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Background: Allergic rhinitis is a growing problem worldwide.
Currently the only treatment that can modify the disease is
antigen-specific immunotherapy, but its mechanism of action is
not fully understood.
Objective: We comprehensively investigated the role and
changes of antigen-specific T cells before and after sublingual
immunotherapy (SLIT) for Japanese cedar pollinosis.
Methods: We cultured peripheral blood mononuclear cells
obtained both before and 1 year after initiating SLIT and used a
combination of single-cell RNA sequencing and repertoire
sequencing. To investigate biomarkers, we used cells frompatients
participating a phase 2/3 trial of SLIT tablets for Japanese cedar
pollinosis and cells from outpatients with good and poor response.
Results: Antigen-stimulated culturing after SLIT led to clonal
expansion of TH2 and regulatory T cells, and most of these
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CD41 T cells retained their CDR3 regions before and after
treatment, indicating antigen-specific clonal responses and
differentiation resulting from SLIT. However, SLIT reduced the
number of clonal functional TH2 cells but increased the
trans-type TH2 cell population that expresses musculin (MSC),
TGF-b, and IL-2. Trajectory analysis suggested that SLIT
induced clonal differentiation of the trans-type TH2 cells
differentiated into regulatory T cells. Using real-time PCR, we
found that the MSC levels increased in the active SLIT group
and those with good response after 1 year of treatment.
Conclusion: The combination of single-cell RNA sequencing and
repertoire analysis helped reveal part of the underlying
mechanism: SLIT promotes the expression of MSC on
pathogenic TH2 cells and suppresses their function. MSC may
be a potential biomarker of SLIT for allergic rhinitis. (J Allergy
Clin Immunol 2022;150:850-60.)

Key words: Allergic rhinitis, sublingual immunotherapy, Japanese
cedar pollinosis, T cell, single-cell RNA sequencing, repertoire
sequencing, musculin

Allergic rhinitis (AR) is a common disease and has one of the
highest prevalence rates in the world. According to the 2020
Japanese nasal allergy guidelines, its prevalence was 30% in
children in 2019 and nearly 50% among individuals aged 10 to 50
years.1 A pollinosis unique to Japan, called Japanese cedar polli-
nosis (JCP), which spreads as a result of a postwar reforestation
policy in the 1950s, causes strong nasal symptoms during the
pollen-dispersal period fromFebruary toApril; unusually, its prev-
alence has been increasing by 10% every 10 years.2 Although AR
is not a life-threatening disease, its high prevalence and nasal
symptoms can have a significant impact on work productivity. In
fact, the European Union estimates yearly loss in productivity
due to AR to beV30-50 billion.3 In Japan, the cost of a single sea-
son’s prescription for JCP is 200-300 billion yen ($2.1-3.2 billion).
Thus, alternative treatments are needed.2 However, individuals are
often unaware of the decline in their productivity, and it is neces-
sary to establish not only symptomatic but also curative treatments.

The advent of immunotherapy, which currently is the only
treatment that can modify the disease for AR, has revolutionized
the treatment of AR.4 In recent years, sublingual immunotherapy
(SLIT), administered as tablets against mites, grass pollens, and,
in Japan, Japanese cedar, has been effectively used for
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suppressing symptoms and is known to be better than symptom-
atic treatments such as antihistamines.5 However, SLIT is effec-
tive only if administered every day in the nonpollen season and
for long time. Therefore, it is difficult to establish if the drug is be-
ing widely used, and its mechanism of action remains unclear.
One report has indicated that SLIT increases the number of
antigen-specific regulatory T (Treg) cells and that IgG4 antibody
blocks IgE activity.6 However, it is not known how Treg cells are
induced during SLIT, and because certain studies have shown no
Treg proliferation, depending on classification and function, this
aspect remains unresolved.7-10 It is known that pathogenic TH2
(Tpath2) cells are involved in the pathogenesis of allergic dis-
eases,9,11,12 so we have been investigating antigen-specific TH2
cell involvement in allergic inflammation; specifically, we
wondered how Tpath2 cells are maintained locally and their
involvement in inflammation and fibrosis.13,14 In humans,
CRTH2-positive, CD161-positive TH2 cells produce large
amounts of TH2 cytokines and express ST2, which further propa-
gates allergic reactions.15,16 However, SLIT reduces Tpath2 cell
numbers. We have previously reported that this reduction in func-
tional TH2 cells partially accounts for the effects of SLIT.

17 How-
ever, the process or processes facilitating the reduction in Tpath2
cells and their relationship with Treg cells and other T-cell subsets
remain unclear.

