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Abstract. Chimeric antigen receptor (CAR)‑T cell therapy is a
novel cellular immunotherapy for relapsed/refractory(R/R) B
acute lymphoblastic leukemia (B‑ALL). However, the survival
duration of CAR‑T cells in vivo is noteworthy, and in some
cases recurrence occurs following CAR‑T cell therapy. There
is controversy over the benefits of bridging to allo‑HSCT after
CAR‑T cell therapy. The present study explored the efficacy
and safety of CD19 chimeric antigen receptor (CAR) T‑bridged
allogeneic hematopoietic stem cell transplantation (allo‑HSCT)
treatment in relapsed/refractory B‑cell acute lymphocytic
leukemia (R/R B‑ALL). A total of 9 patients with B‑ALL
treated at The First Affiliated Hospital of Wenzhou Medical
University between December 2016 and November 2017 were
included. The results demonstrated that the total response
rate on day 28 after receiving CD19‑CAR T‑cell therapy
was 100% (9/9) and all patients exhibited complete remis‑
sion. The 1‑year overall survival (OS) rate for 5 patients who
received CAR‑T bridged HSCT was 100%, the 1‑year DFS rate
was 100%; the 1‑year OS rate for the 4 patients who received
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CAR‑T therapy was 75%, and the 1‑year DFS rate was 75%.
Patients who received CAR‑T bridged to HSCT had no signifi‑
cant prolongation of myeloid and platelet engraftment median
time compared with patients who received CAR‑T alone, and
the incidence of acute graft‑versus‑host disease or extensive
chronic graft‑versus‑host disease did not increase. Overall,
the present clinical trial demonstrated that CAR‑T therapy
bridging to HSCT is a feasible, safe and effective method to
treat adult patients with R/R B‑ALL.
Introduction
Adult patients with acute B cell lymphoblastic leukemia (B‑ALL)
often relapse following chemotherapy alone, and the long‑term
survival rate is ~30% (1,2). Allogeneic hematopoietic stem cell
transplantation (allo‑HSCT) is a radical treatment, and 50% of
adult patients exhibit long‑term disease‑free survival (DFS)
after transplantation (3,4). However, it is difficult to achieve
remission via traditional treatment methods in patients with
relapsed/refractory (R/R) B‑ALL due to a high tumor burden
and poor patient physical condition, and these patients lose
the best chance of receiving transplantation. Previously, only
5% of patients with R/R B‑ALL who underwent conventional
chemotherapy were able to undergo allo‑HSCT (5,6). Minimal
residual disease (MRD) status has been demonstrated to be
a strong prognostic factor for adult patients with ALL (7).
Logan et al (7) reported that MRD monitoring is useful for
determining the clinical indications for allogeneic HSCT in
the treatment of ALL in CR1. Patients with (MRD+) possess a
number of risks for transplantation, and the outcome for patients
with MRD+ who undergo allo‑HSCT is worse compared with
that of patients without MRD (MRD‑) (8‑10).
Chimeric antigen receptor (CAR)‑T cell therapy is a novel
cellular immunotherapy that uses genetically engineered T cells
that express tumor‑specific CARs and combines the antigen‑anti‑
body binding mechanism with the killing effect of T cells (11,12),
thus specifically killing tumors. Anti‑CD19 CAR‑T (CART19)
cell therapy can significantly improve the remission and survival
rate of patients with B‑ALL (13,14). The remission rate of
CART19 cell therapy for patients with B‑ALL can be as high
as 70‑90% (15‑17), but the duration period of CAR‑T cells in vivo
is noteworthy, and in some cases recurrence occurs soon after
CAR‑T cell therapy (18). There is controversy over the benefits
of bridging to allo‑HSCT after CAR‑T cell therapy. For example,
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Park et al (19) evaluated the 19‑28z CAR‑T cell infusion in adult
patients with R/R B‑ALL; 12/44 patients underwent allo‑HSCT,
and the results demonstrated that allo‑HSCT had no significant
effect on survival after infusion of CAR‑T cells. In addition,
Summers et al (20) evaluated the efficacy of SCRI‑CAR19v1
for treating pediatric and young adult patients with B‑ALL;
17/50 patients underwent allo‑HSCT, and the results suggested
that these patients had improved leukemia‑free survival.
