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ABSTRACT
◥

Purpose: T-cell immunoglobulin and ITIM domain (TIGIT), a

member of the immune checkpoint family, is important in normal

T-cell biology. However, the phenotypical profile and clinical

relevance of TIGIT in follicular lymphoma is largely unknown.

Experimental Design: Biopsy specimens from a cohort of 82

patients with follicular lymphoma were analyzed using mass cyto-

metry to explore the phenotype and biological and clinical signif-

icance of TIGITþ T cells.

Results:TIGIT is highly expressed on intratumoral T cells and its

expression alters T-cell phenotype in follicular lymphoma. TIGIT is

abundantly expressed on Treg cells, resulting in an enhanced

suppressive property. TIGIT expression on non-Treg/TFH T cells

defines a population that exhibits an exhausted phenotype. Clin-

ically, increased numbers of TIGITþ T cells are associated with

inferior patient outcomes and poor survival. We observe that anti–

PD-1 therapy with pembrolizumab alters the phenotype of TIGITþ

T subsets and identifies a role for CD28 expression on TIGITþ

T cells in treatment response.

Conclusions: The current study provides a comprehensive

analysis of the phenotypic profile of intratumoral TIGITþ T

subsets and their prognostic relevance in follicular lymphoma.

Inhibition of TIGIT signaling may be an additional mecha-

nism to prevent T-cell suppression and exhaustion in B-cell

lymphoma.

Introduction
Immune checkpoint receptors are members of inhibitory receptors

that play a critical role in regulating T-cell function. Although acti-

vation is essential for T-cell function, overactivation of T cells can be

harmful by promoting an autoimmune response. Expression of

immune checkpoint receptors provides physiologic inhibitory

mechanisms for activated T cells to prevent an excessive immune

response. However, under pathologic conditions such as cancer,

suppression of T-cell function due to signaling via immune checkpoint

receptors inhibits the immune response and results in insufficient

tumor-directed cytotoxicity.

T-cell immunoglobulin and ITIM domain (TIGIT) was initially

identified as a surface protein specifically on T and natural killer (NK)

cells (1–3). Among T populations, TIGIT is mainly expressed by

memory, activated T cells, and Treg cells (1). It has been shown that

TIGIT delivers an inhibitory signal to T cells, in which T cells lacking

TIGIT expression had increased function when compared with T cells

with TIGIT expression (4). CD155, a poliovirus receptor, is identified

as the primary ligand for TIGIT (1, 5) and the ligation of CD155 and

TIGIT delivers an inhibitory signal and suppresses T-cell function.

In cancer, TIGIT expression is upregulated on tumor-infiltrating

lymphocytes (TIL) and the number of TIGIT-expressing T cells is

commonly increased in the tumor microenvironment (6–8). TIGIT

blockade restores T-cell function and elicits tumor rejection (8),

suggesting that TIGIT signaling negatively regulates antitumor immu-

nity. In hematologic malignancies, it has been found that TIGIT

expression is upregulated on T cells from acute myelogenous leukemia

(AML; ref. 9), chronic lymphocytic leukemia (10), and Sezary syn-

drome (11). Furthermore, increased numbers of TIGIT-expressing

T cells are associated with disease relapse and progression in AML (9)

and multiple myeloma (12). TIGITþ T cells from the tumor micro-

environment usually display an exhausted phenotype as these TILs

coexpress PD-1, TIM-3, and LAG-3 and exhibit reduced T-cell

function (7, 13).

The biological role of TIGIT in follicular lymphoma has been

explored in previous studies (14, 15). However, the expression of

TIGIT has been assessed in broad termswith little known about TIGIT

expression on specific intratumoral T-cell subsets, the phenotype of

these TIGIT-expressing subsets, and the clinical relevance of TIGIT

expression in follicular lymphoma. In the current study, we studied a

large cohort of follicular lymphoma biopsy specimens (82 patients)

with long clinical follow-up, and employed mass cytometry (CyTOF)

to analyze TIGIT-expressing T cells in this cohort. We phenotypically

characterized the TIGITþ T subsets, assessed the role of TIGIT in the

function of these subsets, andmeasuredwhetherTIGITþT cells had an

impact on patient outcome.

Materials and Methods
Patient samples

Patients providing written informed consent were eligible for this

study if they had a tissue biopsy that on pathologic review showed

follicular B-cell non-Hodgkin lymphoma (NHL) and adequate tissue

to perform the experiments. Tonsils removed for nonmalignant

reasons were used as controls. The use of human tissue samples for
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this study was approved by the Institutional Review Board of theMayo

Clinic/Mayo Foundation. The studywas conducted in accordancewith

the Declaration of Helsinki. Patient characteristics are summarized in

Supplementary Table S1. Briefly, most patients in this cohort had

follicular lymphoma grade 1/2 and were stage III and IV at diagnosis.

The patients received various regimens as first-line treatment includ-

ing rituximab alone, CHOP (cyclophosphamide, doxorubicin, vin-

cristine, and prednisone) � rituximab, CVP (cyclophosphamide,

vincristine, and prednisone) � rituximab, or chlorambucil. Most

patients had either a complete or partial response after first-line

treatment.

Flow cytometry and intracellular cytokine staining

Fresh tissues were minced into small fragments by using mechan-

ical dissection of the tissues with a scalpel. Tissue samples were

then filtered through a 60-mm strainer to make single-cell suspen-

sions. Mononuclear cells (MNC) from tissues or peripheral blood

(PB) were isolated by Ficoll–Hypaque density gradient centrifuga-

tion. MNCs from tissues or PB were lysed with ACK buffer to

remove erythrocytes. CD3þ, CD4þ, and CD8þ T cells were isolated

using Human CD3, CD4, and CD8 Kits (STEMCELL Technolo-

gies), respectively. Cells were then stained with fluorochrome-

conjugated Abs against TIGIT, PD-1, and TIM-3 for 30 minutes

and analyzed by FACSCanto II flow cytometer (Becton Dickinson).

For intracellular cytokine staining, cells were stimulated with

phorbol myristate acetate and ionomycin (Ion) in the presence of

protein transport inhibitor brefeldin A for 4 hours. After fixation

and permeabilization, cells were stained with fluorochrome-

conjugated antibodies for IL2, IFNg , IL4, or TNFa plus surface

marker antibodies for CD4, TIM-3, or CXCR5 in each specimen.

Cells were then analyzed on a flow cytometer.