We therefore used a combination of single-cell RNA
sequencing (scRNA-Seq) and single-cell repertoire sequencing
(scVDJ-Seq) to comprehensively investigate the interrelation-
ships between antigen-specific T cells by SLIT. Our data suggest
that a mechanism of SLIT-induced immunodesensitization may
include differentiation of TH2 cells into Treg cells.
METHODS

Study design
The characteristics of the subjects are summarized in Table I. First, for

scRNA-Seq and scVDJ-Seq, we used 14 peripheral blood mononuclear cell

(PBMC) samples, which were obtained from 7 outpatients with JCP before

and 1 year after initiating SLIT administration (2000JAU, CEDARTOLEN).

The PBMCs were collected, frozen during the nondispersal period from

2014 to 2016 at the hospital’s outpatient department and thawed for perfor-

mance of scRNA-Seq and scVDJ-Seq in 2021 and 2022. Subjects 1 to 7

were patients whose total nasal symptom scores (TNSS) were severe during
the pollen season before SLIT initiation. These 7 patients were asked to

describe their symptoms during 1 week of the peak pollen season and if the

use of SLIT reduced their symptoms. To investigate biomarkers, we used 2

groups of PBMCs for real-time PCR. The first group comprised 22 patients

whose specimens had been collected at Chiba University as part of the

TO-206 study by Torii Pharmaceutical Co Ltd,18 which was a phase 2/3 trial

of SLIT tablets for JCP (JapicCTI-142579). Placebo or SLIT tablet treatment

was initiated in summer 2014; patients were instructed to record their symp-

toms during the following year’s pollen season in the same diary. Symptoms

during the peak pollen dispersal week were subsequently analyzed. As in pre-

vious trials,19 guidelines of the Japanese Society of Allergy and Immunology

were followed for the TNSS, and the 3 symptoms of sneezing, runny nose, and

nasal obstruction were scored on a scale of 0 to 4. The PBMCs in the second

group for PCR were obtained from 36 patients who started SLIT in 2014 or

2015 using the same procedure for the scRNA-Seq experiments.We used sam-

ples from before and 1 year after the start of treatment. All samples were

collected during the pollen’s nondispersal period.

In this experiment, we classified disease as exhibiting good or poor

response on the basis of whether SLITwas effective in alleviating symptoms;

the 2 groups were compared thereafter. Patients who reported an improvement

of >2 points in the TNSS after SLITwere considered to have diseasewith good

response; all other patients were considered to have poor disease response.

All subjects provided written informed consent, and the study was

approved by the ethics committee of Chiba University Graduate School of

Medicine.

Cell culture
PBMCs were purified from whole blood using the Ficoll-Hypaque

technique and cultured as previously described.16 RPMI 1640 (Sigma-

Aldrich, St Louis, Mo), supplemented with fetal calf serum (10%), L-gluta-

mine (2 mmol), penicillin (100 U/mL), streptomycin (100 mg/mL), HEPES

(10 mmol), 2-mercaptoethanol (55 mmol), nonessential amino acids (1%),

and sodium pyruvate (1 mmol) (all from Gibco; Thermo Fisher Scientific,

Waltham, Mass), was used as the culture medium. PBMCs obtained from pa-

tients were precultured (1 3 106 cells/mL) at 378C overnight, and cells were

stimulated with Sugi (‘‘Japanese cedar’’ in Japanese) basic protein (2 mg/mL;

Hayashibara, Okayama, Japan) in the presence of recombinant human IL-2 (1

U/mL; Kyowa, Tokyo, Japan) for 5 days. Sugi basic protein is composed of

major Japanese cedar pollen allergens Cry j 1 and Cry j 2. For real-time

PCR, cultured PBMCs were immediately processed in TRIzol reagent (Invi-

trogen; Thermo Fisher Scientific). To compare patients with good and poor

disease response, 25 ng/mL of phorbol-12-myristate-13-acetate and 1 mg/

mL of ionomycin (Sigma-Aldrich) were added at the final 4 hours of culture

because the available number of cells was small.

