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Abstract

Purpose: Regulatory T-cells (Treg) are essential to Tregs homeostasis and modulate the
antitumor immune response in patients with lymphoma. However, the biology and prognostic
impact of Tregs in splenic marginal zone lymphoma (SMZL) have not been studied.

Experimental Design: Biopsy specimens from 24 patients with SMZL and 12 reactive
spleens (rSP) from individuals without lymphoma were analyzed by using CITE-seq (cellular
indexing of transcriptomes and epitopes by sequencing), CyTOF (mass cytometry) analysis, and
flow cytometry to explore the phenotype, transcriptomic profile, and clinical significance of
intratumoral Tregs and their subsets. The biological characteristics and cell signaling pathways of
intratumoral Treg subsets were confirmed by /n vitro functional assays.

Results: We found that Tregs are more abundant in SMZL patients’ spleens than rSP, and

Tregs from patients with SMZL and rSP can be separated into CD161*Treg and CD26*Treg
subsets. CD161"Tregs are increased in SMZL but have dysregulated immune function. We

found that CD161*Treg and CD26*Tregs have unique gene expression and phenotypic profiles
and are differentially correlated with patient outcomes. Specifically, increased CD161*Tregs are
significantly associated with a favourable prognosis in patients with SMZL, whereas CD26*Tregs
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are associated with a poor prognosis. Furthermore, activation of the IL2/STAT5 pathway
contributes to the induction of CD26* Tregs and can be reversed by STAT5 inhibition.

Conclusions: IL2/STAT5-mediated expansion of CD26*Tregs contributes to a poor clinical
outcome in SMZL and may represent a therapeutic opportunity in this disease.

Introduction

Splenic marginal zone lymphoma (SMZL) is an indolent B-cell non-Hodgkin lymphoma
(NHL), involving lymphocytes of the splenic marginal zone and affecting the spleen, bone
marrow, and peripheral blood (1). Although malignant B cells predominate in the tumor
microenvironment, immune cells, including T cells, are frequently present and are assumed
to be targeting the malignant clone (2, 3). However, it is assumed that the antitumor immune
response is ineffective and the disease progresses over time. It has also been acknowledged
that the immune microenvironment plays an indispensable role in determining both the
natural history of lymphoma and the responsiveness to therapy (4—7). Although many
patients with varied tumor types have benefited from immunotherapeutic interventions
including checkpoint blockade (8-12) to activate T cells that are targeting the malignant
clone, most patients with NHL have experienced modest or no clinical response when
provided the same treatment (13). Patients with indolent B-cell NHL particularly have a very
low overall response rate when treated with nivolumab (14). Therefore, additional studies
on the diversity of the tumor immune microenvironment in B-cell NHL, and the function

of intratumoral T cells, have profound implications for future immunologic treatment of
indolent lymphomas including SMZL.

It is well known that immunosuppression plays an important role in the severity of cancer
and the responsiveness to therapy. Regulatory T cells (Treg) are a specialized subpopulation
of T cells, which can suppress the activation of other immune cells (15, 16). In some solid
tumors and hematologic malignancies, including some lymphomas, high numbers of Tregs
are associated with a poor prognosis due to the suppression of antitumor immune response
(17-19). Also, degranulation and subsequent cytotoxic activity of infiltrating CD8*T cells
exposed to lymphoma B cells are attenuated by the presence of intratumoral Tregs (20).
Nevertheless, several studies have shown that increased numbers of intratumoral Tregs

are associated with improved overall survival in NHL, suggesting that Tregs may have a
role in directly regulating malignant lymphoma cells (21-23). As the function of Tregs in
SMZL is largely unknown, additional studies exploring the impact of Tregs on the antitumor
immune response in this disease are clearly needed. Specifically, an in-depth investigation
of the complexity and diversity of Tregs in SMZL is required to clarify their role as
potential prognostic and therapeutic biomarkers in an otherwise favorable disease. In this
study, we first assessed the abundance of Tregs in splenectomy specimens from patients
with SMZL compared with nonlymphoma controls. Using CITE-seq, we then investigated
the transcriptomic and phenotypic profiles of Treg subsets in the tumor microenvironment
of patients with SMZL compared with controls and identified two differently expressed
Treg subsets, which were characterized by either CD161 or CD26 surface expression. We
further dissected their phenotype, function, and clinical relevance and identified the putative
mechanisms promoting the prevalence of these Treg subsets in SMZL.
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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 splenic marginal zone lymphoma (SMZL) and
adequate tissue to perform the experiments. Peripheral blood mononuclear cells (PBMCs)
from healthy donors as well as spleens from patients with splenic hyperplasia without
lymphoma were used as controls. Histologic diagnosis was performed according to World
Health Organization criteria by an expert pathologist. The study was approved by the
Institutional Review Board of the Mayo Clinic/Mayo Foundation. The study was conducted
in accordance with the Declaration of Helsinki. Patient characteristics are summarized

in Supplementary Table S1. Patients did not receive any therapy before undergoing a
splenectomy.

Cell isolation and purification

Spleen tissue biopsy specimens from patients with SMZL and reactive spleen (rSP) were
gently minced over a wire mesh screen to obtain a cell suspension. The cell suspension

or peripheral blood from patients or healthy donors was centrifuged over Ficoll Hypaque

at 1,200 rpm for 20 minutes to isolate mononuclear cells. CD3*T and CD8*T cells

were isolated using negative selection with Human T-cell Enrichment Kit and Human
CDS8™T cell enrichment Kit, respectively (StemCell Technologies). Regulatory T-cell subsets
(CD4*CD25*CD127!9W) were isolated using a flow sorter after being stained with the
following fluorochrome-conjugated antibodies: antihumanCD4-FITC (BD Bioscience), anti-
humanCD25-PE-Cy7 (BD Bioscience), anti-humanCD127-BV421 (BD Bioscience).

Mass cytometry (CyTOF) assay

CyTOF assay was performed according to the manufacturer’s instructions as described
previously (24). Briefly, three million cells were stained with 5 pmol/L Cell-1D Cisplatin
(Fluidigm) for 5 minutes and quenched with MaxPal Cell Staining Buffer (Fluidigm). After
centrifugation, cell suspensions (50 pL) were incubated with 5 uL of human Fc-receptor
Blocking solution (BioLegend) for 10 minutes and 50 pL of premixed antibody cocktail
(Supplementary Table S2) for 30 minutes. After washing, cells were incubated with 1 mL
of cell intercalation solution (125 nmol/L MaxPal Intercalator-Ir into 1 mL MaxPal Fix and
Pem Buffer) overnight at 4°C. Cells were centrifuged with MaxPal Water and pelleted. The
pelleted cells were suspended with EQ Calibration Beads (Fluidigm) and cell events were
acquired by a CyTOF Il instrument (Fluidigm).

