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A B S T R A C T

ABCB1/MDR-1/P-glycoprotein (Pgp) is an ABC transporter responsible for cancer cell multi-drug resistance. It is 
expressed in cytotoxic T lymphocytes (CTL). Eliminating sensitive cancer cells during high-dose chemotherapy 
can also damage immune cells. Our study aimed to assess which maturing human CD8 + CTL memory subsets 
may be affected based on their Pgp protein expression. In an in vitro CTL differentiation model system, we tracked 
the maturation of naive, effector, and memory cells and the expression of Pgp. This system involves co-culturing 
blood lymphocytes with proliferation-inhibited JY antigen-presenting B-lymphoblastoid cells expressing HLA-I 
A2. These JY-primed maturing CTLs were TCR-activated using beads, and the effect of the maturation- 
modifying JAK1/2 inhibitor ruxolitinib was examined. Multidimensional analysis identified six major CTL 
subsets: naive, young memory (Tym), stem cell memory (Tscm), central memory (Tcm), effector memory (Tem), 
and effectors (Te). These subsets were further divided into thirteen specific subsets: TymCD127 + , TymCD127-, 
Tscm, TcmCD95 + , TcmCD73 +CD95 + , TcmCD95+CD127 + , TcmPD1 + , TemCD95 + , TemraCD127 + , 
TemraCD127-, TeCD95 + , and TeCD73 +CD95 + . Pgp expression was detectable in naïve cells and dynamically 
changed across the thirteen identified subsets. Increased Pgp was detected in young memory T cells and in Tscm, 
TcmCD95 + , and TcmPD1 + human CTL subsets. Unlike other transiently appearing memory cells, the number 
of cells in these core Pgp-expressing memory subsets stabilized by the end of the contraction phase. Ruxolitinib 
treatment downregulated effector T-cell polarization while upregulating small memory subsets expressing Pgp. 
In conclusion, activation increased Pgp expression, whereas ruxolitinib treatment preserved small early and late 
memory subset core that primarily expressed Pgp.

1. Introduction

ABCB1/MDR-1/P-glycoprotein (Pgp), an ATP-binding cassette 
(ABC) transporter, plays a pivotal role in chemoresistance by expelling 
xenobiotic substances from cells and protecting tissues against toxins. It 
is highly expressed in critical barriers, such as the blood-brain barrier 
and the placenta, safeguarding sensitive tissues from harmful com
pounds [1,2]. Beyond its canonical function in multidrug resistance 
(MDR) tumors [3], Pgp contributes to the body’s chemo-immunity de
fense system [1]. It also exhibits non-canonical roles, such as releasing 

endogenous molecules in specific cell types, including adrenal aldoste
rone export [4]. Pgp expression can be induced under oxidative stress or 
inflammatory conditions and is found in most immune cells [5]. These 
include innate and adaptive immune cells like monocytes, natural killer 
cells, dendritic cells, mucosal-associated invariant T-cells (MAIT), B 
cells, and T lymphocytes. While high Pgp expression in immune cells has 
been linked to poor outcomes in autoimmune disease treatments, it can 
also confer beneficial effects. For example, during chemotherapy, the 
immune system’s antiviral responses often persist [6,7], potentially due 
to Pgp expression in long-lived antiviral T cells. This enables immune 
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cells to withstand the harsh tumor microenvironment and influences the 
bioavailability of immune-modulating corticosteroids [8–10].

In tumors, elevated Pgp levels in cancer cells drive chemoresistance, 
complicating treatment [11]. High-dose chemotherapy can effectively 
target tumor cells but may also damage non-target immune cells, 
including tumor-infiltrating lymphocytes, leading to lymphocytopenia 
and an increased risk of severe infections [11]. Despite this, 
Pgp-expressing memory T cells, which are highly resilient, often survive 
chemotherapy. These cells play a critical role in immune recovery, 
exhibiting stress resistance, proliferation, differentiation potential, and 
longevity [7,12]. Among them, CD8 + memory T cells are especially 
significant for immune defense, with young Pgp-expressing memory T 
cells (Tym) showing particular promise in tumor-targeted therapies due 
to their unique functional properties [13].

Ruxolitinib (RUX), an FDA-approved inhibitor targeting JAK1/2, has 
garnered attention in the treatment of various blood cancers, including 
myeloproliferative neoplasms/myelodysplastic syndrome, poly
cythemia vera, acute and chronic lymphoblastic leukemia, and myelo
fibrosis (MF) [14,15]. Its expanding applications are supported by 
effectiveness demonstrated in recent successful treatment studies, 
including protocol development for managing the hyperinflammatory 
state of COVID-19 and reducing PD-1 expression in MF, where PD-1 is 
overexpressed as T cells undergo persistent activation [14,16,17].

Studies suggest that ruxolitinib affects T-cell maturation. It shifts T 
cell subsets towards CD8 + phenotypes, particularly by increasing naive 
(Tn) and central memory T cells (Tcm) while decreasing effector 
memory (Tem) and effector T cells (Te), a crucial aspect of its efficacy in 
managing MF [15].

The study of CD8 +memory cells is a dynamic area of research due to 
their crucial role in the persistence of immune responses, particularly in 
preventive vaccinations and cancer immunology. In organ trans
plantation, CD8 + memory stem cells are key in determining transplant 
success. Memory stem cells were first described in commonly used 
murine models investigating graft versus host disease (GVHD) [15]. 
Gattinoni [18] identified this highly proliferative T-cell subset in 
humans expressing CD95 and CD122. The subset can easily be mistaken 
for MAIT cells, which also exhibit high Pgp expression [7,19]. Notably, 
young memory T cells (Tym), as described by Murata [13], display drug 
resistance and differentiate into Tcm cells, which express CD73 and 
demonstrate both drug resistance and aldehyde dehydrogenase 1 
(ALDH1) activity. Over the past two decades, CD8 + populations 
expressing the IL-7 receptor (CD127) with efflux activity have been 
recognized [20]. However, our understanding of Pgp expression across 
CD8 + T-cell phenotypes remains incomplete, and the potential func
tional role of Pgp in memory T-cell maturation is still unclear.

We investigated maturation changes in CD8 + T-cell subsets using a 
human in vitro CTL differentiation model. This model generates long- 
lived memory T-cell subsets over a one-month culture period, 
following the priming of T cells derived from peripheral blood mono
nuclear cells (PBMCs) with JY antigen-presenting cells (APCs) [21]. 
These JY APCs, derived from B lymphoblastoid leukemia cells, express 
high levels of HLA-I A2 and HLA-II DQ and primarily initiate MHC 
class-I-restricted changes [22].

T-cell activation and maturation require three critical signals: 
antigen-specific recognition, co-stimulatory signals, and interleukin- 
mediated signaling. Receptor-ligand interactions between tumor- 
antigen-presenting APCs and T cells play a pivotal role in neoplastic 
hematological disorders. Prior research has demonstrated that JY cells 
can induce tumor-specific cytotoxic T-lymphocytes (CTLs), offering a 
potential approach for myeloma immunotherapy [22–25]. The JY cell 
line-induced, MHC-I-restricted cellular immune response efficiently 
generates allogeneic, anti-tumor, or virus-specific CD8 + CTLs from 
PBMCs [21–24]. While standard in vitro T-cell activation methods, such 
as CD3/CD28 bead-based approaches, have been succeeded by 
advanced techniques like lipid vesicle-based activation [26], the JY 
cell-induced system is likely more efficient due to its physiological 

mimicry of natural cell-cell interactions.
To assess the progression of subset changes, we compared the initial 

PBMC composition, serving as a baseline snapshot, with the maturation 
profile after one month of JY exposure. Additionally, a shorter, 3-day 
CD3/CD28 activation was employed to capture two intermediate 
snapshots, offering deeper insight into subset dynamics. By incorpo
rating ruxolitinib treatment, known to influence T-cell maturation, we 
further delineated phases of differentiation, enhancing our under
standing of memory subset dynamics. Throughout this process, we 
monitored P-glycoprotein (Pgp) expression across maturing T-cell 
subsets.