Single-cell RNA sequencing and single-cell

repertoire sequencing
Memory CD41 cells (CD31CD41CD45RO1) were sorted on a FACS Aria

III device (Becton Dickinson, San Diego, Calif) from PBMCs and then encap-

sulated in droplets. The scRNA-Seq libraries were prepared using Chromium

Next GEM Single Cell 59 Reagent Kits (v1.1) according to the manufacturer’s

protocol (10x Genomics, Pleasanton, Calif). Full-length T-cell receptor (TCR)

V(D)J segments (scVDJ-Seq) were enriched from amplified complementary

DNA derived from 59 libraries via PCR amplification using a Chromium

Single-Cell V(D)J Enrichment Kit for Human T Cells according to the man-

ufacturer’s protocol (10x Genomics). The generated scRNA-Seq and

scVDJ-Seq libraries were sequenced using 150-cycle paired-end reads on a

NovaSeq 6000 device (Illumina, San Diego, Calif). We used the following re-

agents for flow cytometry: fluorescein isothiocyanate–anti-CD3 (Becton

Dickinson), phycoerythrin–anti-CD4 (BioLegend, San Diego, Calif),

PECy7–anti-CD45RO (BioLegend), and 7AAD (Becton Dickinson).

scRNA-Seq and scVDJ-Seq analysis
Sequence reads from all samples were processed and scRNA-Seq datawere

aggregated using the Cell Ranger (v6.1.1) pipeline with GRCh38 (v5.0.0) as



TABLE I. Patient characteristics

Characteristic

scRNA-Seq PCR 1 PCR 2

Good Poor Active Placebo Good Poor

No. of patients 4 3 14 6 21 15

Age (years), median (IQR) 28 (23-28) 41 (33-51) 44.5 (39.5-47) 45.5 (41.8-48.5) 47 (40-50) 45 (31.5-57.5)

Sex (M/F), no. 3/1 1/2 3/11 3/3 9/12 6/9

Pre-SLIT blood cedar IgE level

(UA/mL), median (IQR)

12.6 (3.2-27.0) 20.7 (20.2-27.5) 16.2 (9.1-32.2) 17.9 (9.5-22.3) 17.8 (7.2-49.0) 10.5 (7.9-32.0)

Pre-SLIT TNSS, median (IQR) 8.5 (7.8-8.5) 6 (5.5-6.5) 9.5 (7.3-10) 8.0 (8.0-8.8) 9.0 (8-11) 6.0 (4.5-9.0)

Post-SLIT TNSS, median (IQR) 2.9 (2.6-3.4) 6.8 (5.9-7.9) 4.1 (3.0-5.2) 7.6 (4.5-10.7) 4.6 (3.2-6.2) 6.0 (4.4-8.4)

Good, Good response; IQR, interquartile range; Poor, poor response.
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reference. Next, scVDJ-Seq data were aggregated using the Cell Ranger

(v6.1.1) ‘vdj’ pipeline with GRCh38 (v5.0.0) as reference. A TCR diversity

metric containing clonotype frequency and barcode information was obtained.

For TCR, only cells with at least 1 productive TCR a chain (TRA) and 1 pro-

ductive TCR b chain (TRB) were used in further analysis. Each unique TRA-

TRB pair was defined as a clonotype. The integration process of scRNA-Seq

and scVDJ-Seq in the same cell was performed using the ‘cellranger’ multi-

pipeline (v6.1.1). Aggregated data were further analyzed using ‘‘Seurat’’.20

Specifically, we log normalized the expression matrix, regressed the data

against the total number of unique molecule identifiers detected per cell, per-

formed a principal component analysis (PCA), and used PCA dimensions 1 to

50 to find clusters via uniform manifold approximation and projections

(UMAP). We visualized single-cell gene expression as UMAP overlays and

a volcano plot. We also visualized T-cell clones as UMAP overlays. Single-

cell gene expression was visualized as density plots by the Nebulosa R pack-

age (v1.0.1) algorithm.21 The percentage of cell clones was visualized as a pie

chart and as a stacked bar graph; these were generated by ‘ggplot2’ (ggplot2.-

tidyverse.org/index.html). The Venn diagram was realized by ‘gplot’ (v3.1.1)

(github.com/talgalili/gplots). To estimate the stage of differentiation, pseudo-

time trajectory analysis was performed using the Monocle3 package for R

(v3.0) algorithm,22 based on gene expression patterns.
Data and materials availability
All data are available in the main text or in the Online Repository at www.

jacionline.org. The raw and analyzed data we use in this report are available

under accession number GSE200107 in the Gene Expression Omnibus

(www.ncbi.nlm.nih.gov/geo).
Real-time PCR
Total RNA was isolated from PBMCs, and complementary DNA was

synthesized as previously described.16 Semiquantitative real-time PCR was

performed, and relative gene expression was calculated by the comparative

Ctmethod.All procedureswere performed according to themanufacturer’s in-

structions. TaqMan Gene Expression Assay probes (Applied Biosystems;

