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Abstract

The Philadelphia positive acute lymphoblastic leukemia (ALL BCR::ABL1 positive) is characterized by the presence of the
1(9;22)(q34;q11) resulting in the formation of the BCR::ABL1 fusion, constant high cellular BCR-ABL1 tyrosine kinase
activity, abnormal lymphoid cell proliferation and genetic instability of leukemic cells. Recently, great progress has been
made due to the incorporation of tyrosine kinase inhibitors (TKI’s) into the treatment algorithms. Despite this, a signifi-
cant number of patients experienced therapy resistance mainly due to disease evolution and/or acquisition of TKI resistant
BCR::ABL1 mutation(s). Herein, we report the therapy outcome in a 65 year old woman with high-risk BCR::ABL1 posi-
tive ALL treated with the PALG ALL7 (including imatinib, IM) protocol, who obtained complete hematologic remission
(CHR) and complete molecular remission (CMR) after treatment with induction,consolidation I and II. Despite the fully
matched donor identification, the patient refused to continue with intensive chemotherapy. Therefore, only IM therapy was
continued, with periodic drug dose reduction due to hematological toxicity. CHR loss with the absence of BCR::ABL1 KD
mutation was noticed 10 months later. The treatment with dasatinib (DAS) 140mg/d and dexamethasone resulted in a second
CMR. Due to gastrointestinal toxicity, the DAS dose was reduced to 100mg/d. The second disease relapse was diagnosed
3 months later. BCR::ABL1 KD mutation screening showed the Lys404Glu (K404E) substitution. The 3-week long treat-
ment with ponatinib in the dose of 45mg/d resulted in disease progression. The reinduction therapy with anti-CD22 MoAb
(Inotuzumab ozogamycin) led to the 3rd CMR (duration time 9 months). According to our knowledge, it is the first report
on the emergence of a BCR::ABL1 Lys404Glu mutation in an ALL patient receiving TKI treatment. Due to the mutation
emergence on DAS, and disease progression on subsequent ponatinib treatment, the impact of the mutation acquisition on the
3D structure of ABL1 molecule and the process of TKI’s binding to ATP-binding site were additionally studied. The results
of the study indicate that the TKI resistance observed in the presented case is probably the result of the impossibility of the
formation of stable complexes between ATP-competitive inhibitors and mutant Lys404Glu BCR-ABL1 tyrosine kinase due
to conformational molecule changes.
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Dear Sirs,

ABLI kinase domain (KD) mutations are present in
5.5%—40% of newly diagnosed acute lymphoblastic
leukemia BCR::ABL1 (ALL BCR::ABL1) patients
before the treatment initiation and are detectable in the
dominant clone in 90% of cases at the time of disease
relapse [1, 2].

