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Abstract
T cell function is central to immune reconstitution and control of residual chronic myeloid leukemia (CML) cells after 
treatment initiation and is associated with achieving deep molecular response as a prerequisite for treatment-free remission, 
the ultimate therapeutic goal in CML. ATP-pocket-binding tyrosine kinase inhibitors (TKIs) like imatinib, dasatinib, and 
nilotinib are widely used for treating CML, but they have shown to inhibit T cell function as an “off-target” effect. There-
fore, we tested asciminib, the first-in-class BCR::ABL1 fusion protein inhibitor specifically targeting the ABL myristoyl 
pocket (STAMP) and compared its effects on T cell function with imatinib, dasatinib, and nilotinib. Whereas all four TKIs 
inhibited the expression of the co-stimulatory protein CD28, the amino acid transporter CD98, proliferation, and secretion 
of pro-inflammatory cytokines IFNγ, IL-6, and IL-17A upon T cell stimulation, asciminib had less impact on PD-1, activa-
tion markers, and IL-2 secretion. T cells treated with asciminib and the other TKIs maintained their ability to mobilize their 
respiratory capacity and glycolytic reserve, which is an important surrogate for metabolic fitness and flexibility. Overall, we 
found milder inhibitory effects of asciminib on T cell activation, which might be beneficial for the immunological control 
of residual CML cells.

Keywords CML · TKI · Asciminib · T cell · Activity · Metabolism

Abbreviations
AA  Antimycin A
7AAD  7-Aminoactinomycin
ATP  Adenosine triphosphate
BP  Blast phase
CD  Cluster of differentiation
CML  Chronic myeloid leukemia
CP  Chronic phase
CTL  Cytotoxic T lymphocyte
2-DG  2-Deoxy-d-glucose
DMR  Deep molecular response
ECAR   Extracellular acidification rate
ELISA  Enzyme-linked immunosorbent assay
FA  Fatty acid
FACS  Fluorescence-activated cell sorting
FCCP  Carbonyl cyanide-4 (trifluoromethoxy) 

phenylhydrazone
FCS  Fecal calf serum
Glut  Glucose transporter
IFNγ  Interferon gamma
IL  Interleukin

Dimitrios Mougiakakos and Markus Metzler have contributed 
equally to this publication.

 * Lukas Häselbarth 
 lukas.haeselbarth@uk-erlangen.de

1 Department of Pediatrics and Adolescent Medicine, 
University Hospital Erlangen, Erlangen, Germany

2 Comprehensive Cancer Center Erlangen-European 
Metropolitan Area Nuremberg (CCC-ER-EMN), Nuremberg, 
Germany

3 Interdisciplinary Centre for Clinical Research (IZKF), 
Erlangen, Germany

4 Department of Internal Medicine 5, Hematology 
and Oncology, University Hospital Erlangen, Erlangen, 
Germany

5 Department of Internal Medicine, Hematology 
and Oncology, University Hospital Magdeburg, Magdeburg, 
Germany

6 Center of Medical Information and Communication 
Technology, University Hospital Erlangen, Erlangen, 
Germany

http://crossmark.crossref.org/dialog/?doi=10.1007/s00262-022-03361-8&domain=pdf


1662 Cancer Immunology, Immunotherapy (2023) 72:1661–1672

1 3

LCFA  Long-chain fatty acid
MdFI  Median fluorescence intensity
OCR  Oxygen consumption rate
Oligo  Oligomycin
OxPhos  Oxidative phosphorylation
PBMCs  Peripheral blood mononuclear cells
PBS  Phosphate-buffered saline
PD-1  Programmed cell death protein 1
P/S  Penicillin–Streptomycin
ROS  Reactive oxygen species
Rot  Rotenone
STAMP  Specifically targets the ABL myristoyl pocket
TFR  Treatment-free remission
TH cell  T-helper cell
TKI  Tyrosine kinase inhibitor
TMRE  Tetramethylrhodamine, ethyl ester
Tregs  Regulatory T cells
VPD450  Violet Proliferation Dye 450

Introduction

The introduction of imatinib and the following second 
generation tyrosine kinase inhibitors (TKIs) dasatinib and 
nilotinib, targeting the pathognomonic BCR::ABL1 fusion 
protein, has revolutionized chronic myeloid leukemia (CML) 
treatment. Despite major advantages of TKI-treatment, a sig-
nificant proportion of patients develop resistance to targeted 
therapy and experience substantial TKI side effects. There-
fore, it is important to achieve rapid and deeper molecu-
lar responses (DMRs), the prerequisite for treatment-free 
remission (TFR). In addition to the effective suppression of 
the constitutively activated BCR::ABL1 kinase, the immu-
nological control of resistant BCR::ABL1 stem cells is cru-
cial for achieving stable remission. T cells are important for 
TFR since they control residual CML cells [1] and induced 
antileukemia responses in CML patients in remission [2]. 
That immunological control by T cells is important for CML 
treatment could be shown at patients in relapse after alloge-
neic stem cell transplantation which were treated by donor 
lymphocyte infusion [1]. At CML diagnosis, the immune 
system is dysfunctional as reflected by increased aberrant 
immune-inhibitory responses and deficient responses of 
cytotoxic T lymphocytes (CTL) to leukemia-associated 
antigens [3]. Furthermore, immune restoration under TKI-
therapy is characterized, e.g., by an increased proportion of 
innate marker expressing  CD8+ T cells associated with the 
achievement of DMR and TFR [4]. However, T cell function 
is inhibited as an off-target effect of ATP-pocket binding 
TKIs due to the expression of ABL1 by T cells and the broad 
target spectrum of TKIs [5]. These off-target effects include 
reduced proliferation, activation, and pro-inflammatory 
cytokine secretion [6–11].

A novel agent developed to overcome kinase domain 
resistance mutations is asciminib, which is the first-in-class 
BCR::ABL1 fusion protein inhibitor that specifically targets 
the ABL myristoyl pocket (STAMP) [12]. Here, we inves-
tigated whether asciminib has less impact on T cell func-
tion due to its different target sites compared to the previous 
generations of ATP-pocket binding TKIs. We studied the 
effects on T cells in terms of central (activation) markers 
(CD25, CD28, CD69, CD98, CD137, and PD-1), prolifera-
tion, and production of pro-inflammatory cytokines (IFNγ, 
IL-2, IL-6, and IL-17A) in response to triggering of the T 
cell receptor and co-stimulatory molecules. Additionally, we 
investigated the effect of asciminib and conventional TKIs 
on the metabolic fitness, which is central to the function and 
development of T cells [13].

Material and methods

T cell isolation

Peripheral blood mononuclear cells (PBMCs) were isolated 
from fresh specimens of healthy donors via Ficoll-Paque 
(GE Healthcare, Chicago, USA) and cryopreserved. T cells 
were purified from PBMCs via negative selection using the 
human Pan T cell isolation kit (Miltenyi Biotec, Bergisch 
Gladbach, Germany) or the human EasySep™ T cell isola-
tion kit (StemCell, Vancouver, Kanada) according to manu-
facturer’s instructions. Purity of cells was checked with an 
αCD3-APC-antibody.

