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ABSTRACT
◥

CD4þ T-cell immunity helps clonal proliferation, migration,
and cancer cell killing activity of CD8þ T cells and is essential
in antitumor immune responses. To identify CD4þ T-cell
clusters responsible for antitumor immunity, we simultaneously
analyzed the na€�ve-effector state, Th polarization, and T-cell
receptor clonotype based on single-cell RNA-sequencing data.
Unsupervised clustering analysis uncovered the presence of a new
CD4þ T-cell metacluster in the CD62Llow CD4þ T-cell subpopu-
lation, which contained multicellular clonotypes associated with
efficacy of programmed death-ligand 1 (PD-1) blockade therapy.
The CD4þ T-cell metacluster consisted of CXCR3þCCR4�CCR6þ

and CXCR3�CCR4�CCR6þ cells and was characterized by high
expression of IL7 receptor and TCF7. The frequency of these cells in
the peripheral blood significantly correlated with progression-free

survival and overall survival of patients with lung cancer after PD-1
blockade therapy. In addition, the CD4þmetacluster in the periph-
eral blood correlated with CD4þ T-cell infiltration in the tumor
microenvironment, whereas peripheral Th1 correlated with local
CD8þ T-cell infiltration. Together, these findings suggest that
CD62Llow CCR4�CCR6þ CD4þ T cells form a novel metacluster
with predictive potential of the immune status and sensitivity to PD-
1 blockade, which may pave the way for personalized antitumor
immunotherapy strategies for patients.

Significance: The identification of a new CD4þ T-cell metaclus-
ter that corresponds with immune status could guide effective
tumor treatment by predicting response to immunotherapy using
peripheral blood samples from patients.

Introduction
Immune checkpoint inhibitors (ICI), such as anti-programmed cell

death-1 (PD-1)/PD-1 ligand-1 (PD-L1) antibodies, have achieved
breakthrough results in long-term survival in many cancers. However,
the readiness of T-cell immunity, which varies greatly from patient to
patient, has led to significant differences in antitumor efficacy. It has
been elucidated that antitumor T cells in tumor microenvironment
(TME) to be activated by ICI are T cells continuously recruited from
peripheral circulation (1–4). If T-cell clusters that are responsible for
the dynamic relationship between the peripheral circulation and TME
can be elucidated, it will become possible to monitor antitumor

immunity by analyzing the T-cell clusters in peripheral blood, which
will facilitate the selection of adequate ICI therapy for each patient.

Research in cancer immunotherapy has primarily focused on CD8þ

T cells in the TME (5–7). However, it has been reported that antitumor
immunity cannot be induced unless the tumor cells have the MHC
class II binding neoantigens, which are recognized byCD4þT cells (8).
CD4þ T cells are likely to be the driving force of the cancer immunity
cycle, allowing for a sustainable supply of CTLs to the TME (9, 10).

CD4þ T cells are multitasking to defend against a wide variety of
pathogens. To perform this function most efficiently, CD4þ T cells
differentiate into optimal functional types (11). The Th type 1 (Th1)
promotes CD8þ T cells to kill intracellular pathogens, and the Th17
mobilizes neutrophils to eliminate fungi and extracellular bacteria. In
antitumor immunity, Th1 is thought to play an important role by
producing IFNg and promoting the activity of CD8þ T cells. On the
other hand, Th17 cells, which have stem cell-like properties, are believed
to promote long-term antitumor immunity (12). Thus, the precise Th
clusters that play roles in antitumor immunity remain to be elucidated.

We previously reported that pretreatment peripheral blood CD4þ

T cells that downregulated CD62 L expression (CD62Llow) in patients
with lung cancer correlated with prognosis and response to nivolumab
therapy and that the tumor antigen-specific effector T cells belonged to
the CD62Llow subpopulation (13–15). This study aimed to identify the
CD4þ T-cell clusters responsible for antitumor immunity by simulta-
neously analyzing the three critical attributes, the na€�ve-effector state
change by priming, Th polarization, and T-cell receptor (TCR) clono-
type based on non–knowledge-based cell distribution according to
intercellular similarity by gene and protein-level molecular expression.

Materials and Methods
Patients and treatment

Patients who had histologically or cytologically confirmed stage IV
or IIIB–C non–small cell lung cancer (NSCLC) with a PD-L1 tumor
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proportion score of 1% or higher and were eligible for first-line
pembrolizumab therapy as a clinical practice were enrolled in this
observational study. PD-L1 expression was assessed using the PD-L1
IHC 22C3 pharmDx assay (DAKO). This study included 60 conse-
cutive patients from a single institution, Saitama Medical University
InternationalMedical Center, enrolled fromMarch 2017 toNovember
2018. A total of 57 of 60 patients had tumor proportion score (TPS) of
50% or greater. Peripheral blood samples for this study were collected
after obtaining written informed consent. The study protocol was
approved by the Internal Review Board of SaitamaMedical University
International Medical Center in accordance with the Declaration of
Helsinki (the ethical approval number 15-221). The patients received
pembrolizumab at a dose of 200 mg every 3 weeks. The second
validation cohort included 36 patients with previously treated NSCLC
who received every 3 weeks 200 mg pembrolizumab or every 2 weeks
240 mg nivolumab therapy as clinical practice, irrespective of PD-L1
expression.

Response assessments
Tumor imaging using CT scanning was performed every 9 weeks.

The response to treatmentwas assessed by an independent radiological
review using the RECIST, version 1.1. May 19, 2020, was set as the cut-
off date for data collection.

Blood sample
Peripheral blood mononuclear cell (PBMC) samples were col-

lected prior to the first administration of the anti-PD-1 mAb using
heparinized CPT Vacutainer tubes (Becton Dickinson Vacutainer
Systems) as described previously (15). The samples were frozen
using Cellbanker2 (Nippon Zenyaku Kogyo Co.) in a liquid nitro-
gen tank. For analyses of T-cell subsets, cells were incubated for 32–
48 hours in a culture medium consisting of RPMI1640 and 10%
FCS. Details of mass cytometry and flow cytometry analysis are
shown in Supplementary Materials and Methods (Supplementary
Table S1; Supplementary Fig. S1).

