNE analysis of PBMCs after a 4-d culture with (n = 1,628 cells) or 
without (n = 4,253 cells) SMX-TMP. c, Number of DEGs projected onto the t-SNE plot (left) with SMX-TMP (n = 1,628 cells) and without SMX-TMP 
(n = 4,253 cells). DEG: |log fold change| > 0.25, adjusted P < 0.05 derived by Wilcoxon rank-sum test. Violin plots show the distribution of the normalized 
expression levels of selected chemokine receptors in CD4+ T cell clusters (right). d, Expression of the cell proliferation marker MKI67 across clusters.  
e,f, The effects of a blocking antibody against HLA-DR (n = 5 per group) (e) and tofacitinib and antiviral agents (n = 5–7 per group) (f) in SMX-TMP-
induced cell aggregate formation (left) and CD4+ T cell proliferation (right). Statistics are based on one-way analysis of variance followed by Tukey’s (e) or 
Dunnett’s (f) multiple comparison test. F(4,20) = 108.4, P < 0.0001 in e; F(9,51) = 37.69, P < 0.0001) in f. Center value represents the mean; error bars, s.d. 
***P < 0.001; ****P < 0.0001; NS, not significant. All P values shown in f are compared to the SMX-TMP-alone group (1 μM ganciclovir versus SMX-TMP, 
P = 0.7067; 10 μM ganciclovir versus SMX-TMP, P = 0.0002; 0.5 μM artesunate versus SMX-TMP, P = 0.0605).
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of scRNA-seq analysis (Fig. 3d) was transient and was unlikely to be 
directly related to tofacitinib.

The chronic phase that we analyzed may not reflect earlier 
events in DiHS/DRESS. To model culprit drug-induced immune 
responses, we utilized the lymphocyte transformation test (LTT), 
which reliably measures drug-induced T cell proliferation against 
culprit drugs in DiHS/DRESS27,28. Carboxyfluorescein succinimi-
dyl ester (CFSE)-labeled DiHS/DRESS CD4+ T cells that were cul-
tured with SMX-TMP proliferated in a dose-dependent manner 
with formation of cell aggregates that were readily identifiable by 
microscopy (Fig. 4a). Comparison of cultures with and without 
SMX-TMP via scRNA-seq analysis was performed on day 4 to cap-
ture transcriptomic changes before cell proliferation (Fig. 4b and 
Extended Data Fig. 4a), which revealed high numbers of DEGs in 
the CCR7lowCCR10highCD4+ T cell cluster and monocytes (Fig. 4c). 
MKI67 expression identified CCR10hiCD4+ T  cells as the major 
subset with a proliferative gene signature (Cluster 1; Fig. 4c,d). 
Furthermore, this CD4+ T  cell cluster exhibited increased STAT1 
and other genes downstream of the JAK–STAT signaling pathway, 
including CISH and SOCS3 (ref. 29), suggesting SMX-TMP-induced 
activation of the pathway in this cluster (Extended Data Fig. 4b,c). 
IL13, a potentially targetable cytokine30–32, was also upregulated 
(Extended Data Fig. 4c). SMX-TMP triggered the upregulation of 
CCL17 and CCL22, ligands for CCR4, as well as genes encoding 
major histocompatibility complex (MHC) class II in monocytes, 
suggesting that T cell recruitment and subsequent antigen presenta-
tion is mediated by monocytes upon exposure to the culprit drug 
(Extended Data Fig. 4d,e).

Consistently with our findings in PBMCs (Extended Data  
Fig. 2e,f), single-cell TCR sequencing after SMX-TMP stimulation 
did not reveal dominant clones (Extended Data Fig. 4f). Given this 
diverse TCR usage, we examined whether SMX-TMP-induced CD4+ 
T cell proliferation required TCR–MHC II engagement. Addition of 
blocking antibodies against HLA-DR in LTT preparations completely 
inhibited CD4+ T cell proliferation (Fig. 4e). Thus, the diverse CD4+ 
T cell activation in response to SMX-TMP required TCR–MHC II 
engagement, suggesting an unconventional T cell-activation process, 
leading to activation of CD4+ T cells. This may be in line with previ-
ously suggested mechanism in drug hypersensitivities, in which the 
culprit drug acts as a superantigen or modifies the MHC, resulting in 
its engagement with a wider range of TCRs20,33,34.