The aim of the present study was to investigate the feasi‑
bility, safety and efficacy of CART19 cell therapy bridging to
HSCT in adult patients with R/R B‑ALL.

(1,000 mg/m 2 on day ‑4). The post‑infusion responses and
toxicities were closely monitored daily. The expansion and
persistence of CD19 CAR‑T cells (the copies of CD19 CAR
DNA and the percentage of CD19 CAR T cells), as well as MRD,
were measured using flow cytometry (FCM) and quantitative
(q)PCR assays on days +1, +3, +9, +14, +21 and +28 and every
30 days after CD19 CAR‑T cell infusion. When no CART19
cells could be detected in the blood and/or MRD recurrence
was observed, patients began HSCT therapy. Salvage therapy
for no. 4 patient was FLAG‑IDA regimen which included fluda‑
rabine, cytarabine, idarubicin, and G‑CSF.

Patients and methods

Generation of retroviral vectors, CAR‑T cell production
and quality control of CART19 cells. The present study
constructed γ‑retroviral vectors encoding second‑generation
BBζCD19‑targeting CAR molecules (4‑1BB‑engineered
CAR‑T cells) (Fig. 1C). To evaluate the functionality of these
CAR constructs, human primary T cells from 9 patients were
transduced with CAR vectors. All CAR PBMC populations
were expanded under conditions to generate CAR‑T cells.
Activated PBMCs were resuspended in 50 IU/ml recombinant
human IL‑2 and incubated at 37˚C for 7‑14 days. During ex vivo
expansion, culture medium was replenished, and the density of
T cells was maintained at 0.5‑1x106 cells/ml. Routine screening
of CART19 cell cultures was negative before infusion. The
methods for the generation of retroviral vectors, CAR‑T cell
production and quality control of CART19 cells before infu‑
sion are presented in our previous study (21). In this study, the
PBMCs were from the patient but not from the healthy donors,
which was different from our previous study (21). The methods
for the generation of retroviral vectors, CAR‑T cell produc‑
tion and quality control of CART19 cells before infusion are
accordant with our previous study (21).

Study design and patients. The present study was a phase I
open‑label clinical trial aiming to evaluate the feasibility,
safety and efficacy of the CART19 bridging regimen followed
by allo‑HSCT for the treatment of patients with R/R B cell
leukemia (clinical trial no. NCT03110640). Patients were
screened and treated at The First Affiliated Hospital of Wenzhou
Medical University (Wenzhou, China) between December 2016
and November 2017. A total of 4 patients were not eligible for
the CART19 cell clinical trial due to liver dysfunction (n=2),
abnormal renal function (n=1) and pneumonia (n=1). The
median age of the patients was 34.1 years (range, 16‑57 years),
and 4 patients were male and five were female. The inclusion
criteria were as follows: i) 5‑70 years old and ii) histologically
confirmed CD19+ leukemia. Patients also had to meet one of the
following conditions: i) received at least two prior combination
chemotherapy regimens (not including single agent monoclonal
antibody therapy) and failed to achieve complete remission
(CR) or have disease recurrence; ii) creatinine expression levels
<2.5 mg/dl; iii) Alanine aminotransferase/Aspartate amino‑
transferase <3x normal levels; iv) bilirubin levels <2.0 mg/dl.