Single-cell RNA sequencing
Single-cell analyses of frozen PBMCs derived from the patients

before the administration of pembrolizumab therapy were performed
using the Chromium Next GEM Single Cell V(D)J Reagent Kit v1.1
with Feature Barcoding technology (10xGenomics Inc.). All single-cell
libraries were constructed according to the manufacturer’s standard
protocol. The libraries were sequencedwithHiSeq 2500 (Illumina Inc.)
or NovaSeq6000 (Illumina Inc.) using Illumina’s standard protocol.
Details of the libraries and sequence results are summarized in
Supplementary Table S2A.

The sequenced reads were processed with Cell Ranger 4.0.0 using
theGRCh38 reference dataset (version 2020-A for gene expression and
4.0.0 for the TCR repertoire) to derive the gene expression/feature
barcode (TotalSeq-C) unique molecular identifier count matrix and
TCR repertoire data (Supplementary Fig. S2). Statistical analysis and
graphical drawing were performed using the Seurat 4.0 (16, 17),
MAST (18), and theMonocle2 (19, 20) packages in R software. Details
are shown in Supplementary Materials and Methods.

Statistical analysis
Prism 9 (GraphPad Software) was used to conduct statistical

analyses. Data are expressed as the mean � SEM unless otherwise
indicated. Tests for differences between two populations were per-
formed using Student t test. Multiple group comparisons were per-
formed using one-way ANOVAwith Tukey post hoc analysis. Survival

curves were estimated using the Kaplan–Meier method. Tests for
differences and HR were performed using log-rank (Mantel–Cox)
test. All P values were two sided, and P < 0.05 was considered
statistically significant.

Data availability
The RAW data of single-cell RNA sequencing (scRNA-seq) gen-

erated in this study are publicly available in Gene Expression Omni-
bus (21) at GSE168844.

Results
Clustering of peripheral CD4þ T cells

First, we collected peripheral blood samples from patients with
lung cancer who were scheduled to receive pembrolizumab as first-
line therapy and then performed scRNA-seq from 6 patients [2
partial responses (PR), 2 stable diseases (SD), and 2 progressive
diseases (PD)] in the discovery cohort (Supplementary Tables S2A
and S2B). The unsupervised clustering of cells based on RNA
expression was performed and CD4þ T cells were classified into
15 clusters (Fig. 1A; Supplementary Fig. S3A). The 15 clusters were
mapped by five cell-surface protein expression patterns measured as
TotalSeq-C counts (CD62L, CD45RA, CXCR3, CCR4, CCR6).
CD62 L and CD45RA expression patterns were used to evaluate
the na€�ve-effector state change (Fig. 1B; Supplementary Fig. S3B
and S3C). Most of the cells in clusters #3, 5, 6, 9, 12, 14, and 15
(circled in red dashed line in Fig. 1A) were composed of CD62Llow

cells, which downregulated CD62 L and are considered effector T
cells. In contrast, the majority of cells in cluster #1 (circled in blue
dashed line in Fig. 1A) were CD62LhighCD45RAþ, which met the
definition of na€�ve T cells. The #7 cluster was considered to be
regulatory T cells (Treg) owing to the presence of FoxP3 expression
(circled in black dashed line in Fig. 1A; Supplementary Fig. S4A).
Most of the cells belonging to the remaining clusters have a
CD45RA�CD62Lhigh phenotype and will be referred to as the
non-na€�ve CD62Lhigh fraction, which likely includes central mem-
ory T cells. Th polarization status was assessed using the expression
patterns of CXCR3, CCR4, and CCR6 (22). The expression pattern
of chemokine receptors at the cell level is presented in Fig. 1C
(Supplementary Fig. S4B). Consequently, most cells of the #6 cluster
presented the expression pattern of CXCR3þCCR4�CCR6�, which
was typical for Th1, the #9 cluster cells presented the expressionpattern
of CXCR3�CCR4þCCR6þ, which was typical for Th17, andmost cells
of the #4 cluster presented the expression pattern of CXCR3�CCR4þ

CCR6�, which was typical for Th2. The #3 cluster contained not only
CXCR3þCCR4�CCR6� but also CXCR3þCCR4�CCR6þ, and the #5
cluster contained CXC3þCCR4�CCR6þ and CXCR3�CCR4�CCR6þ

in addition to CXCR3�CCR4þCCD6þ. CXCR3þCCR4�CCR6þ and
CXCR3�CCR4�CCR6þ cells other than the typical Th1 and Th17 will
be referred to as Th1/17 and CCR6 SP, respectively, in this study.

Similarly, we mapped the dimensional compression diagram based
on the expression of 21 molecules (CD3, CD19, CD278, CD4, CD8,
CCR4, CD62L, CD27, CXCR3, CD28, CD80, CD223, CD44, CCR7,
CD154, CD45RA, CD279, CCR6, FoxP3, T-bet, and CD152)
by CyTOF (Standard Bio Tools K.K., Tokyo), in the discovery
cohort (n ¼ 15), and the results were in good agreement with
those of unsupervised clustering by gene expression (Fig. 1D).
CD4þ T cells were divided into four subpopulations according to
the expression status of CD62L, CD45RA, and FoxP3: CD62Llow

subpopulation, CD45RAþCD62Lhigh subpopulation, FoxP3þ Treg,
and the remaining non-na€�ve CD62Lhigh subpopulation. The clusters
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of CXCR3þCCR4�CCR6� (Th1), CXCR3�CCR4þCCR6þ (Th17),
CXCR3þCCR4�CCR6þ (Th1/17), andCXCR3�CCR4�CCR6þ (CCR6
SP) were observed in the CD62Llow CD4þ T-cell subpopulation,
and CXCR3�CCR4þCCR6� (Th2) was observed in the non-na€�ve
CD62Lhigh CD4þ T-cell subpopulation, which was also consistent
with the annotation results of scRNA-seq.

