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overcomes TKI and
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Resistance to tyrosine kinase inhibitor (TKI) is a tough problem in the treatment

of chronic myeloid leukemia in blastic phase (CML-BP), which was often

associated with acquired mutations in the kinase domain and not eliminating

the leukemic stem cells. The efficacy of TKI or combination with chemotherapy

in CML-BP remains unsatisfactory. Chimeric antigen receptor T (CAR-T)

cell immunotherapy may overcome TKI and chemotherapy resistance.

However, lack of ideal targetable antigens is a major obstacle for treating

patients with myeloid malignancies. CD38 is known to be expressed on most

(acute myeloid leukemia) AML cells, and its lack of expression on

hematopoietic stem cells renders it as a potential therapeutic target for

myeloid CML-BP. We develop a CD38-directed CAR-T cell therapy for AML,

and two patients with myeloid CML-BP were enrolled (NCT04351022). Two

patients, harboring E255K and T315I mutation in the ABL kinase domain,

respectively, were resistant to multiple TKIs (imatinib, dasatinib, nilotinib, and

ponatinib) and intensive chemotherapy. The blasts in the bone marrow of two

patients exhibited high expression of CD38. After tumor reduction

chemotherapy and lymphodepletion chemotherapy, 1 × 107 CAR-T-38 cells

per kilogram of body weight were administered. They achieved minimal
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residual disease–negative and BCR::ABL1-negative complete remission and

experienced grade II cytokine release syndrome manifesting as fever. Our data

highlighted that CAR-T-38 cell therapy may overcome TKI and chemotherapy

resistance in patients with myeloid CML-BP.
KEYWORDS

chronic myeloid leukemia, blast phase, tyrosine kinase inhibitor, chimeric antigen
receptor T cell, CD38
Introduction

Treatment of chronic myeloid leukemia (CML) with

tyrosine kinase inhibitor (TKI) has substantially extended

patient survival, but the long-term cumulative probability of

progression from chronic phase (CP) to blast phase (BP) is about

5% in the era of TKI therapy (1, 2). CML-BP remains a

challenging disease, and myeloid CML-BP appears to have an

inferior survival compared with patients with lymphoid CML-

BP (3, 4). Single-agent TKI provides only modest and short-lived

response for advanced phase CML (5, 6). Furthermore, similar

responses were reported in patients with imatinib-resistant

CML-BP after the treatment with the second-generation TKIs

(nilotinib and dasatinib) (6). TKIs combined with intensive

chemotherapy followed by allo-hematopoietic stem cell

transplantation (HSCT) have improved survival of patients

with CML-BP compared with that of TKI alone (7, 8).

Response to treatment is the most important prognostic factor

for survival of CML-BP (9). Therefore, novel approaches are

needed to reinsert a deep molecular response before HSCT,

especially for patients with TKI and chemotherapy resistance.

Chimeric antigen receptor T (CAR-T) cell immunotherapy

targeting and amplifying of immune killing may provide a

potent therapy to eradicate TKI- and chemotherapy-resistant

blasts. CD38 is known to be expressed on most AML blast cells

or plasma cells in multiple myeloma but not on healthy

hematopoietic stem cells (HSCs) (10). Our recent research

showed that the CD38-directed CAR-T cell therapy had

achieved a 66.7% overall remission rate in treating relapsed

AML after HSCT (11). Therefore, the therapeutic strategy using

CD38-directed CAR-T cells (CAR-T-38) targeting CD38-

positive blasts to overcome TKI and chemotherapy resistance

can be exploited therapeutically for myeloid CML-BP.
Case presentation 1

A 34-year-old male patient, complained with abdominal

distension, was admitted to the hospital in January 2019. Blood
02
routine showed a high white blood cell (WBC) count of 403 × 109/L.