CFSE labeling and T-cell proliferation assay

Cells were washed, counted, and resuspended in PBS. A stock

solution of CFSE (carboxyfluorescein succinimidyl ester; 5 mmol/L)

was diluted 1:100 with PBS and added to the cells for a final concen-

tration of 5 mmol/L. After 10 minutes at 37�C, cells were washed

3 times with 10 vol PBS containing 10%FBS. CFSE-labeled responding

cells were cultured in anti-CD3 Ab-coated plates in the presence of

anti-CD28 Ab at 37�C and 5% CO2. Cells were harvested at day 3 and

analyzed by flow cytometry. The percentage of CFSEdim were mea-

sured and calculated as the percentage of proliferated cells. For the

proliferation assay, TIGITþ or TIGIT� T cells were isolated by flow

cytometry. Cells were stained with CFSE 500 nmol/L for 10 minutes at

room temperature and quenched with 10% FBS medium. For the

inhibition assay, CD4þCD25þTIGITþ or TIGIT� T cells were cocul-

tured with CD8þ T cells. At day 5, CFSE intensity was measured by

flow cytometry.

CyTOF

CyTOF was performed and analyzed as described previously (16).

Cells were stained with a cocktail containing 37 metal-tagged mAbs

designed to interrogate T-cell subpopulations. Two nucleic acid

intercalator probes tagged with iridium (191Ir and 193Ir) were used

to identify cellular events. Cisplatin (195Pt) was used as a viability

marker. All affinity products tagged to metal isotopes were obtained

from Fluidigm. Specimens were processed in batches to minimize

variability and acquired on the CyTOF2 mass cytometer (Fluidigm).

EQ Four Element Calibration Beads (Fluidigm) were used for instru-

ment normalization.

CyTOF data analysis

The CyTOF data were analyzed using online software (Cyto-

bank) as described previously (17, 18). All the samples were

normalized and analyzed simultaneously to account for variability

in signal across long acquisition times. A high-level gating strategy

was applied simultaneously to all CyTOF files. For specific analysis

purposes, we concatenated all sample files to one file. To generate

flow files for certain population, we split files by the population

and downloaded them into individual files for each sample. Linage

markers (CD4, CD8, CD25, CD127, PD-1, CXCR5, CCR7, or

CD45RO) were included in the analysis to identify T cells, and

then distinguish Treg cells, exhausted cells, na€�ve, or memory

T cells.

A t-distribution stochastic neighbor embedding (tSNE) map

was generated by the tSNE analysis that makes a pairwise com-

parison of cellular phenotypes to optimally plot similar cells close

to each other and reduces multiple parameters into two dimen-

sions (tSNE1 and tSNE2). For most analysis, we selected equal

events for each sample. Channel (markers) selection was variable

depending on cell populations to be clustered. We chose 3,000

iterations, perplexity of 30 or 50 and theta of 0.5 as standard tSNE

parameters.

For SPADE analysis, we used 100 target numbers of nodes and 10%

downsampled events target. The clustering channels were selected on

the basis of which cell population to be clustered.

For CITRUS (cluster identification, characterization, and regres-

sion) analysis, models of significance analysis of microarrays and

nearest shrunken centroid were selected for association analysis.

Abundance was chosen for the cluster characterization and the

minimal cluster size was 2%.

Statistical analysis

Statistical analysis was performed using the Student t test. Signif-

icance was determined at P < 0.05. For nonparametric data, a Mann–

Whitney test or Wilcox matched-pairs rank test was performed.

Overall survival (OS) or event-free survival (EFS) was measured from

the date of diagnosis until death from any cause or until the date of next

treatment, respectively. OS or EFS of all patients was estimated using

the Kaplan–Meier method. The univariate associations between indi-

vidual clinical features and survival were determined with the log-rank

test. EFS24 (EFS at 24 months) achieved or failed was defined as

patients who remained in remission or progressed within 24months of

diagnosis. Statistical analysis was performed using software GraphPad

Prism 8 and JMP 14.

Translational Relevance

As a member of the immune checkpoint family, T-cell immu-

noglobulin and ITIM domain (TIGIT) delivers an inhibitory signal

to T cells. In this study, we confirm the role of TIGIT in T-cell

suppression and exhaustion, and establish its importance in pre-

dicting clinical outcome in patients with follicular lymphoma. We

show that when patients with follicular lymphoma are treated with

PD-1 blockade, responding patients are those who have specific

TIGITþ T-cell subsets that coexpress adequate levels of CD28.

These findings not only support the therapeutic potential of

targeting TIGIT in follicular lymphoma, but also may identify

patients with a great potential for responding to immune check-

point blockade.

Yang et al.
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Figure 1.

TIGIT is abundantly and broadly expressed on subsets of intratumoral T cells in follicular lymphoma. A, The viSNE plot of CD45þ cells from follicular lymphoma

showing distribution of cell subsets (i) and TIGIT expression on these cell subsets (ii). Dot plots showing TIGIT expression on intratumoral CD4þ or CD8þ T cells from

follicular lymphoma (iii). Graph showing percentage of TIGITþ cells in CD3þ, CD4þ, or CD8þ T-cell population. n ¼ 82 (iv). B, The viSNE plot of CD3þ cells from

follicular lymphoma showing distribution of TN, TcM, TEM, and TEMRA subsets (i) and TIGIT expression on these cell subsets (ii). Graph showing percentage of TIGITþ

cells in TN, TcM, TEM, and TEMRA cell population. n¼ 82 (iii).C,Graph showing fold change (log2) of surfacemarker expression in TIGITþ versus TIGIT�CD3þ cells.D, The

viSNE plots showing expression of CD25 and CD127 (i) to define Treg cells (iii) or expression of PD-1 and CXCR5 (ii) to define TFH cells (iii). The pie charts showing

percentage of Treg, TFH, and non-Treg/TFH (others) in CD4
þ T cells from tonsil (n¼ 6), reactive lymph nodes (n¼ 3), reactive spleen (n¼ 4), and follicular lymphoma

(n¼ 31; iv).E,Dotplots showing cell proliferation byCFSE staining of TIGITþor TIGIT�T cells isolatedby flowcytometer. Cellswere cultured in an anti-CD3Ab-coated

plate in the presence of anti-CD28 Ab and harvested on day 5 and 9 for detection. F, Histograms showing cytokine expression by TIGITþ or TIGIT� CD4þ cells.

Expression of IFNg , IL2, IL4, and TNFawasmeasured by intracellular staining.G,Histograms showing TNFa expression by CD4þ or CD8þ T cells after treatment with

an anti-TIGIT blocking antibody or a control antibody. Expression of TNFa was measured by intracellular staining.

