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Abstract: Pediatric Philadelphia chromosome-like (Ph-like) acute B-lymphoblastic leuke-

mia (B-ALL), a high-risk subset of B-ALL characterized by a gene expression profile similar

to that of Ph-positive ALL, has extremely poor outcome after a relapse following autologous

chimeric antigen receptor (CAR)-T and haploidentical (haplo) hematopoietic stem cell

transplantation(HSCT)therapy. with very limited treatment options. Donor-derived CAR

T-cell therapy, the most vital advanced anticancer technology, may be a promising salvage

strategy for patients with Ph-like B-ALL. Here, we presented a relapsed and refractory case

of a child with Ph-like B-ALL after autologous anti-CD19 CAR T-cell therapy followed by

haplo-HSCT. She successfully achieved the fourth complete remission (CR4) and maintained

CR for five months after the sequential infusion of donor-derived anti-CD22 and anti-CD19

CAR T cells, with mild CRS side effects and no obvious graft-versus-host disease. A donor-

derived anti-CD22 and -CD19 CAR T-cell therapy combined with a sequential infusion

strategy may provide a promising alternative treatment strategy as effective and safe salvage

therapy for children with recurrent and refractory Ph-like B-ALL after autologous CD19-

directed CAR T-cell therapy followed by haplo-HSCT.

Keywords: Philadelphia-chromosome-like, acute lymphoblastic leukemia, chimeric antigen

receptor, CD19, CD22

Background
In recent years, the best therapy outcomes have been achieved in children with acute

B-lymphoblastic leukemia(B-ALL). However, recurrence still occurs in 15–20% of

patients with B-ALL.1 Allogeneic hematopoietic stem cell transplantation(HSCT) is

considered the best treatment option in these high-risk for relapse and refractory

groups of pediatric patients.2 Unfortunately, some patients have disease relapse and

progression, and their prognosis remains poor. Adverse genetic alterations and multi-

ple gene mutations are considered as the main causes. Recently, Philadelphia chromo-

some-like (Ph-like) B-ALL was identified in children and becomes concerning. These

patients account for approximately 15% of pediatric B-ALL, and have a very high rate

of disease relapse and significantly poor outcomes.3,4 Data on how to treat pediatric

patients with Ph-like B-ALL that relapsed after haploidentical (haplo)-HSCT are
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limited. In recent years, both autologous and allogeneic

chimeric antigen receptor(CAR) T-cell technologies have

yielded astonishing results in relapsed and refractory

B-ALL.5–7 Here, we report on a child with Ph-like B-ALL

that relapsed after autologous CART-cell therapy and haplo-

HSCT and attained the fourth complete remission (CR4) and

negative minimal residual disease (MRD) status through

sequential infusion of allogeneic anti-CD22 and -CD19

CAR T cells.

Case Presentation
The patient was a 10-year-old female child admitted to the

Department of Hematology of Nanjing Children’s Hospital

due to dizziness, fatigue and mucosal bleeding on July 20,

2016. No special disease history was reported. The morphol-

ogy of the bone marrow indicated acute lymphoblastic leuke-

mia. Flow cytometry(FCM) of bone marrow cells revealed

a B-cell phenotype. Karyotype analysis was 49, xx,+x,+8,

+21[18]/46, xx[2]. Results of the fusion gene analysis by

fluorescence in situ hybridization (FISH) were negative.

Therefore, the diagnosis of B-ALL was confirmed, CR

(defined as <5% lymphoblasts in bone marrow aspirate) was

achieved through the standard risk protocol of CCCG-ALL

-2015 (upfront window therapy with dexamethasone for

4 days; subsequently, remission induction with prednisone,

vincristine, daunorubicin and PEG-asparaginase from day 5

to day 28, and cyclophosphamide, cytarabine and mercapto-

purine from day 29 to day 35),8 followed by consolidated

combination chemotherapy in next 10 months. However,

fever and bleeding occurred. Bone marrow smear showed

relapse in May 2017. She then received a reinduction therapy

regimen of mitoxantrone, vincristine, L-asparaginase, and

prednisone. However, intracranial hemorrhage occurred dur-

ing the course of the treatment. Several weeks later, the blood

in the brain was gradually absorbed by management with

hemostasis, dehydration, hypotension, lumina and oxcarbaze-

pine. Subsequently, she received chemotherapy consisting of

high-dose cytarabine and vincristine, and achieved complete

CR2 at 30 days. Nevertheless, two weeks later, she relapsed

again with 50% prolymphocyte cells.

