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Abstract

Philadelphia chromosome-positive acute lymphoblastic leukemia (Ph+ ALL), driven by the BCR-ABL1 fusion gene, remains a 
high-risk malignancy despite therapeutic advances. Tyrosine kinase inhibitors (TKI) targeting BCR-ABL1 have significantly 
improved outcomes, but resistance and relapse persist, necessitating novel strategies such as combining TKI with bispe-
cific T-cell engagers (BiTE) like blinatumomab. Blinatumomab redirects T cells to eliminate CD19+ leukemia cells and has 
shown impressive clinical activity in Ph+ ALL when combined with SrcBCR-ABL1 TKI. However, this contrasts with preclinical 
observations reporting that Src kinase inhibition by Src/BCR-ABL1 TKI antagonizes blinatumomab-mediated T-cell activation. 
Consistent with prior preclinical studies, we demonstrate that dasatinib and ponatinib, unlike SRC-sparing TKI (imatinib, 
nilotinib), antagonize blinatumomab’s T-cell engaging efficacy by potently inhibiting LCK Y394 phosphorylation, a critical 
step in proximal TCR signaling. This inhibition impairs T-cell proliferation, cytokine production, and NFAT activation. To rec-
oncile this in vitro antagonism with favorable clinical combination outcomes, we confirmed that the mechanism of SRC 
inhibition is T-cell intrinsic, and we explored the impact of interleukins. We show that TKI-induced T-cell suppression and 
antagonism can be significantly improved by supplementing co-cultures with common γ-chain cytokines, particularly IL-7. 
IL-7 robustly enhances human T-cell proliferation, reduces exhaustion, and significantly improves blinatumomab’s cytotox-
ic efficacy in the presence of Src/BCR-ABL1 TKI.

Introduction

Philadelphia chromosome-positive acute lymphoblastic 
leukemia (Ph+ ALL) is an aggressive subtype of B-cell pre-
cursor ALL, accounting for approximately 25-30% of adult 
cases.1,2 This malignancy is driven by the t(9;22)(q34;q11) 
translocation, generating the BCR-ABL1 fusion gene, which 
encodes a constitutively active tyrosine kinase. Historically, 
Ph+ ALL carried a poor prognosis, with limited response 
to conventional chemotherapy and low long-term survival 
rates.3,4

The introduction of tyrosine kinase inhibitors (TKI) targeting 
BCR-ABL1 markedly improved outcomes. First-generation 
TKI like imatinib showed promise but were limited by re-
sistance, often due to BCR-ABL kinase domain mutations.5,6 

Second- and third-generation TKI, including dasatinib, ni-
lotinib, and ponatinib, were developed to overcome these 
mutations, particularly the T315I “gatekeeper” mutation.7 
Ponatinib plus chemotherapy is now the standard of care, 
as demonstrated in the phase III PhALLCON study, which 
showed a significantly higher rate of minimal residual 
disease (MRD)-negative remission compared to imatinib 
(34.4% vs. 16.7%).8,9 
Despite the progress achieved, durable remission remains 
a challenge, necessitating novel approaches. Bispecific 
T-cell engagers (BiTE), such as blinatumomab, redirect T 
cells to lyse CD19+ B cells and have shown efficacy in re-
lapsed/refractory B-cell precursor ALL.10 Blinatumomab is 
now being explored in chemotherapy-free regimens with 
TKI, demonstrating encouraging clinical outcomes.11
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Tyrosine kinase inhibitor-BiTE combinations have yielded 
remarkable rates of MRD negativity and improved surviv-
al.12 For example, a study combining dasatinib and blina-
tumomab showed an overall survival (OS) rate of 80.7% at 
53 months.13,14 A separate phase II trial of blinatumomab 
and ponatinib reported a 3-year OS rate of 88% and 98% 
of patients achieving MRD negativity.15 These high rates of 
durable remission underscore the transformative potential 
of chemotherapy-free combinations for long-term disease 
control in Ph+ ALL.16

However, the combination of blinatumomab with potent Src 
family kinase (SFK) inhibitors like dasatinib and ponatinib 
presents a potential mechanistic conflict.17 LCK and FYN 
are pivotal tyrosine kinases in the T-cell receptor (TCR) 
signaling pathway, and are essential for T-cell activation, 
proliferation, and effector function.18 Previous in vitro studies 
have suggested that these TKI can impair T-cell activation 
and blinatumomab-mediated cytotoxicity by inhibiting LCK 
activity.19,20 This evidence suggests a potential antagonis-
tic interaction that could compromise the efficacy of this 
combination therapy.
This presents a paradox, as the impressive clinical outcomes 
observed with blinatumomab-TKI combinations13-16,21 chal-
lenge the simple prediction of antagonism based solely on 
in vitro data,19 which, by their inherent design, often fail to 
fully recapitulate the complex cytokine milieu critical for 
sustained T-cell function in vivo. This apparent discrepancy 
highlights a critical need to understand the factors that 
may modulate or overcome TKI-mediated suppression of 
T-cell function. A key question arises from the fact that Src/
BCR-ABL1 TKI ponatinib and dasatinib are more potent in 
vitro inhibitors of Ph+ALL cells, with IC50 in the single-digit 
nanomolar range — one to two orders of magnitude more 
potent than nilotinib or imatinib. What if the discrepancy is 
due to faster killing of CD19+ cancer cells that are required 
to stimulate T cells in vitro, and not due to inhibition of 
TCR downstream signaling? This result would not be clearly 
distinguishable in existing literature. So, we aimed to use 
a modeling approach to test it.
Within this modeling framework, we fit a model and tested 
two conflicting hypotheses to determine which mecha-
nism best explains the observed T-cell dynamics: (1) that 
reduced T-cell activity is primarily due to the rapid killing 
of target B cells, thereby eliminating the T-cell stimulatory 
signal, or (2) the antagonism arises from direct inhibition 
of T-cell receptor (TCR)-mediated proliferation, through 
a direct LCK blockade. Our quantitative analysis resolved 
this conflict: model simulations demonstrated that the ob-
served T-cell dynamics and the antagonistic effect of Src/
BCR-ABL1 TKI could only be accurately recapitulated when 
the T-cell proliferation rate (parameter pT) was effectively 
zeroed out. This result strongly supports direct inhibition 
of TCR-mediated T-cell proliferation as the dominant factor 
for the observed antagonism, as simply depleting target 
cells would not fully explain the T-cell kinetics.