Multicellular CD4þ T-cell clonotypes associated with PD-1
blockade therapy efficacy

T cells that are clonally expanding in vivo are likely effector T cells
that are fighting against currently existing targets (3). Therefore, we
analyzed the TCR repertoire using scRNA-seq to investigate the
relationship between CD4þ T cells belonging to multicellular clono-
types in the peripheral blood of patients with lung cancer and the effect
of pembrolizumab therapy. First, we mapped T cells belonging to the
multicellular clonotypes that presented with two ormore cells with the
same TCR on the t-distributed stochastic neighbor embedding (tSNE)
plot (Fig. 2A). Most of these T cells were observed in the CD62Llow

clusters (#3, 5, 6, and 9; Fig. 1A), albeit a small number were also

observed in the Th2 type #4 cluster in the non-na€�ve CD62Lhigh

subpopulation (circled in green dashed line in Fig. 2A).
To scrutinize the relationship between the degree of CD4þ T-cell

clonotype expansion and antitumor immunity, we examined whether
the proportion of multicellular clonotypes to all detected TCR clono-
types correlated with progression-free survival (PFS) after pembroli-
zumab treatment. Although multicellular clonotypes only accounted
for about 0.3%–6% of all CD4þ T-cell clonotypes, the multicellular
clonotype percentages of all detected clonotypes were strongly pos-
itively correlated with PFS (P ¼ 0.0048, r ¼ 0.9426; Fig. 2B). The
percentage of cells belonging to the multicellular clonotype relative to
total CD4þ T cells also correlated with PFS; however, the correlation
was weaker than that of the multicellular clonotype itself (Supple-
mentary Fig. S5A). These results suggest that the CD4þ T cells
responsible for the antitumor therapeutic effects of pembrolizumab
belong to multicellular clonotypes, which have clonally expanded
before the PD-1 blockade treatment, and that the TCR diversity of
clonally expanding T cells contributes to the long-term response. Next,
we investigated to which na€�ve-effector T-cell subpopulation this

Figure 1.

Clustering of CD4þ T cells according to scRNA-seq. A, tSNE plots derived from integrated gene expression data from scRNA-seq of 6 patients with lung cancer
collected prior to pembrolizumab therapy. All 33,604CD3þCD8�CD4þ cellswere divided into 15 clusters upon unsupervised clustering. Reddashed line, the extent of
clusters mostly composed of CD62Llow T cells (cluster #3, #5, #6, #9, #12, #13, #14, and #15). Blue dashed line, cluster #1—mostly composed of CD62LhighCD45RAþ T
cells. The table shows the expression levels of the CXCR3, CCR4, and CCR6 proteins in each cluster as determined by the value of TotalSeq-C (C). B and C, Cell-level
annotation of CD62L, CD45RA (B) and CXCR3, CCR4, and CCR6 (C) from scRNA-seq of 6 patients (same tSNE reduction as in A). Annotation was performed
according to the TotalSeq-C counts of each cell in the gatingmethod. The gating strategy is detailed in Supplementary Fig. S2.D,Representative illustrations ofmass
cytometry viSNE analysis for gated CD4þCD3þ cells observed after the expression of 21 molecules and the expressions of six molecules are presented. Red lines, the
extent of the region representing the CD62Llow subpopulation. Blue lines, CD45RAþCD62Lhigh region. Black lines, FoxP3þ region. Green line, remaining region. Black
dashed lines, the five regionsmapped on the basis of CXCR3, CCR4, and CCR6 expression. The chemokine receptor expression patterns in each region are presented
in the table.

New CD4þ T-cell Cluster and PD-1 Blockade Efficacy

AACRJournals.org Cancer Res; 82(24) December 15, 2022 4643



multicellular clonotype belongs. Consistent with the mapping results,
almost all of the na€�ve CD45RAþCD62Lhigh subpopulation was com-
posed of singletons (Supplementary Table S3). Most of the multicel-
lular clonotypes belonged to the CD62Llow subpopulation, although a
few belonged to the CD45RA�CD62Lhigh subpopulation (Fig. 2C).
Interestingly, the percentage of multicellular clonotypes belonging to
the CD62Llow subpopulation relative to detected CD4þ T-cell clono-
types correlated with PFS, whereas the percentage of clonotypes
belonging to CD45RA�CD62Lhigh did not (Fig. 2D). The TCR
diversity index of the CD62Llow subpopulation suggested that clono-
types corresponding to the antitumor effect of anti-PD-1mAb therapy
were enriched in the CD62Llow subpopulation (Supplementary
Fig. S5B). However, the TCR diversity index of the CD62Llow cells
did not differ between the PFS> 300 days group and the PFS< 300 days
group (Supplementary Fig. S5C). The number of cells permulticellular
clonotype was largest in Th1, suggesting a greater degree of clonal
expansion (Supplementary Fig. S5D and S5E). On the other hand, the
number of multicellular clonotypes was similar in Th1 and Th1/17.
The relationship between the percentage of multicellular clonotypes
per Th and PFS was examined, and it was found that only the
percentage of multicellular clonotypes belonging to Th1/17�CCR6SP
had a significant correlation with PFS (Supplementary Fig. S5F). The
results suggest that the diversity of clonally expanded clonotypes is
more important for antitumor efficacy than the degree of clonal
expansion per clonotype, and that the clonotypes belonging to Th1/
17�CCR6SP are the most important.

New Th clusters distinct from Th1 and Th17 found in responders
Because Fig. 1A and C show that the CD62Llow CD4þ T-cell

subpopulation can be further subdivided using the property of Th
polarization, we performed a pseudotime analysis to clarify the
relationship between the CD62Llow Th clusters. In unsupervised
clustering using gene expression, the CXCR3þCCR4�CCR6� typical
Th1 cluster (#6 in Fig. 1A) and CXCR3�CCR4þCCR6þ typical Th17
cluster (#9 in Fig. 1A) were the most distantly located; therefore, we
used differentially expressed genes (DEG) between Th1 and Th17 as
ordering genes for pseudotime analysis (Fig. 3A; Supplementary

Fig. S6A; Supplementary Table S4). In the cases that responded to
pembrolizumab treatment, we observed the formation of another node
(Branch3 in Fig. 3A) at a location between the typical Th17 (Branch1)
and Th1 (Branch2). Branch3 contains some CXCR3�CCR4þCCR6þ

cells; however, CXCR3þCCR4�CCR6þ and CXCR3�CCR4�CCR6þ

cells were the predominant components. To identify genes specific to
each branch, two branched pseudotime trajectories, Branch1 to
Branch2 and Branch1 to Branch3, were compared using the branched
expression analysis modeling (BEAM) method (Fig. 3B). In cluster 4
of patient P1 and cluster 5 of patient P2, which were highly expressed
only in Branch3, IL7 receptor (IL7R), FOS, LDHB, GAS5, RACK1,
TNFSF13B, and transcriptional factor 7 (TCF7) were commonly
observed. Another hierarchical clustering result based on DEGs in
the four Th clusters also showed that the Euclidean distance between
CXCR3þCCR4�CCR6þ and CXCR3�CCR4�CCR6þ was the closest
and furthest from Th1 and Th17, respectively (Supplementary
Fig. S6B; Supplementary Table S5).