Cell culture

T cells were cultured at a density of 1–1.75 ·  106/mL in 
RPMI1640, supplemented with 10% FCS (ThermoFisher 
Scientific, Waltham, USA), 2 mM L-Glutamine (Sigma-
Aldrich, St. Louis, USA) and 40 U/ mL Penicillin–Strep-
tomycin (P/S, ThermoFisher Scientific) and treated with/
without TKIs for 72 h (96 h for measurement of activation 
markers) at 37 °C and 5%  CO2. For T cell stimulation acti-
vation/expansion beads, coated with αCD2/3/28 (Miltenyi 
Biotec) at a bead-T cell ratio of 1:2 were added simultane-
ously to TKIs or for activation marker measurements 72 h 
after TKI-treatment for 24 h. Three different concentrations 
for each TKI were chosen in accordance with in vitro data 
of T cells [7, 8, 14, 15] and with in vivo serum-/plasma 
concentrations of CML patients [12, 16–20]: Asciminib 
(MedChemExpress, Monmouth Junction, USA) 1.25, 5, 
and 10 µM, imatinib (Sigma-Aldrich) 2.5, 5, and 10 µM, 
dasatinib (Sellekchem, Houston, USA) 2.5, 5, and 10 nM, 
and nilotinib (StemCell) 1.25, 2.5, and 5 µM.
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Analysis of TKI‑toxicity, proliferation, and protein 
expression

T cells were examined using a FACS Canto II flow cytom-
eter (BD Biosciences, New Jersey, USA) and subsequently 
analyzed with the FlowJo software Version 10.6.2 (TreeStar, 
Ashland, USA). Cells were manually gated for 20.000 single 
living T cells per sample or 10.000 CD8+ T cells per sample 
if αCD4-/αCD8-stainings were included. For viability meas-
urements also dead cells were included in the analysis. The 
toxicity of TKIs was measured via Annexin V-FITC (Biole-
gend, San Diego, USA) and 7-Aminoactinomycin (7AAD, 
Biolegend). Annexin V-FITC and 7AAD were incubated for 
10–15 min at RT. Cells negative for Annexin V and 7AAD 
were characterized as vital.

Washing steps for proliferation, surface- and activation 
markers were carried out using FACS-puffer, containing 
PBS (ThermoFisher Scientific), supplemented with 0.25% 
bovine serum albumin (Carl Roth, Karlsruhe, Germany). 
Antibodies were incubated for 20 min at 4 °C. All used 
antibodies are listed in supplementary table 1. Proliferation 
was measured using Violet Proliferation Dye 450 (VPD450, 
BD Biosciences). As a proliferation parameter, the division 
index was calculated, which describes the average division 
of all cells, including the undivided cells.

RNA‑expression of T cell genes

RNA of stimulated T cells, treated with medium TKI con-
centrations (imatinib: 5 µM, dasatinib: 5 nM, nilotinib: 
2.5 µM, asciminib: 5 µM), was isolated with the innuPREP 
DNA/RNA Mini Kit (Analytik Jena GmbH, Jena, Germany) 
according to the manufacturer’s instructions. RNA library 
preparation and sequencing were performed by Novogene 
Co. LTD (Cambridge, UK). Data analysis was performed 
using the software R (R Core Team, version 4.0.4). Data 
were aligned using the RsubRead package with the GRCh38 
primary assembly. The RsubRead function, FeatureCounts, 
was used to count mapped reads for genomic features and 
with the DESeq2 package, differentially expressed genes 
were detected. All data were corrected for batch effects. 
TKI-induced changes in gene-expression were considered 
as significant when the |Log twofold-change| was > 1 and 
the adjusted p-value (padj) was < 0.05.

Measurement of cytokine secretion

The concentration of secreted cytokines IFNγ, IL-2, IL-6, 
and IL-17A was determined in the supernatant of stimulated 
T cells by the respective ELISA MAX™ Human Deluxe 
Sets (Biolegend) according to manufacturer’s instructions. 
Absorbance was measured at 450 nm at a Spectra Max 
M3 device (Molecular Devices, San José, USA) using the 

software SoftMax Pro 6.4 (Molecular Devices) and cor-
rected by the reference absorption wavelength at 570 nm. 
Concentrations were extrapolated from the standard curve 
using Excel™ 2016 (Microsoft, Redmond, USA).

Measurement of glucose‑ and fatty acid (FA) uptake 
by T cells

Glucose uptake was analyzed by 300 µl of 0.3 mM 6-NBDG 
(ThermoFisher Scientific) after washing the cells with glu-
cose-free RPMI. Cells were incubated for 15 min at 37 °C, 
5%  CO2, and washed 3–4 times with FACS-puffer before 
recording at the flow cytometer.

To assess FA uptake T cells were washed with FCS-free 
RPMI, 10 µl of 2.5 µM Bodipy™ FL  C16 (ThermoFisher 
Scientific) were added and cells were incubated for 15 min 
at 37 °C, 5%  CO2 before performing two washing steps with 
ice-cold PBS with 2% FCS (ThermoFisher Scientific).

Analysis of mitochondrial fitness

T cells were stained with TMRE (tetramethylrhodamine, 
ethyl ester), MitoTracker™ Green FM, and MitoSOX™ 
Red Mitochondrial Superoxide Indicator (all ThermoFisher 
Scientific) for analyzing mitochondrial membrane potential 
(ΔΨm), mass, and superoxide generation, respectively, using 
FACS.

Metabolic flux analyses

The activity of the mitochondrial respiratory chain and 
glycolysis was assessed by metabolic flux analyses with an 
XF96e Extracellular Flux Analyzer as previously described 
[21]. In this analysis oxidative phosphorylation (oxPhos) 
and cytosolic glycolysis are characterized by the oxygen 
consumption rate (OCR) and extracellular acidification rate 
(ECAR), respectively, which are measured by fluorophores, 
detecting oxygen and hydrogen-ions. By subsequent addition 
of metabolic inhibitors and measurement of changes in OCR 
and ECAR, different metabolic parameters were calculated.

For the mitochondrial stress test (Agilent Technologies, 
California, USA), the cartridge ports were loaded with 
1 µM of the mitochondrial ATP synthase inhibitor oligo-
mycin (Oligo, Sigma-Aldrich), 1.5 µM of the uncoupling 
agent carbonyl cyanide-4 (trifluoromethoxy) phenylhydra-
zone (FCCP, Sigma-Aldrich) and 3 µM of the complex I/III 
oxPhos inhibitors rotenone (Rot, Sigma-Aldrich) and anti-
mycin A (AA, Sigma-Aldrich). While the basal respiration 
describes the OCR that attributes to oxPhos, maximal respi-
ration of T cells can be mimicked by adding the uncoupling 
agent FCCP. The spare respiratory capacity is defined by the 
difference in OCR between maximal and basal respiration.
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For the glycolysis stress test (Agilent Technologies), ports 
were loaded with 10 mM glucose (Agilent Technologies), 
1 µM Oligo and 100 mM of 2-deoxy-d-glucose (2-DG, Bio-
mol GmbH, Hamburg, Germany). Basal glycolysis describes 
the change of ECAR after glucose-addition, while glycolytic 
capacity additionally counts in the increase of glycolysis 
after oligomycin-induced oxPhos-inhibition. The glycolytic 
reserve is defined as the difference between the glycolytic 
capacity and basal glycolysis. Data were acquired by the 
WAVE software version 2.6.1 (Agilent Technologies).