Bone marrow (BM) examination suggested that CML in CP and

flow cytometry (FCM) analysis showed 1.4% blasts with the

expression of CD34+CD38+CD33+CD13+CD117+CD15+HLA-

DR+CD36+ and MPO+. Philadelphia chromosome and BCR::

ABL1 fusion gene (P210) were detected. He was diagnosed as

CML-CP with low risk (Sokal score of 0.37). The patient received

imatinib (400 mg/day) and showed a significant decline in BCR::

ABL1 level. However, in July 2019, he presented blast crisis with

41% myeloid blasts in BM, and ABL1 kinase domain sequencing

revealed P-loop (E255K) mutation. He received dasatinib (100 mg/

day) combined with a standard “3 + 7” regimen with idarubicin and

cytarabine (IA) and achieved a complete hematological response,

and BCR::ABL1IS level was 12.5%. During follow-up on 15

November 2019, BCR::ABL1IS level increased to 23.7%, so he

switched to nilotinib (400 mg, twice daily). One month later,

BCR::ABL1IS level decreased to 11.30%, and interferon-a was

given together with nilotinib, whereas on 30 December 2019,

minimal residual disease (MRD) analysis showed 8.1% blasts, and

BCR::ABL1IS was 10.9%. Considering the poor response to

nilotinib, ponatinib (45 mg/day) was given instead. Half a month

later, 39.9% blasts were detected in BM, and BCR::ABL1IS

level increased to 55.7%. At this time, the immunophenotyping

of CD34−CD38+CD117+CD33+CD13+CD123+HLA-DR+ was

different to the onset of CML-CP. He was enrolled in a clinical

trial of CAR-T-38 in relapsed or refractory AML (NCT04351022).

Before CAR-T-38 cell infusion, decitabine (20 mg/m2/day, days 1–

5) in combination with HAAG regimen (homoharringtonine, 1

mg/day, days 3–9; cytarabine, 10 mg/m2, injected subcutaneously

every 12 hours, days 3–9; aclarubicin, 10 mg/day, days 3–6;

granulocyte colony stimulating factor, 50–600 mg/day, days 2–9,

unless WBC count was higher than 20 × 109/L) was used to reduce

tumor burden. The patient was pretreated with a fludarabine and

cyclophosphamide (FC) regimen prior to CAR-T-38

immunotherapy. He showed no response to tumor-reduction

chemotherapy and FC regimen. Then, CAR-T-38 cells, with a

titer of 1 × 107 cells per kilogram of body weight by dose

escalation within 4 days, were administered. In vivo, CAR-T cell

numbers increased rapidly and reached peak on day 4 (Figure A).

He did not experience obvious adverse effects, manifesting as short-
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term myelosuppression stage (Figure B) and mild increase of

cytokines and inflammatory mediators (Figures 2C, D). Two

weeks after CAR-T-38 cell infusion, he achieved complete

remission (CR) (Figures 1A–C). Moreover, BCR::ABL1IS

decreased from 24% to 0% (Figure 1D). No off-target effect on

monocytes and lymphocytes was observed (Figure 1A, C). To

obtain longer survival, the patient received allo-HSCT from his

brother at 7 weeks after CAR-T-38 cell therapy. Up to June 2022, he

remained in complete hematologic reaction and complete

molecular reaction (Figure 1D).
Case presentation 2

A 32-year-old male patient was admitted to hospital for

fatigue and fever in February 2018. Blood routine showed a

high WBC count of 375×109/L. A total of 4.5% blasts were

detected in BM, and FCM analysis showed 4.9% blasts with

CD34+CD33+CD13+CD11b+CD16+ and CD38+. Philadelphia

chromosome and BCR::ABL1 (P210) were positive. He was

diagnosed as CML-CP with intermediate risk (Sokal score of

1.18), and imatinib (400 mg/day) was given to him. Amonth later,
Frontiers in Immunology 03
the BCR::ABL1 level increased significantly, and CBFb/MYH11

fusion gene was detected. Then, he switched to dasatinib (100 mg/

day). However, he was hospitalized again for fever in June 2018.