Case

A 65-year-old woman was admitted to the ward with the
clinical suspicion of acute leukemia at the end of 2020.
An initial CBC showed a hemoglobin level of 6.0 mmol/L,
WBC 12.0 G/L (neutrophils 1.77 G/L, lymphocytes
7.55 G/L) and the platelet count of 58.0 G/L. The mul-
ticolor flow cytometry (MFC) of the bone marrow (BM)
cells performed in November 2020 showed 88% of blas-
tic cells with the following immune characteristics:
CD13-CD33 4 (dim)CD34 + CD117-HLA-DR + CD38-
CD31+CD3-CD14-CD11b-CD11c-CD64-CD163-CD18-
CD56-CD16-CD19+CD10+ CD20 + CD22 + CD3-CDS5-
CD4-CD8-CD7-CD2-CD1a-CD66b-CD65-CD15 +CD123-
cytCD68-MPO-TdT + cytCD3-cytCD79a + cytlgM-sur-
facekappa-surfacelambda-//CD45dim, FSC mid, SSC
low. Routine cytogenetic evaluation showed karyotype
47 ~48,XX,t(9;22)(q34;q11.2)[3], + mar1[2], + mar2[3]
[cp4]/46,XX[9]. The molecular evaluation revealed the
presence of a BCR::ABLI fusion (ela2, p190). Intrathecal
(IT) fluid examination for neoplastic cell presence was neg-
ative. Induction therapy including imatinib (IM), accord-
ing to PALG ALLO7 protocol (dexamethasone, vincristine,
rituximab) resulted in a complete remission (CR) with
negative measurable residual disease (MRD) on multicolor
flow cytometry (MFC). The molecular response assess-
ment with qRT-PCR showed BCR::ABL1 copies number
of 0.0019%. Therapy response evaluation performed after
consolidation therapy (CT I- MTX 1500 mg/m?, PEG-
asparaginase, rituximab, IM) and II (cytarabine, rituximab,
IM) confirmed CR, MRD negativity in MCF and qRT-PCR.
Meanwhile, a matched unrelated donor was identified. The
CTHI (MTX in reduced doses, PEG-asparaginase, rituxi-
mab, IM) was given. Unfortunately, the patient refused
the continuation of treatment after CT IV (cytarabine,
rituximab, IM), including the treatment with allo-HSCT.
Therefore, since July 2021, the therapy with IM only in
the dose of 200-400 mg daily was continued. Two months
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later, the BM MFC revealed 89% of ALL cells. ABLI KD
mutation screening with Sanger sequencing was nega-
tive. Normalized copy number (NCN) evaluation showed
BCR::ABL1/GUSB=0.150727%. Therapy with dasatinib
(DAS) 140 mg/d and dexamethasone 40 mg/d was started in
July 2023. The CR with MRD negativity in MFC and qRT-
PCR was confirmed one month later. In the end of December
2023, a second disease relapse was diagnosed (bone marrow
blast cells—89%). ABLI KD mutation screening showed
sequence variant NM_005157.6(ABL1):c.1210A > G
(Lys404Glu). The ponatinib (PON) treatment in the dose
of 45 mg/d was initiated in January 2024. Three weeks
later, the BM biopsy showed 85% of blasts positive for
CD19+CD20+CD22+CD10+ CD34 + HLA-DR +.
The 6 cycles of inotuzumab (INO, anti-CD22 monoclonal
antibody conjugated to the cytotoxic antibiotic calicheam-
icin) were given in the dose 0.8 mg/m?, 0.5 mg/m2 and
0.5 mg/m? on day 1, 8 and 15 of the cycle, respectively.
INO therapy was complicated by manageable CTAE grade
IV neutropenia and moderate peripheral neuropathy. Nine
months latter, CR, MRD(-) and complete molecular remis-
sion (CMR) was confirmed.

The introduction of ATP-competitive TKI—IM to
the induction chemotherapy of ALL BCR::ABLI sig-
nificantly improved the treatment results. Despite this,
32%—41.3% of patients treated with chemotherapy/
TKI/allo-HSCT experienced disease relapse/therapy
resistance.

The presence of ABLI KD mutations was confirmed in
60-70% of patients with resistant ALL BCR::ABLI [3].
The mechanism of mutational resistance differs depend-
ing on the localization of the mutation and the type of
tyrosine kinase inhibitor [(ATP-competitive or allos-
teric, specifically targeting the ABL myristoyl pocket
(STAMP) of BCR-ABLI1 tyrosine kinase (myristic acid
mimetic)] used [4]. The ATP competitive inhibitors like
DAS or BOS exert inhibitory activity in the DFG-in/
DFG-out conformation of BCR-ABL1 tyrosine kinase
[5]. Conversely, IM, nilotinib (NILO) and PON reveal
inhibitory activity only in the DFG-out conformation
of the enzyme [6]. The ATP competitive TKIs resist-
ance is the result of the compromised inhibitor binding
to BCR-ABLI1 tyrosine kinase through the steric clash,
elimination of direct contact residues due to amino acid
substitutions, and/or amino acid changes favoring an
active conformation of the ABL1 kinase domain. The
critical amino acid changes which are responsible for
the IM resistance, including those localized in or near
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the IM binding site. In the case of DAS, the changes at
amino acid positions V299, T315, F317 are critical and
responsible for drug resistance. The changes in the amino
acid position T3151 ABLI remain the major clinical chal-
lenge in ALL patients, due to the cross-resistance to 1st
and 2nd generation TKIs [7].