TIGIT in Follicular Lymphoma

AACRJournals.org Clin Cancer Res; 26(19) October 1, 2020 5219

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

6
/1

9
/5

2
1
7
/2

0
6
1
3
5
3
/5

2
1
7
.p

d
f b

y
 g

u
e

s
t o

n
 2

8
 A

u
g

u
s
t 2

0
2
2



Results
TIGIT is abundantly and broadly expressed on subsets of

intratumoral T cells in follicular lymphoma

To explore the biological and clinical relevance of TIGIT in follic-

ular lymphoma, we first determined TIGIT expression in biopsy

specimens of follicular lymphoma using both flow cytometry and

CyTOF. T cells from tonsil tissue were used as a control. As shown

in Fig. 1A and Supplementary Fig. S1A, TIGIT was abundantly

expressed on intratumoral CD3þ T cells, but virtually absent on

resting T cells from peripheral blood of healthy donors, although

stimulation with anti-CD3/CD28 Abs induced TIGIT expression in a

time-dependent manner (Supplementary Fig. S1B). As a control,

CD226, a receptor that shares ligands with TIGIT and competes for

ligand binding was constitutively expressed on resting T cells from

both peripheral blood and biopsy specimens of lymphoma (Supple-

mentary Fig. S1B). CD16þ or CD56þ NK cells expressed low levels of

TIGIT but the numbers of CD16þ or CD56þ cells were low in the

follicular lymphoma biopsy specimens. CD19þ B cells and CD14þ

monocytes lacked TIGIT expression (Supplementary Fig. S1A). With-

in the CD3þT-cell population, bothCD4þ andCD8þT cells expressed

TIGIT (Fig. 1A, iii). In follicular lymphoma specimens, approximately

65.9% (range, 27.7%–94.8%, n ¼ 82) of CD3þ, 64.8% (25.4%–96.3%,

n ¼ 82) of CD4þ, or 64.3% (22.9%–93.7%, n ¼ 82) of CD8þ T cells

express TIGIT (Fig. 1A, iv). As shown in Fig. 1B, TIGIT-expressing

CD4þ and CD8þ T cells were predominantly memory-type cells as the

vast majority of TIGITþ cells (red, Fig. 1B, i) clustered with TEM

(CD45ROþCCR7�) cells (blue, Fig. 1B, ii). CD3þ TEM accounted for

approximately 82% of TIGITþ T cells in follicular lymphoma while

na€�ve, central memory, and terminally differentiated T cells displayed

minimal expression of TIGIT (Fig. 1B, iii). When comparing with

TIGIT� cells, TIGITþ T cells displayed increased expression of

inhibitory receptors PD-1, TIM-3, LAG-3, BTLA, and ICOS, suggest-

ing an exhaustion phenotype (Fig. 1C). Of note, a unique population of

TIGITþ T cells were identified that lacked coexpression of immuno-

receptors PD-1, TIM-3, LAG-3, BTLA, ICOS, and CD25 and

accounted for approximately 9.04% (range, 1.38%–38.5%, n ¼ 82) of

all TIGITþ T cells (Supplementary Fig. S1C).

It appeared that TIGIT was abundantly expressed on Treg

(CD4þCD25þCD127�) and TFH (PD-1highCXCR5þ) cells and other

CD4þ T cells (non-Treg/TFH; Fig. 1D). In follicular lymphoma speci-

mens, Treg, TFH, and non-Treg/TFH cells accounted for 26.9%, 40.6%,

and 32.6% of TIGITþCD4þ cells, respectively (Fig. 1D, iv). In normal

tonsil, more TFH and fewer Treg cells constituted the TIGITþCD4þ

population as TIGITþ T cells consisted of approximately 62.5% of TFH

and 13.9% of Treg cells. These results suggest that TIGIT
þ T cells are

heterogeneous and a variety of T subsets express TIGIT.

TIGITþ T cells showed reduced capacity for proliferation and

cytokine production. As shown in Fig. 1E, the proliferation of TIGITþ

cells by CFSE was virtually absent, while TIGIT� T cells retained their

proliferative capacity when stimulated with anti-CD3 and anti-CD28

Abs. Similarly, the capacity of TIGITþ T cells for cytokine production

was substantially reduced when compared with TIGIT� T cells

(Fig. 1F). Supporting this, inhibition of TIGIT signaling using a

blocking Ab enhanced TNFa expression by both CD4þ and CD8þ

T cells (Fig. 1G).

TIGIT is expressed on activated Treg cells with enhanced

suppressive properties

As noted before, CD25 expression was frequently observed on a

subset of TIGITþ T cells and less commonly seen in TIGIT� T cells

(Fig. 2A). Approximately 78.1% (range, 37.7%–95.9%, n ¼ 31) of

CD4þCD25þ T cells expressed TIGIT, which accounted for approx-

imately 26.9% (range, 5.9%–52.3%, n¼ 31) of the total CD4þTIGITþ

T cells (Fig. 2A). A small proportion (21.9%; range, 4.0%–62.3%,

n ¼ 31) of CD4þCD25þ T cells lacked TIGIT expression. The

observation that Foxp3 was induced in CD4þTIGITþ cells but not

in CD4þTIGIT� T cells supports the notion that TIGIT is preferen-

tially expressed on Treg cells (Fig. 2B).

Two Treg subsets, namely resting and activated Treg cells (rTreg and

aTreg), are defined by coexpression of CD45RA and CD25 (rTreg:

CD45RAþCD25low; aTreg: CD45RA
�CD25high; refs. 19, 20). Although

the majority of Treg cells are aTreg cells, a small portion of rTreg cells

exists in follicular lymphoma. rTreg and aTreg accounted for 2.5% and

17% of the total CD4þ cells in follicular lymphoma, respectively

(Fig. 2C). Control benign tissues such as reactive LN or SP had

significantly higher rTreg cells when compared with follicular lym-

phoma tumor tissue (Fig. 2C). We observed that the number of cells

expressing TIGIT was significantly higher in the aTreg than the rTreg

subset, and aTreg cells tended to express higher levels of TIGIT when

compared with rTreg cells (Fig. 2D). Phenotypically, CD25þTIGITþ T

cells were distinct from CD25þTIGIT� T cells (Fig. 2E and F). As

shown in Fig. 2F, expression of CD27, CD28, and 4-1BB was signif-

icantly higher in CD25þTIGITþ cells, suggesting that loss of costi-

mulatory molecules was uncommon in CD25þTIGITþ T cells when

compared with CD25þTIGIT� T cells. In addition, CD25þTIGITþ T

cells tended to be more activated, as the activation marker CD69 was

highly expressed on CD25þTIGITþ T cells when compared with

CD25þTIGIT� T cells.

Treg subsets defined by TIGIT expression showed functional rele-

vance as the suppressive capacity of CD4þCD25þTIGIT� cells and

CD4þCD25þTIGITþ cells differed. As shown in Fig. 2G, although

CD4þCD25þTIGIT� T cells suppressed the activation (CD25 expres-

sion) and proliferation (decreased CFSE expression) of CD8þ T cells,

this inhibitory effect was greater when CD8þ cells were cocultured

withCD4þCD25þTIGITþ cells. These results suggest that TIGITplays

a role in delineating specific subsets of Treg cells with different

suppressive capabilities.

TIGIT expression defines intratumoral non-Treg/TFH CD4þ cells

as exhausted cells

In addition to abundant expression of TIGIT on Treg and TFH cells,

otherCD4þTcells (non-Treg/TFH) also expressed TIGIT (Fig. 3A), but

to a lesser extent when compared to Treg and TFH cells (Fig. 3B).