This study identified distinct long-lived CD8 + T-cell subsets 
expressing Pgp, which were preserved through progressive memory cell 
maturation. Our system successfully replicated the adaptive immune 
response’s natural tendencies, with effector properties upregulated and 
naive and intermediate memory T cells downregulated during both 
short-term CD3/CD28 activation and long-term JY cell stimulation. 
Furthermore, ruxolitinib exposure delayed effector differentiation and 
increased the population of CD127-expressing cells. These findings 
suggest that elevated Pgp expression is critical for maintaining long- 
lived memory cells in human cytotoxic T lymphocytes.

2. Materials and Methods

2.1. Antibodies and chemicals

The following fluorescently-labeled monoclonal antibodies (mAbs) 
were applied. Mouse anti-human CD16 Fluorescein isothiocyanate 
(FITC), CD19 Phycoerythrin (PE), CD56 Peridinin Chlorophyll Protein- 
Cyanine 7 (PC7), and CD62L Pacific Blue (Beckman Coulter,Brea, CA, 
USA). Mouse anti-human CD3 Peridinin Chlorophyll Protein-Cyanine 
5.5 (PerCP-Cy5.5), CD4 Pacific Blue, CD45 RA FITC, and CD8 
Allophycocyanin-Hilite7 (APC-H7) (Becton Dickinson, Franklin Lakes, 
NJ, USA). Mouse anti-human CD45 Pacific Orange (PO) (EXBIO Prague, 
Czech Republic). Mouse anti-human CD73 PE (Sony Biotechnology Inc., 
San Jose, CA, USA). Mouse anti-human CD95 PE-Cyanine7 and CD127 
PE-Cyanine5.5 (Thermo Fisher Scientific, Waltham, MA, USA). Mouse 
anti-human CD279 (PD-1) Allophycocyanin-Cyanine7 (APC-Cy7) (Bio
Legend, San Diego, CA, USA). The anti-human CD8 (OKT8) PO and Pgp 
(15D3) Alexa Fluor 647 dye-labeled mouse mAbs were produced in- 
house from hybridoma and mouse ascites.

The anti-human CD8 mouse mAb was isolated from the supernatant 
of OKT8 hybridoma cells. OKT8 cells were cultured in RPMI medium, 
and the supernatant was collected and purified using a Protein-A column 
at 4◦C.

The 15D3 anti-human Pgp mouse mAb was purified from mouse 
ascites [27]. One million 15D3-hybridoma cells were injected intra
peritoneally into female BALB/C and Swiss nude mice aged ten weeks. 
Mice were housed in the animal house of the University of Debrecen, Life 
Science Building, Hungary, where conditions were controlled to main
tain a temperature range of 21–25◦C and a 12-hour light/dark cycle. The 
mice had free access to standard mice pellets and water ad libitum 
within standard mice cages. On the 14th day of post-injection, ascites 
were collected aseptically from the mice and stored at − 80◦C. The 
collected ascites were purified using a protein-G column kit (Thermo 
Fisher Scientific NAb™ Protein G Spin Kit), following the manufac
turer’s instructions [27].

The isolated 15D3 and OKT8 mAbs protein concentration was 
measured with a NanoDropTM OneC microvolume UV-Vis Spectropho
tometer at 280 nm. 0.02 % sodium azide solution was added to the 
purified antibodies, which were then stored at four ◦C or for a long time 
at − 20◦C. Furthermore, according to manufacturer instructions, Alexa 
Fluor and PO-labeled mAbs were prepared for direct immune-labeling 
purposes (Thermo Fisher Scientific, Waltham, MA, USA).

The chemicals not specifically indicated were purchased from 
Thermo Fisher Scientific (Waltham, MA, USA), or Sigma-Aldrich (St. 
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Louis, MO, USA).

2.2. Cell lines and generation of cytotoxic T lymphocytes

The JY cell line is a human Epstein–Barr virus-transformed B-lym
phoblastoid cell line expressing a high density of MHC class I A2 and 
class II DR on the surface plasma membrane [21]. Cell lines were 
maintained in RPMI 1640 medium (Sigma- Aldrich, (St. Louis, MO, USA) 
supplemented with sodium bicarbonate, glucose, pyruvate, MEM 
non-essential amino acids, GlutaMAX, gentamycin, or ampicillin, and 
10 % heat-inactivated FCS (SEBAC, Aidenbach, Germany) (complete 
medium) in a 5 % CO2 at 37◦C.

CTLs were generated from human peripheral blood lymphocytes 
(PBL). First, peripheral blood mononuclear cells (PBMCs) were isolated 
from leukocyte-enriched buffy coats from healthy blood. PBMCs were 
separated by a standard density gradient centrifugation with Ficoll- 
Paque Plus (Amersham Biosciences, Uppsala, Sweden). Then, mono
cytes were removed from PBMCs by positive selection using immuno
magnetic cell separation with anti-CD14-conjugated microbeads 
(Miltenyi Biotec, Bergisch Gladbach, Germany), according to the man
ufacturer’s instruction. The resultant PBLs were cultured at a density of 
2–5 million cells/ml for a couple of days in T75 tissue culture flasks in a 
complete RPMI medium supplemented with 10 mM Hepes buffer (pH 
7.3) and 50 µM 2-mercaptoethanol (SERVA, Heidelberg, Germany), 
until it was used for experiments or cells were frozen for more extended 
storage. When required, 20 IU of human recombinant IL-2 (PeproTech, 
Cranbury, NJ, USA) was also included in the complete medium.

CTLs were generated by priming PBLs with heat-treated JY antigen- 
presenting cells in mixed cultures of 4:1 ratio according to procedures 
outlined in previous research. [21]. The JY cells were heat shocked at 
45◦C for 2 hours to block their proliferation. After the third day of cell 
mixing, 20 IU of IL-2 was added to the culture medium every third day, 
and the cells were cultured for 14 days [21]. Then, the APC priming was 
repeated for another 14-day cycle. It is known that long-term low-level 
IL-2 promotes memory T-cell development [28].

2.3. Experimental setup to measure the change in phenotypes and Pgp 
expression

The phenotypes of peripheral blood lymphocytes and Pgp expression 
were measured in PBLs that were unprimed (JY-non-exposed) and after 
JY-exposure (JY-primed). Multicolor flow cytometric measurements 
were carried out to determine the change in the population proportion 
and Pgp expression in different populations (T, B, NK, and NKT, CD4 +, 
and CD8 + T cells). Four independent repeated experiments were car
ried out (Table 1A).

2.4. Experimental setup of the T cell activation and treatment

CTL maturation experiments used the JY-primed PBLs (JY-exposed 
cells) after the one-month subset differentiation period. The unprimed 
(JY-non-exposed) control lymphocytes compared in the activation ex
periments were from the same two donor sources as the JY-exposed 
CTLs. The unprimed experiments were repeated 3 times, giving 12 
FCS (flow cytometry standard) files in the 4 groups. The JY-primed 
experiments were repeated 4 times giving 16 FCS files in the 4 activa
tion/treatment groups. That gave altogether 28 files. The experimental 
setup is shown in Table 1B.

TCR-activation of cells was achieved by coating wells of a 24-well 
plate with 2 µg/ml antibody of the CD3/CD28 Dynabeads and incu
bating overnight at 4◦C. Then, excess Ab was removed with PBS wash 
and one million cells from JY-exposed primed and JY-non-exposed 
unprimed cells were added separately to individual wells (TCR-acti
vated cells). Ruxolitinib (Incyte Corp., Wilmington, DE), was added to 
wells separately containing CD3/28 (activated and RUX treated cells). 
RUX was added to the wells that contained only the cells (RUX-only 

treated cells), and untreated/unstimulated cells, (control cells) were 
used. The activations and treatments were done for 72 hours.

2.5. Flow cytometry

Cellular surface staining of lymphocytes was performed using mAbs 
detailed above. Briefly, cells were incubated with mAbs for 15 minutes 
at room temperature, followed by washing with PBS at 1600 RPM for 
5 minutes. Later, cells were suspended in 400 µL of PBS for acquisition. 
Samples were measured in eight fluorescence channels with FACS Canto 
II, using BD FACSDiva v6.1.3 (BD Bioscience, Franklin Lakes, NJ, USA). 
100,000 events per sample were collected, and the data were analyzed 
using FlowJo v10.9.0 (TreeStar Inc., Ashland, OR, USA).