The differentiation status of T cells is mainly attributed to
DNA methylation (23). To examine whether the differences in gene
expression patterns observed with pseudotime analysis corresponded
to the differentiation status, methylome analysis was performed using
CXCR3þCCR4�CCR6� (Th1), CXCR3þCCR4�CCR6þ (Th1/17),
CXCR3�CCR4�CCR6þ (CCR6 SP), and CXCR3�CCR4þCCR6þ

(Th17) T-cell clusters sorted from CD62Llow CD4þ T cells. Clustering
analysis calculated from differentially methylated probes (DMP)
with significant differences by ANOVA of the four CD4þ T-cell
clusters revealed that the typical Th1 and Th17 clusters were the
farthest apart, while the CXCR3þCCR4�CCR6þ (Th1/17) and
CXCR3�CCR4�CCR6þ (CCR6 SP) clusters were independent
but relatively close to Th17 (Fig. 3C). These results revealed that
in addition to classical Th1 and Th17 subtypes, there were two
more CD4þ T-cell clusters, CXCR3þCCR4�CCR6þ and CXCR3�

CCR4�CCR6þ, which have similar gene expression and DNA meth-
ylation patterns in the CD62Llow CD4þ T-cell subpopulation and
that the patients who responded to pembrolizumab therapy tended to
have more third branch consisting of CXCR3þCCR4�CCR6þ and
CXCR3�CCR4�CCR6þ cells.

Figure 2.

Multicellular CD4þ T-cell clonotypes associated with PD-1 blockade therapy efficacy. A, On the basis of the results of TCR repertoire analysis using scRNA-seq, cells
belonging to TCR clonotypes with two or more cells detected were mapped on the same tSNE plots as in Fig. 1A–C. B, Correlation between the percentage of TCR
clonotypes with ≥2 cells detected against all clonotypes and the PFS of patients with lung cancer after initial pembrolizumab treatment. PR, SD, and PD were
determined by RECIST ver1.1; �, continued response. C, Percentages of TCR clonotypes that contained ≥2 cells belonging to the CD45RAþCD62Lhigh,
CD45RA�CD62Lhigh, and CD62Llow T-cell subpopulations. D, Correlation analysis between the percentage of multicellular clonotypes and PFS following
pembrolizumab treatment.

Kagamu et al.

Cancer Res; 82(24) December 15, 2022 CANCER RESEARCH4644



The gene expression patterns of Th1/17 andCCR6 SPT-cell clusters
revealed significant differences from those of Th1 and Th17, which
were consistent with the results of the methylation analysis. These
results indicate the presence of differentiated Th cell clusters rather
than reflecting a transient activation state. However, even differenti-
ated Th cells are known to exhibit plasticity that can alter their
phenotype (24). Therefore, we investigated the independence as

clonotypes among the CD62Llow Th1, Th1/17, Th17, and CCR6 SP
T-cell clusters. The clonotype composition of Th1, Th1/17, CCR6 SP,
and Th17, respectively, of the CD62Llow CD4þ T-cell subfraction, is
presented (Fig. 3D; Supplementary Fig. S6C). Overlap of clonotypes
was observed between Th1 and Th1/17, Th1/17 and CCR6 SP, and
CCR6 SP and Th17, albeit they were considered to be highly inde-
pendent as they presented a k coefficient close to �1. In contrast,

Figure 3.

Th clusters are distinct from Th1 and Th17 found in responders.A, The trajectory of the pseudotime analysis of four CD62Llow CD4þ subpopulations of PR patient (P1
and P2) calculated from DEGs between Th1-Th17 clusters of this patient. Details of DEGs are summarized in Supplementary Table S4A. B, The heatmap shows the
result of BEAM. The genes representing each cluster are highlighted in the box. Details of these branch-dependent genes are summarized in Supplementary
Table S4B. C, Clustering analysis based on raw b values of differentially methylated probes obtained from four isolated CD62Llow CD4þ T-cell clusters derived from
three patients (M1–M3). D, TCR clonotype overlap between four subpopulations aggregated for 6 patients. Numbers represent the number of clonotypes and the
numbers within parentheses represent the number of cells included in that category. k, k coefficient.
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because T-cell clusters with overlapping clonotypes may be closely
related during differentiation, this clonotyping result also suggested
that Th1/17 and CCR6 SP T-cell clusters were closely related clusters.

CD62Llow Th1/17 and CD62Llow CCR6 SP clusters form a
functional metacluster

We assessed the new Th clusters in terms of molecular functions.
As presented in the pseudotime analysis of gene expression and
cluster analysis, the gene expression patterns were divided into
three major groups: typical Th1-dominant, typical Th17-dominant,
and those common to Th1/17 and CCR6 SP T-cell clusters. The
heatmap of 98 Th1-dominant genes, 112 Th17-dominant genes, and
19 genes commonly expressed in Th1/17 and CCR6 SP clusters is
presented in Fig. 4A (Supplementary Table S6). Genes such as
GNLY, CCL5, and CCR5 revealed Th1-dominant expression in Th1
and Th1/17 cells (Fig. 4B). Genes such as LTB, and AQP3 presented
Th17-dominant expression. Genes corresponding to IL7R, and
TCF7 were found preferentially expressed in the Th1/17 and CCR6
SP clusters compared with those in Th1 or Th17 cells and were
considered as representative of the cluster (Fig. 4B; Supplementary

Fig. S7A). In addition, DPP4 (CD26), and PDCD4 were found to be
preferentially expressed in Th1/17 and CCR6 SP (Supplementary
Fig. S7B and S7C).

