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ABSTRACT
◥

Accumulating evidence indicates that CD8þ T cells in the tumor

microenvironment and systemic CD4þ T-cell immunity play an

important role in mediating durable antitumor responses. We

longitudinally examined T-cell immunity in the peripheral blood

of patients with non–small lung cancer and found that responders

had significantly (P < 0.0001) higher percentages of effector,

CD62Llow CD4þ T cells prior to PD-1 blockade. Conversely, the

percentage of CD25þFOXP3þ CD4þ T cells was significantly (P ¼
0.034) higher in nonresponders. We developed a formula, which

demonstrated 85.7% sensitivity and 100% specificity, based on the

percentages of CD62Llow CD4þ T cells and CD25þFOXP3þ cells to

predict nonresponders. Mass cytometry analysis revealed that the

CD62Llow CD4þ T-cell subset expressed T-betþ, CD27�, FOXP3�,

and CXCR3þ, indicative of a Th1 subpopulation. CD62Llow CD4þ

Tcells significantly correlatedwith effectorCD8þTcells (P¼ 0.0091)

and with PD-1 expression on effector CD8þ T cells (P ¼ 0.0015).

Gene expression analysis revealed that CCL19, CLEC-2A, IFNA, IL7,

TGFBR3, CXCR3, and HDAC9 were preferentially expressed in

CD62Llow CD4þ T cells derived from responders. Notably, long-

term responders, who had >500-day progression-free survival,

showed significantly higher numbers of CD62Llow CD4þ T cells

prior to PD-1 blockade therapy. Decreased CD62Llow CD4þ T-cell

percentages after therapy resulted in acquired resistance, with long-

term survivorsmaintaining highCD62LlowCD4þ T-cell percentages.

These results pave theway for new treatment strategies for patients by

monitoring CD4þ T-cell immune statuses in their peripheral blood.

Introduction
Programmed cell death 1 (PD-1)/PD-ligand 1 (PD-L1) blockade

using mAb has led to markedly prolonged overall survival (OS) of

patients with metastatic cancers, including melanoma, head and neck

cancer, renal cell carcinoma, gastric cancer, and non–small cell lung

cancer (NSCLC; refs. 1–7). Five-year follow-up data reveal that 16% of

patients with advanced NSCLC treated with anti-PD-1, nivolumab,

survive for >5 years even after discontinuing nivolumab treatment;

however, clinical trial results consistently indicate that approximately

40% of patients with NSCLC exhibit early disease progression in the

3 months post PD-1 blockade with no clinical benefit (6–9). Thus,

patients with NSCLC fall into three distinct subgroups: nonresponders

showing early disease progression, long-term survivors achieving

durable disease control, and short-term responders. We hypothesized

that these subgroups respond differently to PD-1 blockade therapy

owing to patient population specific immunologic patterns.

Tumor-infiltrating lymphocyte analysis of patients reveals that

PD-1þCD8þT cells play a critical role in antitumor immune responses

and that they could be a biomarker to predict antitumor responses of

immune checkpoint inhibitors (10–12). However, systemic immune

responses comprising of CD62LlowCD44þCD69þCD90þCD27lowT-

betþCD4þ T cells are required to establish antitumor immunity and

subsequently eradicate tumors in murine models (13). These two

concepts are not contradictory, as CD4þ T cells, especially Th1 cells,

can enhance the functions of cytotoxic CD8þ T cells (CTL), including

clonal expansion, memory differentiation, migratory and invasive

potential, and CTL activity, differentiation, and survival (14). The

cancer immunity cycle suggests that durable antitumor immunity

requires continuous T-cell priming by cancer antigens released by

dying cancer cells and that primed CTL must migrate through

peripheral blood to invade into cancer tissues and kill tumor cells (10).

Thus, CD4þ T-cell help could enhance the cancer immunity cycle.

CD4þ T cells play an important role in antitumor immunity of murine

models, and CD4þT cells that recognize cancer neoepitopes have been

identified in melanoma (5, 8, 11, 12). CD4þ T cells in the peripheral

blood correlate with clinical response to PD-1 blockade in patients

with melanoma (13). However, it is still unclear whether systemic

CD4þ T-cell immunity plays a role in human antitumor immune

responses, including patients with lung cancer treated with anti-PD-1.

Antitumor effector T cells are primed at secondary lymphoid organs

and migrate through bloodstream to get to target cells (15). A defining

feature of antigen-primed T cells, including effector and effector

memory T cells, is the downregulated expression of homing receptors,

such as CD62L and C-C chemokine receptor 7 (CCR7), that allows

cells to migrate to secondary lymphoid tissues (16). Thus, the

CD62Llow phenotype has been used to identify primed T cells (17).

A small CD62Llow T-cell subpopulation in tumor-draining lymph

nodes exclusively contain all the antitumor T cells and CD62Llow

CD4þ T cells isolated from tumor-draining lymph nodes mediate

potent antitumor reactivity when intravenously transferred (18, 19).

The ratio of CD62Llow CD4þ T cells to regulatory CD4þ T cells (Treg)

that constitutively express IL2 receptor a chain (CD25) and tran-

scription factor forkhead box p3 (FOXP3) in peripheral blood
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mononuclear cells (PBMC) correlatedwith disease stage and prognosis

in patients with SCLC (20). Treg-mediated attenuation of antitumor

immunity resulted in hyperprogressive disease upon PD-1

blockade (21).

In this study, we analyzed PBMCs to explore the T-cell immunity of

171 patients with NSCLC who were scheduled for nivolumab treat-

ment, developing a prediction formula based on the CD62Llow CD4þ

T-cell and Treg percentages that distinguished nonresponders pre-

senting early disease progression. A discovery cohort of 40 patients and

a validation cohort of 86 patients confirmed the high sensitivity and

specificity of the formula. We found that CD62Llow CD4þ T cells

belonged to the T-betþ CD27�CXCR3þ Th1 subpopulation and

correlated with PD-1þ CD8þ T cells. Finally, the percentages of

CD62LlowCD4þ T cells correlated with long-term survival in patients

with NSCLC.