To determine whether JAK inhibition was capable of suppress-
ing SMX-TMP-induced T  cell proliferation, LTT was performed 
with tofacitinib. Strikingly, all tested concentrations of tofacitinib 
completely suppressed CD4+ T cell proliferation (Fig. 4f) and genes 
associated with the JAK–STAT pathway (Extended Data Fig. 4g–j). 
To test whether targeting viruses could have an impact on T  cell 
proliferation, ganciclovir, as well as artesunate, an antimalarial with 
anti-HHV6 activity35, was tested in LTT. Notably, both ganciclovir 
and artesunate suppressed SMX-TMP-induced CD4+ T  cell pro-
liferation in a dose-dependent manner (Fig. 4f). While ganciclo-
vir could directly affect T cells by inhibiting DNA synthesis36, the 
similar effects we observed with artesunate support the feasibility 
of targeting viruses as a strategy in the early phase of DiHS/DRESS.

A successful intervention with tofacitinib in a refractory case of 
DiHS/DRESS was guided by the use of scRNA-seq, which demon-
strated aberrant JAK–STAT activity. While early events in the dis-
ease and the contribution of viruses remain to be elucidated, LTT 
studies suggested that both JAK inhibition and antiviral agents are 
promising targets in drug-induced phases of DiHS/DRESS. This 
study represents an in-depth study of a single patient with findings 
that need to be extended to a larger cohort of patients. Nevertheless, 
the data suggest that single-cell omics-based approaches could  
be a powerful means for directing patient care in diseases with  
complex pathophysiology, including other inflammatory diseases 
and cancer.
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Methods
Index patient. The index patient provided written consent to protocols that were 
approved by the Institutional Review Board and Ethics Committee, which enabled 
de-identified research use of biospecimens, genetic testing results, clinical data and 
standard of care (NIH protocols 07-I-0033, 93-I-0119 and 15-AR-0144). Off-label 
use of tofacitinib to treat the index patient was submitted to, and approved by, the 
Therapeutics Committee at the Walter Reed National Military Medical Center 
on the basis that all conventional therapeutic agents had failed to control disease. 
Patient care and research was conducted in compliance with the CAse REport 
guideline and the Declaration of Helsinki.

Sampling human materials. Sample collection and patient care was performed 
in accordance with protocols approved by the Institutional Review Boards at 
NIAMS and NIAID. All individuals provided written informed consent for sample 
acquisition and all subsequent analyses including gene expression studies. Lesional 
skin biopsy was obtained from the patient and normal skin biopsy from five HVs 
by two overlapping 4-mm punch biopsies from the flank after local anesthesia with 
lidocaine. PBMCs were obtained from fresh blood samples from the patient and an 
age- and sex-matched HV (Supplementary Table 3). The post-treatment PBMCs 
were collected 2 weeks after initiation of the intervention.

Cell isolation and processing. PBMCs were freshly isolated using density gradient 
centrifugation from heparinized peripheral blood. PBMCs were either processed 
immediately for scRNA-seq and LTT or stored at −80 °C in freezing medium for 
later use.

All biopsied skin samples were immediately processed for scRNA-seq. Samples 
were gently washed in PBS after removing adipose tissue with scissors and mincing 
with scissors and a disposable scalpel in a sterile tissue-culture dish. Enzymatic 
digestion was performed in gentleMACS C tubes (Miltenyi Biotec) containing 
500 µl of enzyme mix (whole-skin dissociation kit, Miltenyi Biotec), which were 
incubated in a water bath at 37 °C for 3 h under manual agitations every 15 min. 
Enzymes were inactivated with complete RPMI medium (Gibco Laboratories), 
containing 10% heat-inactivated fetal bovine serum (FBS; Gemini Biological 
Products) at the end of incubation. Samples were mechanically dissociated with 
gentleMACS Dissociator (Miltenyi Biotec) for 1 min and spun down to collect 
pellets, which were suspended in 10 ml of washing buffer (PBS with 5% FBS) and 
gently dissociated using a 10-ml syringe. The sample was filtered through 40-μm 
cell strainers (BD Bioscience) and spun down. Samples underwent treatment 
in ACK lysis buffer (Quality Biological) for 1 min and neutralized with washing 
buffer. Samples were further filtered through 40-μm cell strainers and washed  
with 10 ml of washing buffer. The final samples were resuspended in 500 μl of 
RPMI-1640 medium with 20% heat-inactivated FBS, before sorting.