Although the expression levels of transcription factor genes such as
TBX-21 (T-bet) andRORC, which are important for Th differentiation,
were low and no significant differences could be detected, we analyzed
gene expression and methylation profiles after anti-CD3/CD28 stim-
ulation. After CD3/CD28 stimulation, the Th1/17 cluster expressed
both TBX-21 and RORC. In contrast, Th1 only expressed TBX-21
(Fig. 4C). CyTOF analysis showed that the percentage of T-bet–
positive cells was highest in the Th1 cluster, followed by the Th1/17
cluster (Supplementary Fig. S7D). CCR6 SP cells expressed signifi-
cantly more TBX-21 than the Th17 cluster. Consistent with these
results, TBX-21was significantly hypomethylated in the Th1 and Th1/
17 clusters, followed by the CCR6 SP cluster; RORC was hypomethy-
lated in the Th1/17, CCR6 SP, and Th17 clusters. More than half of
DMPs of these genes were found upstream of the transcription start
site, which is expected to be related to the regulation of gene expression.
In particular,most of theDMPs ofTBX-21were found around theCpG
island region. (Supplementary Table S7).

Figure 4.

Gene expression analysis of CD4þ T-cell clusters.A,Gene expression profiles of four CD62Llow CD4þ T-cell clusters. The heatmap showsDEGs among the Th1, Th1/17,
CCR6 SP, and Th17 clusters using the integrated data from 6 patients; further details are presented in Supplementary Table S6. B, Gene expression of representative
genes. C, Gene expression of TBX-21 and RORC was observed pre (�) and post (þ) stimulation with anti-CD3/CD28 antibody-coated beads. Differences in
methylation status are also shown by boxplot, which represents scaled b values of all DMPs of these genes. Details of these DMPs are summarized in Supplementary
Table S7. D, DEGs of prestimulation (blue) and poststimulation (red) with anti-CD3/CD28 antibody-coated beads of each Th cluster cells that belonged to
multicellular clonotypes.
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We next analyze gene expression after CD3/CD28 stimulation of
CD62LlowT cells obtained from four responder patients in thefirst-line
pembrolizumab cohort. Here, we show the representative data
in Fig. 4D. The expression of genes related to cytotoxic activity was
found in Th1 and Th1/17, but not in CCR6 SP and Th17. The
expression of GZMB, PRF, NKG7, and GNLY was almost limited to
Th1. In contrast, GZMK was more strongly expressed in Th1/17.
The expression of CCL4 and CCL5, chemokines involved in activated
T-cell migration, was strongest in Th1, but CCL5 expression was
also observed in Th1/17. CCL20, a chemokine for CCR6, was upre-
gulated only in Th1/17. IFNg gene expression was found in both
Th1 and Th1/17; however, Th1/17 exhibited significantly higher
expression than Th1 after stimulation (average log2FC ¼ 3.123,
Padjusted ¼ 1.87 � 10�19). Genes involved in T-cell survival, such as
MYC, which is a master regulator of metabolic programming in
activating T cells, and BIRC3, which encodes an inhibitor of apoptosis
protein2 (IAP2), were strongly expressed in Th1/17, CCR6 SP, and
Th17, while poorly expressed in Th1 (25, 26). IER3, which has an
antiapoptotic function, was expressed in Th1/17 (27). IL7R was most
strongly expressed inTh1/17 andCCR6SP, andwas not upregulated in
Th1 even after CD3/CD28 stimulation.

Expression levels of PDCD1 (PD-1) and CTLA4 were too low to
detect significant differences by ANOVA, but PD-1 expression
appeared to be higher in Th1 (Supplementary Fig. S7E). Therefore,
we analyzed the expression of PD-1 and CTLA4 protein levels in the
four CD62Llow Th clusters by CyTOF and observed that there was a
significant difference in the percentage of PD-1þ and CTLA4þ

cells among the four Th clusters (Supplementary Fig. S7F). Signifi-
cantly more PD-1þ cells were observed in the Th1 cluster, and more
CTLA4þ cells were detected in the Th17 cluster; the Th1/17 and CCR6
SP clusters contained approximately the same number of PD-1þ and
CTLA4þ cells.

Altogether, the Th1/17 and CCR6 SP clusters that had the most
similar methylome profiles, and gene expression profiles shared the
expression of immunologically important molecules such as IL7R,
TCF7, DPP4 (CD26), and PDCD4, as well as the expression patterns of
PD-1 and CTLA4, which are important for regulating T-cell function.
Meanwhile, the percentage of each Th cluster in the peripheral blood
showed that the Th1/17 cluster was strongly correlated with the CCR6
SP cluster, but not with the Th1 cluster (Supplementary Fig S7G).
Therefore, it is suggested that the Th1/17 cluster and CCR6 SP cluster
differentiate and proliferate synchronously. These results indicate that
the CD62Llow Th1/17 and CCR6 SP T-cell clusters form a functional
metacluster, and since they commonly had high expression levels of
IL7R, we will refer to this metacluster as Th7R.

Th7R cluster correlated with antitumor efficacy of PD-1
blockade

Next, we examined the predictive performance of Th7R in
predicting treatment response in patients with previously untreated
NSCLC with PD-L1–positive tumor treated with pembrolizumab
(n¼ 60; Fig. 5A; Supplementary Fig. S8). A total of 57 of 60 patients
had TPS of 50% or greater. The first 15 of 60 consecutively enrolled
patients were analyzed as a discovery cohort (n ¼ 15). In correla-
tions between PFS and overall survival (OS) after pembrolizumab
treatment and each CD62Llow CD4þ T-cell cluster, the FDR was set
to 0.05 to avoid multiplicity and P < 0.05 was considered significant.
The percentages of classical Th1 and Th17 cluster cell counts did
not significantly correlate with either PFS or OS; however, the
percentages of Th1/17 and CCR6 SP showed significant positive
correlations with PFS and OS (Table 1A and B). CD62Llow

CCR4�CCR6þ CD4þ T-cell metacluster, which represented the
sum of CD62Llow Th1/17 (CXCR3þCCR4�CCR6þ) and CD62Llow

CCR6 SP (CXCR3�CCR4�CCR6þ) T-cell clusters, presented a
strong correlation with PFS (Fig. 5B; P < 0.0001, r ¼ 0.9599). In
contrast, no correlation was observed between CD62Lhigh T-cell
clusters and PFS or OS.