These results led us to investigate whether cytokines could 
rescue T-cell function by boosting TCR survival signals 
through a parallel survival pathway. Our findings show that 
certain interleukins mitigate TKI-induced suppression of 
blinatumomab activity in vitro, enhancing pSTAT5 signaling, 
which supports T-cell survival and proliferation.22 These 
insights potentially explain the favorable clinical outcomes, 
where such cytokines are naturally present in the body. 
Moreover, our work provides biological and quantitative ev-
idence to support future testing of TKI-BiTE combinations 
with interleukins in Ph+ ALL.

Methods 

Cell culture and reagents
Experiments were performed using commercially sourced, 
de-identified peripheral blood mononuclear cells (PBMC) 
and established human cell lines. Institutional Review Board 
approval was not required. All procedures complied with 
institutional and national ethical and biosafety guidelines. 
Jurkat T cells, and BV173 cells were cultured in RPMI 1640 
medium supplemented with 10% fetal bovine serum (FBS) 
and 1% penicillin/streptomycin. TKI were used at clinical-
ly relevant concentration (CRC) or peak concentrations 
(Cmax).19,20 Blinatumomab was used at 1 ng/mL, and recom-
binant human IL-2, IL-7, and IL-15 were used at 10 ng/mL.  

T-cell functional assays
T-cell signaling and function were assessed using various 
assays, as previously described.19,20 LCK phosphorylation 
was analyzed in Jurkat cells via western blotting and flow 
cytometry using anti-phospho-LCK (Y394) and total LCK 
antibodies after TKI pre-treatment and CD3/CD28 stimula-
tion. Luciferase assays were conducted in Jurkat-Luciferase 
cells co-cultured with BV173 cells and blinatumomab. STAT5 
activation was evaluated by western blotting for phos-
pho-STAT5 (Y694) in Jurkat or primary T cells stimulated 
with interleukins ± TKI. Combination therapy effects were 
assessed in primary human T cells co-cultured with BV173 
cells, blinatumomab, and/or interleukins, with analysis of 
CD4, CD8, CD19, and PD-1 expression and viability via flow 
cytometry. Details of the experimental methods are fully 
described in the Online Supplementary Methods.

Modeling method
To generate data for model development, BV173 B cells and 
primary T cells were co-cultured at an effector-to-target 
(E:T) ratio of 1:2 in the presence of blinatumomab (1 ng/mL) 
for six days. Absolute counts of B cells (CD19+), total T cells 
(CD8+), and exhausted T cells (CD8+PD-1+) were measured 
daily by flow cytometry.
Two ordinary differential equation (ODE) models were de-
veloped to describe co-culture dynamics.
T-B model: basic T–B cell interaction - This model includes 
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logistic B-cell growth, T-cell-mediated B-cell killing, T-cell 
proliferation stimulated by B cells, and natural T-cell death. 
The ODE are:

dB
dt

B
KB

B
BnB + hB

nB
=rB B T-a1-( () )
dT
dt

BnT

BnT + hB
nT

=pT T - dTT( )
where parameters include B(B-cell population), rB(B-cell 
growth rate), KB(B-cell carrying capacity), a(maximum T-cell 
killing rate), hB(half-maximal killing constant), nB(Hill co-ef-
ficient for killing), T(T-cell population), pT(T-cell prolifera-
tion rate), hT(half-maximal proliferation constant), nT(Hill 
coefficient for proliferation), and dT(T-cell death rate).
T-B-Tex model: incorporating T-cell exhaustion – The T-B-Tex 
Model extends the T-B Model to include exhausted T cells 
(Tex),23 their generation from active T cells, their suppressive 
effect on T-cell proliferation, and their own turnover. The 
expanded ODE are:
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Additional parameters are: Kex(rate of exhaustion), sTexT(-
Tex-mediated suppressive strength), hex(half-maximal ex-
haustion constant), nex(Hill coefficient for exhaustion), and 
dTex(Tex death rate).
Models were fit using a Bayesian framework and Markov 
Chain Monte Carlo (MCMC) to estimate parameters. Model 
evaluation metrics and posterior estimates are reported in 
Online Supplementary Tables S1-S3. Online Supplementary 
Figure S1A-C describes the gating strategy for flow cytom-
etry analysis. The modeling method is fully described in 
the Online Supplementary Methods. 