Live-cell enrichment. Live cells were enriched by fluorescence-activated cell 
sorting (FACS). For FACS, cells were stained with SYTOX-Green (Molecular 
Probes) and were sorted on a BD FACSAria Fusion or a BD FACSAria IIIu cell 
sorter (Becton, Dickinson and Company, BD Biosciences). After doublet exclusion 
using a conventional forward versus side scatter gating strategy, SYTOX-Green-
negative live cells were collected in a new tube with 1 ml of RPMI-1640 medium 
with 20% FBS.

Capturing, library preparation and sequencing. After centrifugation of sorted 
cells, they were washed and resuspended in PBS, containing 0.04% bovine serum 
albumin (Miltenyi Biotec). Cell numbers for each sample were counted, using an 
automated cell counter (Cellometer Vision CBA and Nexcelom Bioscience). The 
single-cell capturing and downstream library constructions were performed using 
the Chromium Single Cell 5′ library or 3' v2 library preparation kit according to 
the manufacturer’s protocol (10x Genomics). Briefly, cellular suspensions were co-
partitioned with barcoded gel beads to generate single-cell gel bead-in-emulsion 
(GEM) and poly-adenylated transcripts were reverse-transcribed. Full-length 
cDNA along with cell-barcode identifiers were PCR-amplified and sequencing 
libraries were prepared and normalized to 3 nM for loading on a HiSeq 3000 
(Illumina). Detailed information on sequencing results, including total read count 
and sequencing saturation, is shown in Supplementary Table 4.

scRNA-seq data analysis. scRNA-seq reads were demultiplexed and aligned 
to the ENSEMBL GRCh38 human transcriptome to generate gene expression 
matrices using CellRanger (10x Genomics; sample statistics in Supplementary 
Table 4). We further analyzed these matrices using Seurat (v.2.3.4) with default 
parameters, unless otherwise indicated37. We first filtered the matrices to exclude 
low-quality cells using a standard panel of three quality criteria: (1) number 
of detected transcripts (number of unique molecular identifiers); (2) detected 
genes; and (3) percent of reads mapping to mitochondrial genes (thresholds in 
Supplementary Table 5 were chosen using analysis exemplified in Supplementary 
Figs. 1 and 2). Skin datasets from HVs were merged, log-normalized, scaled 
and the variation associated with the three quality criteria was regressed away. 
We used CCA to better compare transcriptomes across different datasets37. By 
default, we first identified the 2,000 most variable genes within each dataset, 
and then generated a combined gene set after removal of unique genes to each 

dataset (Supplementary Table 6). The robustness of clustering was also validated 
by using the 1,000 most variable genes (Supplementary Table 7). We chose the 
optimal number of correlation components for alignment using biweight mid-
correlation analysis, which were verified by visualizing the distribution of cells in 
reduced CCA space. CCA subspaces were then reduced using the chosen number 
of correlation components (Supplementary Table 6). We then performed t-SNE 
analysis and graph-based clustering, using a shared nearest neighbor parameter 
optimized for each combined dataset. After clustering, we identified genes that 
marked each cluster and DEGs between subpopulations using the nonparametric 
Wilcoxon rank-sum test. DiHS/DRESS, HV4 and HV5 skin samples were prepared 
using a Chromium Single Cell 5′ library preparation kit and HV1–3 samples were 
processed with the 3′ library preparation kit. Independent analyses of DiHS/
DRESS versus HV1–3 or HV4–5 did not result in notable differences when DEGs 
were generated. We visualized log-normalized expression levels in t-SNE plot 
projections and violin plots. We used scaled log-normalized expression levels to 
create heat maps. Gene ontology and gene-set enrichment analysis from DEGs 
were performed using Metascape webtool (www.metascape.org)38.