STAMP inhibitor Asciminib (ASCI) resistance is usually
associated with the emergence of ABLI mutants localized
at amino acid positions G109D, Y115N, M244V, V2891,
A337V/T, E355G, F359V, E462K, G463D/S, P465S,
V468F, S501R, I502L [8]. Upfront ABLI mutation testing
in BCR::ABLI ALL is not currently recommended. Con-
versely, the ABL1 kinase domain mutation testing is obliga-
tory in the case of disease relapse. The decision-making
process is especially difficult when an ABLI mutation with
an unknown drug sensitivity. Therefore, we performed
molecular docking of ATP-competitive TKI to native
BCR-ABLI and its K404E mutant (a fragment includ-
ing KD, SH2 and SH3 domains in closed/autoinhibited
form possessing conserved motif DFG at activation loop
(AL) pointing inward (DGF-in/AL-extended) or outward
(DGF-out/AL-condensed) active site (Fig. 1 upper, middle
and bottom panel). Docking revealed that inhibitors were
bound to the kinase domain (Table S1) in a mode similar
to those observed in crystal structures (Fig. S1). Molecu-
lar dynamics (MD) data revealed that all compounds are
stable-bound during simulation in native BCR-ABL1 and
K404E mutant. Therefore, we decided to check if the muta-
tion affects BCR-ABL1 structure globally. The MD simula-
tions revealed a higher mobility of BCR-ABL1 with acti-
vation loop in “DGF-out” conformation in the wild type
(WT) and mutated (Lys404Glu) protein in comparison to
“DGF-in” form. Moreover, the conformational flexibility of
the mutated BCR-ABL1, especially in the region covering
residues 382-402 (located close to the K404E mutation),
was higher in the mutant than in the native (WT) protein
(Fig. S2, S3). These data suggest that the stabilization of
the mutated protein in its discrete DGF-out or DGF-in
conformation is altered by Lys404Glu mutation, making it
impossible to form stable complexes with ATP-competitive
inhibitors.

The identified K404E mutation is located in the C-lobe
of the KD (Fig. 1), in close vicinity of the myristate bind-
ing site (however, outside the ATP-binding pocket) and
should not affect the ability to bind myristic acid or its
mimetics (Fig. S4). This hypothesis was confirmed by
MD data BCR-ABL1 WT and mutant K404E in closed/
autoinhibited form, showing no significant conformational

changes of myristate binding pocket (Fig. 1). Recently,
novel mechanism of ASCI resistance was reported. In
this mechanism mutation, M244V permanently stabilized
active conformation of BCR-ABLI1 by interactions involv-
ing oC helix, making the action of ASCI not effective. To
check if mutation K404E might have similar effect, we
performed MD simulations of KD, SH2 and SH3 domains
(WT and K404E variant) in open/activated conformation.
Our results revealed that substitution K404E does not affect
flexibility of open/activated conformation that is necessary
for stabilizing BCR-ABL1 permanently in the active form
(Table S2). These observations indicate that ASCI resist-
ance should not occur in the K404E mutant via the newly
discovered mechanism described by Leyte-Vidal, et al. in
the case of M244V [9].