The data were preprocessed (cleaned, gated, down-sampled, and 
concatenated) before machine learning algorithms. Briefly, PeacoQC for 
quality control was used [29] followed by the removal of doublets based 
on forward scatter (FSC) area vs height and FSC area vs width param
eters. White blood cells (WBCs) were gated based on light scattering 
parameters (FSC vs SSC). This was followed by CD45 + lymphocytes that 
were gated on CD45 vs SSC. Subsequently, lymphocyte subsets were 
gated based on different markers shown in Suppl. Fig. 1.

For Pgp-expressing lymphocyte phenotyping, sequential gating was 
applied, as shown in Supplementary figure 1. For CTL phenotypes, 
multidimensional analysis was performed using the FlowJo plugin.

Table 1 
Experimental design. The experiment was designed to test T-cell activation and 
treatment. (A) Peripheral blood lymphocytes (PBLs) were unprimed (JY-non- 
exposed), and after JY-exposure (JY-primed) for 28 days. Then cells were used to 
assess the change in population proportion and Pgp expression. (B) PBLs were 
unprimed (JY-non-exposed), and after JY-exposure (JY-primed) for 28 days. On 
these cells activation and treatment was performed where they were either 
activated with CD3/28 beads, or treated with Ruxolitinib, or activated and 
treated together (CD3/28 +Ruxolitinib) and control (unstimulated and un
treated). CD8 + CTLs were measured using flow cytometry, and multidirectional 
data were analyzed to classify the CTL subsets.

A ​ ​ ​
PBLs Time of 

exposure
​ ​

Non-exposed to 
JY-cells, 
unprimed PBLs 
(prior in vivo T 
cell 
maturation)

- Flow cytometry 
measurements 
after the JY- 
priming were 
performed and 
data were analyzed 
with sequential 
gating

​

JY-priming 
(PBLs exposed 
to JY-cells (in 
vitro CTL 
maturation)

28 days of 
JY-cell 
exposure (2 
times of 14- 
day cycles)

​

B ​ ​ ​
PBLs Time of 

exposure
Activation/ 
treatment 
(72 hours)

​

Non-exposed to 
JY-cells, 
unprimed PBLs 
(prior in vivo T 
cell 
maturation)

- Unstimulated/ 
untreated (control) 
Treated 
(ruxolitinib) 
Activated (CD3/ 
28) 
Activated (CD3/ 
28) and treated 
(ruxolitinib)

Flow cytometry 
measurements after 
the activation/ 
treatment and 
multidimensional 
data analysis was 
performed

JY-priming 
(PBLs exposed 
to JY-cells (in 
vitro CTL 
maturation)

28 days of 
JY-cell 
exposure (2 
times of 14- 
day cycles)

Unstimulated/ 
untreated (control) 
Treated 
(ruxolitinib) 
Activated (CD3/ 
28) 
Activated (CD3/ 
28) and treated 
(ruxolitinib)
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Sequential gating was performed to clean and gate CD8 + T cells 
before multidimensional analysis (Suppl. Fig. S2 for visualization). 3200 
CD8 + cells were down-sampled from each of the 28 files resulting in 
N = 89,600 selected CD8 + human T lymphocytes. The data were 
concatenated in a single file used for multidimensional analysis.

Dimensionality reduction was performed using Uniform Manifold 
Approximation and Projection (UMAP) to visualize the high- 
dimensional data [30]. FlowSOM was utilized to construct 
self-organizing maps and identify meta-clusters of T cells [31], and the 
number of clusters was optimized through multiple clustering iterations 
with different numbers of meta-clusters to prevent over- and 
under-clustering (Suppl. Fig. S3). Slight over-clustering was preferred to 
avoid missing out on less expressive clusters. The immune clusters 
identified by FlowSOM were overlaid onto individual samples, and the 
percentage of these clusters among CD8 lymphocyte cells was exported 
for statistical comparison across different experimental conditions.

2.6. Statistical analysis

Kolmogorov–Smirnov and Shapiro–Wilk normality tests were used to 
test the normality of data distribution. For non-normal distributed, 
nonparametric variables, the Mann-Whitney test, and the normally 
distributed parametric variables, Student’s t-test was used to calculate 
the significant differences. One-way ANOVA with Tukey’s post hoc test 
for multiple comparisons was employed for internal comparison with 
the significance level set at p < 0.05. Statistical analysis was performed 
using GraphPad Prism v9.0 (GraphPad Software, Inc., San Diego, USA). 
A chi-square test of independence was conducted in Excel to determine 
whether the measured magnitudes of CTL subsets varied significantly 
across different activations and treatments. Post hoc comparisons were 
adjusted using the Bonferroni correction to account for multiple tests. 
The effect size was calculated using Cramer’s V and interpreted as large, 
medium, small, or negligible based on established thresholds.

2.7. Ethics approval

Blood samples were obtained with the written consent of voluntary 
healthy donors through individual donations at the Regional Blood 

Center of the Hungarian National Blood Transfusion Service (Debrecen, 
Hungary). This collection was conducted under the written approval 
(OVSzK 3572–2/2015/5200) of the Director of the National Blood 
Transfusion Service and the Regional and Institutional Ethics Committee 
of the University of Debrecen, Faculty of Medicine (Hungary).

3. Results

3.1. JY-priming predominantly generates specific CD8 + T cell 
phenotypes and increases P-glycoprotein expression in these populations

Human peripheral blood lymphocytes were cultured with 
proliferation-inhibited JY cells. The JY cell line, derived from B-lym
phoblasts, expresses high levels of MHC class I A* 02:01 proteins on its 
surface, functioning as a potent antigen-presenting cell. This induces a 
strong CD8 + cellular allotype immune response in mixed lymphocyte 
cultures. In previous studies, we demonstrated the cytotoxic efficiency 
of the generated CTL clones, showing their specific and compelling ac
tivity against JY target cells [21]. The measurements in this study were 
primarily conducted using 8-color flow cytometry on live cells.

While the overall frequency of T cells did not significantly increase in 
JY-primed lymphocytes compared to unprimed/non-exposed cells 
(Fig. 1A), CD8 + T cells were significantly upregulated (Fig. 1F). 
Notably, CD4 + T cells were significantly decreased (Fig. 1E), under
scoring the efficiency of MHC I restriction. Additionally, the frequency 
of NK and NK T cells significantly increased (Fig. 1C-D). In contrast, the 
proportion of B cells decreased dramatically in JY-primed cells 
compared to JY-non-exposed cells (Fig. 1B).

We also monitored the proportion of Pgp-expressing cells across 
various T-cell phenotypes in PBMC-derived lymphocyte cultures. 
Overall, the percentage of Pgp-positive cells increased significantly 
within the T-cell population (Fig. 1G). Specifically, the Pgp-expressing 
fraction increased in both CD4 + and CD8 + T cells (Fig. 1K and L), 
while it decreased considerably in NK and NK T cells (Fig. 1I and J). The 
significant increase in Pgp-expressing B cells is not important due to the 
substantial decrease in the overall number of B cells (Fig. 1B and H).

Fig. 1. Phenotypes of the peripheral blood lymphocytes identified and Pgp-expression in the unprimed and JY-primed cultures. Flow cytometric analysis 
was employed to determine the rise of the population proportion of T, B, NK cells, and NK T cells and CD4 + and CD8 + T subsets in both cultures of the JY-primed 
and unprimed cells. Changes in the levels of different immune cells and the percentage of Pgp-positive cells were calculated and analyzed, averaging the results of the 
measurements using a student t-test. (Statistical significance key: ns non-significant, **p < 0.01, ***p < 0.001, ****p < 0.0001, n = 4).
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3.2. Memory subpopulations identified during JY-primed CD8 + T cell 
maturation

The most common T-cell characterization uses the CD45RA (or RO) 
marker to distinguish naive from memory cells and CD62L (or CCR7) to 
further differentiate naive and central memory from peripheral effectors 
and Temra cells (terminal effector memory T cells or T effector memory 
cells re-expressing RA antigen).

According to this conventional characterization, naive T cells are 
CD45RA+CD62L+ , central memory cells (Tcm) are CD45RA-CD62L+ , 
effector cells (Te) are CD45RA-CD62L-, and terminally differentiated 
effector cells (Temra) are CD45RA+CD62L- [13]. Additional subsets 
within these categories were identified based on existing literature 
[32–35] (markers in Fig. 2i).