We further examined whether Th7R metaclusters correlated
with clinical outcomes after immune checkpoint inhibition therapy
using two validation cohorts. One cohort consisted of 45 patients with
PD-L1–positive NSCLC treated with first-line pembrolizumab ther-
apy, and the other consisted of 31 patients with previously treated
NSCLC treated with pembrolizumab or nivolumab regardless of
tumor PD-L1 expression. The threshold of the Th7R metacluster was
obtained from the results of ROC analysis performed in the discovery
cohort to determine PFS > 200 days (Fig. 5C). In both validation
cohorts 1 and 2, Kaplan–Meier analysis revealed that patients with the
percentage of Th7R metacluster above the threshold had significantly
better PFS (Fig. 5D and E; Supplementary Fig. S8A–S8C). The
regression line presenting the correlation between Th7R metacluster
and PFS obtained in the two validation cohorts did not demonstrate
significant differences compared with that observed in the discovery
cohort in either y intercept or slope, although they differed in terms of
whether PD-1 blockade treatment was the first-line therapy and tumor
PD-L1 expression (Fig. 5B; Supplementary Fig. S8D). Therefore, in
addition to predicting the presence or absence of response using a
certain threshold, the relationship between a greater number of Th7R
metacluster and a longer PFS will be established, suggesting that the
system has the performance to predict the long-term effect of PD-1
inhibitors. In validation cohort 1, there were 8 patients whose clinical
response could not be assessed, and they had to be excluded from PFS
analysis. Therefore, we analyzed the OS of all patients in the discovery
cohort and validation cohort 1 who received the first pembrolizumab
treatment (n ¼ 60) and the validation cohort 2. Patients with a Th7R
metacluster percentage above the threshold had significantly better OS
in both cohorts (Fig. 5F and G).

CD4þ Th clusters associated with CD4þ or CD8þ T cells in
the TME

Furthermore, we examinedwhether T-cell infiltration into the TME
correlated with CD4þ T-cell clusters in the peripheral blood. Tumor
specimens obtained by core needle biopsy, transbronchial biopsy,
and surgical biopsy (n ¼ 46) were stained with cytokeratin, CD4,
CD8, PD-1, PD-L1, and FoxP3. On the basis of the detection of
cytokeratin plus tumor cells, 1,000 cells in the peritumor stroma and
tumor were automatically counted using a multicolor analyzer. To
determine the relationship between the CD4þT-cell clusters identified
in the peripheral blood that correlated with PD-1 inhibitor antitumor
efficacy and the presence of other peripheral blood T-cell clusters and
T cells in the TME, we performed multiple comparisons and network
analyses. First, we examined the infiltration of T cells into the TME.
Repeated correlation analysis of the number of immune cells in the
TME revealed significant correlations between the number of CD8þ

and CD4þ cells in the peritumor stroma and PFS and OS; however, in
multiple comparison analyses, the most significant correlations were
observed for CD4þ T cells in the peritumor stroma (Supplementary
Table S8; Fig. 6A). Kaplan–Meier analysis of PFS and OS was
performed in patients with at least one FoxP3�CD4þ T cell (sCD4)
out of 1,000 tumor stromal cells and patients with less than one sCD4
cell (Fig. 6B and C). The results revealed that the sCD4 > 1 group
presented significantly better PFS and OS than sCD4 < 1. In other
words, the presence of CD4T cells in the lung cancer stroma facilitated
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PD-1 inhibitor response, and the higher the number of CD4þ T cells,
the longer the PFS.

To further examine whether there is an association between T-cell
clusters in the peripheral blood and TME, we performed multiple
comparisons of the correlation coefficients between the percentage of
cell clusters with FDR < 0.01. In addition, to consider false (pseudo-
correlations) correlations due to confounding effects betweenmultiple
variables, we also performed a network analysis. Consequently, par-
tially common associations between cell clusters appeared in the two
analyses (Fig. 6D and E). Interestingly, there were two groups of
associations: CD62Llow Th7R cluster in peripheral blood had signif-
icant associations with peritumor stroma CD4þ T cell, and CD62Llow

Th1 cluster was directly associated with CD8þ T cells in the TME
(Fig. 6F and G). These results suggest that there are two association
streams from immunity in the peripheral blood to that in the TME,
which are governed by Th7R and Th1, respectively.

Pembrolizumab treatment resulted inPD-1downregulationwith
T-bet upregulation in Th7r

Finally, to determine how PD-1 blockade affects CD4þ T-cell
clusters, we performed CyTOF analysis comparing CD4þ T-cell
clusters before and after pembrolizumab treatment in 50 patients for
whom blood samples were available after treatment in the first-line
pembrolizumab cohort (Fig. 5A). The Kaplan–Meier curve showed

Figure 5.

Correlation of CD4þ T-cell clusters with clinical outcomes after PD-1 blockade therapy. A, CONSORT diagram of patients with NSCLC treated with first-line
pembrolizumab.B, Linear regression analysis of PFS and the percentage of pretreatment Th7Rmetacluster, which consisted of CD62Llow CXCR3þCCR4�CCR6þ and
CD62Llow CXCR3�CCR4�CCR6þ CD4þ T-cell clusters, in the peripheral blood in the discovery cohort and the validation cohort1 treated with the first-line
pembrolizumab therapy and the validation cohort 2 treated with the second-line pembrolizumab or nivolumab therapy. C, Results of ROC curve analysis of the
percentage of CD62Llow CCR4CCR6þCD4þT-cell metacluster for the discovery cohort patients treatedwith first-line pembrolizumabwith the indicated parameters.
D and E, The Kaplan–Meier analysis of PFS after PD-1 blockade therapy in the previously untreated (validation cohort 1, n¼ 45; D) and treated (validation cohort 2,
n ¼ 31; E) NSCLC cohort. F and G, The Kaplan–Meier analysis of OS after PD-1 blockade therapy in the previously untreated NSCLC cohort (F) and treated NSCLC
cohort (G). C.I., 95% confidence interval; HR, hazard ratio; mOS, median overall survival; mPFS, median progression-free survival.
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that most patients with PFS longer than 300 days reached a tail plateau
and achieved a long-term response. This finding is consistent with the
results of previous clinical trials (Supplementary Fig. S8A). Therefore,
we first examined the pretreatment and posttreatment changes that
occurred in each cluster of patients with PFS < 300 days (n ¼ 30) and
PFS > 300 days (n ¼ 20). The percentage of pretreatment Th7R
in the PFS> 300 days groupwas significantly higher than in the healthy
volunteers and the PFS < 300 days group (Supplementary Fig. S9A
and S9B); no significant differences between the PFS > 300 days
and PFS < 300 days groups were observed in Th1 and Th17. No
differences were also observed in the percentage of CD8þT cell and the
combined percentage of IFNg-producing Th1 and Th1/17 (Supple-
mentary Fig. S9C). The pretreatment and posttreatment change
analysis showed a decrease in the %Th7R (P < 0.0001) for patients
with PFS < 300 days, whereas the %Th7R for patients with PFS
>300 days did not show a significant decrease in percentages of Th7R
(Fig. 7A; Supplementary Fig. S9D). As a result, the %Th7R difference
between the PFS < 300 days group and the PFS > 300 days group was
more noticeable after treatment than before (Fig. 7B). These changes
in Th7R were thought to be caused by decrease in the number of cells
belonging to multicellular clonotype, reflecting the antigen sculpting