Statistical analysis

Statistical data analysis was performed using Graph-
Pad Prism Version 9 software (GraphPad Software, San 
Diego, USA). For statistical analysis mostly Friedman 
tests were performed. For the metabolic flux analysis, 
the Kruskal–Wallis test was carried out. All tests com-
pared αCD2/3/28-stimulated TKI-treated T cells with 
αCD2/3/28-stimulated TKI-untreated control. Friedman- 
and Kruskal–Wallis tests were followed by a Dunn’s multi-
ple comparison test.

Results

Asciminib has less impact on the expression of PD‑1 
and T cell activation markers compared to other TKIs

First, we confirmed that the used therapeutic TKI concen-
trations were subtoxic for CD4+ and CD8+ T cells (Suppl. 
Figure 1). Asciminib had dose-dependent inhibiting effects 
on CD28 (73%, SD = 10 (10 µM)) and CD98 (52%, SD = 17 
(10 µM)) of αCD2/3/28-stimulated T cells compared to the 
bead-stimulated control (Fig. 1a). A comparable effect was 
found upon treatment with imatinib and nilotinib, whereas 
dasatinib-treated T cells exhibited a lower expression of 
CD28 (39%, SD = 12) and CD98 (20%, SD = 14) at 10 nM. 
PD-1-expression under asciminib was not significantly 
changed (97%, SD = 15 (1.25 µM); 80%, SD = 20 (5 µM); 
72%, SD = 29 (10  µM)), while imatinib (58%, SD = 6 
(10 µM)), dasatinib (25%, SD = 16 (10 nM)) and nilotinib 
(60%, SD = 12 (5 µM)) showed significant decreases of 
expression, especially at the highest concentrations. Simi-
larly, milder effects of asciminib were detected for the early 
T cell activation marker CD25, with more pronounced 
donor-specific variations than for the other TKIs (Fig. 1b). 
Asciminib-treated T cells decreased CD69-expression down 
to 69% (106%, SD = 32 (1.25 µM); 90%, SD = 26 (5 µM); 
69%, SD = 22 (10 µM)), while the expression was reduced 
below 22% by the other TKIs. Similar to imatinib, CD137 
expression was not significantly inhibited by asciminib, 
while dasatinib (53%, SD = 37 (10 nM)) and nilotinib (34%, 

SD = 17 (5 µM)) showed inhibitory effects at the highest 
concentration. Overall, dasatinib exhibited the most signifi-
cant changes.

On the gene-expression level, only slight TKI-induced 
effects were observed, indicated by |Log 2 Fold-changes|< 1, 
with least inhibitory effects of asciminib (Suppl. Figure 2).

Asciminib affects T cell proliferation and cytokine 
secretion upon stimulation

Next, we investigated whether asciminib affects the prolif-
eration of stimulated T cells and its impact on the secretion 
of critical cytokines. We found that asciminib had inhibiting 
effects on T cell proliferation, indicated by a halved division 
index at 10 µM, which was similar to imatinib, dasatinib, 
and nilotinib (Fig. 2a). Additionally, we found that levels of 
secreted IFNγ, IL-6, and IL-17A by stimulated T cells were 
decreased by asciminib at 10 µM compared to the stimu-
lated untreated controls (IFNγ: − 26%, p = 0.0417; IL-6: 
− 53%, p = 0.0099; IL-17A: − 47%, p = 0.0110, Fig. 2b). 
Similar results were obtained with imatinib, dasatinib, and 
nilotinib, except for the IFNγ-levels of nilotinib-treated T 
cells and IL-17A-levels of imatinib-treated T cells, which 
largely remained unchanged. Additionally, IL-2-levels did 
not change by asciminib-treatment, while inhibition of IL-2 
secretion by the other TKIs ranged from 62 up to 94% at the 
maximum concentrations compared to the untreated control.

Effects of asciminib on glucose/FA uptake 
and substrate transporter expression of T cells

The effects of asciminib on metabolic processes in T cells 
were examined by the ability of T cells to take up glucose 
and FA and by assessing the expression of the central 
glucose transporter Glut-1 and the FA transporter CD36. 
Glucose uptake was impaired by asciminib, indicated by a 
decreasing 6-NBDG-signal (Fig. 3a, 93%, SD = 5 (1.25 µM); 
83%, SD = 7 (5 µM); 81%, SD = 8 (10 µM)). This expres-
sion was higher compared to the other TKIs (imatinib 71%, 
SD = 9 (10 µM), dasatinib 46%, SD = 5 (10 nM), nilotinib 
55%, SD = 16 (5 µM)). Asciminib- and imatinib-induced 
inhibition of T cell FA uptake was not significant, which was 
confirmed by Bodipy™ FL  C16. In contrast, dasatinib and 
nilotinib showed stronger inhibiting effects with a median 
fluorescence intensity (MdFI) expression of down to 65%.

Expression of Glut-1 was significantly inhibited by 
asciminib (89%, SD = 4 (5 µM); 83%, SD = 10 (10 µM)), 
whereas suppression by the other TKIs was not significant 
(Fig. 3b). Regarding CD36-expression, asciminib showed 
a decreasing expression of down to 81% with increasing 
concentrations, which was higher than the dasatinib-induced 



1665Cancer Immunology, Immunotherapy (2023) 72:1661–1672 

1 3

expression (71%, SD = 11 (10 nM)), while imatinib- and 
nilotinib-induced changes were not significant.

Effects of asciminib on mitochondrial membrane 
potential, biomass and superoxide generation

OxPhos in the mitochondria is the most important process in 
the generation of ATP. Therefore, we tested whether impor-
tant mitochondrial parameters such as the mitochondrial 
membrane potential ΔΨm, biomass, and superoxide levels 
of T cells are affected by asciminib, compared to the other 
TKIs. While a high ∆Ψm is maintained by the energy pro-
duction during oxPhos, decreases in ∆Ψm are associated 
with a loss of mitochondrial function. Measuring superoxide 
levels is an effective way to describe mitochondrial reactive 
oxygen species (ROS) that are mainly generated by complex 
I and III of the respiratory chain [22]. Whereas asciminib 
like imatinib increased ΔΨm at 10 µM (38%, SD = 24 and 

56%, SD = 29), dasatinib and nilotinib had no effect (Suppl. 
Figure 3). The mitochondrial biomass remained stable, inde-
pendent of TKI-type and –concentration, while there was a 
non-significant increase of mitochondrial superoxide levels 
at 10 µM asciminib.