We used multi-parametric flow cytometry on PBLs and JY-primed 
cultures, applying specific cell surface markers for labeling (Fig. 2i). 
Immune clusters were assigned based on marker expression levels, as 
shown in the heat map (Fig. 2i), and the data were consolidated into a 
single dataset. FlowSOM identified immune clusters, which were over
laid onto individual samples, and their percentages among 
CD8 + lymphocytes were compared. UMAP was used for dimensionality 
reduction to visualize high-dimensional data (Fig. 2ii). In both JY- 

exposed and non-exposed CTLs, we identified 13 distinct CD8 + sub
sets: naive T cells, TeCD73 +CD95 + , TeCD95 + , TemraCD127 + , 
TemraCD127-, TymCD127 + , TymCD127-, Tscm, TemCD95 + , 
TcmCD95+CD127 + , TcmCD73 +CD95 + , TcmCD95 + , and 
TcmPD1 + .

3.3. P-glycoprotein-expressing CTL subsets were identified in both JY- 
primed and unprimed cultures

Among the 13 identified subsets, five exhibited significantly elevated 
levels of the multi-drug resistance protein Pgp: TymCD127 + , 
TymCD127-, Tscm, TcmCD95 + , and TcmPD1 + (Fig. 2i). Notably, the 
highest Pgp levels were observed in the PD1-expressing central memory 
Tcm (TcmPD1 +) subset, which is a novel finding. This was followed by 
the young memory CD127 + subset (TymCD127 +) as described by 
Murata [13]. The remaining three subsets—TymCD127-, Tscm, and 
TcmCD95 + —showed progressively lower levels of Pgp.

We also assessed the average Pgp expression in these memory sub
populations under various maturation, activation, and treatment con
ditions (Suppl. Fig. S4). Analysis indicated that the TymCD127 + and 
TcmPD1 + memory subpopulations exhibited the highest Pgp expres
sion. Furthermore, priming, activation, and ruxolitinib treatment all 

Fig. 2. Immune clusters identified with the heat map showing T cell phenotypes. Heat map showing the expression of different markers and Pgp for each 
phenotype (i); Dimensionality reduction (UMAP) and clustering (FlowSOM) of flow cytometric data are presented. The X-axis represents UMAP_1, the Y-axis rep
resents UMAP_2, and the legend of clusters, which showed significant differences among treatments, are shown. CD8 + clusters identified as naive T cells, 
TeCD73 +CD95 + , TeCD95 + , TemraCD127 + , TemraCD127-, TymCD127 + , TymCD127-, Tscm, TemCD95 + , TcmCD95+CD127 + , TcmCD73 +CD95 + , 
TcmCD95 + , and TcmPD1 + (ii). It was named based on surface markers expressed according to the heat map. Conventional naive T cells are CD45RA+CD62L+ , 
those of central memory T cells are CD45RA-CDL62 + , the effectors are CD45RA-CD62L-, and those of TemraCD127- are CD45RA+CD62L-.
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maintained significant levels of Pgp, with RUX showing a tendency to 
further increase Pgp expression.

It is important to note that high levels of Pgp are not necessarily 
required for its physiological function. Even quiescent naive T cells 
displayed measurable levels of cell surface Pgp. The elevated Pgp 
expression observed in cancer cells is a specific adaptation that facili
tates multi-drug resistance (MDR) to chemotherapy.

3.4. Phenotypic polarization reflects typical adaptive immune responses in 
the JY-primed CTL maturation model following TCR activation

Our objective was to differentiate T-cell effector and memory phe
notypes by exposing PBLs to antigen-presenting B cells (JY cell line- 
induced -priming) during the culture period. We measured CD8 + T 
cell polarization under various activation conditions, resulting in a 
comprehensive dataset comprising 89,600 CD8 + cells (see Methods). 
We constructed a contingency table to assign each cytotoxic T 
lymphocyte (CTL) phenotypic subset to specific cells across different 
activation and treatment conditions (Suppl. Table S1). Supplementary 

figure 5 and Figs. 3–5 illustrate the observed changes in all subsets 
across treatment and maturation stages. In this extensive dataset, nearly 
all CD8 + T cell activation changes were statistically significant, with 
non-significant changes marked as ‘ns’ in Supplementary figure 5 and 
Figs. 3–5. We also calculated the effect sizes of these changes (details 
provided in the Methods), highlighting the biological relevance of these 
statistically significant variations. Subsets with large effect sizes, which 
predict significant immunological alterations, are emphasized with bold 
names in Supplementary figure 5 and Figs. 3–5.

3.4.1. Differentiation of CD8 + T cell subsets derived from human 
peripheral blood lymphocytes in response to TCR activation

Fig. 3 (and Suppl. Fig. S5A) illustrates the initial antigen encounter 
and the expansion phase of the adaptive T cell immune response 
following seventy-two hours of TCR activation in unprimed PBLs (JY- 
non-exposed cells). In the upper panel of Fig. 3i, color-coded sub
populations shift into different colors, visually confirming cell matura
tion changes as shown in the UMAP cluster map.

Theoretically, subsets initially present in the PBL sample will change 

Fig. 3. Changes in CD8 þ T cell subset sizes from human peripheral blood lymphocytes in response to TCR activation after seventy-two hours (JY-non- 
exposed cells). (i) The upper panel presents a UMAP cluster map with color-coded subpopulations, visually confirming maturation changes. (ii) The lower panel 
displays a bar chart showing changes in the same data set. All changes are statistically significant except those marked "ns" (non-significant). Subsets in bold indicate 
a large effect size, suggesting significant immunological effects. Non-bolded subsets represent medium or small effect sizes.
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upon activation of the CD3/CD28 TCR signal. Due to the nature of the in 
vitro system, which lacks the continuous naive T cell production from the 
thymus that occurs in vivo, there is a decrease in the naive T cell frac
tion, leading to their transformation into effector or memory cells. This 
is evidenced by a reduced fraction of naive T cells and an increased 
proportion of TeCD95 + and TeCD73 +CD95 + subsets. Although some 
cells may continue maturation from earlier stages initiated in the do
nor’s body, the majority transform due to the in vitro TCR signal. Given 
that the donors were healthy and the CD3/CD28 antibody-coated bead 
signal robustly targets all TCR-expressing cells, the reliability of our 
research is confirmed.

We were particularly interested in monitoring changes within the 
memory subsets, especially the small intermediate memory subsets with 
higher Pgp levels. These changes occur as naive T cells transform into 
effector and memory cells and follow specific maturation pathways. 
Intermediate memory cells, such as TymCD127 + , Tscm, TemCD95 + , 
TcmCD95+CD127 + , and TcmPD1 + , decrease proportionally when 
there is insufficient supply from earlier cell stages. Conversely, subsets 

that increase are derived from earlier differentiation states, including 
short-lived effectors that later undergo apoptosis. This early maturation 
stage observed a significant increase in Pgp-carrying TcmCD95 + cells 
(from 9.5 % to 36.5 %). Additionally, the young memory TymCD127- 
subset, which also expresses high levels of CD95 and is closely related to 
the TcmCD95 + subset (Fig. 3i), showed a slight increase, making up 
nearly 10 % (from 9.9 % to 12.7 %) of the earliest Pgp-expressing 
memory subset in the PBL or TCR-activated PBL populations (Fig. 3ii). 
Supplementary figure 5 marks the direction of changes in the more 
significant Pgp-expressing subsets with a blue arrow.

3.4.2. Differentiation of long-lived CD8 + T cell subsets in JY-primed 
human peripheral blood lymphocyte cultures

The next stage of differentiation was assessed in one-month-old IL-2- 
expanded T cells, which were initiated through two cycles of JY-cell- 
primed mixed lymphocyte cultures. CD8 + T cell subsets in these cul
tures differentiated by recognizing JY-cell-presented allogeneic self- 
antigens, leading to a robust CD8 + T cell response. The one-month 

Fig. 4. Changes in CD8 þ T cell subset sizes from human peripheral blood lymphocytes in response to allogeneic activation after one month (JY-primed). 
Cells were maintained with IL-2, and the allogeneic activation was repeated after two weeks. Samples are without acute CD3/CD28 activation. (i) The upper panel 
presents a UMAP cluster map with color-coded subpopulations, visually confirming maturation changes. (ii) The lower panel displays a bar chart showing changes in 
the same data set. All changes are statistically significant except those marked "ns" (non-significant). Subsets in bold indicate a large effect size, suggesting significant 
immunological effects. Non-bolded subsets represent medium or small effect sizes. There were no statistically negligible effect sizes.
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culture, supplemented with IL-2, promoted the differentiation and 
accumulation of long-lived memory subpopulations [28].