Materials and Methods
Patients

This study included 171 consecutive patients with NSCLC from a

single institution, Saitama Medical University International Medical

Center (Saitama, Japan) from February 2016 to August 2018. After

enrollment, 28 patients were excluded because no evaluable PBMC

samples were available for them. Seventeen patients were excluded

because the antitumor effect could not be assessed at 9 weeks after

nivolumab therapy (Fig. 1A). The patient data were divided into two

parts to obtain a discovery cohort of 40 patients and an independent

validation cohort of 86 patients (Table 1). The patients received

nivolumab at a dose of 3 mg/kg body weight every two weeks. Tumor

response was assessed by using Response Evaluation Criteria in Solid

Tumors (RECIST), version 1.1, at week 9 and every 8 weeks thereafter.

The cutoff for data collection was May 17, 2019. All specimens were

collected after obtaining written informed consent approved by the

Internal Review Board of Saitama Medical University International

Medical Center in accordance with the Declaration of Helsinki.

Blood sample analysis

Samples were collected into heparinized CPT Vacutainer tubes

(Becton Dickinson Vacutainer Systems) and spun at 1,500 � g for

20minutes at room temperature to separate PBMCs from erythrocytes

and granulocytes over a Ficoll gradient. PBMCs were frozen at�80�C

in Cellbanker2 (Nippon Zenyaku Kogyo Co., Ltd.) and the frozen cells

were transferred into a liquid nitrogen tank within a week. For T-cell

subset analyses, cells were incubated for 32–48 hours in culture

medium consisting of RPMI1640 and 10% FCS before cell staining.

Cells were stained with these mAbs using the FACS Calibur:

fluorescein isothiocyanate (FITC)-conjugated anti-CD3 (HIT3a) and

anti-CD4 (RPA-T4), phycoerythrin (PE)-conjugated anti-CD8 (RPA-

T8) and anti-CD25 (M-A251), PE-Cy7-conjugated anti-CD25 (M-

A251), PE-Cy5-conjugated anti-CD62L (Dreg 56; all from BD Phar-

mingen), and FITC-conjugated anti-CD62L (Dreg 56; eBioscience).

The mAbs used for LSR Fortessa analysis are listed in Supplementary

Table S1A and S1B. Cell-surface phenotypes were analyzed by direct

immunofluorescence staining of 1 � 106 cells with fluorophore-

conjugated mAbs. In brief, cells were stained with fluorophore-

conjugated mAbs in 100 mL of FACS buffer, PBS supplemented with

5% FCS, for 30 minutes at 4�C. Samples were immediately washed

twicewith 1.0mLFACSbuffer. Samples were prepared for intracellular

staining using a FoxP3 fix and permeabilization kit according to the

manufacturer's instruction (eBioscience) and stained at 4�C. After

washing twice with FACS Buffer, samples were fixed using 0.5%

paraformaldehyde in PBS. The gating strategy is shown in Supple-

mentary Fig. S1. From each sample, 10,000 cells were analyzed using a

FACS Calibur and LSR Fortessa flow microfluorometer (Becton

Dickinson) and FlowJo software.

Cell purification

PBMCs were obtained from two patients from each responder

group: partial response (PR), stable disease (SD), and progressive

disease (PD). CD4þ T cells were purified through negative selection

by using human CD4þ T-cell isolation kits (Dynabeads Untouched

Human CD4 T Cells Kit, 11346D) according to the manufacturer's

instruction (Dynal Biotech). CD4þ T cells were further separated into

CD62Lhigh and CD62Llow cells by using anti-CD62L mAb-coated

microbeads and a MACS system (Miltenyi Biotec), following the

manufacturer's suggested procedure. Cell purities were all >90% with

FCM analysis.

Microarray analysis

CD62LhighCD4þ and CD62LlowCD4þT cells in PBMCs purified as

described in cell purification method from the two of PR, SD, and PD

patients. Total RNA was isolated from purified T cells, using TRIzol

reagent (Thermo Fisher Scientific) according to the manufacturer's

instruction. Subsequently, cDNA and cRNA were synthesized and

single-stranded cDNA (ssDNA) was labeled, according to the man-

ufacturer's instructions, using aWTPlus ReagentKit (902280, Thermo

Fisher Scientific). Total RNA (0.5 mg) was reverse-transcribed into

cDNA and then synthesized into cRNA, and ssDNA was reverse-

transcribed from 15 mg of cRNA and then labeled; 1.8 mg of labeled

ssDNA was hybridized with microarrays according to the manufac-

turer's instruction (Clariom S Assay, human kit, 602969; Thermo

Fisher Scientific) in a GeneChip Hybridization Oven 645. Hybridized

arrays were scanned using a GCS3000 7G System (Thermo Fisher

Scientific). The accession number ID of the gene-expression data is

GSE103157.

To identify the gene signatures from the two sets of gene expression

data, we estimated the difference of gene expression between the two

sets as follows. First, we performed the outlier test (22) for all values of

probes, and then calculated a z-score for each probe by using the

average and the variance of the probe values except for outliers,

because the influence of outliers is more important if the statistic

examined is less robust (23). To compare the z-scores of the two gene

sets, the z-score of each gene was transformed into probability, and

then each difference of gene probability between the two sets, pd, was

calculated thus:
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where the k-th gene between the two gene sets, a and b, was compared.

Using the above formula, we can estimate the difference of one gene in

two gene sets, a and b, regardless of the differing dynamic ranges of the

two gene sets in respective measurement conditions. In general, the

threshold of gene probability difference, pdk , to select the signature

depends on the study, and in this analysis, we selected the genes

featuring pdk > 0.2 as the gene signature (23).