In addition, female patients of a reproductive age had to have
a negative serum or urine pregnancy test within 48 h before
treatment infusion. Patients who met any of the following
criteria were excluded: i) Symptoms of central nervous
system, including central nervous system‑leukemia; ii) another
malignant tumor; iii) active hepatitis B or C, or HIV; iv) other
diseases that may affect the outcome of the trial, such as acute
myocardial infarction; v) severe cardiovascular or respiratory
disease; vi) poorly controlled hypertension; vii) a history of
poorly controlled mental illness; viii) patients who had taken
immunosuppressive agents within one week of the start date
due to organ transplantation or another disease requiring
long‑lasting treatment; ix) unstable pulmonary embolism, deep
vein thrombosis or other major arterial/venous thromboembolic
events 30 days prior to the study; x) patients reaching a steady
dose of anticoagulant therapy 3 months ago before the study
start date; xi) pregnant or lactating women; and xii) patients
with a disease affecting their ability to provide informed
consent. The protocol was approved by The First Affiliated
Hospital of Wenzhou Medical University Institutional Review
Board (approval no. 2016‑220). All patients provided written
informed consent prior to enrollment. Consent was obtained
from the patients or their parents/legal guardians if the patients
were <18 years. All patients underwent CART19 cell infusion
after the standard lymphodepletion regimen with fludarabine
(25 mg/m2/day on days ‑4, ‑3 and ‑2) and cyclophosphamide

CART19 cell treatment. The CART19 cell infusion day was
set as study day 0. Prior to CAR‑T cell infusion, patients were
administered 1,000 mg/m2 cyclophosphamide on day ‑4 and
25 mg/m 2/day fludarabine on days ‑4, ‑3 and ‑2. On day 0,
CART19 cells at a target dose of 1x106 T cells/kg were intra‑
venously injected directly into the enrolled patients.
Management of cytokine release syndrome (CRS).
Hemodynamic parameters, vital signs and peripheral blood cyto‑
kine levels, including interferon γ (IFN‑γ), interleukin 2 (IL‑2),
tumor necrosis factor α (TNF‑α), IL‑6, IL‑10 and C‑reactive
protein (CRP), were closely monitored on days +1, +3, +9, +14,
+21 and +28 and every 30 days after CD19 CAR‑T cell infusion.
Supportive care for patients receiving CAR T cells was also
provided. If a patient met CRS criteria for tocilizumab treatment
(90 mmHg systolic blood pressure could not be maintained with
norepinephrine, oxygen requirement of ≥50% FiO2 for ≥2 h
continuously, severe dyspnea potentially requiring mechanical
ventilation), 4‑8 mg/kg tocilizumab was administered over 1 h
with the overall dose ≤800 mg. If a patient met CRS criteria for
corticosteroids (grade 3 neurological toxicity, with the excep‑
tion of headaches, lasting continuously for ≥24 h or grade 4
neurologic toxicity of any duration), 10 mg dexamethasone was
administered for 6 h via intravenous injection until toxicities
improved to grade 1 or lower. All toxicities occurring within
30 days of CAR‑T cell therapy were graded for all 9 patients.
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Assessment of CART19 cell expansion and persistence. Genomic
(g)DNA was isolated from peripheral blood mononuclear cell
(PBMC) samples using a Mini BEST Universal Genomic DNA
Extraction kit (Takara Biotechnology Co., Ltd.), quantified
using a spectrophotometer and stored at ‑80˚C. The presence,
expansion and persistence of CAR‑T cells in the blood and
bone marrow were assessed using quantitative (q)PCR (21). The
analysis of CAR‑T cell percentages in PBMCs and bone marrow
samples was performed using multiparametric FCM (21).
The CAR‑T cells were stained for CD45RA, CD45RO, CD3,
CD4, CD8 and CD62L with fluorescence‑labelled antibodies
(BioLegend). CAR detection was monitored with polyclonal
goat anti‑mouse F(ab)2 antibodies labelled with biotin (Jackson
Immunoresearch Laboratories, Inc.) and streptavidin labelled
with BV421 (BioLegend) (21).