Fig. 4i shows a notable decrease in naive T cells and TymCD127-, 
TemCD95 + , TemraCD127 + , and TcmCD95+CD127 + subsets. In 
contrast, the most significant increases were observed in the 
TeCD95 + and TeCD73 +CD95 + subsets. Fig. 4ii reveals more subtle 
population changes, such as a reduction in the small subset of Pgp- 
expressing TcmPD1 + cells. Conversely, there was an increase in the 
TemraCD127 + subset and Pgp-expressing TymCD127 + and 
TcmCD73 +CD95 + subsets.

As a result of these changes, comparing JY-primed T cells after one 
month of maturation with unprimed PBLs showed a continued loss of 
naive T cells and a more pronounced increase in effector cells compared 
to the 72-hour acute TCR activation (see Fig. 3ii, Fig. 4ii, and Suppl. 
Fig. S5A-B). The previously increased TeCD95 + and 
TeCD73 +CD95 + subsets continued to expand, while the small Tem
raCD127 + subset grew significantly. Other memory subsets also 
changed, with long-lived memory cells emerging after the retraction 
phase. This led to increases in early TymCD127 + and 
TcmCD73 +CD95 + cells. Meanwhile, the broadly expanded 

TcmCD95 + central memory population decreased, along with the 
larger TymCD127- subset, which primarily expands into effector cells. 
The smaller TymCD127 + subset, which expresses high levels of Pgp, 
also transformed into TcmCD73 +CD95 + memory subsets.

3.4.3. Differentiation of late-stage CD8 + T cell subsets in TCR-reactivated, 
JY-primed cultures

To follow the latest maturation changes possible in this system, we 
activated the TCR signal by CD3/CD28 beads in the JY-primed one- 
month-old cultures.

In the upper Fig. 5i, the most prominent change is the repeated 
further increase in the TeCD95 + short-lived effector population, which, 
because of its short lifetime, must be produced from the intermediary 
smaller memory populations, especially since the naive precursors 
almost entirely disappear for this stage. This tendency, the decrease of 
the smaller intermediate populations, is also a noticeable alteration in 
the UMAP maps.

By comparing the TCR-activated and unactivated states in the JY- 
primed subset compositions in the lower Fig. 5ii, we can conclude that 
the recalled response of the T-cell memory population is remarkably 

Fig. 5. Changes in CD8 þ T cell subset sizes from JY-primed human lymphocytes in response to TCR activation after seventy-two hours. (i) The upper panel 
presents a UMAP cluster map with color-coded subpopulations, visually confirming maturation changes. (ii) The lower panel displays a bar chart showing changes in 
the same data set. All changes are statistically significant except those marked "ns" (non-significant). Subsets in bold indicate a large effect size, suggesting significant 
immunological effects. Non-bolded subsets represent medium or small effect sizes.
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robust. This is evident as the peak response of TeCD95 + effector CTLs 
reaches nearly 80 %, compared to 40 % in the earlier unprimed condi
tions (Fig. 3ii). The established trend persists among the memory subsets 
during initial and recall TCR activation: long-lived small memory sub
sets express high levels of Pgp.

The most intriguing aspect of our research is the response of memory 
subsets to this late TCR activation. There is a notable loss of early 
maturation phase young memory TymCD127 + cells and their closely 
related central memory TcmCD73 +CD95 + cells, both of which had 
increased earlier. Remarkably, above the increasing CD95 + effectors, 
all other subpopulations decrease at this stage, except for the small Pgp- 
expressing TcmPD1 + subset. A significant and biologically meaning
fully large size increase is observed in this late-stage central memory 
TcmPD1 + T cell subpopulation, the highest Pgp-expressing one. This 
subset remains small, comprising a few percent, similar to the earlier 
phase TymCD127 + and TcmCD73 +CD95 + small memory subsets, 
expressing all high levels of Pgp.

3.5. Ruxolitinib delays CD8 + T cell maturation

Ruxolitinib (RUX) is a kinase inhibitor commonly used in cancer and 
autoimmune therapies. It affects T-cell maturation by interfering with 
TCR Jak-1 and Jak-3 signaling. Our previous work (data not published) 
suggests RUX may interact with Pgp since we observed that it stimulates 
ATPase activity of the transporter. These findings prompted us to 
investigate the impact of RUX on CD8 + T cell maturation within the JY- 
priming system.

We conducted a series of experiments to evaluate the effects of RUX 
on CD8 + T cell maturation. Both unprimed and JY-primed cells were 
treated with RUX during TCR activation. We assessed the effects through 
multiple approaches.

First, we used UMAP maps to visualize the impact of RUX, which 
showed that RUX treatment preserved naive T cells during activation 
(Suppl. Fig. S6).

Next, ANOVA analysis results, displayed in violin plots for all subsets 
(Suppl. Fig. S7 and S8), indicated a pattern of maturation delay due to 
RUX. However, these changes were statistically insignificant.

Contingency table analysis supported the maturation-delaying effect 
of RUX (Suppl. Table S1), with significant differences observed in cell 
numbers. For example, the number of naive T cells in RUX-treated 
samples was consistently higher compared to those in pure TCR- 
activation samples, both in unprimed and JY-primed conditions.

We also quantified the observed effects in the contingency table by 
calculating the normalized cumulative change for RUX treatment during 
TCR activation across all subsets (Fig. 6). The cumulative difference for 
RUX treatment reflects the sum of differences observed at each of the 
four phases of the maturation process in the JY-priming TCR-activation 
experiments. Fig. 6 shows that subpopulations with positive cumulative 
differences increased over the four phases, while those with negative 
differences decreased compared to the untreated case. Significantly 
positive populations included naive T cells, TemraCD127 + , Tem
raCD127- cells, and Pgp-expressing TymCD127 + , Tscm, and 
TcmPD1 + cells (indicated in bold, with TeCD73 +CD95 + also positive 
but less significant). In contrast, the largest negatively affected popu
lation was the TeCD95 + effector cells, with a modest decrease in the 
TymCD127- subset. Thus, RUX treatment decreased the major short- 
lived effector subpopulation while preserving the small, long-lived 
Pgp-expressing memory populations, indicating that RUX delays 
CD8 + T cell maturation.

3.6. Changes in the naive population across the maturation phases

Fig. 7A shows that across the four major maturation stages, we have 
used, and during the maturation modifying ruxolitinib treatments, we 
could faithfully identify major subset changes characteristic of the 
adaptive CD8 immune response. For the acute TCR activation of the 

PBLs, the initial population of the naive T cells decreased (from 19.7 % 
to 0.4 %; the numerical changes can be verified in Suppl. Fig. S5, while 
trends of the changes in Fig. 7). At one month, we measured 0.9 % naive, 
which became insignificant for the repeated “recall” TCR activation 
(0.03 %). Thus, at the end of the four maturation stages, the naive T cell 
population all transformed into more mature stage cells since there was 
no spare cell supply from the thymus. At every stage shown in Fig. 7A, 
RUX-treated samples exhibit an upward trend compared to their previ
ous untreated stages, clearly indicating that RUX treatment delays naive 
T cell maturation.

During the one-month culture period, which involved two cycles of 
JY-cell allogeneic antigen presentation, a large number of allogeneic T- 
cell clones were generated due to the abundance of allogeneic antigens. 
This explains why the effector population continues to increase during 
the retraction phase rather than decrease, as would typically be expected 
during the contraction phase of a normal immune response. The fourth 
maturation phase, which generates a recall signal, involves reactivating 
all T cells using beads, similar to the activation process in the second 
phase of our maturation system. A limitation of this system is the 
continuous increase in effector cells, which contrasts with the expected 
contraction phase and may obscure some aspects of memory population 
behavior. However, the advantage lies in the robust and synchronous 
TCR activation induced by the abundance of allogeneic antigens, either 
through beads or JY cells, allowing for more reliable monitoring of the 
small memory populations.