Asciminib increases the T cells’ respiratory 
and glycolytic reserve.

To further characterize the effects of asciminib on glucose 
metabolism, we focused on different metabolic parameters, 
associated with the processes of oxPhos and glycolysis by 
performing metabolic flux analyzes. We measured OCR 
(indicative for an aerobic metabolic phenotype) and ECAR 
(indicative for a glycolytic metabolic phenotype) before 
the addition of metabolic inhibitors (Fig. 4a). As expected, 
αCD2/3/28-stimulation increased the T cell metabolic activ-
ity from a quiescent state to a more energetic level, indicated 
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Fig. 1  Asciminib has milder inhibiting effects on expression of PD-1 
and activation markers CD25 and CD69 than TKIs, targeting the 
ATP-binding cleft of ABL1. Human T cells were treated with the 
TKIs asciminib (blue), imatinib (yellow), dasatinib (orange) or nilo-
tinib (green). Expression (MdFI) was measured by flow cytometry 
(n = 5 different donors). a Surface marker staining. Treatment with/
without TKIs and stimulation with/without αCD2/3/28-beads for 

72 h. Subsequent staining with antibodies against CD28, CD98, and 
PD-1. b Activation marker staining. Treatment with/without TKIs 
for 96  h and in the last 24  h simultaneous stimulation with/without 
αCD2/3/28-beads. Subsequent staining with antibodies against CD25, 
CD69, and CD137. Measurements were normalized to the respective 
TKI-untreated controls. Norm normalized, uc unstimulated control 
(no bead addition), ***p < 0.001, **p < 0.01, *p < 0.05
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by a strong rise of OCR- and ECAR levels. The metabolic 
phenotype of T cells treated with either asciminib, imatinib, 
or nilotinib had the trend toward being more energetic than 
the TKI-untreated control, while dasatinib-treatment nonsig-
nificantly decreased OCR and ECAR down to 75%.

To investigate the effects of asciminib on oxPhos in the 
presence of metabolic inhibitors, we performed mitochon-
drial stress tests by successive injection of Oligo, FCCP 
and Rot/AA as previously described [21] and by simultane-
ously measuring OCR in order to calculate different meta-
bolic parameters, which are shown in Fig. 4b. We found 
that asciminib increased the oxPhos potential of T cells, 
indicated by up to 69% increased maximal phosphorylation 
and 152% increased spare respiratory capacity at 10 µM. 
These effects were also comparable with those of imatinib. 

Additionally, dasatinib-treated T cells could compensate for 
the nonsignificant inhibitory effects on basal respiration after 
FCCP-injection.

Since parameters describing oxPhos and mitochondrial 
fitness (∆Ψm) were increased but glucose uptake of T cells 
was impaired by asciminib, we analyzed how glycolysis, 
an alternative way of ATP-production, is affected by TKIs. 
Therefore, we performed a glycolysis stress test by culti-
vating T cells in glucose- and pyruvate-free medium and 
injecting glucose first, followed by Oligo and 2-DG (Fig. 4c) 
as previously described [21, 23]. We simultaneously meas-
ured ECAR to calculate different glycolytic parameters. We 
found no significant changes in basal glycolysis although 
there was a marginal trend toward inhibition. The glyco-
lytic capacity mostly remained stable, whereas glycolytic 
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Fig. 2  Asciminib interferes with T cell proliferation and secretion 
of IFNγ, IL-6, and IL17A but not IL-2. Human T cells were treated 
with the TKIs asciminib (blue), imatinib (yellow), dasatinib (orange) 
or nilotinib (green) and stimulated with αCD2/3/28-beads for 72 h. a 
Proliferation. VPD450-staining and measurement by FACS (n = 5). 

b Cytokine secretion. Supernatants were analyzed for IFNγ, IL-2, 
IL-6, and IL-17A by ELISA. Measurements were normalized to the 
respective TKI-untreated controls (= 0% cytokine secretion, n = 5–6 
different donors). Norm normalized, uc unstimulated control (no bead 
addition), ***p < 0.001, **p < 0.01, *p < 0.05
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reserve was significantly increased by asciminib (166%, 
SD = 40 (5 µM)), imatinib (183%, SD = 50 (10 µM)), and 
nilotinib (190%, SD = 70 (5 µM)) compared to untreated 
control (100%).

Discussion

T cells are critical to achieving TFR since they control 
residual CML cells resistant to TKI-therapy [1]. While 
ATP-pocket-binding TKIs have several inhibiting off-target 
effects on T cell function, we here investigated whether asci-
minib differentially affects T cell activity due to its unique 
characteristic as the first-in-class STAMP-inhibitor. Earlier 
publications showed that ATP-pocket binding TKIs reduced 
in vitro T cell proliferation, expression of the activation 
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Fig. 3  Effects of asciminib on glucose- and FA uptake and Glut-1- 
and CD36-expression of T cells. Human T cells were treated with/
without the indicated concentrations of the TKIs asciminib (blue), 
imatinib (yellow), dasatinib (orange) or nilotinib (green), stimulated 
with/without αCD2/3/28-beads for 72 h and analyzed by flow cytom-
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porter expression. Measurements were normalized to the respective 
TKI-untreated controls. Norm normalized, uc unstimulated control 
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markers CD25 and CD69, and cytokine secretion [6–11]. 
In fact, this was in accordance with our data, whereas asci-
minib had less inhibitory effects on T cell activation. Co-
stimulatory CD28 and the amino acid transporter and CD69-
binding partner CD98 [24] were downregulated by all TKIs, 
suggesting an inhibition of intracellular T cell signaling and 
function.

PD-1 is an inhibitory receptor of the CD28 family and is 
known as a key player in the regulation of T cell activation- 
and exhaustion, effector T cell responses and T cell tolerance 
[25, 26]. Increased PD-1-levels on T cells in CML patients 
(mostly CD8+ T cells) have been described to correlate with 
potential adverse effects on the disease course [27, 28]. In 
our in vitro experiments, we found a stronger decrease of 

Fig. 4  Metabolic flux analysis 
of TKI-treated T cells. Human 
T cells were treated with/
without the TKIs asciminib 
(blue), imatinib (yellow), 
dasatinib (orange) or nilotinib 
(green), stimulated with/with-
out αCD2/3/28-beads for 72 h 
and analyzed via metabolic 
flux analysis (n = 3–4 different 
donors, n = 7–8 different donors 
for controls). a Metabolic 
phenotype. Measuring of OCR 
and ECAR before addition of 
metabolic inhibitors. b Mito-
chondrial stress test. Oligomy-
cin (Oligo), carbonyl cyanide-4 
(trifluoromethoxy) phenylhy-
drazone (FCCP) and rotenone/
antimycin A (Rot/AA) were 
successively added, OCR was 
measured and metabolic param-
eters (basal respiration, maximal 
respiration and spare respiratory 
capacity; exemplarily illustrated 
for αCD2/3/28-bead-stimulated 
control) were calculated. c 
Glycolysis stress test. Glucose, 
Oligo and 2-deoxy-d-glucose 
(2-DG) were successively 
added, ECAR was measured 
and metabolic parameters (basal 
glycolysis, glycolytic capacity, 
and glycolytic reserve; exempla-
rily illustrated for αCD2/3/28-
bead-stimulated control) were 
calculated. Measurements were 
normalized to the respective 
TKI-untreated controls. Norm 
normalized, uc unstimulated 
control (no bead addition), OCR 
oxygen consumption rate, ECAR  
extracellular acidification rate, 
**p < 0.01, *p < 0.05
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PD-1 induced by ATP-pocket-binding TKIs compared to 
asciminib, which might be advantageous because reduced 
PD-1-expression is thought to promote sustained DMR in 
CML [3]. Since PD-1 is upregulated during T cell stimula-
tion, minor inhibition of PD-1 of stimulated T cells by asci-
minib might be directly connected to the reduced activation 
inhibition. Because TKI effects on T cell markers could be 
only observed on protein and not on RNA-level in our study, 
we assume that changes occur at the post-transcriptional 
level.