Mass cytometry

The mAbs used for Helios mass cytometer analysis are listed in

Supplementary Table S1B. Up to 2.5� 106 cells were stained withmass

cytometry antibodies according to the manufacturer's instructions

(Fluidigm Corp.). In brief, a 50 mL volume of 198Pt monoisotopic
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cisplatin (Fluidigm) in PBSwas added directly for a final concentration

of 2.5 mmol/L for 5 minutes. Samples were immediately washed twice

with Maxpar Cell Staining Buffer (Fluidigm). Cells were stained with

mass cytometry antibodies for 30 minutes at room temperature. For

intracellular staining, samples were prepared using a FoxP3 fix and

permeabilization kit as described above before staining. After washing

twice withMaxpar Cell Staining Buffer, samples were fixed using 1.6%

paraformaldehyde in PBS supplemented with 100 nmol/L iridium

nucleic acid intercalator (Fluidigm Corp.). Following fixation, cells

were washed twice with 0.5% BSA PBS and 0.1% BSA water and

resuspended in 0.1% BSAwater. Twenty-thousand cells were analyzed

using a Helios and Cytobank software to obtain viSNE analysis and

heatmap analysis.

Statistical analysis

SAS 9.4 (SAS Institute Inc.) and Prism 8 (GraphPad) were used to

conduct statistical analyses. Data are expressed as means � SEM,

unless otherwise indicated. Tests for differences between two popula-

tions were performed using a Student t test. Multiple-group compar-

ison was performed using one-way ANOVA with Tukey post hoc

analysis. The prediction formula was developed by using the discovery

cohort data with a logistic regression model. The performance of the

prediction formula was evaluated using the independent validation-

cohort data. Survival curves were estimated using the Kaplan–Meier

method. All P values were two-sided, and P < 0.05 was considered

statistically significant.

Results
Differences in CD62Llow T-cell subset percentages between

responders and nonresponders

This study included 171 consecutive patients withNSCLCwhowere

treated with nivolumab at a single institution, Saitama Medical

University International Medical Center (Saitama, Japan), from Feb-

ruary 2016 to August 2018 (Fig. 1A). Because this is an observational

study on practical treatment, all the patients were pretreated with

Figure 1.

Correlation of T-cell subpopulations with NSCLC patient response to nivolumab therapy. A, CONSORT diagram describing patients and patient samples obtained.

B–D,Differences in PBMC subpopulations in responderswho achieved PRor SD (n¼ 26) and nonresponders (n¼ 14) presenting disease progression by 9weeks after

nivolumab therapy. B and C, Percentages of CD62Llow cells in total populations of CD4þ and CD8þ cells, respectively. D, Percentage of CD25þFOXP3þ cells in total

population of CD4þ cells. E, Prediction formula values for discovery cohort patients. The formula, X2/Y, was based on the percentages of CD62Llow cells (X) and

CD25þFOXP3þ cells (Y) in the total population of CD4þ cells. F,Receiver operating characteristic curve of the formula that predicted nonresponders in the discovery

cohort (n¼ 40). Sensitivity and specificity at the threshold value of the formula (192) were 85.7% and 100% (P < 0.0001), respectively. G, Progression-free survival

curves of discovery cohort patients diagnosed as nonresponders or responders based on the threshold value of the prediction formula (192). H, OS curves of the

discovery cohort. I,Prediction formulavalues for validation cohort patients. J,Progression-free survival curves of validation cohort patients.K,OScurves of validation

cohort patients. In B–E and I, data were presented as means � SEM, and symbols indicate values for individual patients. Statistical significance of differences was

assessed using Student two-tailed t test (B–E, I) or log-rank test (G, H, J, K).
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cytocidal chemotherapy before nivolumab therapy, as per Japanese

national insurance regulations from 2016 to 2018. After enrollment, 28

patients were excluded because no evaluable PBMC samples were

available; 17 patients were excluded because the antitumor effect could

not be assessed at 9 weeks after nivolumab therapy. Characteristics of

all patients included in the discovery and validation cohorts are listed

in Table 1.

To identify a biomarker that would distinguish patients present-

ing early disease progression after nivolumab treatment, we con-

sidered nonresponders the patients who showed disease progression

and responders the patients who showed complete response (CR),

PR, or SD according to CT evaluation at 9 weeks post nivolumab

therapy. The patients presenting early disease progression by

9 weeks after therapy showed markedly poor survival, whereas SD

and PR patients exhibited comparable and more favorable OS

(Supplementary Fig. S2A and S2B). The nonresponders were a

unique subgroup of patients who receive no survival benefit from

nivolumab therapy.

We reported that CD4þ T cells that downregulated CD62L expres-

sion (CD62Llow) in tumor-draining lymph nodes mediate potent

antitumor reactivity when adoptively transferred in murine models

and that the ratio of CD62LlowCD4þT cells to regulatory CD4þT cells

in the peripheral blood correlates with disease stage and prognosis of

SCLC (18–20). Consistent with our report, systemic T-cell immunity

consisting of a CD62LlowCD44þCD69þCD90þCD27lowT-betþCD4þ

T-cell subpopulation in tumors, tumor-draining lymph nodes, and the

peripheral blood is required for antitumor immune responses (13).

CD4þ T cells of comparable phenotype were one of the three anti-

tumor T-cell clusters in human melanoma-infiltrating lympho-

cytes (10). Thus, we examined this T-cell subset, specifically the

CD62Llow subpopulations, in the peripheral blood of patients with

NSCLC before nivolumab treatment.