Thermo Fisher Scientific) were used for MSC and IL2.
Statistical analyses
Values are shown as means6 SEMs. The Mann-Whitney U test was used

for intergroup comparisons and the Wilcoxon signed-rank test for intragroup

comparisons. P < .05 was considered to indicate statistical significance. All

statistical analyses were performed by GraphPad Prism (v6.03) software

(GraphPad Software, La Jolla, Calif).
RESULTS

Functional subsets and clonal proportions of CD41

memory T cells
PBMCs that were obtained before and 1 year after SLIT from

those with good (n 5 4) and poor (n 5 3) response were used.
After culturing and stimulation with Japanese cedar antigen,
CD31CD41CD45RO1T cells were isolated and analyzed simul-
taneously by scVDJ-Seq for TCR and scRNA-Seq. From the ob-
tained sequencing data, 102,037 cells were detected using the
single-cell analysis pipeline. Of these cells, 20,537 were from pa-
tient 1; 9,579 from patient 2; 23,041 from patient 3; 17,491 from
patient 4; 14,259 from patient 5; 25,317 from patient 6; and
11,039 from patient 7. V(D)J data for TCR were combined for
all cells of high quality, corrected for read depth and mitochon-
drial read counts, and subjected to PCA. On the basis of the
expression levels of known transcription factors and marker
genes, 7 T-cell clusters (naive, Treg, TH2, TH17, cytotoxic CD4,
natural killer T, and interferon response cells) among CD41 T
memory cells in PBMCs were identified and are shown in
UMAP (Fig 1, A), which shows each subject (Fig 1, B) as well
as a representative gene expression that determined subsets (Fig
1, C). Among these cells, a unique TCR configuration was seen
in 67.2% to 78.5% (Fig 1,D), whereas more than 1 clonal memory
CD41 T-cell type accounted for 32.8% in those with poor
response and 21.5% in those with good response, and clones
with >5 cells constituted 10.3% in those with poor response and
4.7% in those with good response of all cells. Next, to compare
clonal T-cell clusters (unique, 2-5 cells, and >5 cells), relative pro-
portions for each of these clusters were calculated on the basis of
scVDJ-Seq data and depicted on the UMAP (Fig 1, E). As the
number of clones increased, the clones accumulated in effector
cells. We show that T cells with multiple clones were predomi-
nantly TH2, TH17, Treg, or cytotoxic CD4, and that, notably,
clonal population was highest in the TH2 cell cluster (Fig 1, F).
Alterations in T-cell subsets and clonality before

and after SLIT
To investigate T-cell responses, we compared T-cell subset

profiles before and after SLIT against Japanese cedar antigen.
Although a large individual difference was present, no consistent
changes in overall T-cell subsets were seen before and after SLIT
in both those with poor and good response if the subsets were not
classified by clone count (Fig 2, A and B). Therefore, we reana-
lyzed the cells by categorizing them as unique groups of cells
that form a single clone and as clonal populations that form mul-
tiple clones. It was observed that unique and 2-5 cell populations
did not show significant changes before and after SLIT, whereas
>5 clonal cell populations revealed that TH2 and Treg cells only
expanded in those with good response (Fig 2, C). Results are
shown in Fig E1 in this article’s Online Repository at www.
jacionline.org for each T-cell subset. Next, to evaluate the varia-
tion in antigen specificity due to changes in TCR repertoire before
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and after SLIT, we compared amino acid sequences of TRA and
TRB in the CDR3 region in all patients. T-cell clones with high
clonal frequency in the top 7 CDR regions showed overlap of
60% to 80% before and after SLIT (Fig 3, A). Moreover, if the
number of clones was limited to >5, there was an 80% overlap
in the CDR regions of both TRA and TRB in pre- and post-
SLIT specimens (Fig 3, B).
Functional changes in TH2 and Treg cells after SLIT
Because it has been suggested that SLIT induces clonal

expansion of TH2 and Treg cells with the same antigen specificity,
we immunoprofiled TH2 and Treg cells that showed clonal expan-
sion after SLITand performed PCA to increase the resolution and
reevaluate the immune profiles (Fig 4, A). Consequently, on the
basis of the expression of IL-5, IL-13, PTGDR2 (CRTH2), and
KLRB1 (CD161), TH2 cells could be divided into 2 clusters: a
highly functional Tpath2 cell population and a functionally
impaired TH2 cell population (Trans TH2) (Fig 4, B). Next, we
performed trajectory analysis to identify the differentiation
pathway in these cell populations and evaluated pseudo-time
based on similarity in gene expression profiles. Thus, a differen-
tiation trajectory from Tpath2 cells to Trans TH2 cells was
observed among TH2 cells (Fig 4, C), along with a continuum
of intermediate cells between Trans TH2 cells and the Treg cell
populations, indicating transdifferentiation of Trans TH2 cells to
Treg cells. Moreover, a comparison of TCR clones in these cell
populations before and after SLIT showed that the clonal expan-
sion of Treg cells (Fig 2, C) and Trans TH2 cells as well as a
decrease in Tpath2 cells were observed in those with good
response with multiple clones after treatment, especially in those
with >5 clones (Fig 4, D and E). The results for each subject are
presented in Fig E2 in the article’s Online Repository at www.
jacionline.org. These results therefore indicate the possibility of
clonal transdifferentiation of Trans TH2 cells into Treg cells.
Genetic shift from TH2 cells to Treg cells
We next comprehensively compared gene expression profiles of