Software
Flow cytometry data were analyzed in FlowJo™ v10. Graphs 
and statistical analyses were performed in Graphpad Prism. 
The MCMC algorithm was developed and implemented in 
MATLAB, and all schematic figures were prepared in BioRender.

Results

Src/BCR-ABL1 tyrosine kinase inhibitors antagonize 
blinatumomab efficacy by suppressing T-cell expansion
Dasatinib and ponatinib are potent inhibitors of both Src 

and the BCR-ABL protein.6,8 Blinatumomab, a BiTE, functions 
by simultaneously binding to CD3 on T cells and CD19 on 
malignant B cells, redirecting cytotoxic T lymphocytes to 
eliminate cancer cells through the formation of an immuno-
logical synapse and subsequent perforin/granzyme release. 
Although clinical combinations of these therapeutics have 
shown promising results in patients with Ph+ ALL, preclin-
ical studies suggest an antagonistic interaction between 
TKI and T-cell function13,19,21 (Figure 1A).
We evaluated the direct impact of ponatinib on the Ph+ 
ALL cell line, BV173. Treatment with ponatinib alone result-
ed in a dose-dependent reduction in BV173 cell viability. 
Specifically, we observed an approximately 80% reduction 
in cell viability at concentrations ≥10 nM, consistent with 
ponatinib’s established anti-leukemic activity via BCR-
ABL1 inhibition (Figure 1B). We next assessed the efficacy 
of blinatumomab using a co-culture system of BV173 cells 
with primary human T cells. Treatment with blinatumom-
ab at concentrations of 0.5 ng/mL and 1 ng/mL induced 
significant killing of BV173 leukemia cells (Figure 1C). This 
potent cytotoxicity was accompanied by a robust increase 
in CD8+ T-cell proliferation (Figure 1C), characteristic of 
blinatumomab’s mechanism of redirecting and activating 
T cells against CD19+ targets. 
We then investigated the combination of blinatumomab (1 
ng/mL) with increasing concentrations of ponatinib.  This 
combination effectively reduced BV173 cell viability (Figure 
1D). Moreover, T-cell expansion in the presence of blina-
tumomab combined with ponatinib (at all tested concen-
trations) was significantly lower (compare Figure 1D with 
panels C and E). The expected combination of ponatinib 
and blinatumomab effects were calculated using the Bliss 
independence model. Comparison with the experimentally 
observed killing revealed a significantly reduced response 
in the combination group (Bliss score: –18.56), consistent 
with an antagonistic interaction (Figure 1E). 
To determine if this antagonism of T-cell function was 
specific to Src/BCR-ABL1 inhibitors, we compared blinatu-
momab combinations with SRC-sparing ABL TKI (imatinib, 
nilotinib) versus Src/BCR-ABL TKI (ponatinib, dasatinib). 
While all combinations reduced B-cell viability, SFK-active 
ABL inhibitors were less effective, leaving a higher percent-
age of residual B cells. Crucially, Src/BCR-ABL1 inhibitors 
significantly impaired T-cell expansion, which remained 
near baseline (1-1.5-fold increase). In contrast, imatinib or 
nilotinib did not impair T-cell proliferation when combined 
with blinatumomab (Figure 1F). These findings strongly 
suggest that the Src/BCR-ABL1 TKI antagonize blinatumom-
ab’s T-cell activity, likely due to off-target inhibition of Src 
kinases like LCK, which are essential for T-cell activation. 
This is consistent with previous observations.19