Compared with nonresponders, nivolumab responders presented

significantly higher CD62Llow cell percentages in the total popula-

tions of CD4þ T cells (Fig. 1B, P < 0.0001) and CD8þ T cells

(Fig. 1C, P¼ 0.0020); conversely, the percentage of CD25þFOXP3þ

cells in the total CD4þ T-cell population was significantly higher

(P ¼ 0.034) in nonresponders (Fig. 1D). To develop a mathematical

formula of nivolumab response prediction, we selected the per-

centage of CD62Llow cells in the total CD4þ T-cell population as an

independent factor because of the robust differences observed. The

percentage of CD25þFOXP3þ cells in the total CD4þ T-cell pop-

ulation was selected as another factor that constituted a T-cell

cluster distinct from the CD62Llow CD4þ T-cell cluster and neg-

atively correlated with clinical outcome. We used the logistic

regression model with the two selected factors to detect nonre-

sponder patients and obtained the following formula: [�31.3 þ
12.0� log [%CD62Llow T cells in total CD4þ T-cell population: X] –

6.1� log [%CD25þFOXP3þ T cells in total CD4þ T-cell population:

Y]]; the formula approximately equaled [�31.3 þ 6.0 � log (X2/Y)].

Thus, we obtained the prediction formula with X2/Y as the variable

in the equation.

Formula values predict nivolumab responses

We determined the prediction formula values for responders

and nonresponders (Fig. 1E, P < 0.0047) and performed ROC

analysis for detecting nonresponders at 9 weeks within the dis-

covery cohort (Fig. 1F). At the prediction formula threshold value

of 192, which was obtained at the maximum likelihood ratio point

of the ROC curve, sensitivity and specificity were 85.7% and 100%,

respectively. We plotted the progression-free survival (PFS) and

OS curves of patients identified as the responder type (X2/Y3 192)

and nonresponder type (X2/Y < 192) according to the analysis of

PBMCs obtained before nivolumab treatment (Fig. 1G and H).

Responders and nonresponders in the discovery cohort (threshold

¼ 192) differed significantly (P < 0.0001) in terms of both PFS and

OS. Next, we ascertained whether the prediction formula threshold

value (X2/Y < 192) could differentiate nonresponders in the

independent validation cohort comprising 86 consecutive patients:

the prediction formula values were significantly higher (P ¼
0.0008) in the case of responder than nonresponder patients in

the validation cohort (Fig. 1I). In the validation cohort, responder-

type patients showed significantly longer PFS (Fig. 1J, P < 0.0001)

and OS (Fig. 1K, P < 0.0001) than nonresponder-type patients. All

of the survival data (n ¼ 143), including those for the patients who

could not be evaluated for 9-week tumor responses, showed

significant differences between nonresponder-type patients and

responder-type patients (Supplementary Fig. S2C and S2D). ROC

analysis of the prediction formula for detecting nonresponders at

9 weeks within the validation cohort (n ¼ 86), and all of the

evaluable patients were also performed (n ¼ 126; Supplementary

Fig. S2E and S2F). At the prediction formula threshold value of

192, sensitivity and specificity were 92.9% and 72.1% (P < 0.0001)

in the validation formula, and 87.5% and 81.2% (P < 0.0001) in all

of the evaluable patients. The objective responses and prediction

formula results in relation to the histologic findings obtained for

the patients (n ¼ 126) are presented in Supplementary Table S2A.

Multivariate analysis revealed that the prediction formula serves as

an independent factor to correlate PFS and OS (Supplementary

Table S2B).

Table 1. Baseline characteristics and objective response.

Discovery

cohort

Validation

cohort

Patient characteristics n ¼ 40 n ¼ 86

Age, years

Median 67 69

Range 51–84 31–85

Sex, n (%)

Male 26 (65.0) 67 (77.9)

Female 14 (35.0) 19 (22.1)

Histology, n (%)

Squamous 10 (25.0) 24 (27.9)

Nonsquamous 30 (75.0) 62 (72.1)

Smoking history, n (%)

Current or former smoker 29 (72.5) 68 (79.1)

Never smoked 11 (27.5) 18 (20.9)

Disease stage, n (%)

c-stage III 9 (22.5) 18 (20.9)

c-stage IV 22 (55.0) 55 (64.0)

Postoperative recurrence 9 (22.5) 13 (15.1)

Driver mutation status, n (%)

Wild type 33 (82.5) 73 (84.9)

EGFR (19 del or L858R) 7 (17.5) 12 (14.0)

ALK 0 (0) 1 (1.1)

Objective response at 9 weeks, n (%)

CR or PR 11 (27.5) 12 (14.0)

SD 15 (37.5) 31 (36.0)

PD 14 (35.0) 43 (50.0)

Abbreviations: ALK, anaplastic lymphoma kinase; CR, complete response;

c-stage, clinical stage; del, deletion.
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CD62Llow CD4þ T-cell subset and other T-cell subpopulations

It was still unclear how CD62L could discriminate CD4þ T-cell

subpopulations that predicted the antitumor responses of PD-1 block-

ade therapy. To define the CD62LlowCD4þT-cell subsets and examine

the relationship among the CD62Llow CD4þ T-cell subset and other

T-cell subpopulations, we performed mass cytometry and microar-

ray analysis in addition to FCM analysis. First, we analyzed the

correlations among the percentages of T-cell subsets. Because CCR7

and CD45RA represent another standard for discriminating

CCR7þCD45RAþ na€�ve T cells, CCR7þCD45RA� central memory

T cells (CM), CCR7�CD45RA� effector memory T cells (EM), and

CCR7� CD45RAþ effector T cells (EMRA), we examined their

correlation with CD62Llow T-cell subsets. As described previously,

CD8þ T cells were clearly divided into four subpopulations according

to CD45RA and CCR7 expression, and the CD4þ T cells in the

peripheral blood showed distinct patterns lacking the CD45RAþ

CCR7� subpopulation (ref. 16; Fig. 2A and B). The percentages of

CD62Llow CD4þ T cells positively correlated (P < 0.0001) with the

CCR7� CD45RA� EM subpopulation, but significantly negatively

correlated with other CCR7þ CD45RA�/þ subpopulations (Fig. 2C

and D). The CCR7�CD45RA� CD4þ T-cell subgroup and CD62Llow

CD4þ T-cell subgroup appear to comprise similar T-cell subsets;