each cell population to search for functional molecules that
facilitate Trans TH2 cell–mediated differentiation to Treg cells
and immune tolerance after SLIT. We found that musculin
(MSC), a transcription factor that represses the transcriptional pro-
gram of TH2 cells, and LPAR6, a T-cell migration inhibitory recep-
tor, were highly upregulated in Trans TH2 cells compared to
Tpath2 cells (Fig 5, A).MSC was also highly and specifically ex-
pressed at the end of differentiation trajectories in Trans TH2 cells
(Fig 5, B). Additionally, while the expression of IL-5was lower in
Trans TH2 cells (Fig 4, B), that of IL-2 and TGF-b—that is, mol-
ecules that induce Treg cell differentiation—was higher.
A comparison of Trans TH2 cells and Treg cells revealed greater
expression of FOXP3, inhibitory cytokines such as TGF-b and
IL-10RA, and CTLA4, the inhibitory immune checkpoint factor,
in Treg cells. Regarding the changes after SLIT within each
T-cell subset, MSC and IL-2 expression was upregulated after
SLIT in Trans TH2, whereas TGF-b expression was upregulated
after SLIT in both Trans TH2 and Treg cells (Fig 5, C).
Potential as a biomarker
Given these changes in the expression of MSC and IL-2 and

their strong expression in Trans TH2 cells, we investigated if these
molecules can be used as biomarkers for SLIT from the perspec-
tive of suppression of TH2 cell function in specimens obtained
from a previous clinical trial of SLIT tablets for JCP.18 The study
scheme is depicted in Fig 6, A. We were able to use only speci-
mens shared by Chiba University Hospital. Specifically, in addi-
tion to 6 patients in the placebo group, there were 16 patients in
the active drug group. However, 2 patients whose symptoms
worsened after SLIT were excluded, resulting in 14 patients in
the active drug group who showed symptom suppression. To eval-
uate their utility as biomarkers, we analyzed the expression of
MSC and IL-2 in whole PBMCs by PCR after antigen stimulation.
In contrast to samples from the placebo group that showed no
particular increase in MSC after SLIT, the active drug group
showed a significant increase inMSC at 1 year after therapy initi-
ation (Fig 6, B). We also observed an increasing trend in IL-2
expression after 1 year of therapy (Fig 6, C). Additionally, we
analyzed 36 outpatients to confirmwhetherMSC can serve as bio-
markers of SLIT efficacy. PBMCs before and 1 year after treat-
ment were cultured and PCR performed. A significant increase
inMSC expression was observed in those with good response af-
ter SLIT (Fig 7, A). However, no significant changes were
observed in IL-2 expression (Fig 7, B). These results demonstrate
the usefulness of evaluating the efficacy of MSC in PBMCs as an
assessment of curative response to SLIT.
DISCUSSION
In our study, using blood samples derived from patients whose

disease was or was not responsive to SLIT, we investigated its
mechanistic aspects by subjecting T cells to scRNA-Seq and
scVDJ-Seq. We found that in T cells with multiple clones after
antigen-stimulated culture, TH2 and Treg cell numbers increased
after SLIT, suggesting that differentiation occurred mostly within
the same clone. However, this clonal expansion occurred in Trans
TH2 cells whose function was suppressed. Thus, our results point
toward a mechanism wherein SLIT suppresses antigen-specific
TH2 cell function and induces their differentiation into a Treg
cell population. Further, MSC, which is known to suppress the
function of TH2 cells, may be involved as the transcription factor,
and TH2 cells with suppressed functions, such as lower CRTH2
and IL-5 secretion, could enhance their expression of IL-2 and
TGF-b to become Treg cells. Finally, we investigated whether
MSC and IL-2, which are expressed on Trans TH2 cells just before
their differentiation into Treg cells, are useful as biomarkers for
SLIT. We found that drug administration led to an increase
MSC expression in patients with disease responsive to SLIT.