Due to the serious relapse and refractory leukemia, the

patient was transferred to our hospital. Gene check analysis

showed that the patient had Wilms tumor 1 and ecotropic

viral integration site 1 gene mutations. Next generation

sequence analysis of the patient’s bone marrow and oral

mucosa revealed positive CSF1R gene (germline mutation),

and cytokine receptor-like factor 2(CRLF2) gene rearrange-

ment showed a 65% positive rate with FISH (Figure 1). All

genetic analysis data supported the diagnosis of Ph-like

B-ALL. Chemotherapy with hyper-CVAD(A) regimen

was then initiated in our hospital with good therapeutic

response. Three weeks later, the bone marrow smear

showed primitive cells accounting for 4%, and the MRD

examined by FCM was 1 × 10−4. All the examination data

indicated that CR3 was achieved. The peripheral blood

count results were as follows: white blood cell

count,2.73×109/L; red blood cell count,2.38×109/L; hemo-

globin 69g/L; and platelet count,60×109/L.

To achieve deep remission and remove leukemia resi-

dues, an autologous CAR T-cell therapy strategy was con-

sidered because of its remarkable therapeutic results. After

a detailed conversation with her father and after obtaining

written consent, peripheral blood mononuclear cells were

collected from the patient for preparation of anti-CD19

Figure 1 FISH analysis of the bone marrow. (A) yellow signal indicates negative CRLF2 rearrangement; (B) two signals of red and green indicate CRLF2 abnormal

rearrangement.
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CAR T cells by the Shanghai UniCAR Technology Co.,

Ltd. (UCT, Shanghai, China). On September 12, 2017,

preconditioning lymphodepleting chemotherapy with the

FC regimen (Cy30 mg/m2, day-5 to −3, fludarabine

30 mg/m2, day-5 to −3) was given 4 days before the

infusion of anti-CD19 CAR T cells for a total T cell dose

of 5×105/kg. Seven days later, the patient experienced

moderate CRS with high fever (39.3 °C), elevated inter-

leukin (IL)-6 (79.8pg/mL), and increased C-reactive pro-

tein (129 mg/L). Two weeks later, the bone marrow

analysis showed an astonishing therapeutic efficacy with

1% prolymphocyte cells in the bone marrow and MRD of

1.1×10−4. More surprising, data showed that the CRLF2

gene rearrangement was negative.

To further control leukemia,8 weeks after CAR T-cell

therapy, the patient received haplo-HSCT with granulocyte

colony-stimulating factor that mobilized bone marrow cells

and peripheral blood hematopoietic stem cells from her

father. The preconditioning regimen was myeloablative

and modified BUCY. During the course of HSCT, the

patient first received umbilical cord blood infusions and

then the bone marrow (mononuclear cells 8.58×108/kg;

CD34+ cells 3.68×106/kg;CD3+cells 0.44×108/kg) and per-

ipheral blood stem cells (mononuclear cells 2.2×108/kg;

CD34+ cells 1.25×106/kg; CD3+cells 0.47×108/kg). In

addition, on November 24, umbilical cord blood was

infused.9 Neutrophil and platelet engraftments were

observed on days +12 and +17, respectively. Acute graft-

versus-host disease (GVHD) was not observed. The patient

regularly returned to our outpatient department for follow-

up. Her bone marrow remained CR3 status for approxi-

mately 240 days.

However, the patient was admitted to the Department of

Hematology eight months after HSCT with symptoms of

fatigue, abdominal pain, and marked emaciation. She was

too weak to walk. Physical examination revealed a body

weight of 25 kg, severe anemia, extreme emaciation, no

skin rash and yellow stain, multiple ulcers in the oral mucosa,

no swelling of superficial lymph nodes, and no tenderness of

the sternum. Peripheral blood analysis revealed the following

results: white blood cell count, 5.37×109/L; hemoglobin,

67 g/L; and platelet count, 74 ×109/L. Bone marrow exam-

ination showed the patient had relapsed for the fourth time

with 79% primary and immature cells.