effect in the cancer immunoediting theory. In the patients with PFS >
300 days, new multicellular clonotypes were induced and the overall
number of cells belonging to the multicellular clonotype was not
significantly reduced (Supplementary Fig. S10). On the other hand,
the change in Th-cell percentages associated with treatment was not
observed for Th1 and Th17.

Moreover, the analysis of T-bet and PD-1 expression in each
cluster showed an increase in the T-bet–positive cell percentages in
Th1, Th1/17, and CCR6 SP after pembrolizumab treatment
(Fig. 7C). In the current study, our results showed that CD3/CD28
stimulation upregulated T-bet gene expression in Th1, Th1/17, and
CCR6 SP. Because Th1, Th1/17, and CCR6 SP are clusters with high
PD-1 expression, we hypothesized that this was caused by the
restoration of TCR/CD28 signaling through the effect of PD-1
inhibitory therapy. Interestingly, PD-1 expression decreased in
Th1/17 and CCR6 SP after treatment (Fig. 7D, P < 0.0001). This
indicated the recovery from T-cell exhaustion. In contrast, no
significant change was found in the in PD-1 expression of Th1
and Th17.

Discussion
Here, we found that the Th7Rmetacluster, consisting of Th1/17 and

CCR6 SP,which forms a third subpopulation distinct from the classical
Th1 and Th17 of the CD62LlowCD4þ T-cell subpopulation, is strongly
associated with PD-1 blockade therapeutic efficacy. IL7R and TCF7
were identified as characteristicmolecules commonly expressed. It was
demonstrated that IL7R on T cell is required for the antitumor effect of
anti-PD-1 and anti-CTLA4 combination therapy and that both IL7R
and TCF7 contributes to survival and proliferation of antitumor
effector T cells (28–30). Thus, IL7R and TCF7 expressing Th7R may
play an important role as persistently functioning CD4þ T cells in
antitumor immunity. Indeed, upon CD3/CD28 stimulation, Th1/17
expressedMYC, BATF, and BIRC3, which are thought to maintain T-
cell survival during the antigen-stimulated state.

Apoptosis resistance, plasticity, and ability of self-renewal of
cancer-associated Th17 cell is reported to mediate long-lasting
antitumor immune responses (31). This study indicated that there
was a trend for Th17 to decrease in PFS < 300 days (P ¼ 0.056) and
increase in PFS > 300 days (P ¼ 0.070). Cancer and autoimmunity
associated Th17 express only CCR6 and change to a Th1-like
phenotype, and their reactivity is reported to be highly dependent
on IFNg production (32, 33). Thus, the CCR6 SP cluster, often
referred to as Th17 because of its similarity, is likely to have the
plasticity to differentiate into Th1/17, which is different from Th17
and has more Th1-like properties, and the results of this study, in
which the cell numbers of Th1/17 and CCR6 SP were synchronized,
support this.

A network analysis between T cells in peripheral blood and TME
revealed that peripheral Th7R strongly correlated with CD4þT cells in
TME and indirectly associated with CD8þ T cells in TME. We found
that the Th1 cluster expresses CCL5, whereas the Th1/17 T-cell cluster,
a component of the Th7R metacluster, expresses both CCL5 and
CD26. Normally, CCL5 binds to CCR1 and CCR3 to promote the
migration of monocytes, eosinophils, and neutrophils, but CCL5
cleaved by CD26 (3-68) reduces binding to CCR1 and CCR3 and
binds specifically to CCR5 to activate the migration and effector
functions of memory T cells (34–36). The expression of CCL20, which
is a chemokine for CCR6, was observed in Th1/17, but not in Th1.
Thus, Th1/17 can induce more Th7R metacluster cells. However,
because this is an observational study, the hypotheses described here

Table 1. Correlation between PFS (A)/OS (B) and the
percentages of CD62Llow T-cell clusters based on total
CD62LlowCD4þ cells or CD62Lhigh T-cell clusters based on
CD45RA�CD62Lhigh CD4þ cells.

A.
CD62Llow r P FDR (P ¼ 0.05)

PFS Th1 NS �0.0901 0.7697 0.0500
Th17 NS 0.5166 0.0707 0.0375
Th1/17 � 0.8134 0.0007 0.0250
CCR6 SP � 0.8710 0.0001 0.0125

CD62Lhigh r P FDR (P ¼ 0.05)
PFS Th1 NS 0.1402 0.6478 0.0500

Th17 NS 0.1551 0.6129 0.429
Th2 NS �0.4195 0.1536 0.0357
Th1/17 NS 0.4963 0.0845 0.0286
CCR6 SP NS 0.5066 0.0773 0.0214
TP NS 0.5601 0.0465 0.0143
TN NS �0.6278 0.0216 0.0071

B.
CD62Llow r P FDR (P ¼ 0.05)

OS Th1 NS �0.2495 0.4594 0.0500
Th17 NS 0.5316 0.0924 0.0375
Th1/17 � 0.7064 0.0151 0.0250
CCR6 SP � 0.7905 0.0038 0.0125