Antigen-stimulated CD41 T cells differentiate into various
subsets, such as TH2 and TH17, depending on their environment;
such plasticity persists even after differentiation from the naive
state, and despite changes in cytokines secreted and surface anti-
gens expressed.23 In the present study, 1 year of SLIT resulted in
an increase in Trans TH2 cells that expressed the transcription fac-
tor MSC but whose function was suppressed. MSC, a member of
the helix–loop–helix family of transcription factors, was first
described in mouse skeletal muscle progenitor cells and later
identified as a transcriptional repressor in B-cell lymphoma.24,25

Wu et al26 reported that MSC suppresses TH2 cell function by in-
hibiting GATA3 but that it promotes their differentiation into Treg

http://www.jacionline.org
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on the UMAP. Left to right, Distribution of unique cells (blue), distribution of cells with multiple clones of 2-5

(orange), and distribution of cells with multiple clones of >5 (red). (F) The proportion of each T-cell subset by

number of clones (unique, 2-5, and >5) are presented in 3 different colors.

B

C
good 

response
poor 

response
good 

response
poor 

response
good 

response
poor 

response

Th
2

C
ou

nt
(%

)

C
ou

nt
(%

)

C
ou

nt
(%

)

C
ou

nt
(%

)

Th
2

C
ou

nt
(%

)

Th
2

C
ou

nt
(%

)

Clone count : Unique 2-5 >5

10

20

10

20

20

40

20

40

40

80

40

80

0
10

0
10

0
12

0
12

0
12

0
12

Tr
eg

C
ou

nt
(%

)

C
ou

nt
(%

)

C
ou

nt
(%

)

C
ou

nt
(%

)

0

35

0

35

0

20

Tr
eg

C
ou

nt
(%

)

0

20

0

15

Tr
eg

C
ou

nt
(%

)

0

15

70 70 40 40 30 30

good 
response

poor 
response

good 
response

poor 
response

good 
response

poor 
response

good 
response

poor 
response

Treg Cytotoxic CD4 NKT IFN reponse cells

C
ou

nt
(%

)

C
ou

nt
(%

)

C
ou

nt
(%

)

C
ou

nt
(%

)
0

10

20

0

10

20

0

20

40

0

20

40

0.0

0.7

1.4

0.0

0.7

1.4

0

4

8

0

4

8

good 
response

poor 
response

good 
response

poor 
response

good 
response

poor 
response

Naive Th17

0

35

C
ou

nt
(%

)

C
ou

nt
(%

)

C
ou

nt
(%

)

70

0

35

70

15

30

15

30

4

8

4

8

Th2

A
poor response good response

Patient no.2Patient no.1

Pre Post Pre Post Pre Post

Patient no.3
1.00

0.75

0.50Co
un

t

0.25

0.00

1.00

0.75

0.50Co
un

t

0.25

0.00
Pre Post Pre Post Pre Post

Patient no.7

Pre Post

Patient no.4

Naive

Th2

Th17

Treg

Cytotoxic CD4

NKT

IFN reponse cells

Patient no.5 Patient no.6

FIG 2. Changes in T-cell subsets before and after SLIT. (A) Proportion of T-cell subsets in each subject before

and after SLIT. Pre indicates before sublingual immunization; post, 1 year after. (B) Proportional shifts in each

T-cell subset before and after SLIT. (C) Proportional change in TH2, TH17, and Treg cells in those with poor and

good response before and after SLIT, categorized as clones of TCRs that are unique, 2-5, or >5.

=

J ALLERGY CLIN IMMUNOL

VOLUME 150, NUMBER 4

IINUMA ET AL 855



B

A

0.0

0.1

0.2

0.3

0.4

0.0

0.2

0.4

0.6

0.0

0.1

0.2

0.3

0.0

0.2

0.4

0.6

0.00

0.05

0.10

0.15

0.20

0.25

0.0

0.1

0.2

0.3

0.4

0

1

2

3

0.0

0.1

0.2

0.3

0.00

0.05

0.10

0.15

0.20

0.0

0.1

0.2

0.3

0.00

0.05

0.10

0.15

0.00

0.05

0.10

0.15

0.20

0.00

0.05

0.10

0.15

0.00

0.05

0.10

0.15

0.00

0.05

0.10

0.15

0.20

0.00

0.05

0.10

0.15

0.00

0.05

0.10

0.15

0.20

0.00

0.05

0.10

0.15

0.20

0.25

0.00

0.05

0.10

0.15

0.00

0.05

0.10

0.15

0.20

0.00

0.05

0.10

0.15

0.20

0.00

0.05

0.10

0.15

0.20

0.25

0.00

0.05

0.10

0.15

0.20

0.00

0.05

0.10

0.15

0.20

0.25

0.0

0.2

0.4

0.6

0.8

0.0

0.2

0.4

0.6

0.8

0.00

0.05

0.10

0.15

0.20

0.25

0.0

0.1

0.2

0.3

0.4

0.5

Chain; TRA(CDR3 AA) Chain; TRB(CDR3 AA) Chain; TRA(CDR3 AA) Chain; TRB(CDR3 AA) Chain; TRA(CDR3 AA) Chain; TRB(CDR3 AA)

