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Abstract

The IL-7 receptor alpha chain (IL-7Rα or CD127) can be differentially expressed in memory 

CD8+ T cells. Here we investigated whether IL-7Rα could serve as a key molecule in defining a 

comprehensive landscape of heterogeneity in human effector memory (EM) CD8+ T cells using 

high-dimensional Cytometry by Time-Of-Flight (CyTOF) and single-cell RNA-seq (scRNA-seq). 

IL-7Rα had diverse, but organized, expressional relationship in EM CD8+ T cells with molecules 

related to cell function and gene regulation, which rendered an immune landscape defining 

heterogeneous cell subsets. The differential expression of these molecules likely has biological 

implications as we found in vivo signatures of transcription factors and homeostasis cytokine 

receptors, including T-bet and IL-7Rα. Our findings indicate the existence of heterogeneity in 
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human EM CD8+ T cells as defined by distinct but organized expression patterns of multiple 

molecules in relationship to IL-7Rα and its possible biological significance in modulating 

downstream events.
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1. Introduction

Distinct subsets of CD4+ and CD8+ T cells are identified based on the expression of 

molecules including co-stimulatory molecules and receptors for cytokines and chemokines. 

CD4+ T helper (Th) 1, Th2 and Th17 differentially express CXCR3, CCR4 and CCR6 [1] 

while IL-1 receptor (R) I can define human Th17 cells [2]. In CD8+ T cells, the high affinity 

receptor alpha chain for IL-7 or IL-7Rα is differentially expressed by human effector 

memory (EM) CD8+ T cells, allowing the identification of IL-7Rα low and high EM CD8+ T 

cells with distinct cellular characteristics such as the expression of cytotoxic molecules, 

cytokines, co-stimulatory molecules, and DNA methylation [3–6].

The introduction of high-dimensional single cell analysis has revolutionized the 

understanding of cellular heterogeneity as determined by gene and protein expression. 

Single-cell RNA-seq (sc-RNA-seq) can be used to identify complex and rare cell 

populations and dissect the relationship among such cell populations [7]. cytometry or 

Cytometry by Time-Of-Flight (CyTOF) is a recently developed technology for 

multiparameter single cell analysis that permits unique high dimensional cell profiling at 

protein levels [8–10]. CyTOF utilizes heavy metal ions and mass spectrometry as labels and 

a readout, respectively, which allows the measuring of up to 40+ molecules in a single tube 

[11–13]. The high-dimensional CyTOF and scRNA-seq data can be analyzed to assess the 

multidimensional relationships of molecules expressed by single cells using computational 

methods such as dimensionality reduction and clustering algorithms [7–9]. The 

dimensionality reduction method of principal component analysis (PCA) was applied in 

analyzing human peripheral CD8+ T cells, showing diverse characteristics of total and viral 

specific CD8+ T cells [14–17]. Also, the relationships in multidimensional data can be 

visualized using the nonlinear dimensionality-reduction tool t-distributed stochastic neighbor 

embedding (t-SNE) that is used in combination with clustering analysis to robustly identify 

cellular subsets with distinct traits [18, 19]. Cellular development trajectories on 

multidimensional CyTOF data can be constructed using the method Wanderlust [20]. Also, 

the strength of the relationship among molecules expressed by cells can be quantified at the 

protein level via the application of the algorithm conditional-Density Resampled Estimate of 

Mutual Information (DREMI) on CyTOF data [21]. The function underlying the relationship 

can be visualized by conditional-Density Rescaled Visualization (DREVI) [21].

Human EM CD8+ T cells are divided into a few subsets based on the expression of a single 

or two molecules like CD27, CD28, CD45RA and IL-7Rα [3, 22, 23]. Previously, we 

showed the presence of human IL-7Rαhigh and low EM CD8+ T cell subsets with distinct 
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cellular characteristics [3–6]. However, it is unknown whether IL-7Rα can serve as a key 

molecule in defining a comprehensive landscape heterogeneity in human EM CD8+ T cells 

as determined by high-dimensional single cell analysis. Here we addressed this question by 

analyzing CyTOF and scRNA-seq data of human EM CD8+ T cells using computational 

algorithms. The results of our study show heterogeneity in human EM CD8+ T cells as 

defined by distinct but organized expression patterns of multiple molecules, the unique 

position of IL-7Rα in defining such heterogeneity, and possible biological significance of 

differential expression of these molecules in modulating downstream events.