Inhibition of Src/BCR-ABL1 tyrosine kinase inhibitors 
inhibits LCK phosphorylation and downstream signaling
T-cell activation, a complex process essential for adaptive 
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Figure 1. Src/BCR-ABL1 tyrosine kinase inhibitors antagonize blinatumomab efficacy by suppressing T-cell expansion. (A) Sche-
matic illustrating blinatumomab’s mechanism of action, in which the CD3–CD19 bispecific T-cell engager links CD3⁺ T cells to 
CD19+ BV173 leukemia cells to promote T-cell-mediated cytotoxicity. (B) BV173 leukemia cell viability (top: blue) following treatment 
with increasing concentrations of ponatinib, and T-cell proliferation (bottom: red) in response to ponatinib alone. (C) BV173 cell 
killing induced by blinatumomab alone (top: blue) and CD8⁺ T-cell expansion stimulated by blinatumomab alone (bottom: red). 
(D) BV173 cell numbers in co-cultures treated with combination of blinatumomab (1 ng/mL) and ponatinib (10–40 nM) (top: blue). 
Blinatumomab-induced T-cell proliferation in the presence of ponatinib (bottom: red). (E) Comparison of observed versus expect-
ed BV173 cell killing under blinatumomab + ponatinib treatment, showing an antagonistic interaction (Bliss score: –18.56). (F) 
T-cell proliferation in co-cultures treated with blinatumomab and Src/BCR-ABL tyrosine kinase inhibitors (TKI) (ponatinib, dasat-
inib) or BCR-ABL-selective TKI (imatinib, nilotinib). Data represent mean ± Standard Error of Mean from N=3 (for panels B-E) and 
N=6 (for panel F) from primary human T-cell and BV173 co-cultures at an effector:target ratio of 1:2. Statistical significance was 
assessed using one-way ANOVA with Dunnett’s post-hoc test comparing each treatment condition to blinatumomab alone. 
***P<0.001.
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immune responses, is initiated by T-cell receptor (TCR) 
engagement. Even with stimuli that bypass MHC-antigen 
presentation, such as CD3/CD28 engagement or BiTE-medi-
ated synapses, the intracellular signaling cascade depends 
critically on the lymphocyte-specific protein tyrosine kinase 
LCK.24 LCK initiates TCR signaling by phosphorylating immu-
noreceptor tyrosine-based activation motifs (ITAM) within 
the CD3 complex, facilitating recruitment and activation 
of ZAP70.25 LCK activity is tightly regulated by phosphor-
ylation at tyrosine residue Y394 within its activation loop, 
which stabilizes its active conformation and is essential 
for robust downstream signaling18,26 (Figure 2A). 
To test the above pathway and the concordance with pri-
or studies,19 we began by examining their impact on LCK 
phosphorylation, a critical early event in TCR signaling. Se-
rum-starved Jurkat T-cells were pre-treated with various 
TKI at both their CRC and peak concentrations (Cmax) for 
2-4 hours and then stimulated with CD3/CD28-conjugat-
ed dynabeads to activate the TCR pathway. Western blot 
analysis of LCK phosphorylation at the key tyrosine residue 
Y394 revealed a significant reduction in phosphorylated LCK 
(pLCK Y394) in cells treated with ponatinib and dasatinib at 
both CRC and Cmax (Figure 2B). This inhibitory effect was 
rapid, becoming evident as early as 30 minutes (min) post 
stimulation, with the reduction in pLCK Y394 band inten-
sity consistent with the known inhibitory activity of these 
drugs against Src kinases, including LCK (Online Supple-
mentary Figure S2A, B). In contrast, cells treated with the 
BCR-ABL1-selective TKI imatinib and nilotinib showed no 
significant change in LCK Y394 phosphorylation compared 
to stimulated controls (Figure 2B, Online Supplementary 
Figure S2B). These observations were further confirmed 
and quantified using flow cytometry to analyze intracellular 
pLCK (Y394) levels in Jurkat T-cells stimulated for 30 mins 
and 2 hours (hr). Consistent with our western blot results, 
treatment with ponatinib or dasatinib resulted in a marked 
and sustained reduction in the mean fluorescence inten-
sity (MFI) of pLCK (Y394) when measured by intracellular 
flow cytometry on fixed and permeabilized cells (Online 
Supplementary Figure S2B). Specifically, at 30 min, pLCK 
MFI was reduced by approximately 90% for both ponatinib 
and dasatinib compared to stimulated control. This signifi-
cant reduction persisted at 2 hr, with MFI levels remaining 
approximately 90% lower for both drugs. As observed with 
western blotting, the selective inhibitors imatinib and ni-
lotinib had no significant effect on LCK phosphorylation 
under the same condition. These findings provide compel-
ling evidence that ponatinib and dasatinib potently inhibit 
LCK phosphorylation, while imatinib and nilotinib do not, 
reflecting their distinct kinase selectivity profiles.
Following this, we assessed the impact of these TKI on T-cell 
proliferation in a more pharmacologically relevant context. 
We measured the proliferation of total CD3+ T cells and 
quantified the absolute counts of specific subsets (CD4+ and 
CD8+) in co-cultures of BV173 leukemia cells and primary 

human PBMC after three days of treatment. The treatment 
with Src/BCR-ABL1 TKI (dasatinib, ponatinib) significant-
ly inhibited the overall expansion of both the CD4+ and 
CD8+ T-cell populations in the presence of blinatumomab 
when compared to blinatumomab alone. In contrast, the 
BCR-ABL1-selective TKI (imatinib, nilotinib) did not show 
this inhibitory effect on CD4+ and CD8+ T-cell expansion, 
further supporting the role of Src kinase inhibition in the 
observed antagonism (Online Supplementary Figure S2C).
To investigate the functional consequences of LCK inhibition 
on downstream T-cell effector functions, we measured IL-
2 production using Jurkat-Luciferase reporter cells. These 
cells, co-cultured with BV173 leukemia cells and treated 
with blinatumomab in the presence or absence of TKI, 
report IL-2 promoter activity. We found that the Src/BCR-
ABL1 TKI, ponatinib and dasatinib, significantly inhibited 
blinatumomab-induced IL-2 production. Ponatinib reduced 
IL-2 production by approximately 30% at its CRC and 80% 
at its Cmax, while dasatinib reduced it by approximately 
50% and 90%, respectively. This demonstrates that the 
TKI-mediated blockade of LCK phosphorylation directly 
impairs downstream effector cytokine production (see 
Figure 2D for IL2 activity). To further evaluate the impact 
on proximal signaling, we measured NFAT-driven luciferase 
activity, as NFAT is a critical transcription factor in the TCR 
signaling cascade that regulates IL-2 and other key activation 
genes. Consistent with the LCK phosphorylation and IL-2 
data, ponatinib and dasatinib significantly inhibited NFAT 
activation at both CRC and Cmax concentrations. Ponatinib 
reduced NFAT activity by approximately 30% at its CRC and 
50% at its Cmax (P<0.001), while dasatinib reduced it by ap-
proximately 20% and 50% at these concentrations (P<0.001). 
These results collectively demonstrate that Src/BCR-ABL1 
TKI, such as ponatinib and dasatinib, directly inhibit T-cell 
activation by suppressing phosphorylation of LCK at Y394 
(see Figure 2D for NFAT activity). This inhibition effectively 
abrogates proximal TCR signaling, resulting in impaired NFAT 
activation, diminished IL-2 production, and ultimately, the 
functional antagonism of blinatumomab-induced T-cell re-
sponses. All of this signaling data were consistent with prior 
observations19 and is highly suggestive that SFK inhibition 
downstream of the TCR is the mechanism of ponatinib / 
dasatinib-mediated antagonism of T-cell function. However, 
the assessment of signaling reductions does not precisely 
specify the mechanism underlying the co-culture effect 
here. This is because there are two mechanistic paths to 
reducing TCR signaling in the co-culture experiment. 