We performed trajectory analysis on the CD4+ lymphocyte subset of the 
merged PBMC dataset using Monocle v.2.10.1 (refs. 17,18). We identified highly 
variable genes (n = 1,287) and reduced dimensionality using the DDRTree 
algoithm17, estimating trajectories that we visualized using pseudotime plots.

TCR V(D)J sequencing and analysis. Full-length TCR V(D)J segments were 
enriched from amplified cDNA from 5′ libraries via PCR amplification using a 
Chromium Single-Cell V(D)J Enrichment kit according to the manufacturer’s 
protocol (10x Genomics). Sequencing libraries were prepared in a 3-nM 
concentration and then sequenced on a HiSeq 3000 (lllumina) with 150-bp paired-
end reads. Demultiplexing, gene quantification and TCR clonotype assignment 
were performed using CellRanger v.2.1.1 (10x Genomics). Analysis was performed 
using Loupe V(D)J Browser v.2.0.1 (10x Genomics). In brief, a TCR diversity 
metric, containing clonotype frequency and barcode information, was obtained. 
Using barcode information, T cells with prevalent TCR clonotypes were projected 
on a t-SNE plot.

Flow cytometry analysis. Freshly isolated or cultured PBMCs were stained with 
Zombie Aqua Fixable Viability kit (BioLegend) for 20 min at room temperature 
and were incubated with anti-human FcR Blocking Reagent (Miltenyi Biotec, 
130-059-901) and incubated with cell-surface antibodies for 30 min on ice. The 
following monoclonal antibodies were used for phenotyping of freshly isolated 
PBMCs: anti-CD3-APC-Cy7 (clone HIT3a, BioLegend, 300317), anti-CD4-
APC (clone RPA-TA, BioLegend, 300514), anti-CD8-PerCP-Cy5.5 (clone SK1, 
BioLegend, 344709), anti-CCR4-PE-Cy7 (clone L291H4, BioLegend, 359409), 
anti-CCR7-FITC (clone G043H7, BioLegend, 353215), anti-CCR10-PE (clone 
314305, R&D FAB3478P-025) and anti-CD45RO-BUV395 (clone UCHL1, 
BD Biosciences, 564292). The following monoclonal antibodies were used for 
analyzing proliferating lymphocytes within cultured PBMCs: anti-CD3-APC-Cy7, 
anti-CD4-PE-Cy7 (RPA-TA, BioLegend, 300512) and anti-CD8-BV421 (clone 
RPA-T8, BioLegend, 301036). Cells were acquired with an LSR ll (BD Biosciences) 
and data were analyzed using FlowJo software (FlowJo).

Immunohistochemistry and immunofluorescence staining. Paraffin-embedded, 
5-µm formalin-fixed tissue sections were dewaxed in xylene and rehydrated with 
distilled water. The sections were treated with a heat-induced epitope-retrieval 
technique using Cell Conditioning buffer at pH 8.5 (Ventana Medical Systems) 
or Dako Target Retrieval Solution, citrate pH 6.1 (Agilent). Immunostaining was 
performed on a Ventana BenchMark XT automated staining system (Ventana 
Medical Systems) except for phospho-STAT1, which was performed manually. 
Incubation with the following primary monoclonal antibodies was performed: 
rabbit anti-human CD3 (clone 2GV6, Ventana), rabbit anti-human CD4 (clone 
SP25, Ventana), rabbit anti-human CD8 (clone SP57, Ventana) and rabbit anti-
human phosphorylated-STAT1 (Ty701) (clone 58D6, Cell Signaling), all at 
1:200 dilution. Signal was detected using ultraView Universal DAB Detection 
kit (Ventana) or SignalStain Boost IHC Detection Reagent (HRP, rabbit; Cell 
Signaling) and Dako Liquid DAB + Substrate Chromogen system (K3468; Agilent).