however, clinical outcome after nivolumab treatment showed no

relationship with the percentages of CCR7�CD45RA� CD4þ T cells

(Supplementary Fig. S3A and S3B). Next, we examined the correlation

with Th1, Th2, and Th17 cells and Th follicular (Tfh) cells. The

CD62Llow CD4þ T-cell subset significantly correlated with the

CXCR3þCCR4�CCR6� classical Th1 subset (P < 0.0001) but nega-

tively correlated with the CXCR3�CCR4þCCR6� Th2 subpopulation

(P ¼ 0.0013, Fig. 2E–H). The CD62Llow CD4þ T-cell subset also

positively correlated with CD8þ T cells (P < 0.0001), the percentage of

EMRA CD8þ T-cell subset (P ¼ 0.0091), and CD62Llow CD8þ T-cell

subset (P < 0.0001, Fig. 2I–K). The CCR7�CD45RA� CD4þ subpop-

ulation weakly correlated with the Th1 subset (P¼ 0.01), but not Th2

population (Supplementary Fig. S3C and S3D). In line with these

results, mass cytometry analysis revealed that the CD62LlowCD4þ

cluster and CCR7�CD4þ cluster were not identical (Fig. 3A). Unsu-

pervised clustering analysis of gated CD4þCD3þ T cells revealed that

CD62LlowCD4þ T-cell subpopulation mostly belonged to CD27�T-

betþFOXP3�CXCR3þCCR4�CCR6� subpopulation. Contrarily, the

Gated CD8+CD3+
Gated CD4+CD3+

P < 0.0001
Y = 0.6866*X +19.33

Tfh (CXCR5+)
P = 0.022

Y = -0.1741*X + 23.27 Y = 0.06924*X + 2.124

Th17 (CXCR3-CCR4-CCR6+)
P = 0.0849
n.s.

Th17 (CXCR3-CCR4+CCR6-)
P = 0.0013

Y = 0.3879*X + 6.114

Th1 (CXCR3+CCR4-CCR6-)
P = 0.0001

CCR7+CD45RA+/CD4+
CCR7+CD45RA-/CD4+

P = 0.0003

P < 0.0001

CCR7 CCR7

C
D

4
5

R
A

C
D

4
5

R
A

A B C D

E F G

I J K

H

P < 0.0001

Y = 0.3356*X + 15.09

0 20 40 60 80 100
0

20

40

60

% CD62Llow/CD4+CD3+

%
 E

ff
e

c
to

r/
C

D
8

+
C

D
3

+

0 20 40 60 80 100
0

20

40

60

% CD62Llow/CD4+CD3+

%
 C

D
8

+
/C

D
3

+

P = 0.0091 

Y = 0.2209*X + 16.54 

0 20 40 60 80 100

0

20

40

60

% CD62Llow/CD4+CD3+

%
 C

X
C

R
3

+
C

C
R

4
- C

C
R

6
-
/C

D
4

+

0 20 40 60 80 100

0

20

40

60

% CD62Llow/CD4+CD3+

%
 C

X
C

R
3

- C
C

R
4

+
C

C
R

6
-
/C

D
4

+

0 20 40 60 80 100

0

20

40

60

% CD62Llow/CD4+CD3+

%
 C

X
C

R
3

- C
C

R
4

- C
C

R
6

+
/C

D
4

+

0 20 40 60 80 100
0

20

40

60

% CD62Llow/CD4+CD3+

%
 C

X
C

R
5

+
/C

D
4

+

0 20 40 60 80 100

0

20

40

60

80

100

% CD62L low /CD4+CD3+

%
C

C
R

7
- C

D
4

5
R

A
-
/C

D
4

+

0 20 40 60 80 100
0

20

40

60

80

% CD62L low/CD4+

%
o

f
C

D
4

+
s

u
b

s
e

t

P < 0.0001

Y = 0.5923*X + 49.42

0 20 40 60

0

50

100

% CD62Llow/CD4+CD3+

%
 C

D
6

2
L

lo
w

/C
D

8
+
C

D
3

+

Figure 2.

Correlation between CD62Llow CD4þ T cells and other T-cell subpopulations. CCR7 and CD45RA expression on gated CD8þ CD3þ cells (A) and CD4þ CD3þ cells (B)

among PBMCs. Linear correlations between the percentages of CD62LlowCD4þ cells and the percentages of CCR7�CD45RA� cells (C) and CCR7þCD45RA� or

CCR7þCD45RAþ cells (D) in the total population of CD4þ cells. Linear correlations between the percentages of CD62LlowCD4þ cells and the percentages of CXCR3þ

CCR4�CCR6� cells (E), CXCR3�CCR4þCCR6� cells (F), CXCR3�CCR4�CCR6þ cells (G), or CXCR5þ cells (H), respectively, in the total population of CD4þ cells. n.s.,

not signficant. Linear correlation between the percentages of CD62LlowCD4þ cells and the percentages of CD8þCD3þ cells (I), (effector) CCR7�CD45RAþCD8þ cells

(J), and CD62Llow CD8þ cells (K), respectively.
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CD45RA�CCR7� subpopulation more broadly included CD27þ,

T-bet�, and FOXP3þ subpopulations. Heatmap analysis to show the

mean expression of molecules indicated that a significantly higher

expression of T-bet and CXCR3 and significantly lower expression of

CD27 was found in CD62LlowCD4þ T cells compared with

CD45RA�CCR7�CD4þ T cells (Fig. 3B and C). It appears that a

single marker of CD62Llow, but not CD45RA�CCR7�, could distin-

guish a relatively homogenous CD62LlowCD45RA�CCR7�CD27�T-

betþCXCR3þCD4þ T-cell subpopulation. We tested whether the

CXCR3þ CCR4� CCR6� Th1 subpopulation could predict respon-

ders, but there was no significant difference in the percentage of Th1

cells between responders and nonresponders (Supplementary

Fig. S3E). It was likely that the CD62Llow subpopulation included

both terminally differentiated Th1 and relatively immature, differen-

tiating Th1 cells and that clinical responses required both of these.