Mathematical modeling to discern target depletion from 
direct T-cell inhibition
The clinical success of combining potent Src/BCR-ABL1 TKI 
(like dasatinib and ponatinib) with blinatumomab presents 
a paradox when compared to established in vitro data, 
which suggested these agents antagonize T-cell function 
by inhibiting the proximal TCR kinase, LCK. This conflict is 
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Figure 2. Inhibition of Src/BCR-ABL1 tyrosine kinase inhibitors inhibits LCK phosphorylation and downstream signaling. (A) Sche-
matic depicting the role of LCK phosphorylation at Y394 in initiating proximal T-cell receptor (TCR) signaling and driving down-
stream activation. (B) Phospho-LCK (Y394) levels in serum-starved Jurkat T cells stimulated (stim) with CD3/CD28 in the presence 
or absence of tyrosine kinase inhibitors (TKI). Dual Src/BCR-ABL1 inhibitors (ponatinib, dasatinib) reduce pLCK Y394, whereas 
ABL-selective inhibitors (imatinib, nilotinib) show minimal effect. Bar graphs show pLCK normalized to total LCK at clinically rel-
evant concentration (CRC) and peak concentrations (Cmax). (C) Effects of TKI on blinatumomab-stimulated T-cell proliferation. 
(Left) CD8⁺ T-cell proliferation expressed as fold change relative to blinatumomab alone. (Right) CD4⁺ T-cell proliferation expressed 
as fold change relative to blinatumomab alone. (D) (Left) Reporter-based assessment of cytokine and transcriptional activity in 
the presence of TKI. IL-2 production quantified using an IL-2 luciferase reporter in Jurkat–BV173 co-cultures treated with blina-
tumomab. (Right) NFAT-dependent luciferase activity measured to evaluate TCR-proximal signaling under TKI treatment. Data 
represent mean ± Standard Error of Mean from N=3 (for panels B and C) and N=5 (for panel D) independent biological replicates. 
Statistical significance was assessed using one-way ANOVA with Dunnett’s post-hoc test comparing each treatment condition to 
blinatumomab alone. ***P<0.001, NS: not significant.
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complicated by a key difference between the TKI: dasatinib 
and ponatinib are significantly more potent against BCR-ABL 
cells than imatinib or nilotinib, highlighting an ambiguity in 
the interpretation of the co-culture results. To definitively 
resolve the mechanism responsible for the observed T-cell 
suppression in vitro, we formally specified two competing 
hypotheses, as both are possible consequences of using 
highly potent Src/BCR-ABL TKI in the co-culture system:
Hypothesis 1: rapid target cell depletion - The mechanism 
of this is that ponatinib and dasatinib are more potent 
ABL inhibitors than imatinib and nilotinib. This hypoth-
esis posits that the rapid, TKI-mediated elimination of 
BCR-ABL-dependent B cells removes the necessary an-
tigenic stimulus for sustained TCR activation, leading to 
reduced T-cell activity. The clinical significance of this is  
that, if true, the difference between in vitro antagonism 
and clinical success might be attributed to the persistence 
of physical “safe harbor” sites in vivo where Ph+ ALL cells 
remain during ponatinib treatment, thereby continuously 
maintaining T-cell stimulation. In this case, combination 
with blinatumomab may be critical for clearing these re-
sidual disease sites (Figure 3A).
Hypothesis 2: direct inhibition of T-cell activation via LCK/FYN 
- The mechanism of this is that this proposes the existing 
hypothesis that SFK inhibition by dasatinib and ponatinib 
directly impairs TCR-mediated T-cell proliferation and ac-
tivation through the critical kinases LCK/FYN. This effect 
is predicted to occur independently of B-cell availability. 
The clinical significance of this is that, if true, the clinical 
efficacy suggests that in vivo microenvironmental factors — 
such as naturally occurring cytokines — can overcome or 
complement the LCK/FYN blockade by engaging a parallel 
survival or proliferation pathway (Figure 3B).
To evaluate these hypotheses, we reasoned that the quan-
titative, time-dependent dynamics of the co-culture system 
would contain sufficient information to unambiguously dis-
tinguish between the two mechanisms. We characterized 
the quantitative dynamics of CD19+ B cells, CD8+ effector T 
cells, and PD-1+ exhausted T cells in our in vitro co-culture 
system (Online Supplementary Figure S3A). We began by 
constructing a foundational ordinary differential equation 
(ODE) model (T-B Model) that described B-cell logistic 
growth, T-cell-mediated killing, T-cell proliferation, and 
death (Online Supplementary Figure S3B).18,27 Parameters 
were estimated by fitting T-B Model to the experimental data 
using Markov Chain Monte Carlo28 (Online Supplementary 
Table S2). While this T-B Model successfully reproduced 
early B-cell depletion and T-cell expansion, it failed to 
capture T-cell contraction from day 3 onward. An analysis 
of the residuals revealed systematic deviations during later 
stages, indicating a clear model misspecification (Online 
Supplementary Figure S3C, D).
Based on experimental evidence of T-cell exhaustion, we 
extended the model to the T-B-Tex (Online Supplementary 
Table S3) to explicitly include an exhausted T-cell population 