Several studies showed that the inhibition of T cell func-
tion by imatinib, dasatinib and nilotinib is also reflected 
by a decreased secretion of pro-inflammatory cytokines 
[7, 8, 10, 29] potentially affecting immune reconstitution 
and course of CML. Here, we observed similar inhibiting 
effects of asciminib on IFNγ, IL-6, and IL-17A. Moreover, 
as described in previous studies [7, 8, 29], we also discov-
ered a strong IL-2 reduction elicited by ATP-pocket binding 
TKIs, which is in accordance with the reduced expression 
of the α-subunit of the IL-2 receptor (CD25) [30]. In con-
trast, we found IL-2-levels unchanged by asciminib, which 
also matches with the lower inhibition of CD25. Therefore, 
we conclude that there might be differences in the impact 
on IL-2-receptor-induced signaling between asciminib and 
the other TKIs. We suggest that normal IL-2 secretion by 
T cells in the presence of asciminib allows immune recon-
stitution since IL-2 is critical to the modulation of immune 
responses and differentiation of naïve  CD4+ T cells into dif-
ferent subtypes (e.g., Th1 [31] or Th2 [32]), which requires 
further ex vivo patient data. Conversely to IL-2, decreased 
levels of IL-6 by asciminib and the other TKIs might be 
beneficial for the course of CML since IL-6-levels in the 
serum of CML patients were increased and it was addition-
ally shown in a mouse model that IL-6 directly contributes 
to the development of CML [33, 34]. Reduced IL-6-levels 
were also previously described in CML patients under TKI-
therapy [35]. The contribution of IFNγ to the course of CML 
was examined in a study by Busilacchi et al. at a murine 
CML model. It showed that the eradication of leukemic stem 
cells (LSC) depends on low IFNγ-levels, secreted by  CD8+ 
CTL. However, CTL supported LSC proliferation and dif-
ferentiation by the secretion of IFNγ [36]. Therefore, the 
role of TKI-induced changes in T cell IFNγ-levels during 
CML remains controversial. Concerning IL-17, a previous 
study demonstrated increased levels in the blood but not in 
the bone marrow of newly diagnosed patients with CML 
and imatinib-treated CML patients in CP [37]. This agrees 
with the absence of IL-17A-inhibition by imatinib in our 
study. There is lacking knowledge about the contribution of 
IL-17A to the course of CML and in vivo IL-17A levels in 
dasatinib-, nilotinib-, and asciminib-treated CML patients. 
However, our in vitro results suggest inhibiting effects of 
these TKI. Interestingly, in our analyses, imatinib did not 

inhibit IL-17A- and nilotinib did not affect IFNγ-secretion, 
which is not in line with previous findings [29] but this study 
used unstimulated T cells, while we focused on αCD2/3/28-
stimulated T cells.

Central T cell processes including activation are asso-
ciated with an increased energy demand for proliferation, 
growth, and exertion of effector functions. Activated T cells 
meet their energy needs, e.g., by increasing their aerobic 
glycolysis and degradation of glutamine. However, there is 
lacking knowledge about how the metabolism of T cells is 
affected by TKI-treatment. We observed impaired glucose 
uptake by all TKI-treated T cells, which conforms to our 
expectation, since co-stimulation of CD28, which was inhib-
ited by all TKIs, is required for maximal glucose uptake 
[38]. Additionally, Glut-1 surface trafficking has been shown 
to be associated with CD28-expression [38]. This could 
explain the inhibition of Glut-1 in our experiments, which 
was significant for asciminib.

Beside glucose, intracellular and extracellular FAs are an 
important energy source for many functions of T cells. In our 
study, we found that FA uptake and CD36-expression were 
partially inhibited by asciminib and to a greater extent by 
dasatinib, indicating that the intracellular FA levels might 
be reduced.

Asciminib-induced inhibition of glucose and FA uptake 
had no inhibiting effect on oxPhos and glycolysis, which are 
both used for the production of ATP, suggesting that lim-
ited amounts of uptaken glucose/FA substrate were sufficient 
for T cells to maintain normal ATP-production. However, 
we observed an increased ΔΨm by asciminib and imatinib 
alike and a slight rise of mitochondrial superoxide levels 
by asciminib, which might be a sign of elevated electron 
transport and oxPhos in the mitochondria [22, 39]. Meta-
bolic flux analyses showed that basal oxPhos and glycolysis 
were only marginally affected by asciminib, but T cells could 
strongly raise their maximal respiration, oxPhos and glyco-
lysis potential, indicating that they could react flexibly on 
energy demand when treated with asciminib. In particular, 
an increased maximal respiration along with an increased 
spare respiratory capacity is often associated with elevated 
oxidation of substrate as a reaction to a higher demand for 
ATP or a higher substrate supply [40]. Similar assumptions 
apply to the glycolytic reserve since glycolysis is an essential 
and rapid process that provides these cells with energy pre-
cursors [41]. Memory and regulatory T cells (TRegs) mainly 
use oxPhos for meeting their energetic demands [42]. This 
would suggest an increased memory response to asciminib. 
Interestingly, in contrast to asciminib, dasatinib showed a 
weak inhibition of basal oxPhos the cells could compensate 
for by increasing their spare respiratory capacity. Gener-
ally, dasatinib seemed to have stronger immunosuppres-
sive effects on T cell function and metabolism compared 
to asciminib and the other TKIs, which could be explained 
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by a larger target spectrum but also by its increased binding 
affinity to its target kinases [5, 43].

This study shows new insights into functional changes in 
T cells induced by asciminib, which can be compared with 
previous in vitro data of ATP-pocket binding TKIs. By the 
increasing prescription of asciminib since its approval for 
medical use in the USA in October 2021 for adult patients, 
future research on patient material will gain relevance and 
will show which findings can be recapitulated in an ex vivo 
setting. Clinical trials have demonstrated efficacy of asci-
minib in patients with resistance to preceding TKI-therapies 
combined with moderate side effects [12, 44], but the effects 
on TFR are unknown and are currently examined in clinical 
studies (e.g., NCT05413915 and NCT04838041).