Chain; TRA(CDR3 AA) Chain; TRB(CDR3 AA) Chain; TRA(CDR3 AA) Chain; TRB(CDR3 AA) Chain; TRA(CDR3 AA) Chain; TRB(CDR3 AA)

Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post

Pre Post Pre Post

Pre Post Pre Post

Pre Post Pre Post Pre Post Pre Post

 doog
esnopser

Patient No.7

Chain; TRA(CDR3 AA) Chain; TRB(CDR3 AA)

 doog
esnopser

po
or

 
esnopser

Patient No.1 Patient No.2 Patient No.3

Patient No.5 Patient No.6Patient No.4

Chain; 
TRA 1213 90

84 1920

94 99

3131 72

98 51

3318 85

Chain; 
TRB

Chain; 
TRA

Chain; 
TRB

Chain; 
TRA

Chain; 
TRB

Patient No.1CDR3 AA

CDR3 AA

CDR3 AA

>5

>5

>5

Patient No.2

Patient No.3

Chain; 
TRA 99 44

100 83

98 105

96 76

84 619

1511 92

Chain; 
TRB

Chain; 
TRA

Chain; 
TRB

Chain; 
TRA

Chain; 
TRB

Patient No.4CDR3 AA

CDR3 AA

CDR3 AA

>5

>5

>5

Patient No.5

Patient No.6

1511 92 97 86Chain; 
TRA

Chain; 
TRB

CDR3 AA >5Patient No.7

good responsepoor response

Pre Post Pre Post

Pre Post Pre Post

clone count clone count

FIG 3. Changes in TCR repertoire before and after SLIT. (A) Amino acid (AA) sequences of the top 7 specific

TCRs before and after SLIT for each subject. The sequences with multiple clones in common before and af-

ter SLIT are shown in red. (B) Clonal skewness in the a and b chains of TCRs before and after SLIT for each

subject. The left circle shows the number of AA sequence types before SLIT; the right circle shows the num-

ber of AA sequence types after SLIT. The overlapping area (blue for TRA, red for TRB) indicates the number

of AA sequences that were identical before and after SLIT.

J ALLERGY CLIN IMMUNOL

OCTOBER 2022

856 IINUMA ET AL
cells by enhancing Foxp3 expression. They have also demon-
strated that Foxp3 alone cannot induce Treg differentiation
without repressing other lineage-specific transcriptional pro-
grams, and that MSC forms a complex with GATA3 to act as a
repressor and thereby suppress TH2 function. Although that report
was based on in vitro and mouse models, we show that this phe-
nomenon can actually occur in humans after SLIT. Additionally,
comparison of gene expression profiles between Tpath2 cells and
Trans TH2 cells showed that SLIT enhanced the expression of
TGF-b and IL-2 in Trans TH2 cells, and because Treg cells can
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differentiate in the presence of TGF-b and IL-2 under in vitro
assay conditions,27 it is possible that Trans TH2 cells create their
own environment for Treg differentiation. Once the TH2 cell be-
comes a Treg and expresses Foxp3, Foxp31Treg cells cannot pro-
duce IL-2 by themselves because Foxp3 represses the
transcription of IL-2 gene.28 Thus, IL-2 signaling from other
T cells would be essential for Treg homeostasis,29 and it may
be produced by Trans TH2 cells themselves.