2. Materials and Methods

2.1. Human subjects

Peripheral blood was obtained after informed consent from healthy adult donors as done 

previously [2, 24, 25]. This work was approved by the institutional review committee of Yale 

University.

2.2. CyTOF Analysis

Peripheral blood mononuclear cells (PBMCs) were purified from blood using FicollPAQUE 

gradients. CyTOF analysis was done as previously done with some modifications [26]. All 

mass cytometry reagents were purchased from Fluidigm, Inc (South San Francisco, CA) 

unless otherwise noted. PBMCs (2 × 106 cells) were stained with a panel of metal-tagged 

antibodies (Supplemental Tables 1 and 2, including manufacturers) followed by Cisplatin 

staining. For intracellular staining, cells were fixed and permeabilized with Maxpar Fix 1 

buffer and Maxpar Perm-S buffer, respectively. Stained cells were washed and kept 

overnight in the MaxPar Fix & Perm Buffer containing intercalator-Ir. Cells were 

resuspended with MaxPar Water containing EQ Four Element Calibration Beads and 

acquired on a CyTOF system Helios (Fluidigm). All FCS files were normalized and 

analyzed using the CYT [18], an open source analytic tool for CyTOF data, and FlowJo 

software (FlowJo, LLC). Also, FCS files from patients with SLE and their healthy controls 

were normalized using a CYTOF-preprocessing tool (https://github.com/KrishnaswamyLab/

cytof-preprocessing). The FCS files were transformed using an inverse hyperbolic sine 

(arcsinh) function with a cofactor of 5 and pre-gated manually to exclude EQ beads, cell 

debris, cell doublets, and dead cells before additional analysis (Supplemental Fig. 5) [13]. 

PhenoGraph, t-SNE, Wanderlust, DREMI and DREMI were done on gated cells (2,500 

cells) [19–21]. Also, we used a newly developed 3-dimensional (D) extension of DREMI 

and DREVI [27]. Here, the level of a third molecule was modeled as a function of the 

abundance of two molecules X and Y. The kernel density estimation used in 2D-DREMI 

[21] was extended to compute a 3D density estimate, which was then normalized by two 

parent dimensions rather than one dimension. The normalized, conditional distribution was 

visualized as a 2D surface that represents the “typical” behavior of molecule Z for each level 

of X and Y. Once the 3D-DREVI was computed, we computed 3D-DREMI by measuring 

the degree of information X and Y together which provided for the value of Z as in 2D-

DREMI [21].
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2.3. Single cell RNA-seq analysis

PBMCs were purified and stained with antibodies to APC-Cy7-CD16, Pacific Blue–CD8α, 

PE–Cy5–CD45RA and PE-Cy7-CCR7. Stained cells were into IL-7Rαlow and high EM 

(CCR7−) CD8+ T cells using a FACSAria® (BD Biosciences, San Jose, CA). The purity of 

cells was greater than 97%. For high-throughput single cell 3’ mRNA sequencing, we used a 

closed microwell array chip developed in the Rong Fan lab [28]. Briefly, single cells and 

uniquely barcoded mRNA capture beads were co-isolated in microwell array for single cell 

mRNA capture following lysis. Once the single cells and mRNA capture beads were loaded 

into the microwell, the microwell arrays were sealed using fluorinated oil (Fluorinert FC-40, 

Sigma Aldrich) to prevent cross-contamination after introducing freeze-thaw lysis buffer 

into the device. Three freeze-thaw cycles were used for the cell lysis, and then incubated at 

room temperature for 60 minutes for mRNA capture onto beads. After incubation, beads 

were retrieved from the device by flushing the beads out into an Eppendorf tube. Then, we 

followed previously reported protocols for reverse transcription, library construction, and 

sequencing [29, 30]. The Nextrera tagmentation (Nextera XT, Illumina) was used for the 

sequencing library constructions, and the finished libraries were sequenced on the HiSeq 

2500 sequences (Illumina). Single-cell RNA-Seq data QA/QC was run on Partek Flow 

single cell module, and hg38_ensembl_release90_v2 was used for gene/feature annotation. 