CyTOF data analysis

All samples were normalized and analyzed simultaneously to account for variability in
signal across acquisition time. A high-level gating strategy was applied simultaneously
to all CyTOF files (Supplementary Fig. S1). For specific analysis purposes, we isolated
Tregs events (Tregs: CD45*CD3*CD19~ CD4*CD8~CD25*CD127!W) in each sample,
saved them as individual sample Tregs files, and concatenated them. A tSNE map

was generated by t-Distribution Stochastic Neighbor Embedding (tSNE) analysis to
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make pairwise comparisons of cellular phenotypes, to optimally plot similar cells

close to each other and to reduce multiple parameters into two dimensions (tSNE1

and tSNE2). Equal events per sample were selected for most analyses. Channel

selection depended on cell populations to be clustered. Standard tSNE parameters

(3,000 iterations, perplexity of 30 and & of 0.5) were used. For identification

of Tregs phenotype based on surface marker staining the following channels were

selected: CD161, CD26,CCR6,PD-1,BTLA(CD272),CD7,CD69,TIM-3,ICOS,CD28, HLA-
DR, CD45RA, TIGIT, CD141, KLRG1, CD57, CXCR1, CCR5, CXCR3, CD5, CD27,
LAG-3, CD127(IL-7R), CD25(IL-2R), 4-1BB (CD137), CCR4, CCR7. Heatmaps were
generated using Cytobank software (25). A color palette is included in the figures below the
heatmaps.

CITE-seq assay

CITE-seq assay was performed according to the manufacturer’s instructions as described
previously (26). CD3*T cells (1 x 10%) were resuspended in 50 L staining buffer and
incubated for 10 minutes with an Fc receptor blocker (Human TruStain FcX; BioLegend).
Subsequently, cells were incubated with mixtures of TotalSeq-C antibodies (Supplementary
Table S3) for 30 minutes at 4°C. Cells were washed three times in cell staining buffer,
followed by centrifugation (350 g 5 minutes at 4°C). After the final wash, cells were
resuspended at appropriate cell concentrations (700-1,200 cells/uL, viability >90%) in
calcium and magnesium-free 1 x PBS (Corning) containing 0.04% BSA (Thermo Fisher
Scientific) and run by 10x Genomics applications. The cells were first counted and measured
for viability using the Vi-Cell XR Cell Viability Analyzer (Beckman-Coulter). The barcoded
Gel Beads were thawed from —80°C and the cDNA master mix was prepared according to
the manufacturer’s instructions for Chromium Single Cell 5" Library and Gel Bead Kit (10x
Genomics). On the basis of the desired number of cells to be captured for each sample,

a volume of live cells was mixed with the cDNA master mix. The cell suspension and
master mix, thawed Gel Beads and partitioning oil were added to a Chromium Single Cell
A chip. The filled chip was loaded into the Chromium Controller, where each sample was
processed and the individual cells within the sample were partitioned into uniquely labeled
GEMs (Gel Beads-In-Emulsion). The GEMs were collected from the chip and taken to

the bench for reverse transcription, GEM dissolution, and cDNA clean-up. The full-length
cDNA was amplified and separated by size selection. The resulting cDNA created a pool

of uniquely barcoded molecules used to generate 5” gene expression libraries (GEX). In
addition, the supernatant from the cDNA clean-up step contained amplified DNA from cell
surface protein feature barcodes. That DNA was further cleaned and used to create cell
surface protein libraries. During library construction, standard Illumina sequencing primers
and a unique i7 Sample index (10x Genomics) were added to each cDNA and DNA pool
(creating gene expression and feature barcodes libraries, respectively). All cDNA and DNA
pools and resulting libraries were measured using Qubit High Sensitivity assays (Thermo
Fisher Scientific) and Agilent Bioanalyzer High Sensitivity chips (Agilent).

GEX were sequenced at a minimum of 50,000 fragment reads per cell and feature barcodes
libraries were sequenced at 5,000 fragment reads per cell. Sequencing steps followed
Illumina’s standard protocol using the Illumina cBot and HiSeq 3000/4000 PE Cluster Kit.

Clin Cancer Res. Author manuscript; available in PMC 2023 August 22.
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For gene expression libraries, the flow cells were sequenced as 100%2 paired end reads on
an Illumina HiSeq 4000 using HiSeq 3000/4000 Sequencing Kit and HCS v3.3.52 collection
software. For feature barcodes libraries, the flow cells were sequenced as 100x2 paired end
reads on an lllumina HiSeq 4000. Base-calling was performed using Illumina’s RTA version
2.7.3.

CITE-seq analysis

Reads were aligned to the human reference sequence GRCh38 as described before (26). We
used Cell Ranger multi-pipeline to analyze FASTQ data derived from Gene Expression data
(GEX) that contains the sequence data from the clusters that pass filter on a flow cell and
feature barcode (antibody) library from the same GEM Well. We used the Seurat package
(v4.0.1) to perform integrated analyses of single cells (27). After selecting the CD4*T

cells based on their gene expression in each CITE-seq dataset (CD3E-GENE > 0, CD19-
GENE =0, CD4-GENE > 0, CD8A-GENE =0, and CD79A-GENE = 0), we followed

the Seurat integration workflow and the comparative analysis workflow. The datasets

were integrated on the basis of “anchors” identified between datasets before principal
component analysis (PCA) was performed to make the linear dimensional reduction, and
the UMAP was generated to identify clusters. The FindNeighbors algorithm was run on

the low-dimensional space [top 20 statistically significant, principal components (PC)]. The
FindClusters algorithm was performed on default and selected a resolution of 0.6. Enriched
marker genes and proteins in each cluster conserved across all samples were identified and
differentially expressed genes between clusters were detected by using the default Wilcoxon
Rank Sum test at the cluster level. The R code used to analyze CITE-seq data can be
accessed from https://codeocean.com/capsule/7530644.

GSEA analysis

We implemented GSEA using the Cluster Profiler package in R to perform enrichment
analysis of gene sets generated from CITE-seq (28). The Benjamini and Hochberg (BH)
method adjusted Pvalue < 0.05 was used as the cutoff to determine significance for
enrichment score (29).

Flow cytometry and intracellular staining

For surface marker detection, 1 x 10° or 1 million cells were washed in PBS and incubated
with fluorochrome-conjugated antibodies (Abs) against and analyzed on a flow cytometer:
anti-humanCD4-FITC (BD Bioscience), anti-humanCD25- PE-Cy7 (BD Bioscience),
anti-humanCD127- BV421 (BD Bioscience), anti-humanCD161-APC (BioLegend), anti-
humanCD26-PerCP/Cyanine5.5 (BioLegend). For apoptosis detection, Treg subsets were
cultured in 96-well plate at 37°C in the presence of 5% CO». After 72 hours, cells were
stained with Pl/annexin VV-APC and analyzed by flow cytometry. For Ki67 expression
detection, Treg subsets were cultured in 96-well plate at 37°C and 5% CO, in the presence
of Dynabeads Human T-Activator CD3/CD28 (Gibco). After 72 hours, cells were fix and
permeabilized with reagents from Fixation/Permeabilization Solution Kit (BD Bioscience).
Cells were then stained with anti-humanKi67-BV421 (BD Horizon) and analyzed by flow
cytometry. See Supplementary Tables S4 and S5 for details of the flow cytometry antibodies
and other reagents used.