FCM of the bone marrow cells detected positive expres-

sion of CD10, CD19, CD20, CD38, and CD22, and, most

importantly, the CD19-and CD22-positive rates were 99.6%

and 84.9%, respectively. The CRLF2 gene rearrangement

showed 90% a positive rate in FISH analysis. Nuclear mag-

netic resonance imaging of the abdomen showed bilateral

kidney enlargement with abnormal signals, abnormal signals

in the pancreas, gallbladder effusion, and decreased diffuse

signal in the liver and spleen in the diffusion-weighted ima-

ging sequence. These results confirmed that the patient was

on the fourth relapse. The patient was at very late stage of the

disease with poor physical tolerance and an Eastern

Cooperative Oncology Group score of 2–3. Any traditional

treatment strategies are high-risk at this point. The patient’s

parents were informed of the serious situation of their daugh-

ter and pressed for further treatment. Written informed con-

sent was obtained. After carefully discussing this issue,

a salvaged therapeutic regimen was performed, in which

donor-derived anti-CD19 and -CD22 CAR T-cell therapy

was considered due to the highly expressed CD19 and

CD22 on the surface of the leukemia cells. CAR T cells

against different targets were successfully engineered by

UCT. Preconditioning chemotherapy (CY 20 mg/m2, day

−5 to −3, fludarabine 20 mg/m2, day−5 to −3)was adminis-

tered at lower doses because of the patient’s poor condition.

Then anti-CD22 CAR T cells were infused at a total dose of

1×107 cells/kg (transduction efficiency of 50.3%) on days 1

to 2, followed by anti-CD19 CAR T cells at a total dose of

1×107 cells/kg (transduction efficiency of 53.61%) on days 3

to 5. No immediate infusion-related toxic effects were

observed. In addition, tocilizumab was administered to pre-

vent CRS. The patient was strictly monitored for body tem-

perature, cardiovascular, respiratory function, C-reactive

protein, cytokines (IL-2, IL-4, IL-6, IL-10, etc.), and B-type

natriuretic peptide precursor (PRO-BNP). Three days after

the infusion of anti-CD22 CARTcells, the levels of IL-6 and

PRO-BNP increased rapidly (Figure 2) with peak levels on

days 10 and 12, respectively. The CRS response level was

ranked grade 2 based on the University of Pennsylvania

grading system. Other indicators, such as body temperature,

lactic acid dehydrogenase, and ferritin, mildly fluctuated.

After anti–infection, supportive transfusions of red blood

cells and platelets, and nutritional support were administered,

the patient’s condition quickly improved. The levels of IL-6

and PRO-BNP returned to near normal and the symptoms

were gradually alleviated. Thirteen days later, 79% of pri-

mary and immature cells were found in the bone marrow

smear, and the MRD was 37.3%. Copies of anti-CD22 and

anti-CD19 CAR DNA quickly increased in the blood

(Figure 2). STR examination of bone marrow cells revealed

complete donor chimerism (98.9% of donor origin).
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One month after the infusion, the patient was re-examined

and the bone marrow was CR4 and MRD was negative

(Figure 3). She gained 14 kg of body weight in a month and

her general condition improved. Ruxolitinib was given as

a maintenance therapy. Over the following five months, her

peripheral blood examination and bone marrow cell investiga-

tion still showed CR10 without GVHD. At six months after the

last infusion, the disease relapsed.

Discussion and Conclusions
We reported a child with highly refractory Ph-like B-ALL

and multiple relapses who underwent multiple chemothera-

pies, and autologous anti-CD19 CAR T-cell therapy and

haplo-HSCT. CR4 was achieved through sequential infu-

sions of donor-derived anti-CD22 and-CD19 CAR T cells.

Presently, morphological CR has been maintained for five
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Figure 2 Dynamic changes following the infusion of anti-CD22 and -CD19 cells within 25 days: (A) IL-6 reached peak level on day 17 and returned to normal on day 20 after
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months. Ph-like B-ALL was first reported in 2009. Den Boer

et al11 found that approximately 15–19% of the gene expres-

sion profile was undetermined in B-ALL. The GEP is very

similar to that of Ph- positive B-ALL, and both have similar

patient prognosis. In recent years, with further in-depth

research, more comprehensive understanding has been

acquired about Ph-like B-ALL.12–14 The majority of

Ph-like B- ALL genetic alterations are divided into the fol-

lowing two main groups: 1) is CRLF2 rearrangements along

with JAK-STAT pathway aberrations, and 2) fusions invol-

ving JAK2, ABL1, ABL2, and CSF1R.15 In this case, posi-

tive CRLF2 gene rearrangement was revealed through an

additional FISH analysis. The most prevalent molecular

genetic alteration in children with Ph-like B-ALL is the

abnormal expression of CRLF2.16,17 Therefore, the patient

was diagnosed with pediatric Ph-like B-ALL. Diagnosing

pediatric Ph-like B-ALL is challenging for clinical doctors

due to highly heterogeneous changes in molecular biology.18

At present, no unified diagnostic standard is available.