STAR with default parameters was used to align sequence reads. Any cells with more than 

1% of mitochondrial UMI counts were considered low quality. Cells with more than 2000 

detected genes were checked to determine the rate of doublets. Any gene detected in less 

than three cells or a cell with less than 200 genes detected was excluded for downstream 

data analysis. A total of 1,732 cells from a donor were included in the final analysis. Using 

Seurat v2.0 (http://satijalab.org/seurat/), which is an R package for single cell genomics, the 

preprocessed data were log-normalized with a scale factor of 104. The clustering of the cells 

was done using only variable genes (2,037) selected by the FindVariableGenes (Seurat R 

package) with default parameters. The variable genes were then used to perform a PCA for 

dimensionality reduction. Significant PCs selected by a JackStraw test with 100 replicates 

and those with a p-value < 1e-5 were used to perform the clustering. After running the PCA, 

t-SNE analysis was run to visualize cells in a 2-D space. Clusters were identified using 

FindClusters (Seurat R package) using a 1.2. To identify differentially expressed genes in 

each of the clusters relative to the rest of the cells in the analysis, we used the function 

FindAllMarkers (Seurat R package). Only genes enriched and expressed at least in 25% of 

the cells in one of the two populations and with a log fold difference greater than 0.25 were 

considered. The scRNA-seq data set was submitted to Gene Expression Omnibus 

(GSE133167).

3. Results

3.1. High-dimensional CyTOF analysis shows heterogeneity in human EM CD8+ T cells 
expressing different levels of IL-7 receptor alpha chain.

We determined the expression of a set of 21 surface molecules, including IL-7Rα, in human 

EM CD8+ T cells using CyTOF to investigate the implication of IL-7Rα in defining cellular 

heterogeneity in the setting of high-dimensional profiling. These molecules included the 

ones encoded by differentially expressed genes (DEGs) in IL-7Rαlow and high EM CD8+ T 
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cells [31] as well as those related to cell activation, co-stimulation, inhibition and migration. 

To characterize cell subsets in multiple donors, we ran the PhenoGraph algorithm on 

grouped EM CD8+ T cells from studied subjects based on the 21 molecules [19]. This 

revealed 185 cell subsets (Fig. 1A) that were landscaped on a t-SNE plot (Fig. 1B) where 

each subset and its size were indicated by a single point scaled to represent its proportion in 

the total 185 subsets. This landscape indicated that the subsets of EM CD8+ T cells from 

individual subjects could be grouped based on the similarities of the expression levels of the 

21 molecules. Although the sizes of the subpopulations from each subject in individual 

clusters on the t-SNE plot were variable, each t-SNE cluster had subsets from most subjects 

(Fig. 1B). We took a metaclustering approach to merge the 185 subsets of EM CD8 into a 

set of secondary clusters or metaclusters [19, 32]. This analysis identified twelve 

metaclusters (Fig. 1C-D) with unique expression profiles of the analyzed molecules, 

including low and high levels of IL-7Rα expression (Fig 1D, t-SNE plot and heatmap). EM 

CD8+ T cell subsets in each cluster on the t-SNE plot belonged to the same metaclusters 

despite being from different subjects (Fig. 1B-C). The analyzed molecules could be grouped 

in relation to IL-7Rα expression in the metacluster analysis (Fig. 1D-E), showing the 

relationship of IL-7Rα expression with cell migration, co-stimulatory, and inhibitory 

molecules in EM CD8+ T cells. The proportions of individual metaclusters were variable, 

indicating quantitative heterogeneity of the EM CD8+ T cell subsets among subjects (Fig. 

1F). Our findings support the existence of heterogeneous cell subsets with distinct levels of 

IL-7Rα expression in human EM CD8+ T cells.

3.2. The expression trajectories of chemokine receptors, co-stimulatory and inhibitory 
molecules have distinct but organized relationships with IL-7Rα expression in EM CD8+ T 
cells.