Compared with TIGIT� T cells, non-Treg/TFH TIGITþCD4þ popu-

lation showed reduced expression of CD45RA, CCR7, and CD127,

suggesting a more memory type-like T cell (Fig. 3C). The non-Treg/

TFH TIGITþCD4þ population displayed increased expression of

inhibitory receptors PD-1, TIM-3, LAG-3, BTLA, and ICOS when

compared with the TIGIT�CD4þ population, suggesting an immune

exhaustion phenotype (Fig. 3C and D).

We then assessed the profile of T helper (TH) cells in this population

of non-Treg/TFH TIGITþCD4þ cells. We identified TH1, TH2, TH17,

and TH22 based on expression of CCR4, CXCR3, CCR5, CCR6, and

CD161 and the gating strategy to define TH subsets is presented in

Supplementary Fig. S2. In follicular lymphoma, TH1 cells dominated

these TH subsets, whereas other TH subsets constituted minor popula-

tions. Approximately 38.7%, 9.7%, 7.2%, and 5.4% of the residual

CD4þ population were TH1, TH2, TH17, and TH22 cells, respectively

(Fig. 3E). Compared with TIGIT� T cells, non-Treg/TFH TIGITþ

T cells comprised a majority of the TH1 cell population. We did not

see a difference in the number of TH2, TH17, or TH22 cells between

Yang et al.
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TIGIT� and TIGITþ cells. This result indicated that TH1 cells

accounted for themajority of non-Treg/TFH TIGITþCD4þ in follicular

lymphoma.

As a mixed population, we then characterized the phenotype of the

non-Treg/TFH TIGITþCD4þ population using a tSNE analysis. Nine

distinct subsets (S1–S9) were identified and the frequency ranged from

2.4% to 14.5% (n ¼ 82; Fig. 3F). Although each subset possessed a

unique phenotype, some subsets were largely distinct from other

subsets and some only modestly different from others (Fig. 3G). All

subsets lacked CD45RA expression, identifying a memory phenotype

for this population. In addition, all subsets had variable expression of

CD5 and CD28 as well as some expression of HLA-DR. One (S1) and

two (S7 and S8) subsets lacked expression of CD7 and CD27, respec-

tively. S3 and S4 expressed CCR7, suggesting a central memory (TCM)

phenotype. PD-1 was expressed on most subsets except two (S3 and

S4), suggesting that the majority of the non-Treg/TFH TIGITþCD4þ

Figure 2.

TIGIT is preferentially expressed on activated Treg
cells with enhanced suppressive properties. A, The

viSNE plots showing CD25 expression by TIGITþ or

TIGIT� CD4þ cells. Graphs below showing percent-

age of TIGITþ or TIGIT� cells in CD4þCD25þ pop-

ulation (left) or percentage of CD25þ cells in TIGITþ

or TIGIT� CD4þ cells (n¼ 82). B, Dot plots showing

expression of CD25 and Foxp3 by TIGIT� or TIGITþ

CD4þ or CD8þ cells. T cells fromhealthy donorwere

cultured in an anti-CD3 Ab-coated plate in the

presence of anti-CD28Ab for 5 days and expression

of CD25 and Foxp3 on gated TIGIT� or TIGITþCD4þ

or CD8þ cells was measured by flow cytometry.

C, Dot plots showing coexpression of CD45RA and

CD25 to define rTreg (CD45RAþCD25þ) or aTreg
(CD45RA�CD25þ) from a representative rLN or

follicular lymphoma biopsy specimen. Graph below

showing percentage of rTreg and aTreg in CD4þ

population in tonsil, rLN, rSP, or follicular lympho-

ma,n¼ 82.D,Histograms showing TIGIT expression

by rTreg or aTreg cells and graphs below showing

percentage of TIGITþ cells (left) or TIGIT expression

level (MFI, right) in rTreg or aTreg cells. E, The viSNE

plots (contour) of TIGITþ or TIGIT� CD25þ cells

from follicular lymphoma. The tSNE analysis was

performed on a concatenated file (n¼ 82). F,Graph

showing fold change (log2) of surface marker

expression in TIGITþ versus TIGIT� CD25þ cells.

G, Histograms showing CFSE staining and expres-

sion of CD25 by CD8þ cells cocultured alone or with

TIGITþ or TIGIT� CD25þ cells.
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Figure 3.

TIGIT expression defines intratumoral non-Treg/TFHCD4
þ cells as exhausted cells.A, The viSNE plots showing expression of TIGIT on Treg, TFH, and non-Treg/TFH cells.

B,Graph showing TIGIT expression level byMFI on Treg, TFH, and non-Treg/TFH cells.
�� , P <0.01when comparingwith both Treg and TFH.C,Graph showing fold change

(log2) of surfacemarker expression in TIGITþ versus TIGIT� non-Treg/TFH cells.D, SPADEmaps showing expression of PD-1, TIM-3, ICOS, or BTLA on TIGITþ or TIGIT�

non-Treg/TFH cells. The dots in blue or in red indicate low or high expression, respectively. The dots with big size contain more cell events. Graphs (below) showing

percentage of PD-1þ, TIM-3þ, ICOSþ, or BTLAþ cells in TIGITþ or TIGIT� non-Treg/TFH cells. E,Graph (left) showing percentage of TH1, TH2, TH17, or TH22 in CD4
þ non-

Treg/TFH cells. See Supplementary Fig. 2 for identification of these TH subsets. Graphs (right) showing percentage of TH1, TH2, TH17, or TH22 in TIGITþ or TIGIT� non-

Treg/TFH cells, n¼ 82. F, The viSNE plot showing cell subsets from a representative patient sample. Subsets were identified on the basis of viSNE plots in which cells

with similar phenotype were clustered together. Graph (right) showing percentage of each subset in TIGITþ non-Treg/TFH cells, n¼ 82. G, Heatmap showing median

intensity of each marker for subsets identified above. H, Kaplan–Meier curves of overall survival of subsets of S2, S3, S4, and S8 in patients with follicular lymphoma

(n ¼ 82).
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cells were exhausted cells. We then tested whether any of these non-

Treg/TFH subsets were associated with patient outcome and found that

S2 and S8 were associated with an inferior overall survival and S3 and

S4, in contrast, correlated with a favorable overall survival using the

median number of cells as a cut point (Fig. 3H). This result correlated

with PD-1 expression (exhaustion) on cells from S2 and S8, while cells

from S3 and S4 lacked PD-1 expression (Fig. 3G). Consistent with

patient survival results, we observed that the number of cells from S4

was significantly higher in patients who achieved EFS24 than patients

who failed EFS24 (Supplementary Fig. S3A). Cox regression analysis

showed a higher risk ratio for S2 and S8 and a low risk ratio for S3 and

S4, meaning a worse and better overall survival for S2/S8 and S3/S4,

respectively (Supplementary Table 3). Together, these findings sug-

gested a correlation between T-cell exhaustion and patient survival.