Clin Cancer Res. Author manuscript; available in PMC 2023 August 22.
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Stat5 phosphorylation assay

Phosphorylation of Stat5 was determined by using flow-based intracellular staining
following the instructions described by the manufacturer (BD Biosciences). Briefly, freshly
isolated of Treg subsets and T effector cells were incubated with IL2 (50 ng/mL) for 20
minutes in a 37°C water bath. Cells were subjected to fixation with Fixation buffer (BD
Biosciences) and permeabilization with Perm Buffer 111 (BD Biosciences). Cells were then
stained with anti-Stat5(pY694)-PE (BD Biosciences) and analyzed by flow cytometry. See
Supplementary Tables S4 and S5 for details of the flow cytometry antibodies and other
reagents used.

Tregs subset development detection

CD1617CD26 Tregs (CD4*CD25*CD127lowCD161*CD267), CD26*CD161 Tregs
(CD4*CD25*CD127lowCD161~CD26™), double-negative Tregs (DNTregs;
CD4*CD25*CD127lowCD161~CD267), CD26*Tconv cells (CD4*CD25-CD127* CD26%)
and CD26-T conv cells (CD4*CD25-CD127* CD26~) were sorted by flow cytometry.
Subsequently, different Treg subsets were incubated with or without IL2 (50 ng/mL; R&D
Systems) in 96-well plates at 37°C in the presence of 5% CO,. Cells were stained with anti-
humanCD161-APC (BioLegend), anti-hnumanCD26-PerCP/Cyanine5.5 (BioLegend) and
anti-humanKi67-BV421(BD Horizon) and then analyzed on a flow cytometer. DN Tregs
(CD4*CD25*CD127lowCD161~CD26) were sorted by flow cytometry. Purified DN Tregs
were incubated with or without IL2 in the present or absent of Dynabeads Human
T-Activator CD3/CD28. STATS inhibitor-573108 (Millipore) was used to block STAT5
phosphorylation. See Supplementary Tables S4 and S5 for details of the flow cytometry
antibodies and other reagents used.

CFSE labeling and Tregs suppression assay

CD4*CD257T conventional cells CD161*CD26Tregs
(CD4*CD25*CD127lowCD161*CD267) and CD26*CD161 Tregs
(CD4*CD25*CD127lowCD161~CD26™) were sorted by flow cytometry. To determine their
effect on T cells, CD8*T were isolated from the PBMCs of healthy donors by using negative
selection with the Human CD8*T Cell Enrichment Kit (StemCell Technologies). A stock
solution of CFSE (5 mmol/L; Invitrogen) was added to the CD8*T cells or B cells for a final
concentration of 5 umol/L. After 15 minutes at 37°C, cells were washed three times with 10
volumes of RPMI11640 Media (Gibco) containing 5% FBS. CFSE-labeled CD8™T cells (1 x
10°) were cultured with CD161*CD26™Tregs (1 x 10°) and CD26*CD161 Tregs (1 x 10°)
respectively with the presence of 2 uL Dynabeads human T-activator CD3/CD28 in 96-well
plate at 37°C in the presence of 5% CO,. Cells were harvested at day 3 and analysed on

a flow cytometer. Proliferation of CD8" Trsg was evaluated by the CFSE dilution assay.
Suppressive function was calculated [%Suppressive = 100 — (%proliferating cells with Tregs
present/%proliferating cells without Tregs present) x 100; refs. 30, 31].

To determine the effect of Tregs on B cells, CFSE-labeled CD19*B (1 x 10°) cells

were cultured with T conventional cells (1 x 10%), CD161*CD26"Tregs (1 x 10°), and
CD26%CD161 Tregs (1 x 10°) respectively with the presence of Functional Grade anti-CD3
(OKT3; 10 pg/mL) and anti-CD28 (2 ug/mL), CpG-B DNA (0.7 umol/L; Hycultbiotech),

Clin Cancer Res. Author manuscript; available in PMC 2023 August 22.
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CD40 L (1 pg/mL; enzo lifesciences), and IL4 (50U/mL; Peprotech). Cells were harvested
at day 3 and analyzed on a flow cytometer. Proliferation of B cells was evaluated by the
percentage of CFSEYM and Ki67* B cells. See Supplementary Tables S4 and S5 for details
of the flow cytometry antibodies and other reagents used.

Statistical analysis

Statistical analysis was performed in GraphPad Prism 8 and R (R version 4.0.3).
Significance was determined at £< 0.05. For unpaired and normal distribution data,
statistical analysis was performed using the two-tailed #test. For unpaired and variables
without normal distribution, we used the nonparametric Mann-Whitney test. For matched-
paired data, the paired ftest or Wilcoxon matched-pairs signed rank test were used for data
with or without a normal distribution, respectively. Event-free survival (EFS) was measured
from the date of splenectomy until the date of relapse, progression, additional therapy, or
death. All patients had a splenectomy at the time of diagnosis. Early failure was defined as
failure to achieve EFS of 24 months after splenectomy (EFS24; ref. 32). EFS of all patients
was estimated using the Kaplan—Meier method and compared by using Log-rank test. To
associate the Treg subset with the patient outcomes, we combined data generated by CyTOF
and flow cytometry. To adjust for the batch differences, we use a subset of samples measured
by both CyTOF and flow cytometry as “bridge” samples and use the Location and scale
(L/S) batch adjustment model to correct the batch differences. The location and scale (L/S)
adjustment model can be defined as a wide family of adjustments in which one assumes

a model for the location (mean) and scale (variance) of the data within batches and then
adjusts the batches to have the same location and scale (33).

Data availability

Results

The data generated in this study are available upon request from the corresponding author.

Intratumoral Tregs are enriched in patients with SMZL

To explore the heterogeneity of Tregs in the tumor microenvironment of SMZL, we first
measured the frequency of Tregs in 17 patients with SMZL using CyTOF. Six reactive
spleens (rSP) from individuals without lymphoma were utilized as a control. The patient
characteristics were summarized in Supplementary Table S1. Tregs were identified as
CD4*CD25*CD127'°W cells using a gating strategy (Fig. 1A). To minimize the variance
between samples, we first concatenated all data from CD4™ cells from each SMZL or rSP
sample into a single file, and then performed tSNE analysis to visualize the presence of
Tregs. As shown in Fig. 1B, a cluster of cells that was CD25* and CD127~ were presented
in CD4*T cells from both SMZL and rSP with the cluster size being larger in SMZL than
rSP (13.03% vs. 4.24%), indicating an increased prevalence of Tregs in SMZL. Individual
sample data of 17 SMZL and 6 rSP confirmed that the percentage of Tregs within CD4*
compartment was significantly higher in spleens from patients with SMZL than that from
rSP, also showed expected variability of Tregs among the cohort samples (Fig. 1C).

Clin Cancer Res. Author manuscript; available in PMC 2023 August 22.
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We next explored the phenotype of intratumoral Tregs in SMZL. CD4*CD25* CD127~
cells from 17 patients with SMZL were concatenated and analyzed using tSNE plots.