Therefore, children with Ph-like B-ALL with poor therapeu-

tic effects or multiple recurrences should be carefully mon-

itored. Currently, screening of potential kinase-activating

alterations at the initial workup by an increasing number of

hematology doctors is necessary. Previous studies18–20

reported that pediatric patients with Ph-like B-ALL often

have high relapse rates and poor clinical outcomes. High-

risk patients may be advised to receive allogeneic stem cell

transplantation;21 however, some patients still relapse after

HSCT. The patient in our case experienced three relapses

after receiving standard and intensive combination che-

motherapy regimens and CAR T-cell therapy plus haplo-

HSCT in less than 2 years. Her clinical outcome is consistent

with Ph-like B-ALL, a characteristic of treatment failure and

a high relapse rate.

Anti-CD19 CART-cell therapy has a higher CR rates as

compared to chemotherapy regimens alone in children with

relapsed or refractory B-ALL,22,23 with an overall remis-

sion rate of approximately 81% within three months. In our

case, the donor-derived CD19-directed CAR T-cell therapy

showed very good safety outcomes with mild CRS and

promising therapeutic results with CR4 and subsequent

CRLF2 negative rearrangement. However, when facing

recurrence and progress of Ph-like B-ALL after autologous

anti-CD19 CART-cell therapy and/or allo-HSCT, the viable

options are limited. Studies have reported that infusion of

allogeneic anti-CD19 CAR T-cell therapy can result in

regression of B-cell malignancies.5,24 CD22-targeted CAR

T-cell treatments were reported to have a significant

efficacy on refractory/relapsed B-ALL.25,26 Preclinical

models may cause sequential infusion of CAR T cells ther-

apy synergistic responses as compared to targeting a single

antigen, improving the response rates.27,28 Based on the

above theoretical data and the patient’s leukemia cells that

highly expressed CD19 and CD22, the patient received

donor-derived anti-CD22 and anti-CD19 CAR T cells. In

our case, CD22-directed CAR T cells were infused first,

followed by CD19-directed CAR T cells, because of the

patient’s high leukemia cell burden and high CD22 expres-

sion rate. Moreover, anti-CD22 CARTcells may cause less

severe CRS as compared to CD19-directed CAR T cells.

Surprisingly, the patient achieved CR with negative MRD

one month after the CAR T-cell infusion, and the CRS

showed a grade II level with the main side effects of rapidly

increased IL-6 and PRO-BNP levels, reaching their peak on

the 13–15th day after the sequential infusion anti-CD22 and

anti-CD19 CAR T cells, without producing serious acute

GVHD, tumor lysis syndrome, and later neurotoxicity. The

Side effects were relatively mild and easily controlled.

This is the first report that utilized allogeneic donor-

derived anti-CD22 and -CD19 CAR T cells to successfully

treat a patient with relapsed and refractory pediatric Ph-

like B-ALL after autologous anti-CD19 CAR T-cell ther-

apy and haplo-HSCT. Other major issues to consider

include the following: (1) How to maintain the CR status?

(2) What is the protocol of maintenance treatment? (3) Are

other immunotherapeutic methods effective and safe? And

(4) The patient had five relapses, is there any available

salvage therapeutic method?

Our case report showed the excellent efficacy and safe

tolerance of allogeneic anti-CD22and-CD19 CAR T-cell

therapy. Donor-derived dual CAR T-cell infusion may be

a promising and novel strategy for the treatment of pedia-

tric Ph-like B-ALL with recurrence following autologous

CAR T-cell therapy and haplo-HSCT. Due to high relapse

rates and poor prognosis, novel highly effective strategies

are needed to improve the treatment outcome of these

patients. To our knowledge, this is the first reported case

worldwide where a patient with pediatric Ph-like B-ALL

that relapsed after donor CAR T-cell treatment and HSCT

successfully obtained CR4 with donor-derived CAR T-cell

(anti-CD22 and anti-CD19) technology and regimen.
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