Figure 4.

TIGIT is involved in CD8þ T-cell differentiation and is preferentially

expressed on late-stage memory cells. A, The viSNE plot showing

TIGIT expression on CD4þ and CD8þ cells. Graph (right) showing

percentage of TIGITþ cells on CD4þ or CD8þ cells in follicular

lymphoma, n ¼ 82. B, Histogram from a representative follicular

lymphoma sample (left) and graph (right) showing TIGIT expression

level on CD4þ or CD8þ cells, n ¼ 82. C, Graph showing fold change

(log2) of surface marker expression in TIGITþ versus TIGIT� CD8þ

cells. D, Dot plots showing coexpression of TIGIT and CD45RO or

CD45RA in CD8þ T cells. Graph (right) summarizes percentage of

TIGITþ cells in CD8þCD45ROþ or CD8þCD45RAþ T cells in follicular

lymphoma. E, Dot plots showing coexpression of CD57 and CD28 or

CD27 in CD8þ T cells. Graph (right) summarizes percentage of

CD28þCD57þ and CD27þCD57þ in CD8þ T cells in follicular lym-

phoma. Graphs (below) summarizes TIGITþ cells in CD28þCD57þ or

CD28�CD57þ as well as CD27þCD57þ or CD27�CD57þ T cells in

follicular lymphoma. F, Dot plots showing coexpression of CD127

and KLRG1 to define SLEC (CD127�KLRG1þ) and MPEC

(CD127þKLRG1�). Graph (right) summarizes percentage of SLEC

and MPEC in CD8þ T cells from follicular lymphoma, n ¼ 82.

G, Histogram showing TIGIT expression by SLEC and MPEC. Graph

(right) summarizes percentage of TIGITþ cells in SLEC and MPEC

subset from follicular lymphoma, n¼ 82.H,Histogram showing PD-1,

TIM-3, ICOS, or BTLA on TIGITþ SLEC or MPEC subset.
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TIGIT is preferentially expressed on late-stage memory CD8þ

T cells

In addition to its expression on CD4þ T cells, TIGIT is also

expressed on intratumoral CD8þ T cells and approximately 61.9%

of CD8þT cells expressed TIGIT (Fig. 4A). Expression levels of TIGIT

on CD8þ T cells were substantially lower when compared with CD4þ

T cells, although the number of TIGIT-expressing CD4þ and CD8þ

T cells was quite comparable (Fig. 4B). The higher expression level of

TIGIT onCD4þT cells is attributed to abundant expression on theTreg

and TFH subsets. These results suggest that TIGIT is highly expressed

on specialized subsets (Treg and TFH) with lower level expression on

exhausted T cells (CD4þ and CD8þ). Similar to TIGITþCD4þ T cells,

TIGITþCD8þT cells displayed amemory phenotype as the number of

cells expressing CD45RA, CCR7, and CD127 were lower in TIGITþ

cells than TIGIT� cells. In addition, CD8þTIGITþT cells displayed an

immune exhaustion phenotype, as expression of inhibitory receptors

PD-1, TIM-3, LAG-3, BTLA, and ICOS were increased when com-

pared with CD8þTIGIT� cells (Fig. 4C).

Next, we assessed whether TIGIT is involved in intratumoral CD8þ

T-cell differentiation. The finding that TIGIT was predominantly

expressed on memory (CD45ROþ) cells and modestly on na€�ve

(CD45RAþ) cells indicated that TIGIT is involved in intratumoral

CD8þ T-cell differentiation (Fig. 4D). Conversion from

CD28þCD57� or CD27þCD57� to CD28�CD57þ or CD27�CD57þ

represents a path of CD8þ T-cell differentiation under conditions of

persistent immune stimulation. As shown in Fig. 4E, approximately

4.5% and 5.1% CD8þ T cells had differentiated into CD28�CD57þ or

CD27�CD57þ in follicular lymphoma, respectively. Compared with

CD28þCD57� or CD27þCD57� CD8þ T cells, CD28�CD57þ or

CD27�CD57þ CD8þ T cells showed a significantly increased TIGIT

expression, suggesting that TIGIT is preferentially expressed by late-

stage memory cells (Fig. 4E).

CD8þ effector cells consist of subsets of short-lived effector cells

(SLEC) and memory–precursor effector cells (MPEC) defined by

expression of CD127 and KLRG1. In follicular lymphoma, SLECs

(KLRG1þCD127�) and MPECs (CD127þKLRG1�) accounted for

approximately 31.5% (range, 6.5%–82.3%, n ¼ 80) and 20.9% (range,

0.8%–49.1%, n ¼ 80) of intratumoral CD8þ T cells, respectively

(Fig. 4F). Although its expression was not completely absent on

MPECs, TIGIT was abundantly expressed on SLECs (Fig. 4G). In

follicular lymphoma, TIGIT was expressed on approximately 79.3%

(range, 30.7%–97.5%, n¼ 80) and 28.8% (range, 4.9%–67.5%, n¼ 80)

of intratumoral MPECs and SLECs, respectively (Fig. 4G). These

TIGITþ SLECs also exhibited an exhaustion phenotype. As shown

in Fig. 4H, TIGITþSLECs expressed inhibitory receptors including

PD-1, TIM-3, ICOS, and BTLA and the percentage of TIGITþ cells

expressing PD-1, TIM-3, ICOS, or BTLA cells was 87.2%, 54.5%,

82.3%, and 64.8%, respectively. Taken together, these results suggest

that TIGIT is involved in CD8þ T-cell differentiation and

TIGITþCD8þ T cells exhibit a phenotype of exhaustion.

TIGIT expression correlates with an unfavorable survival in

patients with follicular lymphoma

Given a broad expression of TIGIT and its role in defining T subsets

that mediate distinct immune responses, we explored the clinical

relevance TIGIT expression had in follicular lymphoma. To test this,

we measured the number of TIGITþ T cells in biopsy specimens, as

well as clinical parameters, in a cohort of 82 untreated follicular

lymphoma patients that had a follow-up for approximately 20 years.

We observed that intratumoral CD3þTIGITþ cells were differentially

represented in patient groups defined by clinical parameters. As shown

inFig. 5A, the frequency ofCD3þTIGITþ cells was significantly higher

in patients older than 60 years and patients who had an elevated lactate

dehydrogenase at diagnosis. In contrast, patients with hemoglobin

(HGB) < 12 g/dL at diagnosis showed decreased numbers of

CD3þTIGITþ cells when compared with patients with HGB > 12 g/dL

at diagnosis. Interestingly, patients who had reduced numbers of

CD3þTIGITþ cells were more likely to respond to therapy, as the

numbers of CD3þTIGITþ cells were significantly lower in patients

who had complete (CR) or partial remission (PR) than patients who

had no response or progression (Fig. 5A). We did not see a difference

of frequency of CD3þTIGITþ cells correlating with other clinical

parameters such as histology (follicular grade 1/2 vs. 3a/b), stage (I/

II vs. III/IV), B symptoms (yes vs. no), number of lymph node sites (1–

3 vs. ≥4), follicular lymphoma IPI scores (1–2 vs. 3–5), absolute

lymphocyte count (greater than 0.89 � 109/l vs. less than 0.89 �

109/l) and EFS24 (achieved vs. failed).