As shown in Fig. 1D, the vast majority of Tregs lacked CD45RA expression, suggesting

a memory phenotype for Tregs. Among these CD45RA-Tregs, a substantial number of
cells expressed CCR7, suggesting a central memory type for some Tregs. One subset of
Tregs expressed CD57, suggesting a terminally differentiated phenotype for this subset of
Tregs. This confirmed the heterogeneity of intratumoral Tregs in SMZL and suggested that
they may constitute distinct subsets with specific functions. Therefore, additional in-depth
analysis of the genome and proteome of each subset was indicated.

Multi-omics analysis of CD4*T cells identifies two Treg subsets in SMZL

To further understand intratumoral CD4*T cells in SMZL, we performed single-cell CITE-
seq analysis and profiled CD4*T cells from three rSP and three patients with SMZL (Fig.
2A). Using the default clustering in Seurat, we identified eleven clusters, representing

11 subpopulations of intratumoral CD4*T cells (Fig. 2B; Supplementary Fig. S2A).

These subpopulations included memory cells (Tm), naive cells (Tn), follicular helper T

cells (Tfh), regulatory T cells (Treg) among others (Fig. 2B and C; Supplementary Fig.
S2B). Transcripts of FOXP3, ILZRA, and CTLA4 were abundantly expressed in cells

from Cluster4 and Cluster9, identifying these as Treg clusters (Fig. 2C, left). Compared
with Cluster4, the cells of Cluster9 showed expression of KLRBI (Fig. 2C, right and

D), which encodes NK-cell-receptor protein 1A, also known as CD161. CD161 is a

C-type lectin-like receptor mainly expressed on NK cells but may also be presenton T

cells, including CD4*Tfh, CD4*Tregs, and CD8*T cells. We next compared differentially
expressed genes between KLRB1-Tregs and KLRBI+Tregs in concatenated SMZL samples,
and 428 genes were differentially expressed between these two Treg subsets (Fig. 2E;
Supplementary Table S6). Among these genes, 29 genes were significantly higher and 98
genes significantly lower in KLRBI-Tregs compared with KLRBI+Tregs (|logoFC|> 0.5,
adjusted Pvalue <0.05; Fig. 2E). In particular, KLRBI+Tregs had increased expression

of PDCD1, TNFRSF18, TNFRSF4, and CTLA4, whereas KL RBI-Tregs expressed higher
levels of CCR4, CCR7, ILZRA, and FOXP3 (Fig. 2F). Moreover, we compared the

gene expression profile of KLRBI+Tregs and KLRBI-Tregs in SMZL versus reactive
spleens. As shown in Supplementary Fig. S2C(i) (Supplementary Table S7), there are 1,431
differentially expressed genes between KLRBI+Tregs from SMZL and rSP, of which 29
genes were statistically significantly different (adjusted AP-value <0.05). Similarly, there were
670 differentially expressed genes between KLRBI-Tregs from SMZL and rSP, and 134
genes were statistically significantly different [adjusted Pvalue <0.05; Supplementary Fig.
S2C (ii); Supplementary Table S8]. Compared with KLRBI+Tregs in rSP, KLRBI+Tregs in
SMZL had significantly higher FOXP3and lower ICOS expression. Compared with reactive
spleen, KLRB1-Tregs in SMZL had higher C/SH, TNFRSF18(GITR) and lower TNFSF8
(CD153, CD30L) and /L-7R expression. In addition, both KLRBI Tregs and KLRBI Tregs
derived from patients with SMZL had higher /L 32 expression than rSP.

Next, we validated single-cell signatures at the protein level and measured the expression
profile of surface markers of KLRB1-Tregs (Cluster4) and KLRBI*Tregs (Cluster9) using
CITE-seq. In this cohort, we stained cells with 35 surface markers in CITE-seq assay

Clin Cancer Res. Author manuscript; available in PMC 2023 August 22.
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(Supplementary Table S3), and the combination of CD25 (IL2R-TotalSeqC) and FOXP3
clearly delineated Tregs [Fig. 2G (i) and (ii)]. Compared with KLRB1 Tregs, KLRBI Tregs
showed a different expression profile of surface markers [Fig. 2G (iii)]. As expected,
CD161, the protein encoded by the KLRB1 gene, was highly expressed in KLRBITregs
(Cluster9) and negative in KLRB1 Tregs (Cluster4). In addition, KLRBI*Tregs expressed
higher levels of PD-1 and BTLA and less CCR4 and CCR?7, which were highly expressed on
the surface of KLRBI Tregs (Fig. 2H).

CD161 and CD26 expression defines Treg subsets

The identification of KLRBI* or KLRBI Tregs with CITE-seq led us to further evaluate
these Tregs in patients with SMZL. Using CyTOF, we found that CD161 protein encoded
by KLRBI gene and CD26 were reciprocally expressed on CD4*CD25*CD127!%%Tregs,
forming two subsets of Tregs: CD161* and CD26* Tregs (Fig. 3A). These two subsets
exhibited different phenotypes (Fig. 3B). Surface markers that were upregulated in one
subset were downregulated in the other subset and vice versa. Expression of PD-1,
BTLA, and ICOS were upregulated in CD161*Tregs when compared with CD26*Tregs.
In contrast, CD26*Tregs expressed increased CD25, 4-1BB, CCR4, and CCR7 compared
with CD161*Tregs (Fig. 3B). The results from 17 patient samples are summarized in Fig.
3C, indicating that both the percentage and median marker intensity of each marker were
significantly higher in one subset than the other. The expression of other surface markers is
presented in Supplementary Figs. S3A and S3B.

CD161* and CD26*Tregs exhibit differing capacities for cell proliferation, survival, and
immune suppression

Given the different phenotypes of these two Treg subsets, we posited that CD161* and
CD26™Treg subsets were functionally different as well. To test this hypothesis, we assessed
the proliferative capacity of these two subsets using sorted CD161* and CD26* Tregs from
PBMCs of healthy donors. We cultured both T-cell subsets using a Dynabeads Human
T-Activator assay (Supplementary Fig. S4A). After 3 days, the percentage of Ki67* cells
were evaluated. Compared with CD161*Tregs, the Ki67* population in the CD26*Treg
fraction was significantly increased, suggesting CD26* Tregs exhibit superior proliferative
ability compared with CD161*Tregs (Fig. 4A). Given the increased expression level of
exhaustion makers, including PD-1 and BTLA, on CD161*Tregs, we wondered whether
the survival of these two subsets could differ. Using annexin V (AnV) and propidium
iodide (PI) staining, we observed that the CD161*Tregs had decreased viability compared
with CD26*Tregs after 72 hours in culture as the number of live cells (AnV~P17) was
significantly lower in CD161*Tregs than CD26*Tregs. In contrast, the number of early
apoptotic (AnV*PI7) and late apoptotic/necrotic (AnV*PI*) cells was significantly higher in
CD161*Treg than CD26* Tregs (Fig. 4B). These results indicate that CD161*Treg subsets
are highly susceptible to apoptosis.