In the present study, about 70% of the cells were unique (that is,
with no overlap in TCR amino acid sequence), and more than 1
clone was found in approximately 20% to 30% of the cells, which
is relatively high. Similarly, a study that analyzed T-cell
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repertoires in PBMCs in about 19 humans, including Covid-19
patients, showed that about 90% of the cells were unique.30 Given
the result that TH2 was the most abundant cell type in more than 1
clone, we hypothesized that we could categorize dividing cells on
the basis of antigen specificity after stimulation with Japanese ce-
dar antigen. We have previously described methods used to cap-
ture dividing cells after antigen stimulation, such as flow
cytometry or using tetramers. However, although it is difficult
to determine antigen specificity,11 because this study used
scRNA-Seq combined with antigen-stimulated culture and reper-
toire analysis using scVDJ-Seq to compare changes before and af-
ter SLIT, we were able to demonstrate that about 80% of the most
frequent amino acid sequences remained identical at 1 year after
SLIT, attesting to the usefulness of combining specific antigen
stimulation with scVDJ-Seq and scRNA-Seq.
Previous studies have reported the involvement of higher Treg
cell numbers and IgG4 in symptom reduction after SLIT;4 howev-
er, the results described here, as well as results reported by us and
others previously,11,17 imply a role for suppression of TH2 func-
tion. Further, although it is possible that MSC expression–
induced inhibition of TH2 cells may be due to repeated sublingual
antigen stimulation, the role of plasmacytoid dendritic cells or the
effects of induced Breg or Treg cells on Tpath2 cells could not be
ascertained. Thus, a system that permits efficient expression of
MSC will enable a better understanding of the underlying mech-
anism or mechanisms. In general, women are more susceptible to
collagen or allergic diseases, partly because the expression of
Foxp3 and its protein complex on the X chromosome is disrupted
by hormonal changes and inflammatory cytokines.31-33 In the pre-
sent study, scRNA-Seq was performed in a larger number of male
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subjects with good response; therefore, the possibility of sex
affecting Foxp3 cannot be denied. However, the effect of SLIT
has not been reported to vary by sex,34,35 and no differences
due to sex were observed in the variation of MSC (see Fig E3 in
the Online Repository at www.jacionline.org). Further, for exper-
imental systems, additional studies are warranted. T cells have
various subpopulations, including TH1, TH2, TH17, Treg, and
Tfh, and each has a different maturation period. We thus could
not determine how the duration of this experiment’s culture
period affected the increase of the other subpopulations.

Currently there are no biomarkers for evaluating the efficacy of
SLIT,36 and any increase in Treg numbers should be reflected in a
greater expression of Foxp3; however, this has also not been clearly
established. Thus, presumably the effect of SLIT resides in actual
functionality of the cells, which is difficult to assess according to
an increase or decrease in transcription factor levels. IL-5 is a
pathogenic factor in allergic diseases; we have previously reported
that T cells expressing CRTH2 and CD161 produce large amounts
of IL-5but thatSLITreduces its levels; however,wedidnot findany
difference in Foxp3 expression in our study.17 Therefore, we
checked for higherMSC expression and found a significant increase
within the active drug group and thosewith good response to SLIT.
This observation not only confirms a role for this factor in themech-
anism of action of SLIT but also indicates its usefulness as a poten-
tial biomarker of long-term effects.

To summarize, we described the mechanism of symptom
reduction due to SLIT by combining single-cell analysis and
repertoire analysis. Specifically, promoting the expression of
MSC in Tpath2 cells may contribute to SLIT-induced reduction in
symptoms by suppressing TH2 cell function and allowing them to
differentiate into Treg cells. Various methods of allergen-specific
immunotherapy are currently being devised.37,38 Because MSC

http://www.jacionline.org
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expression may be used as a marker of its efficacy, developing
methods to effectively produce MSC can enhance the effective-
ness of this therapy.
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Clinical implications: MSC expression was higher in the group
of active patients whose disease was responsive to SLIT, indi-
cating that these molecules may be potential biomarkers of
SLIT efficacy.
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FIG E1. Proportional change in T-cell subsets in each subject before and after SLIT, categorized as clones of

TCRs that are unique, 2-5, or >5.
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FIG E2. Proportional change in Tpath2, Trans TH2, and Treg cells in each subject before and after SLIT, cate-

gorized as clones of TCRs that are unique, 2-5, or >5.

J ALLERGY CLIN IMMUNOL

OCTOBER 2022

860.e2 IINUMA ET AL



Male

0

5

10

15

Female

MSC (good response)

0

5

10

15

re
la

tiv
e

ex
pr

es
si

on

Pre Post Pre Post

FIG E3. Comparison by sex in good-response analysis of MSC in speci-

mens from outpatients. Data are SDs and means. The expression of MSC in

PBMCs cultured with Japanese cedar antigen and IL-2 by real-time PCR are

those with good response shown in Fig 7. Nine patients were male and 12

female. No significant difference was found between groups.
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data shown as SDs and means.
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FIG E5. Analysis of MSC in poor-response specimens from the phase 2/3

clinical trial. The 2 lines show the values for each of the 2 excluded

individuals in Fig 6.
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