CD62Lhigh r P FDR (P ¼ 0.05)
OS Th17 NS 0.0687 0.8410 0.0500

Th1 NS 0.0838 0.8066 0.429
Th1/17 NS 0.3319 0.3187 0.0357
CCR6 SP NS 0.3326 0.3177 0.0286
Th2 NS �0.3757 0.2548 0.0214
TN NS �0.4467 0.1684 0.0143
TP NS 0.4503 0.1646 0.0071

Note: Correlation analysis was performed using a multiple comparison test,
where the FDR of Pearson correlation coefficient was estimated using the
Benjamin–Hochberg procedure; cluster pairs were selected with an FDR < 5%.
Abbreviations: Th1, CXCR3þCCR4�CCR6� CD4þ T cell; Th2, CXCR3�CCR4þ

CCR6� CD4þ T cell; Th1/17, CXCR3þCCR4�CCR6þ CD4þ T cell; CCR6 SP,
CXCR3�CCR4�CCR6þ CD4þ T cell; Th17, CXCR3�CCR4þCCR6þ CD4þ T cell;
TN, CXCR3�CCR4�CCR6� CD4þ T cell; TP, CXCR3þCCR4þCCR6þ CD4þ T cell.
� , P < 0.05. NS; not significant; OS, overall survival; PFS, progression-free survival.
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need to be verified by genetical modification of chemokine receptor of
Th7R and chemokine inhibiting intervention study in the future.

Patients who relapsed with PFS < 300 days showed a significant
decrease in Th7R after pembrolizumab treatment, whereas Th7R
was maintained in patients with PFS > 300 days who had a long-
term response. In other words, the patients with ability to halt the
decline of Th7R achieved long-term survival. Interestingly, during
PD-1 blockade therapy, Th7R cells downregulated PD-1 and
appeared to recover from T-cell exhaustion. These results are
consistent with the findings that CD3/CD28 stimulation upregu-
lated the expression of genes that contribute to cell survival,

including MYC, BATF, IRF4, BIRC3, and IER3 in Th7R cells.
Especially, BATF and IRF4 are reported to counter T-cell exhaus-
tion (26). Clinical trials using anti-PD-1 antibodies have reported
that some patients have an antitumor effect for more years after
completing the PD-1 blockade therapy (37, 38). Downregulation of
PD-1 in Th7R can contribute to the antitumor immunity that no
longer requires PD-1 blockade therapy.

It must be cautious that T-cell frequencies obtained by scRNA-seq
are based on transcriptionally active cell types. Thus, we used CyTOF
analysis to verify and test numeric correlation with antitumor efficacy
of the Th7R cells based on surface protein expression. The main

Figure 6.

Correlation of T cells in the TME with clinical outcome after PD-1 blockade therapy and network analysis among T cells in the peripheral blood and TME.
A,Representativemultiplex IHC analysis results. Formalin-fixed and paraffin-embedded sections of biopsy or resected samples fromNSCLC specimenswere stained
for CD4, CD8, Foxp3, PD-1, PD-L1, and cytokeratin with OPAL. Stained sections were imaged using the Vectra Automated Imaging System. The distribution of tumor
cells (blue; cytokeratin) and PD-L1 (membranous; yellow-green) or infiltrating CD4þ T cells (yellow), CD8þ T cells (red), Foxp3þ T cells (pink), and PD-1þ T cells
(orange) are shown. B and C, The Kaplan–Meier analysis of PFS (B) and OS (C) after pembrolizumab therapy in previously untreated NSCLC cohort for whom IHC
analysis of tumor tissues was available (n¼ 46). Red line, group that had one ormore FoxP3�CD4þ cells in the tumor stroma; blue line, group that had less than one.
C.I., 95% confidence interval; HR, hazard ratio; mOS, median overall survival; mPFS, median progression-free survival. C, Results of the linear regression analysis of
peritumoral stromal CD4þ cell counts and PFS of patients with lung cancer treated with pembrolizumab as first-line therapy. D, Correlation coefficients between
T-cell subpopulations with FDR < 0.01 were drawn in network form. The positive and negative correlations between the subpopulations are depicted by the red and
blue lines, respectively. E, The network of 18 cell clusters was inferred with a modified path consistency algorithm based on the cell fraction data in the peripheral
blood and the microenvironment. The inference was performed 1,000 times, and the connection established more than 500 times was set to be significant in this
analysis. The cell clusterswith positive and negative correlations are connected by red and blue lines, and the fractions of established correlations by 1,000 inferences
are indicated on each line. F, Correlation between peripheral blood Th7R metacluster percentage and tumor-stromal CD4þ T-cell count. G, Correlation between
peripheral blood CD62Llow Th1 cell percentage and tumor-stromal CD8þ T-cell count.
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Figure 7.

PD-1 blockade therapy effects on CD4þ Th clusters.A, The percentages of CD62Llow Th clusters before and after pembrolizumab treatment in the lung cancer cohort
treated with first-line pembrolizumab therapy divided into PFS < 300 days and PFS > 300 days groups are shown. Statistical analyses were performed using the
paired Student t test. B, Comparison of the percentages of Th clusters in the PFS < 300 days and PFS > 300 days groups before and after treatment, respectively, is
shown. Statistical analyses were performed using the unpaired Student t test. C and D, The changes in the percentage of PD-1–positive cells and the percentage of
T-bet–positive cells in each Th cluster before and after pembrolizumab treatment are shown. Statistical analyses were performed using the paired Student t test.
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limitation of this study is that it is an observational study.We could not
determine whether the newly discovered CD4þ T-cell clusters are
specifically induced by cancer antigens or whether adoptive transfer
mediates the antitumor therapeutic effect. In addition, no genetically
modified model experiments have been performed to directly prove
the role of the characteristic molecular expression observed in scRNA-
seq in the antitumor effect of CD4þ T-cell clusters, and this is a subject
for future work.

As shown in this study, the expression of PD-1 and CTLA4 differs
greatly among Th polarization clusters, and it is highly likely that the
intensity of action of anti-PD-1/PD-L1 and anti-CTLA4 antibodies
also differs among Th clusters. Accurate monitoring of circulating
antitumor T-cell clusters including Th7R likely provides optimal
therapeutic selection.
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