3.7. Changes in the effector populations across the maturation phases

The two effector populations (TeCD95 +, TeCD73 +CD95 +) 
together increased significantly over the four maturation stages, rising 
from an initial 15.2–43.2 % following acute anti-CD3/CD28 bead- 
induced TCR activation (Fig. 7A and Suppl. Fig. S5). After one month of 
JY-cell allogeneic TCR activation, the effector populations expanded 
further to 67.4 %, and upon “recall” activation with anti-CD3/CD28 
beads, they amplified even more to 86.1 %.

The predominant T effector population (TeCD95 +) in PBLs was 
initially 14.9 %, but following acute TCR activation, it increased to 

Fig. 6. Effect of Ruxolitinib. Subpopulations with positive values (in bold) 
increase their proportion to the end of the maturation process, and sub
populations with negative values decrease. To create this bar chart, the dif
ferences between RUX-treated and untreated values from the contingency table 
were first calculated. These differences were then summed across the four 
maturation phases: unprimed and unactivated, unprimed and TCR-activated, 
JY-primed and unactivated, JY-primed and TCR-activated. These summed dif
ferences were then normalized to the square root of the sum of squares. This 
normalization ensured that changes in the same direction were aggregated, 
resulting in larger values, while changes in opposite directions cancel 
each other.
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42.4 %, and after one month, it further rose to 56.9 % (Fig. 7B and 
Suppl. Fig. S5). During the recall activation, this population further 
expanded, reaching 78 %. The other effector subset, TeCD73 +CD95 + , 
initially insignificant at 0.3 %, also grew into a reasonably notable 
population (8–11 %), though it remained only about a tenth the size of 
the dominant TeCD95 + subset.

RUX treatment consistently reduced overall effector cell generation, 
primarily due to its impact on the predominant TeCD95 + subset 
(Fig. 7A-B).

The effector populations appeared relatively homogeneous in their 
response to RUX treatment, consistently decreasing at each phase, in 
contrast to the naive T cells, which steadily increased. Most memory 
subsets also followed the trend of naive T cells, showing increases at 
different phases with RUX treatment. Interestingly, the smaller 
TeCD73 +CD95 + deviated from the typical effector response; while it 
decreased during the first two phases, it significantly expanded after one 
month and, like the naive T cells, increased in response to RUX treat
ment (Fig. 7B).

3.8. Changes in the memory subsets across the maturation phases

As PBLs progress through the maturation phases, the naive subset 
diminishes while effector populations expand significantly. Over the 
four maturation phases, the ten memory subsets collectively decrease 
from 65.2 % to 56.4 %, 31.7 %, and finally to 13.9 % (Fig. 7A and Suppl. 
Fig. S5). Initially, in PBLs, the six most prominent memory pools 

constituted 62.4 % of the total: TemraCD127- (17.7 %), TemCD95 +

(12.8 %), TymCD127- (10 %), TcmCD95 + (9.5 %), 
TcmCD95+CD127 + (8.2 %), and the smaller Tscm subset (4.3 %). The 
remaining four memory subsets were each under 3 %: TcmPD1 +

(1.4 %), TymCD127 + (0.8 %), TemraCD127 + (0.4 %), and 
TcmCD73 +CD95 + (0.1 %; Fig. 7C and D, and Suppl. Fig. S5).

Among the larger memory populations, TcmCD95 + showed the 
most significant early increase in the “expansion” phase, rising from 
9.5 % to 36.5 %, while TymCD127- showed a modest increase from 
10 % to 12.7 % during the acute signal phase at 72 hours (Fig. 7C and D, 
and Suppl. Fig. S5A). All other memory subsets decreased during this 
phase. However, these early increases in TcmCD95 + and TymCD127- 
were transient, with both subsets declining over one month. 
TcmCD95 + remained a significant subset through the maturation pro
cess, while TymCD127- eventually almost disappeared.

During the third, or “contraction,” phase, the ten memory subsets 
collectively shrank to 31.7 % (down from 65.1 % and 56.4 %; Fig. 7A, C, 
and D, and Suppl. Fig. S5B). The four major memory subpopulations that 
persisted were TemraCD127- (decreasing from 17.7 % to 9.4 %), 
TemCD95 + (dropping from 12.8 % to 5.0 %), TcmCD95+CD127 +

(falling from 8.2 % to 4.3 %), and TcmCD95 + (declining from 9.5 % to 
6.2 %), which together accounted for 24.9 % of the total cells. While 
these four subsets comprised 78.5 % of the total memory subsets, all 
experienced decreases during the retraction phase. Conversely, three 
smaller memory subsets increased: TymCD127 + (from 0.08 % to 
1.8 %), TcmCD73 +CD95 + (from 0.01 % to 1.6 %), and 

Fig. 7. Changes in CD8 þ T cell subsets during in vitro differentiation and ruxolitinib treatment. The X-axis represents the maturation phases, while the Y-axis 
shows either the measured cell numbers (A) or the fractional size of the subsets within the total analyzed cells (B, C, D). The Y-axis is on a log scale to track changes in 
small memory subsets. (A) Cell numbers measured at different differentiation stages for the main CD8 + subsets. (B) Proportions of the two identified effector 
subtypes. (C) Proportions of the ten identified memory subtypes at different maturation stages. (D) The five highest Pgp-expressing memory subtypes identified 
among the memory subtypes shown in (C). Subset transformations occur during repeated TCR activations, eventually stabilizing their numbers.
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TemraCD127 + (from 0.4 % to 1.2 %). Of these, Tym expressed high 
levels of Pgp while Tcm and Temra expressed low Pgp levels, similar to 
naive T cells. The remaining three memory subsets, which all expressed 
high Pgp levels, decreased: TymCD127- (from 10 % to 1.2 %), Tscm 
(from 4.3 % to 0.08 %), and TcmPD1 + (from 1.4 % to 0.02 %).

In the final, fourth maturation phase, where cells are reactivated by 
CD3/CD28 beads, the highest Pgp-expressing memory subset, 
TcmPD1 + , increased again from 0.02 % to 1.5 %, alongside the other 
Pgp-high TymCD127- subset, which also rose to 1.5 % from 1.2 % (this 
latter is not significant; Fig. 7A, C and D, and Suppl. Fig. S5D). Mean
while, the two largest memory subsets, TemraCD127- and TcmCD95 + , 
declined to 4.8 % and 4.1 %, respectively. Together, these four subsets 
accounted for 86.3 % of the total memory cells: out of these, Tem
raCD127- and TcmCD95 + made up 64.1 %, while TcmPD1 + and 
TymCD127- comprised 22.2 %. The remaining five memory subsets 
stabilized between 1.7 % and 3.4 %, except for TemraCD127 + , which 
nearly disappeared, representing just 0.06 % of the total memory 
population.

Figs. 7C and 7D illustrate that during successive maturation stages, 
both TcmCD95 + and TymCD127- populations increase following acute 
TCR activation, though this expansion is dampened by the kinase in
hibitor RUX. This behavior is characteristic of a transit-amplifying 
expansion curve during acute TCR activation. Similar to tissue stem 
cells, which renew terminally differentiated tissue cells through asym
metric division, CD8 + T cells appear to follow a comparable behavior. 
In this context, TcmCD95 + and TymCD127- likely represent rapidly 
dividing transit amplifying cells, potentially derived from activated 
naive T cells (or possibly from Tscm cells, though this was not evident in 
our results).

Another growth pattern in Fig. 7 shows a decrease in certain cell 
populations following acute TCR activation, with RUX again mitigating 
this decline. These memory subsets include the nearly disappeared 
TemraCD127 + subset, the small TymCD127 + subset, the medium- 
sized TcmCD95+CD127 + subset, and the large TemCD95 + memory 
subset. All these subsets express high levels of CD127, suggesting their 
potential transformation into other subsets, such as effectors, in 
response to TCR signaling. Notably, from the literature it is postulated 
that CD127 downregulates TCR signaling [20], which may partially 
explain the observed growth patterns. These cells exhibit a similar 
pattern to naive T cells, which also express CD127.

A different trend shown in Fig. 7 is the increase in specific subsets 
after one month of culture, including TcmCD73 +CD95 + , 
TymCD127 + , TemraCD127 + , and TcmCD95+CD127 + . Interest
ingly, except for TcmCD73 +CD95 + , which remained stable under 
acute TCR signaling, the other subsets exhibited a decrease following 
acute TCR activation.