Given the expressional association of IL-7Rα with other molecules in EM CD8+ T cells, we 

explored the sequential relationship of such molecular expressions using the trajectory 

detection algorithm Wanderlust, which converts data from multi-parameter single-cell events 

into a one-dimensional linear trajectory [9, 20]. Here the starting point of a trajectory was 

designated by high levels of IL-7Rα and CD27 and low levels of CD57 because the former 

molecules are highly expressed by naïve CD8+ T cells while CD57 is considered a 

senescence marker of CD8+ T cells [23, 33]. The molecules differentially expressed by EM 

CD8+ T cells could be divided into several groups based on their Wanderlust trajectories. 

While the expression levels of IL-7Rα, CD27, CD28, CXCR4, CCR2 and CCR6 by EM 

CD8+ T cells gradually decreased in most studied subjects, the expression levels of CD57, 

4–1BB, CXCR1 and CX3CR1 steadily increased (Fig. 2). This pattern became more 

apparent in all tested individuals as the graph smoothing level was increased to leave out 

noise (Supplemental Fig. 1A-B). Although the exact differentiation pathway(s) of EM CD8+ 

T cells is yet to be elucidated, our trajectory analysis infers that organized events occur 

sequentially across the expression of chemokine receptors and co-stimulatory molecules by 

human EM CD8+ T cells at the single cell level in relation to CD8+ T cell differentiation-

associated molecules like IL-7Rα, CD27 and CD57.
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3.3. High-dimensional single cell RNA-seq analysis shows heterogeneity in human EM 
CD8+ T cells expressing different levels of the IL7RA gene.

We next interrogated the relationship of IL7RA gene expression in defining heterogeneity of 

human EM CD8+ T cells at the gene level using high-dimensional scRNA-seq. By applying 

the PCA algorithms, we identified a set of genes that defined the gene expression profiles of 

individual EM CD8+ T cells. The genes which belonged to principal component 1 of the 

PCA included IL7RA, perforin (PRF1), and granzymes (Supplemental Fig. 2). Also, we 

analyzed the data using a combination of t-SNE and k-means clustering. This analysis 

revealed a set of genes, including IL7RA, that delineated the gene expression profiles of 

distinct cell subsets (Fig. 3A-C). In accordance with the results of CyTOF analysis, the 

identified cell clusters could divide into those with high and low levels of IL7RA expression, 

and heterogeneous cell subsets were found in cells expressing different levels of IL7RA. The 

characteristics of such cell subsets had some similarities to those of cell subsets detected by 

metaclustering on CyTOF data (Fig. 3C). Cells expressing low levels of IL7RA CX3CR1 
expression but decreased CXCR4 expression compared to cells expressing high levels of 

IL7RA. Also, cells with low levels of IL7RA expression had high levels of PRF1, GZMB1, 

and TBX21 expression but low levels of CD27, CD28 and CD69 compared to the same cells 

expressing low levels of IL7RA (Fig 3D). We characterized the heterogeneity of EM CD8+ 

T cells using a supervised clustering approach based on the genes encoding molecules 

analyzed by CyTOF (Fig 3E). Although only some of these genes were detected at the single 

cell level, the clusters identified by this approach shared similarities with the cell clusters 

identified by CyTOF analysis. For instance, cells in cluster C1 detected by this analysis had 

high levels of IL7RA, CD69, CD27 and CXCR4 genes along with low levels of the SELL 
gene encoding CD62L as in cells belong to metacluster 1 (MC1) identified by CyTOF (Fig 

3E and Fig 1D). We also determined the heterogeneity of EM CD8+ T cells based on a set of 

molecules related to CD8+ T cell functions (Fig 3F). Since we analyzed unstimulated EM 

CD8+ T cells, most cells hardly expressed cytokine genes except a small number of cells 

with the expression of the IFNG gene (Fig 3F, cluster F10). Of interest, a subset of 

IL7RAlow cells expressing GZMB and PRF1 had high expression levels of the LAMP1 gene 

which encodes lysosomal-associated membrane protein 1 (LAMP-1 or CD107a), a molecule 

associated with degranulation of cytotoxic molecules and cell migration (Fig 3F, cluster F3). 