alongside functional T cells and B cells.23 T-B-Tex incorporat-
ed transitions from functional T cells to an exhausted state, 
suppression of functional T-cell proliferation by exhausted 
T cells, and exhausted T-cell death (see Methods). Fitting 
this final model to the full dataset using MCMC resulted 
in a markedly improved agreement with the experimental 
data, accurately reproducing both the early expansion and 
subsequent contraction of T cells (Figure 3C). Residual 
analysis further confirmed T-B-Tex’s superior fit, showing 
errors that were more randomly distributed around zero 
with reduced systematic patterns (Online Supplementary 
Figure S4A-C). Model comparison metrics also supported 
the T-B-Tex model: AIC and BIC values were lower despite 
its greater complexity, and log-likelihood, RMSE, and bias 
were all improved (Online Supplementary Table S1).
The validated T-B-Tex model enabled a direct, in silico test 
of the two hypotheses and a comparison to measured 
T-cell dynamics. 
Testing Hypothesis 1 (target cell loss) - When antagonism 
was simulated solely by the loss of B-cell stimulation — 
representing rapid target cell depletion — this mechanism 
could not reproduce the observed T-cell kinetics (Figure 3A).
Testing Hypothesis 2 (direct T-cell intrinsic inhibition of LCK/
FYN) - In contrast, when T-cell proliferation was suppressed 
in silico (Model 2), we observed a flat T-cell count at all 
timepoints (Figure 3B). This was closely recapitulated by 
the observed T-cell dynamics during combination therapy 
with Src/BCR-ABL1 TKI (Figure 3D). Given the T-cell count 
data in Figure 3D, we computed the Poisson log-likelihood 
for both hypotheses under the blinatumomab + ponatinib 
condition. Hypothesis 1 produced a log-likelihood of LL of  
–7407.142, whereas Hypothesis 2 (B-cell killing plus T-cell 
inhibition) yielded a dramatically higher log-likelihood of 
LL of  –185.142. This more than 40-fold improvement in 
likelihood strongly supports Hypothesis 2 as the correct 
explanation for the observed T-cell dynamics (Online Sup-
plementary Table S4).
Collectively, these results resolve the mechanistic uncer-
tainty and demonstrate that the observed antagonistic 
effect of Src/BCR-ABL TKI arises primarily from direct 
inhibition of proximal TCR signaling through LCK and FYN 
in the T cell, rather than target cell depletion. This also 
suggests that the origins of the dramatic in vivo activity 
may be through rescuing lost survival signaling through a 
parallel survival pathway.