We next explore the immune suppressive function of these two Treg subsets. In the presence
of Human T-Activator Dynabeads, CD161*Treg or CD26*Tregs were co-cultured with
CFSE-labeled CD8*T cells (Responding T cells, Tresp) at different ratios (Treg subsets:
Tresp = 1:1-8; Supplementary Fig. S4B; Fig. 4C). In the absence of Tregs, a majority of
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CD8*T cells proliferated in response to activation. CD161*Tregs exhibited a dose-dependent
inhibition of CD8*T cell proliferation as the number of CD8* CFSEYIM cells increased when
the Treg: Tresp ratio decreased. In contrast, this inhibitory effect was weak when CD8*T
cells were cocultured with CD26*Tregs. The number of CD8" CFSEIM cells stayed stable
when the number of Tregs increased (Fig. 4C). We calculated the suppression index using a
formula (shown in the Materials and Methods). As shown in Fig. 4D, CD161*Tregs showed
significantly greater suppression of CD8*T cell proliferation than CD26*Tregs.

In addition to suppression of CD8*T cells, we also investigated the immunosuppressive
effect of CD161* and CD26™ Tregs on normal and malignant B cells. To do

this, CFSE labeled B cells were cocultured with CD161*Tregs, CD26* Tregs, or
CD4*CD25-CD127M3"T (conventional T cell, Tconv) from PBMCs of healthy donors in
thepresence of 1L4 and CD40L. After 3 days, the proliferation of B cells was evaluated by
measuring thenumber of divided B cells(CFSEYMKi67*), undivided B cells (CFSE*Ki677),
CFSEYMB cells and Ki67*B cells (Fig. 4E). As shown in Fig. 4F and G, compared with

B cells cocultured with CD26*Tregs and conventional T cells, the number of divided

B cells (i), CFSEYIM cells (iii), and Ki67* cells (iv) co-cultured with CD161*Tregs was
significantly decreased. When malignant B cells from patients with SMZL were used in
the assay, the frequency of viable or Ki67*B cells cocultured with CD161*Tregs were
lower than when cocultured with CD26*Tregs or Tconv (Fig. 4H and 1). In addition, when
B cells from lymph nodes were cocultured with Treg subsets, the frequency of viable

and Ki67*B cells cocultured with CD161*Tregs were lower than when cocultured with
CD26™Tregs or Tconv (Supplementary Figs. S4C and S4D). Taken together, these results
suggest that CD161*Tregs are more immunosuppressive, but more prone to apoptosis and
less proliferative when compared with CD26* Tregs.

IL2 promotes the development of CD26*Tregs with the involvement of STAT5

Next, we explored the signaling pathways activated in the various Treg subsets. Gene

set enrichment analysis (GSEA) of differentially expressed genes between intratumoral
SMZL CD26* and CD161*Tregs was performed from CITE-seq data. Figure 5A

shows the top five enriched pathways in either CD26* or CD161*Tregs. Among the
identified pathways, the inflammatory response and IL2/STAT5 pathways were significantly
upregulated in CD26™ Tregs compared with CD161*Tregs [Fig. 5B(i)]. Consistent with the
pathway analysis, we found that after treatment of total Tregs with IL2 for 72 hours,

the percentage of CD26*Tregs increased, but the frequency of CD161*Tregs did not
change (Supplementary Fig. S5A). We hypothesized that IL2 preferentially enhances the
proliferation of CD26*Tregs or may promote the expression of CD26 on Tregs. This was

in line with the findings that the expression of IL2RA mRNA was significantly higher in
CD26™Tregs than that in CD161*Tregs [Fig. 5B(ii)], and that CD26* Tregs showed higher
CD25 expression level (Fig. 3C). To further explore the role of IL2 in the development

of Treg subsets, we isolated and treated CD161*, CD26", and DN Tregs, with IL2 for 72
hours. After treatment, the expression of Ki67 as well as CD26 and CD161 was measured
to evaluate the development of Treg subsets. As shown in Fig. 5C, after IL2 treatment,

the expression of CD26 was enhanced on CD161*Tregs, CD26*Tregs, and DN Tregs [Fig.
5C(iii)], whereas CD161 [Fig. 5C(ii)] and Ki67 [Fig. 5C(i)] expression was not changed by
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IL2 treatment on each Treg subset. We next assessed the effect of IL2 on CD26 expression
in Tconv cells. We sorted CD4*T conventional cells from PBMCs of three healthy donors
and then divided Tconv cells into CD26*Tconv and CD26Tconv cells. After being treated
with IL2, the expression of CD26 was upregulated on the surface of CD26-Tconv and
slightly further upregulated on the surface of CD26*Tconv (Supplementary Figs. S5B

and S5C). These findings suggest that IL2 enhances CD26 expression on Tregs instead

of promoting the proliferation of CD26* Tregs. In other words, IL2 could skew Tregs

toward a CD26* Treg phenotype. STATS5 is a crucial target downstream of JAK kinases
associated with IL2R, and the IL2-STAT5 pathway is significantly increased in CD26* Tregs
compared with CD161*Tregs. Therefore, we detected the STAT5-Tyr694 phosphorylation
level in CD161*Tregs and CD26*Tregs with or without IL2 treatment. As shown in Fig.

5D, compared with CD161*Tregs, CD26* Tregs have higher STAT5 phosphorylation levels
with and without IL2 treatment. We then explored whether blocking STATS5 signaling with a
STATS inhibitor affects the enhancement of CD26 expression mediated by IL2 on Tregs. As
shown in Fig. 5E and F, DN Tregs (CD161"CD26™) treated with STATS5 inhibitor resulted

in a downregulation of 1L2-induced CD26 enhancement in resting and activated Tregs. Also,
the activation of Tregs by anti-CD3 and anti-CD28 antibodies very modestly changed the
expression of CD26 on Tregs, suggesting CD26 is not simply an activation marker but rather
is upregulated by IL2 signaling with the involvement of STATS.

Intratumoral CD161*Tregs and CD26*Tregs differentially correlate with patient outcomes in

MZL

Next, we tested whether these Treg subsets in the tumor microenvironment were associated
with patient outcomes in SMZL. We compared the percentage of Tregs in CD4*T cells
from patients with SMZL (n = 24) with those from rSP from patients who did not have
lymphoma (7= 12). As shown in Fig. 6A(i), the percentage of total Tregs in CD4*T cells
were significantly higher in patients with SMZL (SMZL median: 16.34%; rSP median:
11.33%; P=0.006).

EFS24 is an important indicator of patient prognosis in lymphoma (32). We compared

the prevalence of CD161*Tregs and CD26* Tregs in biopsy specimens from 24 previously
untreated patients with SMZL who had long-term follow up (Supplementary Table S1).