The final pattern in Fig. 7 pertains to the TcmPD1 + memory cells, a 
small but relatively stable subset that significantly expands following 
repeated long-term TCR signals.

These varied patterns suggest that while smaller memory subsets 
tend to increase, larger ones often decrease following repeated TCR 
signals.

4. Discussion

Pgp, a human cell-surface ABC transporter, is best known for its role 
in conferring multidrug resistance (MDR) in cancer cells, posing signif
icant challenges to chemotherapy [3]. However, Pgp is also expressed in 
immune cells and plays critical roles in immune function [5]. Notably, a 
recent mouse study highlighted its importance in the development of 
immune memory [36]. Building on this knowledge, the present study 
investigates the expression of Pgp in human CD8 + memory T-cell 
subtypes at the single-cell protein level, aiming to deepen our under
standing of its role in immune cell memory.

Human CTLs are primarily categorized into naive, effector, and 
memory cells based on their primary function and characteristics. Short- 

lived and quickly activated antigen-specific effector clones are gener
ated by fast proliferation and eliminate antigen-carrying cells during the 
expansion phase of the immune response [37]. In the contraction phase, 
the short-lived effector cells dye and same-specificity memory cells 
appear to persistently provide the later recognition of the earlier 
observed antigen. These long-living memory cells are higher in number 
and more quickly transform into effectors than the same-specificity 
original long-living naive T cells [38–40].

We set up a model system to differentiate memory cells from pe
ripheral blood and reconstitute the human adaptive CD8 + T-cell im
mune response in vitro. In long-term IL-2-supplemented mixed 
lymphocyte culture, we co-cultured growth-arrested antigen-presenting 
cells with peripheral lymphocytes. Our APCs were derived from the B- 
lymphoblastoid cell line JY expressing high levels of HLA-I A2 and co- 
receptors, thereby triggering a robust allogeneic cellular immune reac
tion. Flow cytometry analysis indicated that the JY-cell-mixed culture 
upregulated CD8 + , NK, and NK-T cells while downregulating B and 
CD4 + T cells. This MHC-I-restricted immune reaction notably increased 
Pgp expression on CD8 + , CD4 + , and B cells but decreased it on NK 
and NK-T cells, consistent with prior research [5,41,42].

We have observed the usual fractions of the known CD8 + T cell 
subsets in peripheral blood: 40 % naive, 20–25 % of both effector and 
Temra, and Tcm of the rest [43].

In our in vitro CTL maturation system, we generated four primary 
differentiation stages: 1) Unprimed and unactivated, 2) Unprimed and 
TCR-activated (CD3/CD28-bead triggered), 3) JY-primed (JY-cell-acti
vated) and unactivated, and 4) JY-primed and TCR-activated. Addi
tionally, we monitored the effects of ruxolitinib on each of these four 
stages. Stages 1 and 2 represent the acute phase of the adaptive immune 
response, while stage 3 models the memory phase, and stage 4 repre
sents memory reactivation.

In this maturation system, we faithfully replicated the central dy
namics observed during an adaptive immune response. A small number 
of long-lived naive and memory T cells transformed into a larger pop
ulation of short-lived effector cells, which works to resolve potential 
infections and other life-threatening challenges. Simultaneously, 
maturing cells generate additional long-lived memory cells, which 
“remember” previous immune encounters, enabling a faster and more 
efficient response to future threats. This process led to a rapid decline in 
naive T cells, continuous production of effector cells, and the emergence 
of a heterogeneous memory cell population that gradually decreased in 
size overall. However, specific small subpopulations of long-lived cells 
demonstrated a relative increase within this shrinking memory 
population.

Naive T cells were depleted due to the lack of thymic-derived naive T 
cell replenishment in vitro. The population of short-lived effector cells 
expanded, primarily through continuous differentiation from naive T 
cells and, eventually, from various memory subpopulations. Within the 
heterogeneous memory population, specific small memory sub
populations expressing Pgp contributed to the longevity of the memory 
cell core.

By the conventional identification of the CD8 + peripheral blood 
lymphocytes, naive T cells are characterized by CD45RA+CD62L+ , 
central memory T cells by CD45RA-CD62L+ , effector T cells by 
CD45RA-CD62L-, and Temra cells by CD45RA+CD62L-. In this type of 
characterization, the naive and effector cells are reasonably well char
acterized, but memory cells are still heterogeneous, composed of many 
more minor subtypes. To distinguish small memory subsets, we utilized 
four more markers: CD73, CD95, CD127, and CD279. With this marker 
profile, we could identify the following 13 human CTL subsets: one 
naive, the two effectors TeCD95 + and TeCD73 +CD95 + , and ten 
memory cell populations TymCD127 + , TymCD127-, Tscm, 
TcmCD95 + , TcmCD73 +CD95 + , TcmCD95+CD127 + , TcmPD1 + , 
TemCD95 + , TemraCD127 + , and TemraCD127–.

Within these memory populations, in the acute phase, the central 
memory TcmCD95 + subset generated the most, with a smaller amount 
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of the young TymCD127- subset, probably preceding the previous one. 
In the memory phase, the small population of the young memory 
TymCD127 + generated the most. The TcmPD1 + central memory cell 
population, which carries the late marker, expanded significantly during 
the later stages of the TCR-reactivated memory-recall phase. The stem 
cell memory Tscm pool maintained a considerable 2–4 % stable sub
population along the maturation phases within the dynamically trans
forming heterogeneous memory populations.

We used CD73 as a marker to identify young memory cells, known 
for their Pgp expression, as described by Murata [13]. Tym cells were 
initially identified by high ALDH1 expression, a recognized stemness 
marker [44]. They were further characterized by elevated CD73, 
ALDH1, and Pgp expression, all associated with stem cell-like properties. 
CD73, an ecto-nucleotidase, generates immunosuppressive adenosine 
from ATP released by damaged cells and acts as a co-signaling molecule 
in T cells. It is linked to long-lived memory T cells that differentiate into 
tissue-resident cells [45,46] and modulates T-cell activation. Tym pop
ulations exhibit high proliferative capacity, self-renewal, ALDH1 activ
ity, and drug resistance [13]. Notably, TCR activation reduces CD127 
expression in chemo-resistant CTL subsets, distinguishing activated 
TymCD127 − cells from non-activated TymCD127 + cells [20].

To identify the Tscm (stem cell memory) population, we used the 
CD95 marker, mainly known for its apoptosis induction role in T cells; 
however, it also can promote cell survival [47]. Tscm cells, initially 
identified in graft-versus-host disease [15], are commonly recognized by 
markers such as CD45RA, CD62L, CD127, and CD95, exhibiting prop
erties of self-renewal, multipotency, and proliferative potential [7,18, 
48]. The Tscm and Tym cells are closely related, but the latter is 
considered an earlier-state memory cell [13]. Both express CD95, Pgp, 
and other common markers; consequently, slight contamination of the 
Tym cells in the Tscm or other Tcm populations can bias memory pop
ulations into considering them as long-lived memory subclasses. It was 
demonstrated previously that Tym and Tscm cells differentiate into 
central memory and effector memory T cells, not only effector cells, 
making the memory population diverse [13,18].

We used CD127 to identify IL-7 receptor-expressing cells, which 
transmit survival signals and are crucial for the homeostatic prolifera
tion of naive and memory T cells [20,49]. CD127 is also a marker for 
memory and effector T cells, with its downregulation observed during 
activation or exposure to IL-15 [20,50]. Therefore, identifying CTL 
subsets highlights the presence of distinct maturing CTL subtypes, which 
could be leveraged for immunotherapy applications.

To identify late-stage maturation T cells, we used PD-1 (CD279), a 
marker overexpressed in exhausted CTLs during chronic infections and 
cancer [37]. PD-1 dampens TCR signaling to prevent autoimmunity 
during prolonged activation and repeated TCR stimulation, marking the 
later maturation stage of exhausted T cells (Tex) [51]. Although Tex 
cells are often considered unresponsive, checkpoint therapies and the 
discovery of stem-like Tex cells (Tex-stem) highlight their potential 
functionality. These self-renewing, proliferative, PD-1-expressing Tex-
stem cells underpin long-term responses within the terminal Tex subset 
[52].