As CD8þ T cells play a critical role in eradicating cancer cells, we

also examined the correlation between clinical responses and CD8þT-

cell subsets. Unlike the CD4þT-cell subset, expression levels of CD62L

and CCR7 on CD8þ T cells were almost identical (Supplementary

Fig. S3F). Thus, the CD62Llow CD8þ T-cell subpopulation represents

the EMþEMRA subpopulations. Whereas responders had significant-

lymoreCD62LlowCD8þTcells, this differencewas not as robust as that

for CD62LlowCD4þ T cells (Supplementary Fig. S3G and S3H).

CD62LlowCD4þ T cells and CD62LlowCD8þ T cells were significantly

correlated (Supplementary Fig. S3I). Although the percentage of

CD62LlowCD8þ T cells correlated with PFS after nivolumab therapy,

the correlation with CD62LlowCD4þ T cells was more significant

(Supplementary Fig. S3J and S3K).

Next, we examined the correlation of PD-1, LAG-3, and CTLA-4

expression with CD62LlowCD4þ T cells. CD62Llow CD4þ T cells, but

not CCR7�CD45RA�CD4þ T cells, positively correlated with PD-1

and LAG-3 expression on CD62LlowCD4þ cells and PD-1 expression

on CD8þ TEMRA cells (Fig. 4A–C; Supplementary Fig. S4A–S4C) and

negatively correlated with CTLA-4 expression on CD62LlowCD4þ

T cells (Fig. 4D; Supplementary Fig. S4D).

CD62Llow CD4þ T-cell gene expression in responder and

nonresponder patients

Next, we performed microarray analysis to view CD62LlowCD4þ

T-cell differences at the molecular level between responder

and nonresponder patients. We first elucidated gene expression

differences in CD62LhighCD4þ and CD62LlowCD4þ T cells.

CD62LhighCD4þ T cells and CD62LlowCD4þ T cells have distinct

gene expression profiles (Fig. 5A). Consistent with previous

reports, the majority of CD62LhighCD4þ T cells were considered

as na€�ve T cells because the C-C chemokine receptor type 7 (CCR7),

CD28, and transcription factor 7 (TCF7) genes were highly

expressed in CD62LhighCD4þ T cells in all patients (Fig. 5A).

CD62Llow CD4þ T cells expressed more aurora kinase A (AURKA),

C-C motif chemokine ligand 17 (CCL17), granzyme A, H (GZMA,

GZMH), NADH dehydrogenase 2 (ND2), and IL21 (Fig. 5B).

Then, the genes in the signatures compared between the cells from

PR and SD, PR and PD, SD and PD, PR þ SD and PD, and PR and

SD þ PD (1,884, 1,826, 1,410, 1,167, and 1,513 genes, respectively)

were merged into 3,458 genes (Supplementary Table S3). Among

these, the expression of 30 of 53 of the genes that correlate with

immune reactions, such as cytokines, cytokine receptors, chemo-

kines, chemokine receptors, growth factors, costimulatory mole-

cules, and immune checkpoint molecules, were significantly dif-

ferent in terms of nivolumab treatment response (Fig. 5B). These

data indicated that C-type lectin domain family 2 member A

(CLEC2A), IL7, IFNa (IFNA), C-X-C chemokine receptor type 3

Figure 3.

Mass cytometry and gene expression analysis of CD4þ T cells. A, Representative illustration of viSNE analysis for 10 patients for gated CD4þCD3þ cells upon

unsupervised clustering according to the expression of 29molecules (CD3, CD4, CD8, CD19, CD27, CD28, CD45RA, CD62L, CD69, CD80, CD90, CD103, CD134, CD137,

CD152, CD154, CD183, CD194, CD196, CD197, CD223, CD273, CD274, CD278, CD279, T-bet, BCL-6, FOXP3, TIM-3). B,Heatmap demonstrating the average expression

of CD62L, CCR7, CD45RA, CD27, T-bet, FOXP3, CXCR3, CCR4, CCR6, and PD-1 in gated CD45RAþ CCR7þ, CD45RA� CCR7�, CD62Lhigh, and CD62Llow CD4þ CD3þ T

cells from 10 patients. C, Comparison of CD27, T-bet, and CXCR3 gene expression between gated CD45RA� CCR7� and CD62Llow CD4þ CD3þ T cells (n¼ 10). The

box/whisker plots indicate median, upper quantile, and lower quantile. The lines indicate upper whiskers and lower whiskers.
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Figure 4.

Correlation between CD62Llow CD4þ

T-cell subpopulation and PD-1, LAG3,

and CTLA-4 expression and dendritic

cell status. Correlations using simple

linear regression analysis between the

percentages of CD62Llow CD4þ cells

and the percentages of indicated T-

cell subpopulations (n ¼ 84 for all).

A, The percentage of CD62Llow in rela-

tion to the total number of CD4þCD3þ

cells as x-axis, and the percentages of

PD-1þ cells in relation to the number of

CD62LlowCD4þCD3þ cells as y-axis.

B, The percentages of PD-1þ cells

in relation to the number of CCR7�

CD45RA� CD8þCD3þ cells. C, The per-

centages of LAG-3þ cells in relation to

the number of CD62LlowCD4þCD3þ

cells. D, The percentages of CTLA-4þ

cells in relation to number of CD62Llow

CD4þ CD3þ cells.
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Figure 5.

Gene expressions correlated to response to nivolumab treatment. Gene signatureswere obtained by comparing gene expression data between circulating CD62Lhigh

CD4þ T cells and CD62Llow CD4þ T cells from PR, SD, and PD. A, Heatmap showing the expression of the genes expressed in CD62Llow CD4þ T cells and CD62Lhigh

CD4þ T cells purified from the peripheral blood of the 6 patients consisting of 2 PR, 2 SD, and 2 PD patients. The genes that were expressed significantly higher in

CD62Llow CD4þ T cells or CD62Lhigh CD4þ T cells are indicated. B, Heatmap showing the expression of the genes expressed in CD62Llow CD4þ T cells compared

between PR to PD, PR to SD, and PR and SD to PD. þ in the table indicates significant differences in gene expression between the groups.
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(CXCR3), and histone deacetylase 9 (HDAC9) were preferentially

expressed in CD62LlowCD4þ T cells derived from responders.