This subset also expressed high levels of the fractalkine receptor CX3CR1, suggesting that 

highly cytotoxic EM CD8+ T cells may migrate to inflammatory sites through chemotaxis 

mediated by CX3CR1 and its ligand fractalkine. As previously reported [34], the T cell 

exhaustion-associated genes LAG3, CD244 (2B4) and CD160 were expressed by cells in the 

same cluster with low expression levels of the IL7RA gene (Fig 3F, cluster F2). These 

findings indicate that IL7RA has a unique place in defining distinct EM CD8+ T cell subsets 

at the gene expression level.

3.4. Signatures of the transcription factor T-bet and T cell homeostasis cytokine 
receptors, including IL-7Rα, are present at different levels across EM CD8+ T cells.

The transcription factor T-bet (T-box transcription factor) encoded by the TBX21 plays a 

role in regulating perforin and granzyme B (GZMB) as well as in differentiating effector 

CD8+ T cells, including functionally exhausted ones expressing inhibitory molecules (e.g. 

2B4) [35–37]. Our scRNA-seq analysis showed differential expression of TBX21, GZMB 
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and PRF1 (perforin) in IL-7Rαlow and high EM CD8+ T cells (Fig. 3C-D). We further 

investigated this relationship at the protein level using DREMI and DREVI algorithms for 

CyTOF [21]. DREMI computes mutual information that describes how the state of Y varies 

with different states of X [21]. DREVI visualizes the function underlying this molecular 

interaction [21]. DREMI scores indicate the strength of the statistical dependency between 

two molecules. DREVI plots visualized the nature of their relationships. We noticed a 

reciprocal expressional relationship between IL-7Rα and T-bet at the single cell level (Fig. 

4A) while T-bet had a positive expressional relationship with perforin, GZMB, 2B4 and 

CD57 (Fig 4A). In fact, the DREMI scores for perforin and GZMB were the highest ones in 

association with T-bet (Fig. 4A). The transcription factor eomesodermin (Eomes) can also 

regulate perforin and GZMB as well as the differentiation of CD8+ T cells [36, 38]. DREMI 

scores between Eomes and these molecules appeared to be less strong compared to T-bet 

(Supplemental Fig. 3). The expression trajectories of T-bet, perforin, and GZMB were 

closely related and had an inverse relationship with IL-7Rα as determined by Wanderlust 

(Fig. 4B and Supplemental Fig. 4A). We next explored the 3D relationships of these 

molecules using the recently developed 3D DREMI and DREVI [27]. EM CD8+ T cells 

expressing high levels of T-bet and Eomes had high levels of GZMB and perforin while 

IL-7Rα expression was low in those cells expressing high levels of T-bet and perforin (Fig. 

4C).

IL-7 and IL-15 are involved in CD8+ T cell homeostasis by enhancing anti-apoptotic 

molecule Bcl-2 expression [39, 40]. Both IL-7 and IL-15 receptor complexes have the 

common gamma chain (γC or CD132) in addition to IL-7Rα (CD127) and IL-2/15Rβ 
(CD122) chains, respectively [41]. The IL-2 receptor complex comprises γC, IL-2Rα 
(CD25) and IL-2/15Rβ [41]. Our Wanderlust trajectory analysis showed a gradual decrease 

in Bcl-2 along with IL-7Rα and γC in EM CD8+ T cells (Fig. 5A and Supplemental Fig. 

4B). However, Bcl-2 and γC levels rebounded and IL-7Rα levels remained low while those 

of IL-15Rβ and CD25 re-rose. This interpretation may need to be taken carefully since 

Wanderlust trajectory analysis assumes that cells take a single differentiation pathway 

although more than one differentiation pathway can exist. We thus determined 

intermolecular quantitative relationships between the cytokine receptors and Bcl-2 using 

DREMI and DREVI algorithms (Fig. 5B), which showed modest intermolecular quantitative 

relationships. Since IL-7Rα and γC form the IL-7Rα complex to upregulate Bcl-2, we 

explored their relationships in EM CD8+ T cells using a 3D DREMI approach. Indeed, 

EMCD8+ T cells with high levels of Bcl-2 are those with high levels of IL-7Rα and C (Fig. 

5C). A similar relationship was observed among Bcl-2, IL-7Rα, and CD122 as determined 

by the 3D DREMI and DREVI (Fig. 5C). Overall, our findings suggest that signatures of 

transcription factors and homeostasis cytokine receptors, including T-bet, IL-7Rα and γC, 

are present in EM CD8+ T cells in vivo at different levels as measured by the expressional 

levels of their downstream molecules including perforin, GZMB and Bcl-2 at the single cell 

level.