Cytokines IL-2, IL-7, and IL-15 rescue the antagonistic 
effects of Src/BCR-ABL1 tyrosine kinase inhibitors on 
blinatumomab efficacy
Based on the concordance between our in silico investiga-
tion and measured in vitro data, which indicated that the 
antagonistic effect of Src/BCR-ABL1 TKI on T-cell function 
is primarily due to LCK/FYN inhibition rather than target cell 
depletion, we explored biological factors that could resolve 
the apparent discrepancy between preclinical antagonism 
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Figure 3. Mathematical modeling to discern target depletion from direct T-cell inhibition. (A) Hypothesis 1: model implementation 
in which rapid B-cell depletion (tyrosine kinase inhibitors [TKI]-mediated B-cell killing rate = 1.1/day) reduces antigen availability 
and indirectly limits T-cell expansion. (B) Hypothesis 2: model implementation in which T-cell proliferation is directly inhibited 
by TKI (pT = 0), leading to impaired T-cell expansion and reduced B-cell killing. (C) Schematic and simulation output from the 
T–B–Tex model showing improved agreement with experimental data, including reproduction of late-phase T-cell decline. The 
model extends the T–B framework (see Online Supplementary Figure S3) by incorporating an exhausted T-cell population (Tex). 
The schematic depicts transitions among B cells, functional T cells (T), and exhausted T cells (Tex), including the exhaustion rate 
(kex) and the suppressive influence of Tex on T-cell activity. (D) Experimental validation of model predictions showing reduced 
T-cell expansion in combination treatments with Src/BCR-ABL1 TKI (ponatinib, dasatinib). Graphs display absolute BV173 cell 
counts and CD8⁺ T-cell counts over three days in co-cultures with BV173 cells treated with blinatumomab alone or in combination 
with Src/BCR-ABL1 TKI. Data represent mean ± Standard Error of Mean from N=6 independent biological replicates. Model fitting 
and validation were performed using Bayesian parameter estimation with Poisson likelihood and Markov Chain Monte Carlo (MC-
MC) sampling. Model comparison was based on AIC/BIC criteria.
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and promising clinical outcomes. This led us to test whether 
cell-intrinsic pathways might rescue T-cell activity.
We evaluated the impact of three common gamma-chain 
(γc) cytokines — IL-2, IL-7, and IL-15 — on blinatumomab-TKI 
combinations. These interleukins are known regulators 
of T-cell biology, acting through the JAK-STAT pathway 
and leading to STAT5 phosphorylation (Figure 4A).29,30 IL-2 
supports T-cell proliferation and differentiation,31,32 IL-7 
promotes homeostasis and survival,33,34 and IL-15 enhances 
memory CD8+ T-cell function and expansion.35 We hypoth-
esized that these cytokines might activate compensatory 
signaling pathways to bypass the impaired LCK-dependent 
TCR signaling in the presence of Src/BCR-ABL1 TKI.
To assess STAT5 activation, Jurkat T-cells were stimulated 
with 10 ng/mL IL-2, IL-7, or IL-15 (alone or in combination) 
for 2-4 hr. Cells were treated with TKI (ponatinib, dasati-
nib, imatinib, nilotinib) at CRC from the methods and then 
stimulated for 10 min with CD3/CD28 dynabeads. Western 
blotting for phosphorylated STAT5 (pSTAT5) showed robust 
activation by each interleukin (Figure 4B), suggesting that 
γ-chain cytokine signaling remains active across ABL TKI.
We next tested the functional impact of these cytokines 
on blinatumomab efficacy in the presence of TKI. BV173 
leukemia cells were co-cultured with T cells and treated 
with blinatumomab (1 ng/mL) plus each TKI at CRC, with 
or without IL-2, IL-7, or IL-15 for two days. Flow cytometry 
showed enhanced pSTAT5 signaling with cytokine addition 
— even in the presence of dasatinib — demonstrating the 
partial rescue of this key pathway (Online Supplementary 
Figure S5A). Cytokine addition also significantly improved 
blinatumomab-mediated cytotoxicity, especially with da-
satinib or ponatinib (Online Supplementary Figure S6). 
Among the three, IL-7 produced the strongest effect on 
T-cell proliferation: an approximately 2-fold increase with 
blinatumomab + dasatinib + IL-7 versus blinatumomab + 
dasatinib alone. The triple combination of blinatumomab, 
dasatinib, and IL-7 restored CD8 T-cell numbers and re-
stored some of the antagonized killing in CD19+ BV173 cells 
(Figure 4C), indicating IL-7 can partially restore some of the 
anti-leukemic T-cell activity suppressed by Src/BCR-ABL1 
TKI in vitro.
To further validate the rescue effect, we performed Jur-
kat-luciferase reporter assays for IL-2 and NFAT. Jurkat 
cells co-cultured with BV173 cells were treated with bli-
natumomab (1 ng/mL) and dasatinib (10 nM) for 10 hr, with 
or without the cytokines. All three cytokines significantly 
increased IL-2 and NFAT luciferase activity, confirming their 
ability to restore T-cell activation even under Src kinase 
inhibition at their CRC concentration (Figure 4D).
We then asked whether these cytokines might also protect 
against T-cell exhaustion, a key contributor to impaired 
persistence in bispecific T-cell engager therapies36 and an 
effect we observed in vitro in Figure 3. Figure 4E shows a 
schematic of the T-B cell synapse and the PD-1 receptor 
involved in exhaustion.37,38 PD-1 expression was quantified 

after 48 hr in blinatumomab co-cultures (BV173 + T cells, 
E:T 1:1). Blinatumomab alone induced approximately 30% 
PD-1+ T cells. Supplementation with IL-2, IL-7, or IL-15 re-
duced PD-1 expression, with IL-7 being the most effective 
at protecting against exhaustion (Figure 4F). This reduction 
in exhaustion correlates with enhanced cytotoxicity and 
T-cell proliferation (see Figure 4C and Online Supplementary 
Figure S6). It further suggests that mitigating exhaustion 
is a key mechanism by which γc cytokines — particularly 
IL-7 — might rescue T-cell function in the presence of an-
tagonistic Src/BCR-ABL1 TKI.

Discussion

The treatment landscape for Ph+ ALL has been transformed 
by targeted TKI8,9,39 and immunotherapies such as blinatum-
omab.11,40,41 While combinations of these potent agents hold 
significant promise,13,15 their optimal integration could be 
improved through a mechanistic understanding of potential 
synergistic or antagonistic interactions. Our study provides 
critical insights into the interaction between Src/BCR-ABL1 
TKI (dasatinib and ponatinib) and blinatumomab-mediated 
T-cell function, with direct implications for the design of 
new combination regimens. We rigorously demonstrate that 
dasatinib and ponatinib, beyond their potent inhibition of 
BCR-ABL1, robustly suppress LCK phosphorylation at Y394 
— a pivotal step in proximal TCR signaling.18 This off-tar-
get inhibition impairs T-cell proliferation (consistent with 
prior reports),19 cytokine production, NFAT activation, and 
blinatumomab-driven cytotoxicity against leukemia cells. 
In contrast, SFK-sparing BCR-ABL1- TKI, such as imatinib 
and nilotinib, exhibit minimal SFK inhibition at therapeu-
tic concentrations and preserve blinatumomab’s ability 
to stimulate T-cell responses.19,20 A key question is how, 
despite this in vitro antagonism, clinical trials combining 
blinatumomab with dasatinib or ponatinib have demon-
strated strikingly favorable outcomes.15 
One remaining question that we addressed in this study is 
whether the decrease in LCK signaling and antagonism of 
T-cell activation is upstream or downstream of the TCR. 
Ponatinib and dasatinib have low single digit nanomolar 
potency on cells in vitro39,42 while imatinib and nilotinib 
are significantly less potent. While perhaps less likely, it 
is formally possible that the kinetics of cell death during 
a killing assay could deprive the T-cell receptor of stimu-
lation, therefore, inducing antagonism and reducing LCK 
phosphorylation. Measuring LCK phosphorylation in an 
orthogonal stimulation experiment does not settle this 
question, but understanding the dynamics of T-cell growth 
during co-culture with target cells can resolve it unambig-
uously. To quantitatively dissect this paradox, we employed 
mathematical modeling to test two competing hypotheses: 
(1) that antagonism reflects rapid elimination of target B 
cells, depriving T cells of stimulatory signals, or (2) that it 