Long-term survivors and the CD62LlowCD4þ T-cell

subpopulation

The nivolumab responding group contained both long-term survi-

vors, whose PFS and OS curves featured a tail plateau, and short-term

responders, who initially responded to nivolumab therapy but

acquired resistance (Fig. 1G and J). Because CD4þ T cells were critical

for predicting nonresponders of PD-1/PD-L1 blockade therapy, we

examined CD4þ T cells obtained from patients after nivolumab

therapy to investigate the differences between long-term survivors

and short-term responders. Clinical trials with PD-1/PD-L1 blockade

therapy have indicated that the tail plateau of PFS starts at 16–

18 months after treatment (6, 7). Thus, we defined the patients who

were progression-free for > 500 days as long-term responders and the

patients who initially responded to treatment but acquired resistance

and presented disease progression in the 500 days after nivolumab

therapy as short-term responders. The long-term responders showed

significantly higher numbers of pretreatment CD62LlowCD4þ T cells

and prediction formula values compared with short-term responders

(Fig. 6A and B). Next, to address the effect of PD-1 blockade therapy

on T-cell subsets, we analyzed the peripheral blood obtained after

nivolumab therapy. Surprisingly, at four weeks after nivolumab treat-

ment, the percentage of the CD62LlowCD4þ T-cell subpopulation was

significantly decreased in responder but not nonresponder patients

Figure 6.

CD62Llow CD4þ T-cell subpopulation in long-term survivors versus short-term responders. A and B, Percentages of CD62LlowCD4þ T cells and prediction formula

values of pretreatment samples. Long-term responders (LR): patients who showed no disease progression for > 500 days (n ¼ 16). Short-term responders (SR):

patientswho initially showedPRor SD for>9weeks but presenteddisease progression in thefirst 500days after nivolumab treatment (n¼ 34). Nonresponders (NR):

patients showing disease progression by 9weeks after nivolumab therapy (n¼ 52).C andD,Comparison of the percentages of CD62LlowCD4þ T cells in PBMCs from

responders and nonresponders obtained before and at 4 weeks after nivolumab treatment. E and F, Percentages of CD62Llow CD4þ T cells and prediction formula

values of PBMC samples from 8 patients with ongoing responses to and 6 patients showing acquired resistance to nivolumab therapy. Data are presented as the

means�SEM. Symbols indicate values for individual patients. Statistical significance of differenceswas assessed using one-wayANOVAwith Tukeypost hoc analysis

(A andB), using Student two-tailed paired t test (C andD), or using Student two-tailed unpaired t test (E and F).G,ROC curve of the formula that predicted long-term

responders (n¼ 126). Sensitivity and specificity at the threshold value of the formula (323.5) were 68.2% and 81.7% (P < 0.0001), respectively. The red line indicates

the line of identity.

CD4þ T-cell Status for PD-1 Blockade Therapy

AACRJournals.org Cancer Immunol Res; 8(3) March 2020 341

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rim

m
u
n
o
lre

s
/a

rtic
le

-p
d
f/8

/3
/3

3
4
/2

3
5
6
9
2
2
/3

3
4
.p

d
f b

y
 g

u
e

s
t o

n
 2

7
 A

u
g

u
s
t 2

0
2
2



(Fig. 6C andD). We examined PBMCs obtained from the 14 respond-

er patients at 12–92 weeks after nivolumab therapy. At the time of

PBMC collection, 6 patients showed disease progression and 8 patients

still responded to the treatment. The ongoing responder patients

maintained high percentages of CD62LlowCD4þT cells and prediction

formula values (Fig. 6E and F). In contrast, the patients with acquired

resistance showed decreased numbers of CD62Llow CD4þ T cells and

prediction formula values (Fig. 6E and F). We performed ROC

analysis to detect long-term responders (Fig. 6G). At the prediction

formula threshold value of 323.5, which was obtained by determining

the maximum likelihood ratio point of the ROC curve, sensitivity, and

specificity were 68.2% and 81.7%, respectively. Thus, CD4þ T-cell

immunity evaluated with the peripheral blood samples before nivo-

lumab therapy could predict RECIST responses and long-term

survivors.

Discussion
Studies in cancer immunotherapy have focused on CD8þ T cells in

tumor microenvironment, because CTLs differentiate from CD8þ T

cells and induce tumor cell death upon tumor antigen recogni-

tion (12, 24, 25). However, in this study, we demonstrated that the

CD4þT-cell immune status in the peripheral bloodwas a critical factor

for determining the outcome of PD-1 blockade therapy in patientswith

NSCLC. In addition, the formula that accounted for the ratio between

CD62Llow and CD25þFOXP3þ CD4þ T-cell percentages discriminat-

ed nivolumab nonresponders and long-term survivors. Accumulating

evidence indicates that CD4þ T cells are required for efficacious

antitumor immunity, because CD4þ T-cell help promotes priming,

migratory potential, killing activity, and survival of CTLs (14, 26).