We grouped patients into those who achieved or failed EFS24. Although there was no
difference in the frequency of total Tregs between patients who achieved or failed EFS24
[EFS achieved—median frequency of Tregs: 15.53%, EFS failed—median: 17.67%, P=
0.87; Fig. 6A(ii)], we found a significant difference in Treg subsets in these groups (Fig.
6B). Specifically, patients who achieved EFS24 had significantly increased numbers of
CD161*Tregs (EFS achieved—median: 36.31%; EFS failed—median: 13.60%; 2= 0.007)
and decreased CD26* Tregs (EFS achieved—median: 17.03%; EFS failed—median: 43.44%;
P=0.004), respectively [Fig. 6C(i) and (ii)]. To investigate whether age differences lead to
variance in Treg cell subsets, we compared the frequencies of total Tregs and Treg subsets in
patients over and under 70 years of age. There were no differences in total Tregs and Treg
subsets in patients over 70 years old compared with patients under 70 (Supplementary Fig.
S6A). We then determined whether the frequency of total Treg cells, CD161* or CD26*Treg
cells correlated with event-free (EFS) in patients with SMZL. Although the frequency of
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total Treg cells did not show a correlation with EFS [Fig. 6D(i)], an increased percentage

of CD161"Treg cells was significantly associated with a favorable EFS in this MZL patient
cohort [P=0.0334, Fig. 6D(ii)] using the median number of cells as a cutoff. In contrast,

the percentage of CD26*Treg cells showed a trend toward a poor EFS in patients with MZL,
but the difference was not statistically significant [~ = 0.1234, Fig. 6D(iii)]. In addition, we
compared the ratio of CD8*T cells to Tregs between patients who achieved EFS24 and those
who failed to achieve this clinical milestone. We found patients who did not achieve EFS24
had a significantly higher CD8/Tregs ratio (Supplementary Fig. S6B).

Discussion

It has been shown that immune suppression plays a central role in immune homeostasis that
affects the severity of cancer and the responsiveness to therapy (15, 16). Although Tregs
are responsible in part for this suppression, the exact subtype of Tregs and role they play in
lymphomas is understudied. Furthermore, the role that Tregs play in SMZL is unknown.

Tregs are a unique subset of CD4*T cells that inhibit the activation of other immune

cells and play a vital role in regulating tumor immunity. Clinically, the role of Tregs in
predicting outcome in lymphoma is controversial. Although some studies have observed
that high numbers of Tregs are associated with a poor prognosis due to the capacity of
Tregs to diminish antitumor immune responses, other studies found that increased numbers
and follicular localization of FOXP3 positive Tregs are associated with an improved
favorable overall survival (17, 18, 21-23). These clinical observations suggest, in addition
to mediating tumor immune escape by suppressing the immune system, Tregs may have a
direct effect on B-cell neoplasms.

Our previous work has shown that Tregs are enriched in the tumor sites of B-cell NHL

and significantly inhibit the function of autologous infiltrating CD4*CD25T cells and
CD8*CTL cells (19, 20). In this study, specifically focused on SMZL, we found a significant
enrichment of Tregs in biopsies from patients with SMZL compared with rSP. CyTOF
analysis revealed that intratumoral Tregs are phenotypically heterogeneous. The majority
of intratumoral Tregs lacked CD45RA expression, suggesting a memory phenotype for
Tregs. These memory-like Tregs partially expressed CCR7, suggesting a central memory
phenotype. One of our previous studies demonstrated that lack of intrafollicular central
memory CD4+ expression was strongly associated with failing to achieve EFS12/24 in
follicular lymphoma patients who received or did not immunochemotherapy. This implies
that Tregs with similar phenotypes may also have prognostic value (34). In addition

to the abundant expression of CD69, CD28, CD27, and CD7, the intratumoral Tregs
partially express PD-1. These PD-1 positive Tregs also expressed ICOS, BTLA, and TIGIT.
Furthermore, CD161 and CD26 were mutually-exclusively expressed on Tregs.

To better understand the heterogeneity and the transcriptome of intratumoral Tregs in
patients with SMZL, we performed CITE-seq to profile CD4*T cells from 3 rSP individuals
and 3 patients with SMZL. As a result, we identified two subsets of intratumoral Tregs.
These two subsets of Tregs have different transcriptomes and surface marker profiles:

one subset showed increased genetic expression of KLRB1, and another was negative for
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KLRBI1. KLRBI1encodes NK-cell-receptor protein 1A, also known as CD161. CD161 is a
C-type lectin-like receptor that is mainly expressed on the NK cells and has subsequently
been identified on subsets of T cells, including CD4"helper T cells, CD4*regulatory T
cells, and CD8*T cells. Pesenacker and colleagues found a similar Treg subset in health
and autoimmune diseases, which is also CD161 positive, displays high proinflammatory
potential, but also exhibits typical Treg characteristics (35). In addition to this, Povoleri and
his colleagues found that CD161*Tregs are a highly suppressive, distinct subset of induced
Tregs and can accelerate the wound healing of the colorectal epithelium (36). In this study,
we found these CD161 positive and negative Treg subpopulations to be present in patients
with SMZL.

Using CITE-seq and CyTOF, we found that, compared with CD26* Tregs, CD161*Tregs
have significantly higher gene expression levels of PDCDI, TNFRSF18, TNFRSF4, and
CTLA4, whereas CD26*Tregs expressed higher levels of CCR4, CCR7, IL2RA, and
FOXP3. For the surface markers, CD161*Tregs express significantly higher levels of PD-1,
BTLA, and ICOS. In contrast, CD26* Tregs express higher levels of CD25, 4-1BB, CCR4,
and CCR7. Compared with reactive spleen, CD26™ (KLRBI-Tregs) Tregs in SMZL samples
had higher C/SH, TNFRSF18(GITR) and lower TAVFSF8(CD153, CD30L) and /L-7R
expression. In contrast, CD161*Tregs (KLRB1+Tregs) in SMZL samples had higher FOXP3
and lower /COS expression. Each of these is a regulator of immune function. C/SHis

a negative regulator of TCR pathway (37), whereas 7TANFRSF18(GITR) is an immune
checkpoint that is constitutively expressed in Treg cells (38). TAVFSF8 (encoding CD153,
also known as CD30L) is expressed on the cell surface of activated T cells, and CD30/
CD30L interactions induce T-cell apoptosis, preventing autoimmunity (39). In addition,
both CD26*Tregs and CD161*Tregs derived from patients with SMZL have higher /L32
expression than rSP. According to a recent study, knocking down of 1L32 reduced Foxp3
expression in CD4*T cells (40). In comparison to rSP, both CD26*Tregs and CD161*Tregs
in patient with SMZL samples had higher expression of Treg signature genes.

These different phenotypes of CD161* Tregs and CD26* Tregs are functionally different as
well. Our data indicated that CD161*Tregs showed less viability and are more susceptible
to apoptosis than CD26*Tregs. For immunosuppressive function, CD161* Treg showed
significantly greater suppressive ability on CD8*T cells than CD26*Tregs. Of note, the
immunosuppressive function of CD161*Tregs on B cells is more robust than that of
CD26™Tregs. These suggest that Tregs may gain more ability to suppress malignant B
cells when they are skewed towards a CD161* phenotype. Therefore, patients with more
CD161*Tregs may have a better prognosis due to suppression of the malignant B-cell
clone. In contrast, Tregs have a less ability to inhibit B cells when they are skewed

toward CD26* Tregs, and more CD26*Tregs in patients with SMZL may result in a worse
disease outcome. In addition to suppressive function, CD161*FoxP3*T cells may display
high proinflammatory potential (35). The plasticity between Treg and T helper type 17
(TH17) may provide an explanation for this finding (41, 42). To evaluate the differences in
signaling pathways that account forthese two subsets, we performed GSEA and found that
the IL2-STAT5 pathway is significantly upregulated in CD26*Tregs. Furthermore, the gene
and protein levels of IL2RA are significantly higher in CD26*Tregs than CD161*Tregs.