The question that remains unanswered is how to opti-
mally treat refractory/relapsed (R/R) BCR::ABLI ALL
patients experiencing pan-ATP competitive TKI resistance.
In principle, the therapy in these cases should include the
use of drugs with a different mode of action. The data about
STAMP (ASCI) monotherapy efficacy in such cases are
limited, because the drug is not registered in this indica-
tion yet. However, preliminary data confirmed the useful-
ness of the combination treatment using ASCI and PON or
ASCI, PON and INO in R/R BCR::ABLI ALL. The use of
others targetable drugs, including bi-specific T cell engager
(BITE) or chimeric antigen receptor T cells (CAR-Ts) has
recently become recommended in R/R BCR::ABLI ALL. In
an open-label, randomized, phase 3 study 1022 (INO-VATE;
NCTO01564784), the administration of INO resulted in com-
plete remission/complete remission with incomplete hema-
tologic recovery (CR/CRi) in 73%, and MRD negativity in
81% of patients with CR/Cri. In the phase 1/2 study 1010
(NCTO01363297) and open-label, randomized, phase 3 study
1022 (INO-VATE; NCT01564784), the progression-free
survival (PFS) was very short (4.4 months and 3.9 months,
respectively), despite relatively high response rates [10].

The efficacy of therapy INO plus bosutinib (BOS)
was confirmed in R/R disease, but only for patients
carrying TKI sensitive ABLI mutations [11]. Also,
the combination of BITE-blinatumomab (anti-CD19/
CD3, BLINA) with BOS, DAS or PON was effective
in patients with R/R disease. carrying the TKI sensitive
ABLI mutation [12]. Another therapeutic option is the
administration of 3rd generation TKI olverembatinib-
based therapy [13]. Lastly, also the high efficacy of INO
and DAS therapy was confirmed in newly-diagnosed
ALL BCR::ABLI [14].
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«Fig. 1 Upper panel. Crystal structure of ABL1 kinase and neighbor-
hood of residue 404 in autoinhibited/closed form and DFG motif in
different conformations. A Crystal structure of the ABL1 protein
(PDB: lopl) with N-lobe (dark green) and C-lobe (light green) of
kinase domain and SH2 (cyan) and SH3 (blue) domains; myristoyl
residue (in spherical representation) bound in the C-lobe in myristate
binding pocket is colored light violet; linker connecting domains SH2
and SH3 is colored pink; model inhibitor (in spherical representa-
tion) is colored orange; AL loop is colored red; position of Lys404 is
marked with magenta circle. Interactions of Lys404 with is neighbor-
ing residues in native ABL1 structure possessing (B) AL loop in the
extended conformation (DFG-in; PDB: 3ue4) and (C) with AL loop in
the condensed conformation (DFG-out; PDB: 3cs9). Activation loop
is marked in red, while residue 404 in magenta. Middle panel. Molec-
ular dynamics simulation of BCR-ABLI kinase; in each panel three
selected conformations are presented. Neighborhood of (A) Lys404
in DFG-in native (WT) form; (B) Lys404 in DFG-out native (WT)
form; (C) Glu404 in DFG-in K404E mutant; (D) Glu404 in DFG-
out K404E mutant. Rmsf values are shown in Fig. S2. Conformations
were obtained from triplicate MD data. Activation loop is marked in
red, while residue 404 in magenta. Bottom panel. Molecular dynam-
ics simulation of myristate biding pocket in BCR-ABLI kinase; in
each panel, three selected conformations are presented (the same as in
Fig. S2). Conformation of myristate binding pocket (violet) is not sig-
nificantly by K404E mutation. Panel (A) native (WT) BCR-ABLI in
DFG-in and (B) DFG-out form. C Mutant K404E in DFG-in and (D)
in DFG-out form. Rmsf values for myristate biding pocket are shown
in Fig. S2. Conformations were obtained from triplicate MD data.
Activation loop is marked in red, while residue 404 in magenta

In our opinion, the identification of ABLI mutation(s),
together with a better understanding of its impact on
the structure and function of the BCR::ABL1 tyrosine
kinase, may change the future strategy of treatment of R/R
BCR::ABLI ALL. This may include the usage of BITE, type
I, type II and/or allosteric TKI in different combinations,
depending on the ABLI mutation profile.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00277-025-06385-z.
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