For immunofluorescence microscopy, 7-μm cryosections were fixed in 
prechilled acetone at −20 °C for 5 min and washed in PBS. After blocking for 
45 min in PBS with 3% skim milk and 5% normal goat or donkey serum (Jackson 
ImmunoResearch), sections were incubated overnight at 4 °C with primary 
antibodies: mouse anti-human CD3-Alexa Fluro488 (clone UCHT1, BioLegend, 
300454, 1:100 dilution), rabbit anti-human CCR10 (polyclonal, Thermo Fisher 
Scientific, PA1-21617, 1:25 dilution), rabbit IgG isotype (Thermo Fisher Scientific, 
31235, 1:250 dilution) and rabbit anti-human JAK3 (clone 1A1, Bioss, bsm-
54067R, 1:100 dilution). The sections were washed three times with PBS, 5 min 
each, then incubated with Alexa Fluor 488-conjugated goat anti-mouse IgG (1:400 
dilution), Alexa Fluor 568-conjugated goat anti-rabbit IgG (1:400 dilution) or 
Alexa Fluor 568-conjugated donkey anti-rabbit IgG (1:400 dilution) antibodies 
(Thermo Fisher Scientific) for 45 min at room temperature. The slides were washed 
three times in PBS, 5 min each and then mounted with ProLong Gold (Molecular 
Probes) antifade reagent. Fluorescence images were captured using a Zeiss Axio 
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Image A1 fluorescent microscope with Zeiss AxioVision 4.8 software (Carl Zeiss) 
and then processed with ImageJ software (NIH).

Human herpesvirus detection. Total nucleic acid was extracted from the whole 
blood using the QIAsymphony SP platform using the Virus Blood 200 protocol 
(Qiagen) and cell preparations were extracted using the NucliSENS easyMAG 
platform (bioMerieux) with final elution volume of 50 μl. For HHV6b detection, 
primers for HHV6 UL38 gene (forward: 5′-GGA GTG CCT GTG GGT ATT 
C-3′; reverse: 5′-CTA AGG TGA GCC AGA TTC G-3′) and a FAM/ZEN/Iowa 
Black quencher-labeled TaqMan probe were used (Applied Biosystems). PCR was 
performed using an ABI 7500 Fast real-time PCR machine with standard cycling 
protocol (Applied Biosystems).

Lymphocyte transformation test. LTT was performed using a CFSE dilution 
assay with modifications from a previously described method27,28. Isolated PBMCs 
were incubated with 2 μM CFSE (CellTrace CFSE Cell Proliferation kit, Invitrogen, 
Molecular Probes) for 8 min at room temperature and the reaction was neutralized 
with RPMI-1640 medium (Gibco), containing 10% FBS. Then, 2 × 105 PBMCs 
were cultivated in a 96-well round-bottom plate in 200 μl of RPMI-1640 medium 
supplemented with 10% human AB serum (Sigma-Aldrich), 100 U ml−1 penicillin, 
100 μg ml streptomycin (Thermo Fisher Scientific) and 1 mM nonessential amino 
acids in combination with or without different concentrations of utilized drugs. 
SMX (S7507), TMP (92131), artesunate (A3731) and ganciclovir (G2536) were 
all obtained from Sigma-Aldrich and tofacitinib (CP 690550 citrate, 4556) was 
purchased from Tocris Bioscience. All drugs were initially reconstituted into 
stock solutions (200 mg ml−1 SMX; 100 mg ml−1 TMP; 100 mM artesunate; 25 mM 
ganciclovir and 25 mg ml−1 tofacitinib) using pure dimethyl sulfoxide (Sigma-
Aldrich), then diluted into the target concentration in medium. The concentration 
of SMX-TMP was 48 μg ml−1 unless otherwise indicated. Cultured PBMCs were 
collected after incubation at 37 °C for 4–6 d without changing the medium.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Source data for Figs. 1–4 and Extended Data Figs. 1, 2 and 4 are provided with 
the paper. The matrix and raw data for scRNA-seq reported in this paper have 
been deposited in NCBI's Gene Expression Omnibus and are accessible through 

GEO series accession number GSE132802. All other data are available from the 
corresponding author upon reasonable request.
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Extended Data Fig. 1 | See next page for caption.