In summary, our results showed overlapping effects of the 
novel TKI asciminib and ATP-pocket binding TKIs on T cell 
function (e.g., proliferation inhibition) and also some differ-
ences like a reduced inhibition of early T cell activation and 
IL-2-secretion by asciminib, which might be beneficial for 
the T cells’ anti-CML properties. We also found inhibiting 
metabolic effects of TKIs, especially for dasatinib, but we 
demonstrated that the T cells had a flexible glucose metabo-
lism and could even increase their oxPhos- and glycolytic 
potential. Due to its combination of promising on-target 
effects in first clinical studies and reduced off-target effects 
on T cells in our study, we expect a benefit of asciminib in 
bypassing TKI-resistances and simultaneously maintaining 
T cell-mediated control of residual CML cells to achieve 
TFR.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00262- 022- 03361-8.

Acknowledgements We would like to thank all the blood donors and 
funders for their contribution to this study.

Author contributions LH, AK, DM, MM, MB, and RJ contributed to 
the study conception and design. Material preparation and data col-
lection were performed by LH and KM. Data analysis was performed 
by LH and OR-L. The first draft of the manuscript was written by 
LH and AK and the authors commented on previous versions of the 
manuscript. All authors have read and agreed to the published version 
of the manuscript.

Funding Open Access funding enabled and organized by Projekt 
DEAL. This work was funded by the Comprehensive Cancer Center 
Erlangen-European metropolitan area Nuremberg (CCC-ER-EMN), 
Germany, and the Interdisciplinary Centre for Clinical Research 
(IZKF), Erlangen, Germany.

Data availability Data will be provided upon request by the corre-
sponding author.

Code availability Not applicable.

Declarations 

Conflict of interest The authors declare that they have no conflicts of 
interest.

Consent to participate Informed consent was obtained from all indi-
vidual participants included in the study.

Ethical approval Blood samples from healthy donors were obtained 
on patients informed consent in accordance with the Declaration of 
Helsinki.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Hsieh YC, Kirschner K, Copland M (2021) Improving outcomes 
in chronic myeloid leukemia through harnessing the immunologi-
cal landscape. Leukemia 35:1229–1242. https:// doi. org/ 10. 1038/ 
s41375- 021- 01238-w

 2. Chen CI, Maecker HT, Lee PP (2008) Development and dynamics 
of robust T-cell responses to CML under imatinib treatment. Blood 
111:5342–5349. https:// doi. org/ 10. 1182/ blood- 2007- 12- 128397

 3. Hughes A, Clarson J, Tang C, Vidovic L, White DL, Hughes TP, 
Yong AS (2017) CML patients with deep molecular responses 
to TKI have restored immune effectors and decreased PD-1 and 
immune suppressors. Blood 129:1166–1176. https:// doi. org/ 10. 
1182/ blood- 2016- 10- 745992

 4. Cayssials E, Jacomet F, Piccirilli N et al (2019) Sustained treat-
ment-free remission in chronic myeloid leukaemia is associated 
with an increased frequency of innate CD8(+) T-cells. Br J Hae-
matol 186:54–59. https:// doi. org/ 10. 1111/ bjh. 15858

 5. Hantschel O, Rix U, Superti-Furga G (2008) Target spectrum of 
the BCR-ABL inhibitors imatinib, nilotinib and dasatinib. Leuk 
Lymphoma 49:615–619. https:// doi. org/ 10. 1080/ 10428 19080 
18961 03

 6. Dietz AB, Souan L, Knutson GJ, Bulur PA, Litzow MR, Vuk-
Pavlovic S (2004) Imatinib mesylate inhibits T-cell prolifera-
tion in vitro and delayed-type hypersensitivity in vivo. Blood 
104:1094–1099. https:// doi. org/ 10. 1182/ blood- 2003- 12- 4266

 7. Seggewiss R, Lore K, Greiner E, Magnusson MK, Price DA, 
Douek DC, Dunbar CE, Wiestner A (2005) Imatinib inhibits 
T-cell receptor-mediated T-cell proliferation and activation in a 
dose-dependent manner. Blood 105:2473–2479. https:// doi. org/ 
10. 1182/ blood- 2004- 07- 2527

 8. Schade AE, Schieven GL, Townsend R, Jankowska AM, Susu-
lic V, Zhang R, Szpurka H, Maciejewski JP (2008) Dasatinib, a 
small-molecule protein tyrosine kinase inhibitor, inhibits T-cell 
activation and proliferation. Blood 111:1366–1377. https:// doi. 
org/ 10. 1182/ blood- 2007- 04- 084814

https://doi.org/10.1007/s00262-022-03361-8
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41375-021-01238-w
https://doi.org/10.1038/s41375-021-01238-w
https://doi.org/10.1182/blood-2007-12-128397
https://doi.org/10.1182/blood-2016-10-745992
https://doi.org/10.1182/blood-2016-10-745992
https://doi.org/10.1111/bjh.15858
https://doi.org/10.1080/10428190801896103
https://doi.org/10.1080/10428190801896103
https://doi.org/10.1182/blood-2003-12-4266
https://doi.org/10.1182/blood-2004-07-2527
https://doi.org/10.1182/blood-2004-07-2527
https://doi.org/10.1182/blood-2007-04-084814
https://doi.org/10.1182/blood-2007-04-084814


1671Cancer Immunology, Immunotherapy (2023) 72:1661–1672 

1 3

 9. Blake SJ, Lyons AB, Hughes TP (2009) Nilotinib inhibits the Src-
family kinase LCK and T-cell function in vitro. J Cell Mol Med 
13:599–601. https:// doi. org/ 10. 1111/j. 1582- 4934. 2009. 00500_1.x

 10. Cwynarski K, Laylor R, Macchiarulo E, Goldman J, Lombardi G, 
Melo JV, Dazzi F (2004) Imatinib inhibits the activation and pro-
liferation of normal T lymphocytes in vitro. Leukemia 18:1332–
1339. https:// doi. org/ 10. 1038/ sj. leu. 24034 01

 11. Chen J, Schmitt A, Chen B et al (2008) Nilotinib hampers the 
proliferation and function of CD8+ T lymphocytes through inhibi-
tion of T cell receptor signalling. J Cell Mol Med 12:2107–2118. 
https:// doi. org/ 10. 1111/j. 1582- 4934. 2008. 00234.x

 12. Hughes TP, Mauro MJ, Cortes JE et  al (2019) Asciminib in 
chronic myeloid leukemia after ABL kinase inhibitor failure. N 
Engl J Med 381:2315–2326. https:// doi. org/ 10. 1056/ NEJMo a1902 
328

 13. Siska PJ, Rathmell JC (2015) T cell metabolic fitness in antitumor 
immunity. Trends Immunol 36:257–264. https:// doi. org/ 10. 1016/j. 
it. 2015. 02. 007

 14. Tanaka A, Nishikawa H, Noguchi S et al (2020) Tyrosine kinase 
inhibitor imatinib augments tumor immunity by depleting effec-
tor regulatory T cells. J Exp Med. https:// doi. org/ 10. 1084/ jem. 
20191 009