4. Discussion

We investigated the role of IL-7Rα in defining heterogeneity of human EM CD8+ T cells 

and its expressional relationship with molecules implicated in such heterogeneity using 
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high-dimensional CyTOF and scRNA-seq analyses. The results of our study showed that 

IL-7Rα has diverse but organized expressional relationship with molecules related to gene 

regulation, effector function, survival and migration in human EM CD8+ T cells, rendering a 

landscape of heterogeneous EM CD8+ T cell subsets. Such heterogeneity likely occurs in an 

orchestrated manner given the relationship in the expression trajectories and quantities of 

these molecules at the single cell level as assessed by the algorithms Wanderlust, DREMI 

and DREVI. The differential expression of the molecules may have functional implications 

as we found in vivosignatures of T-bet, IL-7Rα and γC at different levels across EM CD8+ 

T cells by determining the expression relationship of such molecules with their target 

molecules perforin, GZMB and Bcl-2 using 2D and novel 3D DREMI and DREVI. Our 

approach investigating the heterogeneity of EM CD8+ T cells at the single cell level based 

on a set of molecules, including IL-7Rα, can be a valuable tool in identifying altered CD8+ 

T cell subsets in health and disease. Overall, our findings indicate the existence of 

heterogeneous subsets in human EM CD8+ T cells as defined by the distinct but organized 

expressional relationship of IL-7Rα with multiple molecules and the possible biological 

significance of differential expression of such molecules in modulating downstream events.

Here we utilized CyTOF and scRNA-seq analyses in exploring heterogeneity of human EM 

CD8+ T cells, especially in relation to IL-7Rα expression. IL-7Rαlow and high EM CD8+ T 

cells could be divided into additional subsets based on the expression of these molecules. 

The phenotypic characteristics of subsets of EM CD8+ T cells were relatively similar among 

studied healthy subjects as determined by the metaclustering method although the 

proportions of such subsets appeared to be variable. It would be intriguing to investigate 

whether such heterogeneity changes at greater levels in pathologic conditions. Although the 

exact differentiation pathway(s) of IL-7Rαhigh and low EM CD8+ T cells is yet to be 

demonstrated, the results of our trajectory analysis are in line with previous studies showing 

expressional changes in co-stimulatory and inhibitory molecules along with IL-7Rα upon T 

cell stimulation [23, 33]. With antigenic CD8+ T cell stimulation, especially in the setting of 

repetitive and/or chronic stimulatory conditions, IL-7Rα and the co-stimulatory molecules 

CD27 and CD28 become down regulated on CD8+ T cells while the co-inhibitory molecule 

PD-1 and the cell senescence-associated molecule CD57 increase [23, 33]. Such changes 

could be related to genetic and epigenetic changes as suggested by the role of DNA 

methylation in regulating IL-7Rα and CX3CR1 expression in human CD8+ T cells [4, 6, 

42]. Overall, the results of our Wanderlust trajectory analysis suggest that distinct sets of 

chemokine receptors, co-stimulatory and effector molecules tend to change in an organized 

manner in relation to IL-7Rα expression in EM CD8+ T cells at the single cell level.

Although perforin and GZMB are known to be transcriptionally regulated by T-bet and 

Eomes [38, 43], the in vivo quantitative relationship between these molecules in human 

CD8+ T cells at the single cell level was largely unknown. Here we first show a robust 

quantitative relationship of T-bet with perforin and GZMB in human CD8+ T cells using the 

recently developed algorithms DREMI and DREVI. The latter analysis indicates a linear 

type quantitative relationship between T-bet and perforin in EM CD8+ T cells. The 

expression levels of GZMB appeared to rise somewhat abruptly a certain level of T-bet 

expression in EM CD8+ T cells. These findings suggest that the dose-response relationship 

between T-bet and its target cytotoxic molecules perforin and GZMB may not be similar at 
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the single cell level in human EM CD8+ T cells. Eomes had a similar but less robust 

expression relationship with perforin and GZMB compared to T-bet. In fact, our 3D DREMI 

and DREVI analysis supports a combinational role of T-bet and Eomes in regulating perforin 

and GZMB expression in EM CD8+ T cells at the single cell level.