The TcmPD1 + cells we characterized likely belong to these 
exhausted stem cells (Tex-stem). In other studies, similar cells have been 
categorized as exhausted precursors (Tex-pre) due to their continued 
expression of CD62L [51]. In our experiments, the TcmPD1 + cells 
exhibited similar characteristics, including the highest levels of Pgp 
expression. We believe this can be explained by these cells’ acquired or 
preserved stemness, which allows them to divide asymmetrically. 
Exhausted T cell precursors also share general surface markers and 
transcriptional profiles with long-lived cells. Tym, Tscm, and Tcm cells, 
which exhibit long-lived characteristics, express markers similar to Tex 
precursors, such as CD27, CD28, and CXCR3 [13,37].

The role of the multidrug-resistant protein Pgp in CTL subsets re
mains an active area of investigation. This study shows that Pgp is most 
highly expressed in the TcmPD1 + , Tscm, TymCD127-, and 

TymCD127 + CTL subsets. The presence of Pgp on these cells suggests it 
plays a crucial role in their chemo-immune efflux capacity, protection 
against reactive oxygen species, and maintenance of quiescence while 
retaining robust proliferative potential. Together, these functions may 
contribute to the stemness properties of stem-like memory cells [5,7,20, 
36]. Collectively, these findings highlight the importance of Pgp in the 
maturation and persistence of CTL subsets.

The repetitive TCR, co-stimulatory, and interleukin receptor signals 
via the JAK/STAT signaling pathways impact CTL maturation. We 
applied the JAK1/JAK2-specific kinase inhibitor ruxolitinib to explore 
its effect on memory cell differentiation and to provide insights into its 
pharmaco-immunological applications. Crosstalk of these receptor 
signaling biases JAK/STAT routes toward effector or memory cell dif
ferentiation. MF diseases and GVHD are both characterized by over
activated JAK/STAT signaling and the early exhaustion of adaptive 
immune surveillance. Applying RUX in these diseases, which releases 
the signaling load from the JAK/1/JAK2 pathways, provided less 
effector activation [53,54]. We also gained results indicating that pre
venting JAK1/JAK2 activation decreases effector cell production and a 
shift of differentiation toward the memory cell population. It is known 
that effector cell production is enhanced by IL-12, which signals via 
JAK1 and JAK2 [55–57]. IL-7 and IL-15 provide memory cell prolifer
ation and maintenance. These interleukines signal via JAK1 and JAK3 
routes [58,59]. Consequently, inhibiting JAK1/JAK2 may shift differ
entiation from effector cells toward memory cells, an observation 
strongly supported by our data. Remarkably, in an anti-tumor model, 
applying IL-7 and IL-12 together in a tumor-targeted manner could 
enhance the anti-tumor effect while avoiding frequently experienced 
interleukin side effects [57]. Testing the more JAK2-specific inhibitors 
fedratinib and pacritinib in our in vitro CTL maturation system would be 
interesting.

In Fig. 7, RUX delayed T-cell differentiation by increasing naive cell 
numbers while reducing effector cells. Memory subsets exhibited 
distinct patterns: smaller subsets behaved more like naive cells, 
expanding with activation, whereas larger subsets resembled effector 
cells, contracting with repeated TCR stimulation. These findings suggest 
a small, quiescent core memory pool that matures heterogeneously in 
response to repeated TCR signals, maintaining long-term stability 
through asymmetric division and cytokine modulation.

For example, in the case of a COVID-19 “cytokine storm,” RUX has 
been shown to improve outcomes in patients with a high COVID-19 
Inflammation Score (CIS), identifying hyperinflammatory patients who 
may benefit from treatment [17]. This suggests that RUX inhibits 
effector CTL maturation, which is consistent with our findings. Impor
tantly, we observed that while effector differentiation decreased, the 
maturation of the small core memory subset increased in the presence of 
RUX during TCR activation, indicating that preserving the functional 
memory pool may contribute to CTL persistence in later inflammatory 
responses.

In another example, PD-1-expressing cells decreased in the presence 
of RUX during the contraction phase in JY-primed CD3/CD28-bead 
reactivated samples but not earlier, reflecting PD-1’s role as a late 
activation marker. This is consistent with previous studies suggesting 
that RUX reduces the fraction of PD-1-expressing T cells, which has been 
observed in settings like graft-versus-host disease and graft-versus- 
leukemia, where late-stage effectors are predominant [14]. Besides the 
previous literature data, which are supported by our results, RUX also 
exhibits broader immunomodulatory effects. It includes PD-L1 down
regulation in the tumor microenvironment and inhibition of macro
phage M2 polarization [53]. All of these are beneficial in cancer therapy 
but can be controversial in the context of autoimmune therapy.

Our findings indicate that subsets such as TemraCD127-, 
TemraCD127 + , and TemCD95 + were significantly downregulated 
during TCR activation. However, exposure to RUX tended to increase the 
percentage of TemraCD127 + cells. Similar trends were observed for the 
TymCD127 + , TemraCD127-, and TemCD95 + subsets (Suppl. Fig. S7). 
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These results are in agreement with prior research showing that CD127 
expression is downregulated following activation or exposure to IL-15 
[20]. RUX’s ability to delay effector maturation and increase 
CD127-expressing populations may also explain its synergistic effect 
with venetoclax, a Bcl-2 inhibitor, in recent studies linking increased 
IL-7R alpha/CD127 expression to improved acute lymphoblastic leu
kemia therapy outcomes [60].

Our most significant observations are as follows: 1) Upon TCR 
reactivation without chemotherapy, small Pgp-expressing memory 
subpopulations are continuously and dynamically generated. Over time, 
these long-lived, maturing cells are preserved within the heterogeneous 
CD8 + memory subclasses. 2) The earliest of these long-lived small 
memory subsets among CD8 + T cells are the TymCD127 + cells. 3) The 
PD1 + late population also represents a significant Pgp-expressing small 
memory subset, alongside the earlier TymCD127 + subpopulation, 
while the TymCD127-, Tscm, and TcmCD95 + cells are potentially more 
committed to rapid proliferation as daughter cells.

Based on our observations, we hypothesize that these Pgp-expressing 
small populations form the core of self-renewing, asymmetrically and 
slowly dividing quiescent memory subpopulations. Similar stemness- 
property holding quiescent cells were observed in studies of Boddu
palli et al. [61]. Upon receiving TCR signals, these potentially quiescent 
cells, through asymmetric division, generate rapidly dividing committed 
transit-amplifying cells, which eventually mature into short-lived 
effector cells. However, with repeated TCR signaling, these memory 
subsets evolve into more aged, long-lived populations expressing later 
maturation markers, such as PD-1.

We propose that long-lived core memory T cells are best preserved in 
low-redox environments, such as the bone marrow, supporting long- 
term memory even decades after infection [6,7,61]. These cells can 
also persist in other low-redox tissues, like the skin or gut, as 
tissue-resident memory cells (Trm) [61]. This functional adaptation 
unifies concepts of immune memory and aligns with Soerens’s obser
vation that PD-1, despite marking exhaustion, does not restrict cell di
vision, allowing memory T cells to surpass the Hayflick limit and 
maintain robust, adaptive immunity, with a promise for effective 
anti-cancer vaccination [62].

In conclusion, the TCR activation process reveals distinct maturation 
patterns among various CD8 + T cell subsets with known lifespans. 
Early TCR activation transforms long-lived naive T cells into effector and 
central memory cells, with a notable increase in the short-lived 
TeCD95 + , and TeCD73 +CD95 + , and the long-lived Pgp-high 
TcmCD95 + subsets. The one-month maturation phase further differ
entiates and transforms these cells, increasing Temra and advanced 
memory subsets while highlighting the high Pgp expression in specific 
small but long-lived memory subsets in the earlier TymCD127 + and the 
later TcmPD1 + cells. The pronounced recall response in JY-primed 
cells underscores the robust adaptive capabilities of memory T cells 
compared to their initial activation.

This study highlights the intricate relationship between repeated 
TCR activation and CTL maturation dynamics. Measuring Pgp expres
sion in the presence of ruxolitinib may have significant therapeutic 
implications, especially for optimizing immune responses, improving 
chemotherapy efficacy, and optimizing preventive vaccinations.
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