 15. Fei F, Yu Y, Schmitt A, Rojewski MT, Chen B, Greiner J, Gotz 
M, Bunjes D, Schmitt M (2010) Effects of nilotinib on regula-
tory T cells: the dose matters. Mol Cancer 9:22. https:// doi. org/ 
10. 1186/ 1476- 4598-9- 22

 16. Rezende VM, Rivellis AJ, Gomes MM, Dorr FA, Novaes MM, 
Nardinelli L, Costa AL, Chamone DA, Bendit I (2013) Deter-
mination of serum levels of imatinib mesylate in patients with 
chronic myeloid leukemia: validation and application of a new 
analytical method to monitor treatment compliance. Rev Bras 
Hematol Hemoter 35:103–108. https:// doi. org/ 10. 5581/ 1516- 
8484. 20130 030

 17. Mizuta S, Sawa M, Tsurumi H et al (2018) Plasma concentra-
tions of dasatinib have a clinical impact on the frequency of 
dasatinib dose reduction and interruption in chronic myeloid 
leukemia: an analysis of the DARIA 01 study. Int J Clin Oncol 
23:980–988. https:// doi. org/ 10. 1007/ s10147- 018- 1300-9

 18. Talpaz M, Saglio G, Atallah E, Rousselot P (2018) Dasatinib 
dose management for the treatment of chronic myeloid leuke-
mia. Cancer 124:1660–1672. https:// doi. org/ 10. 1002/ cncr. 31232

 19. Wang T, Li CX, Chen XC, Gu CH, Yang D, Wang P, Zou Q, 
Wu DP (2018) Correlation of serum concentration of nilotinib 
with clinical efficacy in patients with chronic myeloid leukemia. 
Zhongguo Shi Yan Xue Ye Xue Za Zhi 26:116–120. https:// doi. 
org/ 10. 7534/j. issn. 1009- 2137. 2018. 01. 019

 20. Tanaka C, Yin OQ, Sethuraman V et al (2010) Clinical pharma-
cokinetics of the BCR-ABL tyrosine kinase inhibitor nilotinib. 
Clin Pharmacol Ther 87:197–203. https:// doi. org/ 10. 1038/ clpt. 
2009. 208

 21. Bottcher M, Renner K, Berger R et al (2018) D-2-hydroxy-
glutarate interferes with HIF-1alpha stability skewing T-cell 
metabolism towards oxidative phosphorylation and impairing 
Th17 polarization. Oncoimmunology 7:e1445454. https:// doi. 
org/ 10. 1080/ 21624 02X. 2018. 14454 54

 22. Turrens JF (2003) Mitochondrial formation of reactive oxygen 
species. J Physiol 552:335–344. https:// doi. org/ 10. 1113/ jphys 
iol. 2003. 049478

 23. Jitschin R, Braun M, Qorraj M, Saul D, Le Blanc K, Zenz T, 
Mougiakakos D (2015) Stromal cell-mediated glycolytic switch 
in CLL cells involves Notch-c-Myc signaling. Blood 125:3432–
3436. https:// doi. org/ 10. 1182/ blood- 2014- 10- 607036

 24. Cibrian D, Sanchez-Madrid F (2017) CD69: from activation 
marker to metabolic gatekeeper. Eur J Immunol 47:946–953. 
https:// doi. org/ 10. 1002/ eji. 20164 6837

 25. Francisco LM, Sage PT, Sharpe AH (2010) The PD-1 pathway 
in tolerance and autoimmunity. Immunol Rev 236:219–242. 
https:// doi. org/ 10. 1111/j. 1600- 065X. 2010. 00923.x

 26. Barber DL, Wherry EJ, Masopust D, Zhu B, Allison JP, Sharpe 
AH, Freeman GJ, Ahmed R (2006) Restoring function in 
exhausted CD8 T cells during chronic viral infection. Nature 
439:682–687. https:// doi. org/ 10. 1038/ natur e04444

 27. Lee MY, Park CJ, Cho YU, You E, Jang S, Seol CA, Seo EJ, 
Choi EJ, Lee JH (2020) Differences in PD-1 expression on 
CD8+ T-cells in chronic myeloid leukemia patients accord-
ing to disease phase and TKI medication. Cancer Immu-
nol Immunother 69:2223–2232. https:// doi. org/ 10. 1007/ 
s00262- 020- 02617-5

 28. Ahmad SM, Svane IM, Andersen MH (2014) The stimulation 
of PD-L1-specific cytotoxic T lymphocytes can both directly 
and indirectly enhance antileukemic immunity. Blood Cancer J 
4:e230. https:// doi. org/ 10. 1038/ bcj. 2014. 50

 29. Marinelli Busilacchi E, Costantini A, Viola N et  al (2018) 
Immunomodulatory effects of tyrosine kinase inhibitor in vitro 
and in vivo study. Biol Blood Marrow Transplant 24:267–275. 
https:// doi. org/ 10. 1016/j. bbmt. 2017. 10. 039

 30. Goudy K, Aydin D, Barzaghi F et al (2013) Human IL2RA null 
mutation mediates immunodeficiency with lymphoproliferation 
and autoimmunity. Clin Immunol 146:248–261. https:// doi. org/ 
10. 1016/j. clim. 2013. 01. 004

 31. Shi M, Lin TH, Appell KC, Berg LJ (2008) Janus-kinase-3-de-
pendent signals induce chromatin remodeling at the Ifng locus 
during T helper 1 cell differentiation. Immunity 28:763–773. 
https:// doi. org/ 10. 1016/j. immuni. 2008. 04. 016

 32. Liao W, Schones DE, Oh J, Cui Y, Cui K, Roh TY, Zhao K, 
Leonard WJ (2008) Priming for T helper type 2 differentiation 
by interleukin 2-mediated induction of interleukin 4 receptor 
alpha-chain expression. Nat Immunol 9:1288–1296. https:// doi. 
org/ 10. 1038/ ni. 1656

 33. Reynaud D, Pietras E, Barry-Holson K, Mir A, Binnewies M, 
Jeanne M, Sala-Torra O, Radich JP, Passegue E (2011) IL-6 
controls leukemic multipotent progenitor cell fate and contrib-
utes to chronic myelogenous leukemia development. Cancer 
Cell 20:661–673. https:// doi. org/ 10. 1016/j. ccr. 2011. 10. 012

 34. Sharma K, Singh U, Rai M, Shukla J, Gupta V, Narayan G, 
Kumar S (2020) Interleukin 6 and disease transformation in 
chronic myeloid leukemia: a Northeast Indian population study. 
J Cancer Res Ther 16:30–33. https:// doi. org/ 10. 4103/ jcrt. JCRT_ 
137_ 17

 35. Ciarcia R, Vitiello MT, Galdiero M et al (2012) Imatinib treat-
ment inhibit IL-6, IL-8, NF-KB and AP-1 production and 
modulate intracellular calcium in CML patients. J Cell Physiol 
227:2798–2803. https:// doi. org/ 10. 1002/ jcp. 23029