Animal and in vitro studies showed the role of γC cytokines, including IL-7 and IL-15, in 

promoting memory T cell survival by up-regulating Bcl-2 [3, 40, 44, 45]. However, the 

quantitative relationship of Bcl-2 expression with γC cytokine receptor expression is not 

fully defined in human CD8+ T cells at the single cell level. The results of our analysis infer 

the existence of a quantitative relationship between Bcl-2 and the receptor subunits for IL-7 

and IL-15 in human EM CD8+ T cells. This finding is further supported by our Wanderlust 

trajectory analysis showing the relationship in the expression of the same molecules at the 

single level. These results indicate that the expression levels of T cell homeostasis cytokine 

receptors change in EM CD8+ T cells, contributing to Bcl-2 expression, a possible signature 

of these cytokine receptors.

In summary, we believe our study is unique in that it has investigated heterogeneity of 

human EM CD8+ T cells in relation to the T cell homeostasis cytokine receptor IL-7Rα 
using high-dimensional CyTOF and scRNA-seq analyses. The results of our study showed 

the existence of heterogeneity in human EM CD8+ as defined by distinct but organized 

expression patterns of multiple molecules, including IL-7Rα, biological implications of 

differential expression of such molecules in controlling downstream events.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. IL-7Rα has unique relationship with a set of molecules in EM CD8+ T cells.

2. Such a relationship defines heterogeneous cell subsets in EM CD8+ T cells.

3. Molecules expressed by these subsets may confer unique biological 

significance.

4. IL-7Rα has unique relationship with a set of molecules in EM CD8+ T cells.

5. Such a relationship defines heterogeneous cell subsets in EM CD8+ T cells.

6. Molecules expressed by these subsets may confer unique biological 

significance.
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Fig. 1. High-dimensional CyTOF analysis shows heterogeneity in human effector memory (EM) 
CD8+ T cells expressing different levels of IL-7 receptor alpha chain.
PBMCs of healthy human subjects were stained with antibodies to a set of molecules 

(Supplementary Table 1) and run on a Helios CyTOF instrument. The PhenoGraph 

clustering was performed on a group of EM CD8+ T cells from 13 individual donors based 

on the expression of 21 molecules including chemokine receptors, co-stimulatory and 

inhibitory molecules, which resulted in the division of the cells into 185 subpopulations as 

shown in (A). Subsequently, metaclustering (secondary clustering analysis) was done on 

these subpopulations (k parameter set at 15). t-SNE plots showing a landscape of the 185 

subpopulations and their relationships to (B) individual donors and (C) metaclusters (MCs). 

Each subpopulation (subset) and its size were indicated by a single point scaled to represent 

its proportion in the total 185 subsets. (D) The MCs were named based on the expression 

profiles of individual MCs (heatmap) and indicated on a t-SNE plot generated on EM CD8+ 

T cells of the 13 donors. Each dot represents a single cell. Heatmap showing mean 

expression levels of 21 molecules by individual MCs. (E) t-SNE plot and bar graph showing 

expression levels of IL-7Rα by EM CD8+ T cells and individual MCs of the all 13 donors, 

respectively. (F) Graph showing the frequency of individual MCs (dots) in the 13 donors 

(bars and error bars indicate mean ± SEM, respectively).
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Fig. 2. The expression trajectories of chemokine receptors, co-stimulatory and inhibitory 
molecules have distinct but organized relationships with the expression trajectory of IL-7 
receptor alpha in human effector memory CD8+ T cells.
(A-B) The trajectory detection algorithm Wanderlust was applied to EM CD8+ T cells gated 

on the CyTOF data of PBMCs. EM CD8+ T cells that expressed high levels of IL-7Rα and 

CD27 and low levels of CD57 were designated as the youngest cells or the starting point of 

trajectories in the Wanderlust analysis. Graph smooth levels were set at 2 to allow matching 

differences in samples. Expression trajectories of (A) co-stimulatory and -inhibitory 

molecules and (B) chemokine receptors along with IL-7Rα.
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Fig. 3. Single-cell RNA-seq analysis shows heterogeneity in human effector memory CD8+ T cells 
expressing different levels of the IL-7 receptor alpha chain gene.
Single-cell RNA-seq analysis was performed on FACS-sorted EM CD8+T from PBMCs of a 

healthy donor. This analysis yielded data for 1,732 cells with variable expression levels of 

2,037 genes. Unsupervised clustering revealed nine transcriptionally distinct subpopulations. 