NATuRe MeDICINe | www.nature.com/naturemedicine

http://www.nature.com/naturemedicine


Letters Nature MediciNe

Extended Data Fig. 1 | Infiltration of T cells in DiHS/DReSS skin. a, scRNAseq tSNE analysis of DiHS/DRESS and HV skin cells, color-coded based on 
origin (n = 18,218 cells). b, Heatmap of the top-five genes marking clusters of skin cells (x-axis; from Fig. 1b). Keratinocyte (KC); smooth muscle (SM). 
c, Frequencies of cells in each cluster, color-coded based on origin. d, Fourteen clusters in Fig. 1b were grouped into 7 major subsets based on cell types 
(DiHS/DRESS cells, n = 4,676; HVs cells, n = 13,542). Numbers of differentially expressed genes (nDEGs) between DiHS/DRESS- and HV cells within 
each cell type projected onto a tSNE map. DEG: |log fold change| > 0.5, adjusted p-value < 0.05, Wilcoxon rank sum test. e, Immunohistochemical staining 
for CD3, CD4, and CD8 in DiHS/DRESS lesional skin. Scale bars, 100 μm. Representatives of six serial sections from one sample. f, tSNE plot for the 
lymphocyte subcluster, color-coded based on origin (DiHS/DRESS cells, n = 589; HV cells, n = 1,148). g, tSNE projections of selected genes (n = 1,737 
cells). h, Frequency of cells from (f) expressing the displayed genes. i, Immunofluorescence staining with anti-CD3 (green) and anti-CCR10 (red) 
antibodies or rabbit IgG isotype in DiHS/DRESS lesional skin. Dotted lines denote the boundary between the epidermis (Ep) and dermis. Scale bar, 50 μm. 
j, Immunofluorescence staining with anti-CD3 (green) and anti-JAK3 (red) in DiHS/DRESS lesional skin. Staining in atopic dermatitis and HV skin sections 
are shown as comparison. Nuclear labeling with DAPI (blue). Scale bar, 50 μm. k, Hematoxylin and eosin staining (top; H&E) and immunohistochemical 
staining for phosphorylated STAT1 (pSTAT1) in DiHS/DRESS and HV skin. Scale bar, 20 μm. i-k, Representative of 3 independent experiments.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Characterization of DiHS/DReSS T cells in blood. a, scRNAseq tSNE analysis of DiHS/DRESS and HV PBMCs, color-coded based 
on origin (n = 14,932 cells). b, Frequencies of cells in each cluster, color-coded based on origin. c, Heatmap of the top-five genes marking PBMC clusters 
(from Fig. 2a). d, Violin plots show the distribution of the normalized expression levels of selected genes in each lymphocyte cluster (CD4(1), n = 2,322 
cells; CD4(2), n = 1,649 cells; CD4(3), n = 1,318 cells; CD8(1), n = 2,350 cells; CD8(2), n = 850 cells; CD8(3), n = 335 cells; mitotic, n = 525 cells; Treg, 
n = 245 cells). e, Frequencies of top-20 common T cell receptor (TCR) clonotypes in PBMCs from HV and in PBMCs and skin from DiHS/DRESS patient 
as determined by single-cell TCR V(D)J gene sequencing. f, Frequent clonotypes, defined as cells expressing common TCR combinations that were shared 
by more than 10 cells (DiHS/DRESS, n = 2 clonotypes in 22 cells; HV, n = 21 clonotypes in 1,466 cells), were mapped onto the tSNE plot. g. Trajectory 