We then determined whether the numbers of intratumoral TIGITþ

T cells correlated with EFS or OS in patients with follicular lymphoma.

We extracted TIGITþ T-cell numbers as the percentages among

CD3þ, CD4þ, or CD8þ T cells (CD3þTIGITþ, CD4þTIGITþ, or

CD8þTIGITþ) from the cohort of 82 patients with follicular lympho-

ma. Using the Kaplan–Meiermethod and themedian number as a cut-

off point, we found that an increased number of CD3þTIGITþ T cells

was significantly associated with an inferior EFS (P¼ 0.0276) as well as

a poorer OS (P ¼ 0.0151; Fig. 5B). Consistent with this finding, RNA

sequencing analysis revealed that TIGIT RNA expression level cor-

related with a worse outcome in patients with follicular lymphoma,

although a statistical significance was not achieved (P¼ 0.0872 for OS

and P¼ 0.0703 for EFS; Supplementary Fig. S4A). Similar results were

seen in subsets of CD4þTIGITþ or CD8þTIGITþ T cells (Fig. 5B).

This correlation was independent of other immune inhibitory recep-

tors, as TIGIT was the only receptor that significantly correlated with

patient survival when analyzed using a multivariate method (Supple-

mentary Table 3). The Cox regression analysis showed a higher risk

ratio for CD3þTIGITþ, CD4þTIGITþ, or CD8þTIGITþ T subsets,

consistent with the above survival findings (Supplementary Table S3).

To exclude impact of therapy on TIGIT-associated patient survival, we

selected a cohort of patients who were observed and received no

treatment and performed the Kaplan–Meier analysis. Similar results

were observed, in that increased number of TIGITþ T cells correlated

with an inferior overall and event-free survival in follicular lymphoma

(Supplementary Fig. S4B).

Immune signatures from CD8þTIGITþ contribute to TIGIT-

associated survival in follicular lymphoma

Given the reduced function and inferior survival association of

TIGITþ T cells in follicular lymphoma, we questioned which pheno-

type (immune signature) could contribute to TIGIT-associated clinical

outcomes. Clinical endpoint EFS24 and survival (alive vs. dead) was

used to address this question. Using CITRUS analysis, we identified 6

clusters (red dots) that differed between patientswho failed or achieved

EFS24 (Fig. 6A, i). Two clusters (261915 and 281914) came from the

CD8þTIGITþ population and the other four from the CD4þTIGITþ

population with parent cluster 261931. As a result, these clusters

exhibited a similar phenotype. Two CD8þ clusters (261915 and

281914) showed a typical exhausted phenotype of PD-1lowTIM-3þ

expression (Fig. 6A, ii). The abundance of these clusters was higher in

the patients who failed EFS24 than thosewho achieved EFS24 (Fig. 6A,

iii). Next, using the same analysis, we compared two groups of patients

who remain alive and patients who died and identified 4 clusters (red

dots) that differed between these patient groups (Fig. 6B, i). All these 4
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clusters (79592, 79580, 79605, and 79609) came from CD8þTIGITþ

population. Cluster 79609 was a parent cluster that divided cells to

form clusters 79605, 79580, and 79592. Therefore, these 4 clusters

showed a similar phenotype and all had reduced levels of ICOS, PD-1,

CD26, BTLA, CD161, and CD57, and increased levels of CXCR3,

CCR7, CD127, and KLRG1 (Fig. 6B, ii), suggesting a less exhausted

phenotype. The abundance of these clusters was higher in the patients

who were alive than those who died (Fig. 6B, iii). These results suggest

that TIGITþCD8þ T cells may play a major role in TIGIT-associated

clinical outcome in follicular lymphoma. Given the unique phenotype

of these clusters, we wondered whether any of these clusters had

prognostic impact in follicular lymphoma. By extracting the abun-

dance events of these 4 clusters from each patient of this cohort, we

analyzed survival curve using the Kaplan–Meiermethod.We observed

that increased abundance of clusters 79605, 79580, and 79592 was

associated with a better overall survival using the median number as

Figure 5.

TIGIT expression correlates an unfavorable survival in patients with follicular lymphoma. A, Graphs showing percentage of TIGITþ T cells in two patient groups.

Patients with follicular lymphoma were grouped using age (older than 60 vs. not), histology (grade 1/2 vs. 3a/b), stage (I/II vs. III/IV), hemoglobin (HGB) level

(<12 g/dL vs. ≥12 g/dL), B symptoms (no vs. yes), treatment response (no vs. yes), nodal number (more than 4 vs. not), FLIPI score (greater than 3 vs. not), absolute

lymphocyte counts (ALC,<0.89� 109/l vs.≥0.89� 109/l), and lactate dehydrogenase (LDH) level (abnormal vs. not).B,Kaplan–Meier curves forOSor EFSof patients

with follicular lymphoma (n ¼ 82) by the number of TIGITþ CD3þ, CD4þ, and CD8þ cells with a cutoff of 68.2%, 66.8%, and 68.5%, respectively.
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Figure 6.

Immune signatures from CD8þTIGITþ contribute to TIGIT-associated survival in follicular lymphoma. A (i) or B (i), CITRUS plot showing clustering results from

patients with follicular lymphoma divided by 2 groups (EFS24 failed vs. achieved) or (patients alive vs. dead). Circles in red represent clusters that differed between

groups. Number in circles indicates a cluster ID. A (ii) or B (ii), Histogram plots showing expression of selected markers by cells from all clusters overlaid on

background staining. Expression level of each selected marker was expressed by cluster (red) over background (light blue). A (iii) or B (iii), Graph showing

quantitative results of abundance from all clusters. C, Kaplan–Meier curves for OS of patients with follicular lymphoma (n ¼ 82) by the abundance of 4 clusters.
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Figure 7.