(A) t-SNE plot showing nine transcriptionally distinct EM CD8+ T cells clusters with 

different levels of IL7RA gene expression. The expression of the IL7RA gene by the 

individual clusters were presented as violin plots. Individual cell clusters were indicated by 

different colors. Each dot represents a single cell. (B) Heatmap showing the gene expression 

profiles of individual clusters identified in (A). (C) Heatmap showing the expression values 

of a set of genes, including IL7RA and those related to IL7RA in Fig 1, in individual 

clusters. (D) t-SNE plots showing expression levels of the indicated molecules in EM CD8+ 

T cells. (E-F) t-SNE plots and heatmaps showing the results of supervised clustering 

analyses based on a set of genes employed for CyTOF (E) and genes associated with CD8+ 

T cell functions (F). C1–10 and F1-F10 indicate cell clusters.
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Fig. 4. The signature of the transcription factor T-bet is present at different levels across human 
effector memory CD8+ T cells as determined by the expression of T-bet and its target molecules 
at the single cell level.
PBMCs of healthy human subjects were stained with antibodies to a set of molecules, 

including IL-7RA, T-bet, eomesodermin (Eomes), perforin, granzyme B, CD57, and 2B4, 

and run on a Helios CyTOF instrument. (A) 2-dimensional DREVI plots showing the 

expression relationship of IL-7Rα with T-bet as well as of T-bet with perforin, granzyme B, 

CD57, and 2B4 in EM CD8+ T cells of 5 donors (DO1-DO5). DREMI scores that indicate 

the strength of the statistical dependency between two molecules are shown above the 

DREVI plots. (B) Expression trajectories of T-bet, perforin, granzyme B, 2B4, CD57 and 

IL-7Rα in EM CD8+ T cells as determined by the trajectory detection algorithm Wanderlust. 

EM CD8+ T cells that expressed high levels of IL-7Rα and CD27 and low levels of CD57 

were used as the youngest cells or the starting point of trajectories, in the Wanderlust 

analysis. (C) 3-dimensional (3D) DREVI plots showing the expression relationship of T-bet 

with perforin, granzyme B, IL-7Rα and Eomes CD8+ T cells. DREMI scores that indicate 

the strength of the statistical dependency in three molecules are shown above the DREVI 

plots. Representative data from 5 donors.
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Fig. 5. The signature of T cell homeostasis cytokine receptors is present at different levels across 
human effector memory CD8+ T cells as determined by the expression of γC cytokine receptors 
and its target Bcl-2 at the single cell level.
PBMCs of healthy human subjects were stained with antibodies to a set of molecules, 

including the γC cytokine receptors IL-7Rα, CD122 (IL-15Rβ), CD25 (IL-2/15Rα), CD132 

(γC) and the anti-apoptotic molecule Bcl-2, and run on a Helios CyTOF instrument as in 

Fig. 4. (A) Expression trajectories of IL-7Rα, CD122, CD25, CD132, and Bcl-2 in EM 

CD8+ T cells as determined by the trajectory detection algorithm Wanderlust. EM CD8+ T 

cells that expressed high levels of IL-7Rα and CD27 and low levels of CD57 were 

designated as the youngest cells or the starting point of trajectories, in the Wanderlust 

analysis. (B) 2-dimensional DREVI plots showing the expression relationship of IL-7Rα, 

CD122, CD25 and CD132 with Bcl-2 in EM CD8+ T cells of 5 donors (DO1-DO5). DREMI 

scores that indicate the strength of the statistical dependency between two molecules are 

shown above the DREVI plots. (C) 3-dimensional (3D) DREVI plots showing the 

expression relationship of IL-7Rα, CD122, CD132 and Bcl-2 in EM CD8+ T cells. DREMI 

scores that indicate the strength of the statistical dependency in three molecules are shown 

above the DREVI plots. Representative data from 5 donors.
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