analysis of cells in the CD4 T cell clusters (n = 6,059 cells), colored by pseudotime (top) and clusters (bottom). h, Pseudo-temporal single cell expression 
of indicated genes, colored by cluster. i, Pathways upregulated in DiHS/DRESS lymphoid clusters with high transcriptomic changes (CD4(3), CD8(1), and 
mitotic clusters, n = 4,193 cells). P-value, hypergeometric test.
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Extended Data Fig. 3 | Reduction of circulating CD8+ effector memory T cells after tofacitinib. Flow cytometry analysis for chemokine receptor 
expression and memory phenotype in DiHS/DRESS peripheral blood CD3+ CD8+ T cells pre- and 2 weeks post-treatment with tofacitinib. Right panels: 
Naïve, central memory (CM), and effector memory (EM) CD8+ T cells. Representatives of 2 technical replicates.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Pathway analysis of transcriptomic changes induced in CD4+ T cells and myeloid cells during LTT. a, scRNAseq tSNE analysis 
of PBMCs after a 4-day culture with or without SMX/TMP, color-coded based on origin (n = 5,881 cells). b, Pathways upregulated in CD4(1) cluster 
(from Fig. 4b–d, n = 1,486) after SMX/TMP treatment. c, Volcano plot of up- (red) and down-regulated (blue) genes differentially expressed in SMX/
TMP treated CD4(1) cells (|log fold change| > 0.5), highlighting relevant genes associated with pathways from (b). With SMX-TMP, n = 418 CD4(1) cells; 
without SMX-TMP, n = 1,068 CD4(1) cells. Full list of differentially expressed genes from the three CD4 T cell clusters (n = 3,869 cells) observed in LTT 
(see Fig. 4b, c) is provided in Supplementary Table 2. d, Pathways upregulated in myeloid cells after SMX/TMP treatment. e. Volcano plot of differentially 
expressed genes in myeloid cells (n = 513) by SMX/TMP treatment, labeling relevant genes in pathways from (d). f, Frequencies of top-20 common T cell 
receptor (TCR) clonotypes in PBMCs after a 4-day culture with or without SMX/TMP as determined by single-cell TCR V(D)J gene sequencing.  
g, h, scRNAseq tSNE analysis on SMX/TMP-treated PBMCs with or without tofacitinib (n = 2,068 cells) colour-coded based on cluster (g, top) and origin 
(h). tSNE projections of selected marker genes (g, bottom). i, Pathways downregulated in CD4 lymphocytes of tofacitinib-treated PBMC, and j, Volcano 
plot with labeling of relevant downregulated genes. Tofacitinib-treated CD4 cells, n = 825; untreated CD4 cells, n = 508. P-values in b,d,i, hypergeometric 
test; p-values in c, e, j, Wilcoxon rank sum test.
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Data collection Processing of the raw Illumina sequencing data was performed using the CellRanger versions  2.0.2, 2.1.0 and 2.1.1 (10X Genomics) . 
Flow cytometry data was acquired with BD FACSDiva software (version 8.0). Fluorescence images were acquired with Zeiss AxioVision 4.8 
software (Carl Zeiss). 