In addition, the phosphorylation level of STAT5-Try694 induced by IL2 is higher in
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CD26*Tregs than CD161*Tregs and the upregulation of CD26 expression could be reversed
by interrupting STAT5 signaling using an inhibitor that selectively targets the SH2 domain
of STATS5 and blocks DNA binding activity (43). Moreover, the upregulation of CD26
expression is greater in activated Tregs because of increased expression of IL2R after TCR
activation. However, we found the TCR activation alone did not increase the expression

of CD26, suggesting CD26 is not simply an activation marker for Tregs. Also, STAT5
inhibition did not change the expression of CD26 in activated Tregs without the presence of
IL2, confirming that IL2 signaling is needed for CD26 upregulation.

Although not specifically studied in SMZL, IL2 signaling has been shown to be relevant in
other lymphomas. In previous studies, low serum IL2R levels were significantly associated
with a favorable prognosis in Hodgkin lymphoma, and elevated sIL2Ra levels before
treatment were associated with a poor outcome in patients with follicular lymphoma (44,
45). In previous work, we also found that IL2R binds and forms a complex with 1L2

to prolong IL2 signaling, thereby promoting Treg function (46, 47). This indicates that

IL2 signaling thatpromotes Treg formation is highly activated in lymphoid malignancies
and is associated with poor prognosis in patients with lymphoma. Furthermore, we find
that CD161*Tregs have higher expression levels of several TNF and TNF receptor super
family-related molecules, including TNFRSF18 and TNFRSF4. Interestingly, it has been
reported that exogenous TNFa facilitates iTreg differentiation and function in vitro (48).
We therefore hypothesize that the TNFa pathway is an additional pathway that promotes the
expansion of CD161*Tregs in patients with SMZL.

Taken together, these findings confirm that the IL2/STAT5-mediated signaling pathway
promotes the development of CD26* Tregs and skews Treg cell development away from
CD161*Tregs. This upregulated IL2/STAT5 signaling results in an unfavorable disease
prognosis in patients with SMZL. In contrast, patients with SMZL who have a favorable
outcome and who achieved EFS24 are those who have an increased number of CD161*Tregs
and a decreased number of CD26*Tregs. Bonfiglio and colleagues have shown that patients
with SMZL with an “immune-suppressive” microenvironment, with greater numbers of
CD3*T, CD4*T, CD8*T, and FOXP3*T cells, have poorer 10-year survival rates. We find
that the CD26*Treg subgroup in our manuscript also has greater numbers of CD8*T and
FOXP3*T cells. Although our analysis could not be perfectly correlated with the immune
subtypes described in this reference, it may be that the CD26™ Treg subset in our study
correlates best with the immune-suppressive subset described by Bonfiglio and colleagues

).

In summary, high-dimensional and multi-omics single-cell analysis of the SMZL TME
provides novel insights into the subtypes of intratumoral Tregs, which have not been
previously studied in this malignancy. By comparing the intratumoral Treg subsets defined
by CD161 and CD26 expression, we observed that the intratumoral Tregs from patients with
SMZL who have a favorable clinical outcome are enriched for Tregs with a CD161-positive
phenotype. It is acknowledged that this was demonstrated in a small SMZL cohort and
further in-depth validation in a larger cohort is needed in the future. However, we also
found that IL2/STAT5 signaling skews Tregs away from CD161*Tregs that are associated
with a favorable prognosis toward a CD26-positive phenotype that is associated with a poor
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prognosis. Modulating the balance of Treg subsets by inhibiting IL2/STATS5 signaling and
promoting the CD161*Treg phenotype may therefore have substantial therapeutical potential
and may improve the clinical outcome of patients with SMZL.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Regulatory T cells (Treg) play an essential role in modulating immune function in cancer,
but their role in splenic marginal zone lymphoma (SMZL) is not well described. In this
study, we identified two Treg subsets, CD161* and CD26*Tregs, in patients with SMZL
with unique transcriptomic and phenotypic profiles and differing biological functions.
These two Treg subsets have antithetical prognostic importance, in that patients with
SMZL with more CD161*Tregs have a superior outcome, whereas those in whom
CD26*Tregs are more abundant have an inferior outcome. Furthermore, we demonstrate
that activation of the IL2/STAT5 pathway contributes to the induction of CD26*Tregs
and can be reversed by STAT5 inhibition. These findings not only support the biological
relevance of Treg subsets in SMZL, but also suggest that modulating the balance of
Treg subsets by inhibiting IL2/STAT5 signaling, thereby promoting the CD161* Treg
phenotype, may improve the clinical outcome of patients with SMZL.
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Figure 1.
Intratumoral Tregs are enriched in patients with SMZL. A, Gating strategy for

CD4*CD25*CD127'°"Tregs showing in a representative sample of a patient with SMZL.

B, The tSNE plots show the expression of CD25 and CD127 to define Tregs. C, Graph
showing percentage of Tregs (CD4*CD257CD127'°%) in CD4™T cells in patients with MZL
(n=17). For parametric data comparisons, the unpaired t test was used here (¢value = 2.709;
degree of freedom = 21). D, Series of tSNE maps performed on concatenated Tregs files (17
SMZL) showing expression of T-cell markers on Tregs.
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Multi-omics analysis of CD4*T cells identifies Treg subsets in SMZL. A, Schematic
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expression of marker genes of each cluster (left). Violin plots showing the FOXP3
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FOXP3*Treg subsets (Clusterd: KLRBI-Tregs, Cluster9: KLRBI+Tregs) in CD4*T cells
in patients with SMZL and rSP individuals. E, Volcano plot of CITE-seq transcriptome
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Cluster9 (KLRB1+Tregs) in SMZL samples (n= 3). Significantly differentially expressed
genes (|logoFC| = 0.5, adjusted Pvalue < 10-6) are shown in red, with the red dotted

lines representing the boundary for identifying very significantly up- or downregulated
genes (|logoFC| = 1.0). F, Dot plot showing diverse gene expression in KLRB1+Tregs and
KLRBI-Tregs in three SMZL samples. G, (i) Expression of CD25 (surface marker) was
shown by using UMAP plot. (ii) Expression of FOXP3was shown by using UMAP plot.
(iii) Heatmap showing relative expression of surface markers of Cluster4 (KLRB1-Tregs)
and Cluster9 (KLRB1+Tregs). These three figures show data from rSP (n= 3) and SMZL (n
=3). H, Violin plots showing the CD161 (encoded by KLRB1 gene), CD26, PD-1, CCR4,
BTLA, and CCRY expression levels in KLRBI+Tregs and KLRBI-Tregs from rSP (7= 3)
and SMZL (n=3).
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Figure 3.

CD161 and CD26 expression defines Treg subsets. A, (i) tSNE plots showing the expression
of CD161 and CD26 on the concatenated Treg file to define Treg subsets (CD161*Tregs and
CD26*Tregs); (ii) Plots from a representative sample of patient with SMZL showing gate
strategy for CD161*Tregs and CD26*Tregs. B, Series of plots showing expression of surface
markers on CD161*Tregs and CD26*Tregs in a representative sample of patient with SMZL.
C, Graphs summarizing the percentages and median marker intensity of surface markers on
CD161*Tregs and CD26* Tregs in patients with SMZL (n= 17). Paired ¢tests were used for
comparisons of CCR4% and the median marker intensity of CCR7, ICOS, and BTLA. For
other parameter comparisons, the nonparametric Wilcoxon matched-pairs signed-rank test
was used.
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Figure 4.