To enhance the production, delivery, and killing activity of CTLs, it

is likely that CD4þ T cells are required systemically. mice that est-

ablished antitumor immunity sufficient to eradicate tumors had

CD62LlowCD27�T-betþCD44þCD69þCD90þCD4þ T-cell clusters

enriched through all the examined sites, mediating antitumor activ-

ity (13). Also, it was also demonstrated that continuous recruitment of

antitumor T cells through peripheral blood is required for durable

antitumor responses (13). In addition, melanoma-infiltrating lym-

phocytes with almost the same phenotype of CD4þ T cells,

CD62LlowCD27� FOXP3� CD44þ CXCR3þ ICOSþ T-betþ, correlat-

ed with responses to immune checkpoint inhibitors (10). In line

with these studies, our mass cytometry study showed that the majority

of CD62Llow CD4þ T cells were T-betþ, CD27�, FOXP3�, and

CXCR3þ in the CD4þ population. In contrast, the CCR7� CD4þ

T-cell subpopulation, which did not show differences between non-

responders and responders, included more broad subpopulations,

such as T-bet�, CD27þ, and FOXP3þ subpopulations. The

CD62Llow CD4þ T-cell subpopulation significantly correlated with

CXCR3þCCR4�CCR6� cells, thus, the CD62Llow CD4þ T-cell

subpopulation likely plays a critical role in cellular immunity as

Th1 cells. Accordingly, the CD62Llow CD4þ T-cell subpopulation

positively correlated with the percentages of effector CD8þ T cells.

The CD62Llow CD4þ T-cell subpopulation positively correlated

with the expression of PD-1, but negatively with that of CTLA-

4. Thus, the CD62LlowCD27�FOXP3�CXCR3þ T-betþ CD4þ T-cell

subset likely comprised Th1 cells and effector CD8þ T cells,

indicating that they were regulated by PD-1 but not CTLA-4.

A limitation of this study is that the antigenic specificity of

CD62Llow T cells was not tested owing to the small size of the tumor

specimens obtained. We previously reported that CD62Llow, but not

CD62Lhigh T cells, secreted IFNg in a tumor antigen–specific manner,

mediating therapeutic efficacy when infused intravenously into

murine models (18, 19). T cells were derived from the peripheral

blood of patients with small-cell lung cancer and it was found that

CD62Llow T cells, but not CD62Lhigh T cells, secreted IFNg in the

presence of autologous tumor cells (20).

It was unexpected that the percentages of CD62LlowCD4þ T cells

decreased in responder but not nonresponder patients after nivolumab

therapy, because PD-1þ effector CD8þ T cells increase after effective

anti-PD-1 therapy in the peripheral blood (27). However, PD-1

blockade therapy increased only the CD8þ antitumor T-cell clusters,

not the CD4þ antitumor T-cell clusters in melanoma-infiltrating

lymphocytes; therefore, it is possible that PD-1 blockade therapy is

not capable of facilitating antitumor CD4þT-cell proliferation. Tumor

mutational burden decreases in responder patients after nivolumab

therapy; effective PD-1 blockade therapy seems to invigorate the

immune-editing process, resulting in the loss of cancer clones featuring

high mutation burdens (28). Thus, it is likely that our findings

indicated the consequent loss of the specific effector T cells due to

the loss of cancer-associated antigens. Because only the patients who

retained CD62Llow CD4þ T cells exhibited an ongoing antitumor

response during nivolumab therapy, one of the mechanisms under-

lying acquired resistance might involve the loss of tumor-associated

antigens resulting in the depletion of CD4þ T-cell help. Our study

revealed that the patients who presented high percentages of CD62Llow

CD4þ T cells before nivolumab therapy andmaintained the CD62Llow

CD4þ T-cell subpopulation tended to survive for >500 days without

disease progression. A promising therapy could thus entail increasing

the CD62LlowCD4þT-cell subpopulation with treatment, for example,

anti-CTLA-4 therapy, while concurrently monitoring the peripheral

blood T-cell subpopulation.

Gene expression analysis revealed that gene expression profiles

differed between CD62Lhigh and CD62Llow CD4þ T cells. CD62Llow

CD4þT cells expressed the gene encodingAURORKA, CD101, GZMA,

and GZMH, ND2, and IL21. AURORKA is expressed in mitotic cells

during G2–M phase and is required for maintaining Lck active after

TCR engagement in T cells (29). Granzyme A and H are expressed in

cells that have killing activity, such as CTLs. Activated CD4þ T cells

can express granzyme and mediate antitumor reactivity (30). ND2 is

one of seven mitochondrially encoded subunits of the enzyme NADH

dehydrogenase (31). IL21 is demonstrated to enhance and sustain

CD8þ T-cell response resulting in durable antitumor immunity (32).

Taken together, the CD62Llow CD4þ T-cell subset included prolifer-

ating T cells after activation through TCR engagement, which exhib-

ited effector functions and enhanced CD8þ T-cell killing activity.

Some genes, such as CCL19, IL7, CXCR3, CLEC2A, TGFBR3, and

HDAC9, were preferentially expressed in PR and/or SD-derived

CD62LlowCD4þ T cells. CCL19 binds to CCR7 and attracts certain

cell of the immune system, including dendritic cells, and CCR7þ

central memory cells (33, 34). Signaling of IL7, a nonredundant

cytokine for T-cell proliferation, promotes antitumor T-cell immuni-

ty (35, 36). Interestingly, IL7 and CCL19 expression in CAR-T cells

improves immune cell infiltration and CAR-T survival in the

tumor (37). CLEC2A enhances TCR-stimulated T-cell expansion by

increasing their survival (38). TGFb has widespread regulatory activity

affecting multiple types of immune cells with soluble TGFBR3 poten-

tially inhibiting TGFb signaling (39). HDAC9 controls FOXP3 expres-

sion and suppresses Treg function (40). These molecules thus appear

to play a role in facilitating T-cell activation, inhibiting regulatory

mechanisms, and increasing the quantity of antitumor effector T cells,

potentially representing promising targets to enhance antitumor

immunotherapy.
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In conclusion, we have demonstrated that the systemic CD4þT-cell

immunity monitoring with the peripheral blood predicted anti-PD-1

therapy responses in patients with NSCLC. We have developed a

formula based on CD62Llow CD4þ T-cell and Treg percentages that

could serve as a biomarker for predicting treatment outcome in these

patients. Our findings hold clinical implications, as they support anti-

PD-1 therapy for patients with NSCLC with high numbers of circu-

lating CD62Llow CD4þ T cells and provide the foundation for new

treatment strategies for patients presenting distinct CD4þ T-cell

immune statuses.
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