PD-1 immunotherapy targets exhausted TIGIT subsets in follicular lymphoma.A,Graph showing percentage of CD3þTIGITþ T cells in normal PB, follicular lymphoma

PB, and follicular lymphoma tissue.B, The viSNEplots showing cell subsets froma representative patient sample before and after pembrolizumab treatment. Subsets

were identified on the basis of viSNE plots in which cells with similar phenotype were clustered together. C, Heatmap showing median intensity of each marker for

subsets identified above in a representative patient sample before and after pembrolizumab treatment. D, Graphs summarize the percentage of each subset in

patients before and after treatment (n ¼ 21). E, The viSNE plots showing CD28 expression in representative patients with partial response or no response. Graph

(right) summarizes the percentage of CD28 expression level in TIGITþ T cells in patients with partial response or no response. F, CITRUS plot showing clustering

results from patients with follicular lymphoma divided by 2 groups (NR vs. PR). Circles in red represent clusters that differed between groups. Number in circles

indicates a cluster ID. Graph on the right showing quantitative results of abundance from 7 clusters. G, Histogram plots showing expression of selected markers by

cells from 7 clusters overlapped to background. Expression level of each selected marker was expressed by cluster (red) over background (light blue).
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the cut-off point (Fig. 6C), which is consistent with the finding that

these 3 clusters shared similar phenotype. Supporting this finding, Cox

regression analysis showed a lower risk ratio for all 4 clusters, and a

better OS (Supplementary Table S3). Given these clusters had less

exhausted phenotypes, these results suggest that T-cell exhaustion,

especially CD8þ exhaustion, contributed to TIGIT-associated survival

in follicular lymphoma.

PD-1 immunotherapy targets exhausted TIGIT subsets in

follicular lymphoma

Immunotherapy, especially anti–PD-1 therapy, has improved the

outcome of patients with cancer by promoting an antitumor T-cell

response. Given that TIGIT is coexpressed with PD-1 on exhausted

T cells in follicular lymphoma, we next determined whether PD-1–

mediated immunotherapy had an effect on TIGIT subsets, particularly

those with an exhausted phenotype. Using specimens from a clinical

trial of pembrolizumab, an FDA-approved anti–PD-1 Ab, in 21

patients with relapsed or refractory follicular lymphoma, PB from

these patients collected before and after pembrolizumab therapy was

analyzed using CyTOF. As shown in Fig. 7A, TIGIT was more

abundantly expressed on PB T cells from follicular lymphoma than

healthy donors, although at lower levels than what was seen on

intratumoral T cells. TIGITþ T cells accounted for approximately

36.2% of the total T cells from PB compared with 62.4% in biopsy

specimens from follicular lymphoma. Anti–PD-1 therapy did not alter

TIGIT expression as no significant difference of the numbers of

TIGITþ T cells (CD3þ, CD4þ, or CD8þ) was seen between patients

before or after the treatment (Supplementary Fig. S5A). However,

we found that anti–PD-1 therapy had an effect on phenotypes of

CD4þTIGITþ T cells by altering the numbers of TIGITþ subsets.

TIGITþ subsets were defined by tSNE analysis and 8 subsets (S1–S8) of

CD4þTIGITþ T cells were determined on the basis of phenotypic

difference (Fig. 7B). S1 and S7 were two subsets having CD25

expression, therefore, classified into Treg cell subsets. S4 displayed

CD45RA expression and constituted both na€�ve and terminally dif-

ferentiated cells based on CCR7 expression status (Fig. 7C). It

appeared that these 3 subsets did not respond to anti–PD-1 therapy

as the percentage of cell numbers showed no significant difference

before and after pembrolizumab. Among other 5 subsets of memory

cells, S3 and S8 exhibited phenotypical features of exhaustion when

compared to S5 and S6 as S3 and S8 expressed increased inhibitory

markers such PD-1, TIM-3, ICOS, and LAG-3 (Supplementary

Fig. S5B). Although S3 and S8 were suppressed by anti–PD-1 therapy,

S5 and S6 that displayed a less exhausted phenotype were expanded

after pembrolizumab treatment (Fig. 7D). These results suggest that

anti–PD-1 therapy targeted TIGITþ exhausted T-cell populations and

promoted expansion of TIGITþ effector cells.

In the current cohort, 4 patients achieved a PR after pembrolizu-

mab. By comparing these 4 patients to nonresponders (NR), we found

that patients who had a higher level of CD28 expression on TIGITþ T

cells were more likely to achieve a response to pembrolizumab than

patients who had low CD28 expression on TIGITþ T cells (Fig. 7E).

The number of TIGITþCD28� T cells was significantly lower in

responders than nonresponders. Of note, there was a weak positive

association betweenTIGIT andCD28 expression, in that higher TIGIT

expression correlated with higher CD28 expression on PD-1þ cells

(data not shown).

We next wondered which clusters contribute to the clinical efficacy

(NR vs. PR) of pembrolizumab. By CITRUS analysis, we identified 7

clusters that differed between patients with NR and PR. Five clusters

were from CD4þTIGITþ T cells and two from CD8þTIGITþ T cells.

Although the abundance of all clusters from CD4þTIGITþ T cells

increased, the abundance of clusters from CD8þTIGITþ T cells

decreased in patients with a PR after anti–PD-1 therapy (Fig. 7F).

Interestingly, all clusters from CD4þTIGITþ T cells showed increased

CD28 and CD27 expression while clusters from CD8þTIGITþ T cells

(69083 and 69086) displayed decreased CD28 and CD27 expression

(Fig. 7G). By comparing CD28 expression on CD4þTIGITþ and

CD8þTIGITþ T cells, we observed that CD28 loss was dramatic as

approximately 65.1% of CD8þTIGITþ T cells lost CD28 expression

when compared with 11.6% of CD4þTIGITþ T cells (Supplementary

Fig. S5C).

Discussion
Intratumoral T cells are the major component of antitumor immu-

nity and impact patient outcome in follicular lymphoma (21–23),

although intratumoral macrophages also play a crucial role in medi-

ating the immune response and may negatively affect clinical

outcomes (24–30). From preclinical and clinical observations, mole-

cules from the immune checkpoint family play a crucial role in

regulating antitumor immunity in lymphomas (31–33). TIGIT, a

member of this family, is no exception (14, 15). TIGIT was initially

identified to be expressed on regulatory, memory, and activated

T cells (1) and subsequently shown to be expressed on other T cells,

including Treg and TFH cells. Intratumoral T cells exhibit robust TIGIT

expression as nearly all major subsets of TIGITþ T cells are present in

the tumor microenvironment. We observed multiple TIGITþ subsets

including effector memory cells, Treg, TFH, and exhausted cells, and

these subsets exist in substantial numbers in follicular lymphoma.

Broad expression of TIGIT on intratumoral T cells may magnify its

impact on anti-immunity, thereby affecting patient outcomes as

shown in the current study.

It has been shown that TIGIT is expressed on Treg cells (34, 35) and

we found that Treg cells were the major T-cell subset to express TIGIT

in follicular lymphoma. The finding that Foxp3 and TIGIT were co-

induced on activated CD4þ T cells in vitro indicated that TIGIT and

Treg cells (Foxp3
þ cells) are intrinsically correlated. TIGIT expression

was strong and abundant on most intratumoral Treg cells in follicular

lymphoma and lack of TIGIT expression resulted in a distinct phe-

notype of Treg cells. For example, a number of functional T-cell

markers including CD7, CD27, and CD28, as well as CD69 and 4-1BB,

are highly expressed on TIGITþ Treg cells when compared with

TIGIT� Treg cells, which is consistent with a previous report (36).