CD161* and CD26™Tregs exhibit differing capacities for cell proliferation, survival,
and immune suppression. A, Proliferation of Treg subsets, isolated from PBMCs of
healthy donors, was evaluated by detecting the percentage of Ki67* cells and is shown
in representative histograms (left). The Ki67* population in CD26* Tregs increased
significantly compared with CD161* Tregs (right); paired #test was used here (7= 4
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individual healthy donors). B, Treg subsets, isolated from PBMCs of healthy donors, were
labeled with Annexin V (AnV) and propidium iodide (PI) after 72 hours of incubation;
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the percentages of necrotic cells (AnV*PI*), early apoptotic cells (AnV*PI7), and live cells
(AnV~PI7) are shown in the representative plots (left and central panel). The percentage of
live cells (AnV~PI7) was significantly lower in CD161*Tregs than that of CD26™ Tregs. In
contrast, the percentage of early apoptotic (AnV*PI7) and late apoptotic/necrotic (AnV*PI*)
cells was significantly higher in CD161*Tregs than CD26*Tregs (right); paired ftest was
used here (7= 3 individual healthy donors). C, Representative plots showing the percentage
of divided CD8*T (T response cells, Tresp) cells when cocultured with Treg subsets at
different ratios (Treg subsets: Tresp = 1:1-8); cells were isolated from PBMCs of a healthy
donor. D, Suppressive function was calculated [%Suppressive = 1 — (%proliferating cells
with Treg present/%proliferating cells without Treg present)], and the suppressive function
of CD161"Tregs on CD8*T cells is significantly stronger; paired ftest was used here (7=

3 individual healthy donors). E, Schematic representation of Treg subsets co-cultured with
B cells experimental design. F, Representative plots of CFSE-labeled B cells co-cultured
with different T-cell subsets in the presence of CD40L, IL4, functional anti-CD3, and
anti-CD28 antibodies (CD40 L and IL4 are for B-cell activation, functional anti-CD3 and
anti-CD28 antibodies are for T-cell activation); cells were isolated from PBMCs of healthy
donors. G, Proliferation ability of B cells was detected. (i) Graph shows percentage of
divided B cells when cocultured with Tconv and Treg subsets. (ii) Graph shows percentage
of undivided B cells when cocultured with Tconv and Treg subsets. (iii) Graph shows
percentage of CFSEYM B cells when cocultured with Tconv and Treg subsets. (iv) Graph
shows percentage of Ki67* B cells when cocultured with Tconv and Treg subsets. Compared
with CD26*Tregs and conventional T cells, CD161*Tregs show significant suppression on
the percentage of divided cells and CFSEYIM cells and Ki67 expression of Bcells;paired ¢
test was used here (n7= 6, the experiments were conducted on the cells that were isolated
from 6 individual healthy donors). H, Schematic representation of Treg subsets co-cultured
with malignant B cells experimental design. I, CD19*B cells from spleen of 2 patients with
SMZL cocultured with Treg subsets (from healthy donor PBMCs) at 1:1 ratio. Viability
(%viability-dye negative cells) and proliferation ability (%Ki67+ cells) of malignant B cells
was detected by FCM.
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Figureb.

IL2 promotes the development of CD26*Tregs with the involvement of STATS. A,
Scatterplot of enriched GSEA pathways. Y-axis represents pathway name, and X-axis
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represents the percentage of gene hits. Size and color of each bubble represent the number

of differentially expressed genes enriched in the pathway and Pvalue, respectively. B,

(i) The enrichment score curve showing alteration of signaling pathways involving 1L2/
STATS pathway in Treg subsets from patients with SMZL, 7= 3. The enrichment score
normalized (NES) greater or less than zero indicates an upregulation or downregulation,
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respectively. These data were generated using GSEA. (ii) Violin plot showing the IL2RA
gene expression levels in CD26*Tregs and CD161*Tregs (SMZL: P=0.03; rSP: A< 0.001).
C, (i) Contour plots showing expression of Ki67 in each Treg subset in the presence of IL2.
The percentages of Ki67* cells induced by IL2 were summarized in the graph; Wilcoxon
matched-pairs signed rank test and paired #test were used here (n7= 3). (ii) Contour plots
showing expression of CD161 on each Treg subset in the presence of IL2. The percentages
of CD161" cells induced by IL2 are summarized in the graph; paired test was used here
(n=13). (iii) Contour plots showing expression of CD26 on each Treg subset in the presence
of IL2. The percentages of CD26" cells induced by IL2 are summarized in the graph;

paired ttest was used here (n= 3). The experiments were conducted on the cells that were
isolated from three individual healthy donors. D, Histogram plots show the STAT5-Tyr694
phosphorylation in CD161*Tregs, CD26*Tregs with or without L2 treatment (50 ng/mL
for 20 minutes); Treg subsets were isolated from PBMCs of healthy donors. E, Contour
plots showing expression of CD26 on DN Tregs (CD161"CD26™) in the presence of 1L2 (50
ng/mL) and with or without STATS5 inhibitor (57318; 50ng/mL), Treg subsets were isolated
from PBMCs of healthy donors. F, The percentages of CD26* Tregs induced by I1L2 plus
STATS inhibitor (57318) are summarized in the graphs (n= 3 individual healthy donors).
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Figure®6.

Intratrumoral CD161*Tregs and CD26*Tregs differentially correlate with patient outcomes
in SMZL. A, (i) Percentage of total Tregs in CD4*T cells in patients with SMZL (n7= 24),
rSP (n= 12), for nonparametric data comparison; Mann—-Whitney was used here. (ii) Graph
showing percentages of total Tregs in 2 patient groups. Patients with SMZL were grouped
using 24-month event-free survival (EFS24, achieved vs. failed; 7= 24), for parametric data
comparison, unpaired ftest was used here (#value = 0.1679, degree of freedom = 22). B,
Representative plots showing CD161 and CD26 on Treg in spleen of EFS24 achieved and
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failed patients with MZL. C, (i) Graph showing percentages of CD161*Treg in 2 patient
groups. Patients with SMZL were grouped using 24-month event-free survival (EFS24,
achieved vs. failed; n= 24), for parametric data comparison, unpaired ¢test was used here
(tvalue = 2.995, degree of freedom = 22). (ii) Graph showing percentages of CD26* Treg
in 2 patient groups. Patients with SMZL were grouped using 24-month event-free survival
(EFS24, achieved vs. failed; n= 24), for parametric data comparison, unpaired #test was
used here (#value = 3.178, degree of freedom = 22). D, Kaplan—Meier curves for EFS of
patients with SMZL (7= 24) by the percentages of Total Tregs (i), CD161*Tregs (ii), and
CD26™Tregs (iii) with a cutoff of median value; log-rank test was used here.
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