The peripheral blood smear showed 40% blasts, and he received

induction and consolidation chemotherapy with combination of

dasatinib and standard “3 + 7” IA regimen. T315I mutation was

detected during follow-up in December 2018, and then, he

received ponatinib (45 mg/day) instead. Nevertheless, in March

2020, the BM smear exhibited 47% myeloid blasts, and

immunophenotyping analysis showed 85.9% blasts with the

expression of CD34-CD13+CD33+CD117+CD38+CD123+.

RUNX1 and WT1 mutations were also detected. BCR::ABL1IS

level increased to 21.4%. After enrollment in this clinical trial, he

received the same treatment as patient 1 before CAR-T-38 cell

infusion. The patient also showed no response to tumor-reduction

chemotherapy and FC regimen. CAR-T cell numbers in vivo

reached peak on day 6 (Figure 2A), and he did not have

prominent adverse events (Figures 2B–D). One week after CAR-

T-38 cell infusion, he achieved a CR (Figure 1A) and MRD-

negative and BCR::ABL1-negative CR. Unfortunately, he was not

able to receive allo-HSCT and died due to relapse and infection 2

months after CAR-T-38 cell infusion.
B

C D

A

FIGURE 1

CAR-T-38 therapy response in the two patients with CML-BP. (A) This part showed the bone marrow morphological feature of patients 1 and 2
before (up) and 2 weeks after CAR-T-38 treatment (upper lower). After CAR-T-38 cell infusion, the patient 1 (left, lower) and 2 (right, lower)
achieved CR. (B) The blasts were gated by using a CD45, side scatter (SS), and CD34-based gating strategy, but CD34+ leukemia had lost CD34
expression as the disease progressed to BP in these two patients, and the blasts were gated according to CD45/SS gating strategy (left). The
blast (A population, tomato red) rates of bone marrow mononuclear cells (blank, middle and right plots) were 28.8% and 7.3 × 10−4 before and 2
weeks after CAR-T-38 treatment, respectively. This CD34− AML blast fraction expressed CD38, CD117, CD33, CD13, CD123, and HLA-DR. (C)
Both E255K and T315I mutation disappeared in bone marrow 2 weeks after CAR-T cell infusion. (D) Dynamic changes of BCR::ABL1 expression
level (IS) of patient 1 in the course of the disease. Patient 1 was resistant to multiple TKIs [imatinib (IM), dasatinib (DAS), nilotinib (NIL), and
ponatinib (PON)], intensive chemotherapy with idarubicin and cytarabine (IA), and interferon-a (IFN). The level of BCR::ABL1 was reduced to 0, 1
week after CAR-T treatment.
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Discussion

The majority of patients with CML-BP show myeloid

phenotype; approximately 25% of patients with CML-BP show

B lymphoid phenotype, and occasional patients transform to T

lymphoid phenotype (12). As a myeloid malignant disease,

although numerous tumor antigens, such as CD33, CD123,

and CLL1, have been explored as potential target antigens for

AML treatment in the past few decades, CAR-T cell therapy in

AML remains challenging due to the lack of ideal antigen targets

and the risk of fatal “off-tumor, on-target” side effects (13, 14). A

few has been reported in CAR-T treatment of patients with

myeloid CML-BP. CD38 is known to be expressed on most AML

blast cells or plasma cells in multiple myeloma but not on

healthy HSCs, which renders it as a potential therapeutic

target for AML. CAR-T-38 cells have been evaluated mainly

for their activity in multiple myeloma, and cytotoxicity against

primary AML samples has also been confirmed (10, 15). Our

recent research confirmed the clinical utility and safety of CAR-

T-38 therapy for patients with AML with relapse after allo-

HSCT (11). In the present research, blasts of these two patients

exhibited over 95% expression of CD38. Two weeks after CAR-

T-38 cell infusion, CD38-positive blasts were eradicated, and

CD38-positive monocytes and lymphocytes were also reduced

but recovered in a short time. The probable mechanism is that

CAR-T-38 cells eliminated CD38-positive cells and not off-
Frontiers in Immunology 04
targeted on normal HSCs; subsequently, monocytes and

lymphocytes can be differentiated form HSCs. At present, the

molecular mechanisms of CML disease progression are still

uncertain. Some findings lend support to the notion that BCR::

ABL1 oncogene arises in leukemia stem cells (LSCs), not yet

committed to either myeloid or lymphoid differentiation (16).