These findings may make TIGIT highly relevant to Treg cell function

and we found that TIGIT is preferentially expressed on a more

functional Treg cell type (highly functional aTreg compared with a less

functional rTreg). Supporting this finding, TIGITþ Treg cells showed

increased suppression of CD8þT cells when compared to TIGIT�Treg

cells. The finding that TIGITþ Treg cells express more functional

receptors than TIGIT� Treg cells may contribute to increased function

of TIGITþ Treg cells over TIGIT
� Treg cells. A previous study revealed

that TIGIT signaling restores suppressor function of TH1 Treg cells

through repression of Akt, reiterating a role of TIGIT in Treg

function (37).

In follicular lymphoma, TIGIT is expressed on a substantial number

of intratumoral CD4þ T cells that are not Treg or TFH (non-Treg/TFH)

cells. These non-Treg/TFH TIGITþ cells expressed increased levels of

inhibitory receptors such as PD-1, TIM-3, ICOS, and BTLA when

compared with TIGIT� cells, indicating an immunologically

exhausted population, which is consistent with data, suggesting that

TIGIT functions as an immune-checking molecule and contributes to

Yang et al.

Clin Cancer Res; 26(19) October 1, 2020 CLINICAL CANCER RESEARCH5228

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

6
/1

9
/5

2
1
7
/2

0
6
1
3
5
3
/5

2
1
7
.p

d
f b

y
 g

u
e

s
t o

n
 2

8
 A

u
g

u
s
t 2

0
2
2



T-cell exhaustion (38–40). The non-Treg/TFHTIGITþ cells consisted of

TH subsets with predominance of TH1 cells. Subsets identified by

viSNE analysis demonstrated the prevalence of TH1 cells and fewer

TH2, TH17, and TH22 cells in non-Treg/TFH TIGITþ fraction, consis-

tent with our previous studies (32, 41).

TIGIT is also expressed on intratumoral CD8þ T cells with expres-

sion levels similar to non-Treg/TFH CD4þ cells but lower than Treg and

TFH cells. These results suggest that high expression of TIGIT defines

specialized subsets (Treg and TFH) and dim expression defines

exhausted T cells (CD4þ and CD8þ), a finding similar to PD-1

expression in which high expression of PD-1 defines specialized

subsets (TFH) and dim expression defines exhausted T cells (CD4þ

and CD8þ; ref. 31). TIGITþCD8þ T cells exhibited a distinct pheno-

typical profile when compared with TIGIT�CD8þ T cells and

expressedmultiple inhibitory receptors including PD-1, TIM-3, ICOS,

and BTLA, suggesting an exhaustion phenotype similar to that seen

in other types of cancers (9, 14, 40). An interesting finding is that

TIGIT is involved in CD8þ T cell differentiation. It has been shown

that loss of CD28 or CD27 expression represents T cells in the late

stage of differentiation and gain of CD57 expression on CD28� or

CD27� CD8þ T cells identifies them as terminally differentiated

cells (42–44). The path from CD28þCD57� or CD27þCD57� to

CD28�CD57þ or CD27�CD57þ reflects CD8þ T-cell differentiation

under conditions of persistent immune stimulation. We observed that

TIGIT is highly expressed by CD28�CD57þ or CD27�CD57þ CD8þ

T cells, rather than CD28þCD57� or CD27þCD57� CD8þ T cells.

Consistent with this finding, we found that TIGIT is preferentially

expressed on short-lived effector memory CD8þ cells. Taken

together, these results indicate that TIGIT is highly expressed on

late-stage CD8þ T cells and may be involved in CD8þ T-cell

differentiation.

Despite extensive investigations (12, 38, 40, 45), studies regard-

ing the role of TIGIT in cancer patient survival are limited. In

patients with AML, high TIGIT expression correlates with primary

refractory disease and leukemia relapse post-alloSCT (9). In hep-

atitis B virus–associated hepatocellular carcinoma (HBV-HCC),

PD-1þTIGITþCD8þ T-cell populations were negatively correlated

with overall survival and progression-free survival rates (46).

Consistent with these findings, we observed that increased num-

bers of TIGITþ T cells are associated with an inferior survival in

follicular lymphoma. We have previously shown that intratumoral

PD-1high or PD-1low CD4/CD8 T cells are differentially prognos-

tic (31). In the current study, we observed a similar finding that

TIGIThigh or TIGITlow CD4/CD8 T cells are differentially prog-

nostic, which may be attributed to coexpression of TIGIT with

PD-1. Clustering analysis showed that CD8þ T cells with an

exhaustion phenotype mainly contribute to TIGIT-associated infe-

rior survival, consistent with other studies (9, 46).

Given coexpression of TIGIT and PD-1 on exhausted T cells, we

determined whether TIGITþ T-cell subsets responded to anti–PD-1

Ab therapy in patients with relapsed and/or refectory follicular

lymphoma. We observed that while TIGITþ T cells as a whole did

not respond, subsets of TIGITþ T cells responded to pembrolizumab

treatment differentially. TIGITþ subsets with an exhaustion pheno-

type are downregulated and the subsets with effector phenotypes are

upregulated by pembrolizumab therapy, respectively. This finding

may suggest a potential mechanism for anti–PD-1 therapy in that

pembrolizumab inhibits exhausted T cells and promotes the expansion

of functionally active effector cells. Supporting this, patients with

follicular lymphoma with high expression of CD28 on TIGITþ T cells

responded to pembrolizumab compared with patients showing no

response. This finding is also consistent with previous studies iden-

tifying CD28 as the primary target for PD-1–targeted therapy (47, 48).

In the current study, we found that the function of TIGITþ T cells is

diminished, but that blocking TIGIT signaling restores T-cell func-

tion (10, 49). On the basis of the findings, the use of antibodies that

block additional members of the immune checkpoint family, such as

TIGIT, may have therapeutic potential in patients with lymphoma.

Clinical trials (NCT02794571, NCT02913313, NCT03119428,

NCT02964013, NCT03628677) are therefore investigating the efficacy

of TIGIT blockade in patients with cancer.

In summary, the current study found that TIGIT was expressed

on the majority of intratumoral T cells in follicular lymphoma

including Treg, TFH, and exhausted T cells. TIGITþ T cells showed

reduced cytokine production and poor proliferative capacity, and

displayed a distinct phenotype compared to TIGIT� T cells.

Clinically, increased numbers of TIGITþ T cells are associated

with an inferior survival in follicular lymphoma and anti–PD-1

therapy has differential effect on TIGIT subsets. Taken together, by

utilizing high-throughput technology and comprehensive analysis

of a large patient cohort, the current study provides a greater

understanding of the biological and clinical roles of TIGIT, and

also supports the therapeutic potential of targeting TIGIT in

follicular lymphoma.
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