Haematologica | 111 July 2026

2316

ARTICLE - Interleukins optimize TKI-BiTE combinations in Ph+ ALL  F. Naeemikia et al.

Figure 4. Cytokines IL-2, IL-7, and IL-15 rescue the antagonistic effects of Src/BCR-ABL1 tyrosine kinase inhibitors on blinatum-
omab efficacy. (A) Schematic illustrating the T-cell activation pathway leading to NFAT and IL-2 production and downstream STAT5 
phosphorylation, highlighting the role of LCK Y394 and cytokine receptor signaling (IL-2/IL-7/IL-15). (B) Western blot analysis of 
pSTAT5 and total STAT5 in Jurkat T cells showing increased STAT5 phosphorylation following addition of IL-2, IL-7, IL-15, and com-
bination of all. (C) T-cell proliferation and BV173 killing in co-cultures treated with dasatinib, with or without IL-2, IL-7, or IL-15. 
Cytokine addition partially restores CD8⁺ T-cell proliferation and blinatumomab-mediated BV173 killing in the presence of dasat-
inib. (D) IL-2 and NFAT luciferase reporter activity in Jurkat cells treated with dasatinib, with or without IL-2, IL-7, or IL-15. Cyto-
kines partially restore IL-2 and NFAT promoter activity after 16 hours. (E) Schematic illustrating T-cell activation and deactivation 
pathways, including PD-1/PD-L1-mediated inhibitory signaling. (F) Frequency of PD-1⁺ CD8⁺ T cells in co-cultures treated with 
dasatinib, with or without IL-2, IL-7, or IL-15. Data represent mean ± Standard Error of Mean from N=3 (for panels C-F) indepen-
dent biological replicates. Statistical significance was assessed using one-way ANOVA with Dunnett’s post-hoc test comparing 
each condition with the interleukin to no interleukin (control). *P<0.05, **P<0.01, ***P<0.001.
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results from direct inhibition of TCR-mediated T-cell pro-
liferation through direct inhibition of LCK/FYN, independent 
of target availability. Our model simulations demonstrated 
that only the suppression of T-cell proliferation in a cell 
intrinsic manner could recapitulate the observed dynamics, 
directly supporting the idea that the direct inhibition of TCR 
signaling through direct inhibition of LCK/FYN, rather than 
target CD19 cell depletion, is the dominant mechanism of 
antagonism. While consistent with prior arguments, this 
hypothesis of the dynamics involved adds to our under-
standing. Identifying an unambiguous reading of the mech-
anism involved has important implications. By showing that 
the mechanism is unambiguously downstream of TCR, we 
raise the possibility that other intracellular signals could 
compensate for part, or all, of the effect.
A major contribution of this work is identifying IL-7 as a 
potent mitigator of in vitro antagonism. IL-7 restored blina-
tumomab efficacy and T-cell proliferation in the presence 
of Src/BCR-ABL1 TKI, associated with STAT5 activation and 
reduced T-cell exhaustion. Thus, the clinical success of 
TKI-blinatumomab combinations is likely explained by the 
in vivo microenvironment. Blinatumomab infusion is known 
to induce a transient surge of pro-inflammatory cytokines 
such as IL2,43 while separate clinical trials of IL-7-secreting 
(“armored”) chimeric antigen receptor (CAR)-T cells have 
provided clinical proof-of-principle that IL-7 enhances T-cell 
efficacy in patients.44 This aligns with our finding that IL-7 
can mitigate the antagonism of Src/BCR-ABL1 TKI on T-cell 
signaling. These findings suggest that the cytokine-rich in 
vivo microenvironment may help explain the discrepancy 
between in vitro suppression and clinical success. 
We acknowledge the limitations of our study, which uti-
lized a simplified in vitro system with cell lines and healthy 
donor PBMC. This approach was necessary for mechanistic 
clarity but does not fully recapitulate the dynamic clinical 
context, including patient heterogeneity and the supportive 
bone marrow microenvironment. Future work could further 
validate these findings in more clinically relevant primary 
patient samples.
In conclusion, Src/BCR-ABL1 TKI antagonize blinatumomab 
by inhibiting LCK-dependent TCR signaling, impairing T-cell 
activity. IL-7 rescues this effect by restoring proliferation 

and reducing exhaustion. These results clarify a mechanistic 
paradox and potentially support cytokine supplementation, 
particularly IL-7, as a rational strategy to optimize TKI-BiTE 
combinations in Ph+ ALL.
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