 36. Schurch C, Riether C, Amrein MA, Ochsenbein AF (2013) 
Cytotoxic T cells induce proliferation of chronic myeloid leu-
kemia stem cells by secreting interferon-gamma. J Exp Med 
210:605–621. https:// doi. org/ 10. 1084/ jem. 20121 229

 37. Chen P, Wang M, Li D, Jia Y, He N, Li W, Ma D, Ji C (2015) 
The alteration and clinical significance of Th22/Th17/Th1 cells 
in patients with chronic myeloid leukemia. J Immunol Res 
2015:416123. https:// doi. org/ 10. 1155/ 2015/ 416123

 38. Jacobs SR, Herman CE, Maciver NJ, Wofford JA, Wieman HL, 
Hammen JJ, Rathmell JC (2008) Glucose uptake is limiting in 
T cell activation and requires CD28-mediated Akt-dependent 
and independent pathways. J Immunol 180:4476–4486. https:// 
doi. org/ 10. 4049/ jimmu nol. 180.7. 4476

 39. Zorova LD, Popkov VA, Plotnikov EY et al (2018) Mitochon-
drial membrane potential. Anal Biochem 552:50–59. https:// doi. 
org/ 10. 1016/j. ab. 2017. 07. 009

https://doi.org/10.1111/j.1582-4934.2009.00500_1.x
https://doi.org/10.1038/sj.leu.2403401
https://doi.org/10.1111/j.1582-4934.2008.00234.x
https://doi.org/10.1056/NEJMoa1902328
https://doi.org/10.1056/NEJMoa1902328
https://doi.org/10.1016/j.it.2015.02.007
https://doi.org/10.1016/j.it.2015.02.007
https://doi.org/10.1084/jem.20191009
https://doi.org/10.1084/jem.20191009
https://doi.org/10.1186/1476-4598-9-22
https://doi.org/10.1186/1476-4598-9-22
https://doi.org/10.5581/1516-8484.20130030
https://doi.org/10.5581/1516-8484.20130030
https://doi.org/10.1007/s10147-018-1300-9
https://doi.org/10.1002/cncr.31232
https://doi.org/10.7534/j.issn.1009-2137.2018.01.019
https://doi.org/10.7534/j.issn.1009-2137.2018.01.019
https://doi.org/10.1038/clpt.2009.208
https://doi.org/10.1038/clpt.2009.208
https://doi.org/10.1080/2162402X.2018.1445454
https://doi.org/10.1080/2162402X.2018.1445454
https://doi.org/10.1113/jphysiol.2003.049478
https://doi.org/10.1113/jphysiol.2003.049478
https://doi.org/10.1182/blood-2014-10-607036
https://doi.org/10.1002/eji.201646837
https://doi.org/10.1111/j.1600-065X.2010.00923.x
https://doi.org/10.1038/nature04444
https://doi.org/10.1007/s00262-020-02617-5
https://doi.org/10.1007/s00262-020-02617-5
https://doi.org/10.1038/bcj.2014.50
https://doi.org/10.1016/j.bbmt.2017.10.039
https://doi.org/10.1016/j.clim.2013.01.004
https://doi.org/10.1016/j.clim.2013.01.004
https://doi.org/10.1016/j.immuni.2008.04.016
https://doi.org/10.1038/ni.1656
https://doi.org/10.1038/ni.1656
https://doi.org/10.1016/j.ccr.2011.10.012
https://doi.org/10.4103/jcrt.JCRT_137_17
https://doi.org/10.4103/jcrt.JCRT_137_17
https://doi.org/10.1002/jcp.23029
https://doi.org/10.1084/jem.20121229
https://doi.org/10.1155/2015/416123
https://doi.org/10.4049/jimmunol.180.7.4476
https://doi.org/10.4049/jimmunol.180.7.4476
https://doi.org/10.1016/j.ab.2017.07.009
https://doi.org/10.1016/j.ab.2017.07.009


1672 Cancer Immunology, Immunotherapy (2023) 72:1661–1672

1 3

 40. Divakaruni AS, Paradyse A, Ferrick DA, Murphy AN, Jastroch 
M (2014) Analysis and interpretation of microplate-based oxy-
gen consumption and pH data. Methods Enzymol 547:309–354. 
https:// doi. org/ 10. 1016/ B978-0- 12- 801415- 8. 00016-3

 41. Mookerjee SA, Nicholls DG, Brand MD (2016) Determining 
maximum glycolytic capacity using extracellular flux measure-
ments. PLoS One 11:e0152016. https:// doi. org/ 10. 1371/ journ 
al. pone. 01520 16

 42. Bottcher M, Hofmann AD, Bruns H et al (2016) Mesenchymal 
stromal cells disrupt mTOR-signaling and aerobic glycolysis 
during T-cell activation. Stem Cells 34:516–521. https:// doi. 
org/ 10. 1002/ stem. 2234

 43. Hasinoff BB, Patel D, Wu X (2017) The myocyte-dam-
aging effects of the BCR-ABL1-targeted tyrosine kinase 

inhibitors increase with potency and decrease with specific-
ity. Cardiovasc Toxicol 17:297–306. https:// doi. org/ 10. 1007/ 
s12012- 016- 9386-7

 44. Rea D, Mauro MJ, Boquimpani C et al (2021) A phase 3, open-
label, randomized study of asciminib, a STAMP inhibitor, vs 
bosutinib in CML after >/=2 prior TKIs. Blood. https:// doi. org/ 
10. 1182/ blood. 20200 09984

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/B978-0-12-801415-8.00016-3
https://doi.org/10.1371/journal.pone.0152016
https://doi.org/10.1371/journal.pone.0152016
https://doi.org/10.1002/stem.2234
https://doi.org/10.1002/stem.2234
https://doi.org/10.1007/s12012-016-9386-7
https://doi.org/10.1007/s12012-016-9386-7
https://doi.org/10.1182/blood.2020009984
https://doi.org/10.1182/blood.2020009984

	Effects of the STAMP-inhibitor asciminib on T cell activation and metabolic fitness compared to tyrosine kinase inhibition by imatinib, dasatinib, and nilotinib
	Abstract
	Introduction
	Material and methods
	T cell isolation
	Cell culture
	Analysis of TKI-toxicity, proliferation, and protein expression
	RNA-expression of T cell genes
	Measurement of cytokine secretion
	Measurement of glucose- and fatty acid (FA) uptake by T cells
	Analysis of mitochondrial fitness
	Metabolic flux analyses
	Statistical analysis

	Results
	Asciminib has less impact on the expression of PD-1 and T cell activation markers compared to other TKIs
	Asciminib affects T cell proliferation and cytokine secretion upon stimulation
	Effects of asciminib on glucoseFA uptake and substrate transporter expression of T cells
	Effects of asciminib on mitochondrial membrane potential, biomass and superoxide generation
	Asciminib increases the T cells’ respiratory and glycolytic reserve.

	Discussion
	Anchor 21
	Acknowledgements 
	References