Data analysis Seurat R package (v2.3.4) for single-cell RNA seq analysis; Monocle (v2.10.1) for trajectory analysis;  Loupe V(D)J Browser (v2.0.1) for 
single cell T cell receptor V(D)J analysis; GraphPad Prism v.8.2.0 (GraphPad Software Inc.) and R (v3.5.2) for statistics; ImageJ (v1.52k) for 
image handling; FlowJo v10 (FlowJo, LLC) for flow cytometry analysis.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

Source data for Figures 1-4 and Extended Data Figures 1, 2,and 4 are provided with the paper. The matrix and raw data for scRNAseq reported in this paper have 
been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number GSE132802 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE132802).



2

nature research  |  reporting sum
m

ary
O

ctober 2018

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculation was performed. Cell capture for single cell analysis was aimed to obtain as many cells as possible for each run, 
which maximum is theoretically 50-60% of 10,000 input cells. The number of cells analyzed (patient + healthy volunteer(s)) totalled over 
12,000 cells and thus provided robust statistical analysis on clustering and differentially expressed genes.

Data exclusions 1) Flow cytometry anaysis; any doublets defined by FSC and SSC and ZombieAque-positive dead cells were excluded. 
2) For single cell analysis, multiplets or fragmented cells and dying or stressed cells were excluded. Multiplets or fragmented cells during 
filtration were defined using the numbers of genes and unique molecular index (UMI) counts. Dying or stressed cells were defined by 
percentages of mitochondrial genes. Thresholds for exclusions in each dataset are defined in Supplementary Table 5.

Replication For in vitro studies, three biological replicates were performed and experiments were repeated at least twice. For HHV6b detection in PBMC 
or sorted blood subsets, PCR quantification was performed without technical replicates in two different sampling points.

Randomization No randomization was performed.

Blinding The investigators were not blinded.
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Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Anti-CD3-APC-Cy7 (clone HIT3a, Biolegend, #300317), anti-CD4-APC (clone RPA-TA, Biolegend, #300514), anti-CD8- PerCP-Cy5.5 

(clone SK1, Biolegend, #344709), anti-CCR4-PE-Cy7 (clone L291H4, Biolegend, #359409), anti-CCR7-FITC (clone G043H7, 
Biolegend, #353215), anti-CCR10-PE (clone 314305, R&D #FAB3478P-025), anti-CD45RO-BUV395 (clone UCHL1, BD Biosciences, 
#564292), anti-CD4-PE-Cy7 (RPA-TA, Biolegend, #300512), anti-CD8-BV421 (clone RPA-T8, Biolegend, #301036), anti-CD3-Alexa 
Fluor 488 (clone UCHT1, Biolegend, #300415), anti-CCR10-unconjugate (polyclonal, Invitrogen, #PA5-32694), anti-JAK3 (clone 
1A1, Bioss Inc, # bsm-54067R), anti-Phosphorylated-STAT1 (Ty701) (clone 58D6, Cell Signaling, #9167), goat anti-mouse IgG-
Alexa Fluor 488 (Invitrogen, #A28175), goat anti-rabbit IgG-Alexa Fluor 568 (Invitrogen, #A-11011). 

Validation All of the above antibodies have been documented and validated by the manufacturer to be specific for the indicated molecules.

Human research participants
Policy information about studies involving human research participants

Population characteristics This manuscript describes a 45-year-old male patient that was diagnoses as having drug-induced hypersensitivity syndrome or 
drug reaction with eosinophilia and systemic symptoms (DiHS/DRESS) initially at Walter Reed National Military Medical Center 
and subsequently at Washington Hospital Center, further confirmed at the National Institutes of Health. 5 healthy volunteers 
participated for skin biopsy and one age-matched and sex-matched blood sample was obtained from the NIH Blood Bank.
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Recruitment The patient was referred to the National Institutes of Health from Walter Reed National Military Medical Center. Healthy 

volunteers were recruited through a tissue-acquisition protocol at the NIH (NCT00001505).

Ethics oversight National Institute of Arthritis and Musculoskeletal and Skin Diseases, National Institute of Allergy and Infectious Diseases

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.

Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.

Outcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.
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Methodology

Sample preparation For phenotyping of PBMC, PBMCs were freshly isolated using density gradient centrifugation from heparinized peripheral blood. 
For lymphocyte transformation test, cultured PBMCs were collected then stained using fluorochrome-labeled antibodies.

Instrument BD LSR II

Software FACSDiva (BD, ver 8.0) for cell acquisition and FlowJo software (FlowJo, LLC) version 10 for analysis.

Cell population abundance PBMCs were sorted only for viral detection, and due to the limited number of cells (e.g. CD4+ central, effector and naive T cells), 
the purity of cells after cell sorting was not confirmed. Purity of live cells after dead cell exclusion that were processed for single 
cell RNAseq was also not determined because loss of cells were a bigger issue than minor dead cell contaminants.

Gating strategy Cells were excluded for doublets based of SSC and FSC, excluded for dead cell staining (Zombie Aqua) and then gated for CD45+ 
cells. Positivity for expression of cell surface molecules of interest were determined with isotype controls.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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