TKIs primarily target differentiated cells but cannot eliminate

LSCs (17). Some attempts tried to develop immunotherapeutic

strategies to target LSCs, such as CAR-T cells targeting CD123

and CLL-1 (18, 19). However, LSC phenotypes are usually

heterogeneous. Recent studies find that a Lin−CD34− fraction

of CML-CP cells engrafted immunodeficient mouse strains, and

CD34+ leukemia-initiating cells (LICs) had lost CD34 expression

in mice (20). The population of CD34−CD38+ blasts of CML-CP

likely contains the LICs. In these two patients, the blasts

expressed CD34, CD38, CD33, CD13, CD117, and MPO in

CP, whereas the immunophenotyping of blasts transformed to

CD34−CD38+CD117+CD33+CD13+CD123+HLA-DR+ as the

disease progressed to BP. After CAR-T-38 treatment, CD38-

positive and BCR::ABL1-positive clones were both eliminated.

We speculate that both BCR::ABL1-positive LSCs and myeloid

differentiation with CD38 expression were eradicated by CAR-

T-38 cells.

The immunosuppressive tumor microenvironment (TME)

is a key factor limiting the applicability of CAR-T cells for

tumors (21). CD38 is a glycoprotein that contributes to the
B

C D

A

FIGURE 2

Dynamic changes after CAR-T-38 treatment. (A) The copies of CAR-T-38 cells in the peripheral blood measured by qPCR as the number of
copies of lentiviral vector sequence per microgram of genomic DNA, which reached peak levels on days 4 and 6, respectively. (B) The
neutrophil counts (left Y-axis) in patients 1 and 2 rose above 0.5 × 109 on days 14 and 7, respectively, and platelet counts (right Y-axis) of the
two patients rose above 100 × 109 on day 14. (C) This part showed the changes of cytokines including IL-6, IL-10, TNFa, and IFNg
concentrations after CAR-T-38 infusion. (D) This part showed the changes of c-reaction protein (left Y-axis) and ferritin (right Y-axis)
concentrations after CAR-T-38 infusion.
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tumorigenic properties of the TME. Recently, a study

demonstrated that daratumumab treatment induces

elimination of CD38-positive immune suppressor cells, such as

regulatory T cells, regulatory B cells, and myeloid-derived

suppressor cells (22). It is important to consider that not all

off-target effects are undesirable and that elimination of CD38-

positive immune suppressor cell subsets may lead to a beneficial

therapeutic effect. Our CAR-T-38 with the same CD38 epitope

(CD38 scFv) as daratumumab suggested that targeting CD38

may eliminate the CD38-positive blasts and restore immune

suppressor TME. Cytokine release syndrome (CRS) and

immune effector cell–associated neurotoxicity syndrome are

well-known major adverse events that limit the clinical

application of CAR-T cell therapy. In our research, two

patients presented mild CRS (grade II), indicating it as a safe

approach for patients with CML-BP.

TKI is considered as the cornerstone in the treatment of

CML, and selection is of paramount importance. Ponatinib and

asciminib are effective against T315Imutation (23, 24). Patient 2

in this study carried T315I mutation and progressed to blastic

phase even if the ponatinib was used. Asciminib might be a good

choice for patients with CML with T315I mutation. In recent

years, some therapeutic options for acute myeloid leukemia are

applied to CML-BP. TKIs, combined with hypomethylating

agents, venetoclax, or both, have shown a promising efficacy

(25). More treatment options for CML-BP should be explored.

In conclusion, our findings support the further clinical

investigation of CAR-T-38 cells as a viable immunotherapeutic

option to the treatment of patients with myeloid CML-BP who

could be eligible for BM transplant.
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