Assessment of serum cytokines, immune effector molecules
and MRD. Measurements of IL‑6, granzyme B, TNF‑α and
IFN‑γ were performed by FCM using a BD Cytometric Bead
Array (BD Biosciences) according to the manufacturer's
instructions. IL‑15 and CRP expression levels were analyzed
using the cytokines ELISA kit (cat. no. ABIN4883305) from
R&D Systems. MRD assessment was measured at regular
intervals using FCM and qPCR assays. MRD in the bone
marrow of all patients was assessed at the following time
points. The parameters varied with patients, owing to the
difference of their immunophenotype at initial diagnosis: On
enrolment, on day 1 and every 30 days after CD19 CAR‑T cell
infusion. In addition, MRD in the peripheral blood of all
patients at days+1, +3, +9, +14, +21 and +28 and every 30 days
after CD19 CAR‑T cell infusion was analyzed. RT‑PCR was
performed to assess BCR‑ABL1 (p190) for Ph+ B‑ALL (22).
Donor selection. A matched sibling donor was chosen as the
first treatment option. Patients were eligible for haploidentical
SCT if a matched sibling donor was unavailable. Donors and
patients were assessed for the degree of HLA matching. HLA‑A
and HLA‑B typing were performed by intermediate resolu‑
tion DNA typing, whereas HLA‑DRB1 typing was performed
using high‑resolution DNA techniques. The donor inclusion
criteria were as follows: The donor was HLA‑matched with the
patient, and the donor had no serious heart, liver and kidney
disease. Among the five donors, two were sibling donors, and
the other three were haploidentical HSCT donors. The median
age of the donors was 38 years (age range, 24‑49 years),
four men and one woman. Leukapheresis was performed for
patients 4‑5 days after starting G‑CSF based on the peripheral
blood CD34+ cell count (PB CD34). All donors tolerated the
stem cell (from bone marrow or/and peripheral blood) harvest
and leukapheresis procedures and had no severe side effects.
Conditioning regimen and graft‑versus‑host disease (GVHD)
prophylaxis. When no CART19 cells could be detected in the
blood and/or MRD recurrence was observed, patients began to
receive HSCT. The conditioning therapy for patients undergoing
haploidentical HSCT was a modified busulfan/cyclophospha‑
mide (BUCY) regimen plus thymoglobulin (ATG) consisting
of cytarabine (4 g/m2/day intravenously on days ‑10 and ‑9), BU
(3.2 mg/kg/day on days ‑7 to ‑4), CY (1.8 g/m2/day intravenously
on days ‑5 and ‑4), Methyl‑CCNU semustine (250 mg/m2 orally
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once on day ‑3) and ATG (5 mg/kg/day intravenously on days ‑5
to ‑2). The conditioning therapy for patients undergoing sibling
HSCT was BUCY, consisting of BU (3.2 mg/kg/day on days ‑7
to ‑4), CY (1.8 g/m2/day intravenously on days ‑5 and ‑4) and
Me‑CCNU (250 mg/m 2 orally once on day ‑3). All patients
received cyclosporine A (5 mg/kg.d) and short‑term metho‑
trexate 15 mg/m2 +1, 10 mg/m2 +3,6,11 for GVHD prophylaxis.
Engraftment, chimerism,MRD and GVHD evaluation. For
VHD evaluation, skin rash <25% within +100 days was defined
as grade 1 skin aGVHD. The day of engraftment was defined
as maintenance of an absolute neutrophil count >500/Ul for
3 consecutive days after HSCT. Chimerism was evaluated by
DNA‑based HLA typing (for mismatched loci), PCR DNA
fingerprinting of short tandem repeats and chromosomal fluores‑
cence in situ hybridization (FISH) for the Y chromosome. MRD
was assessed by FISH and FCM. The MRD parameters by FCM
varied with patients, owing to the difference of their immuno‑
phenotype at initial diagnosis, and MRD parameters by FISH
for Y chromosome when the donor and patient sex are different.
MRD and chimerism were evaluated on days +30, +60, +90 and
+180 and years +1, +3 and +5. The methodology for DNA‑based
HLA typing (for mismatched loci) was as follows: Genomic
DNA was extracted from human whole blood. PCR products
were gel purified and sequenced. Sequences were imported into
the Sequencing Based Typing software, GenDx SBTengine® to
analyze heterozygous nucleotide positions throughout the ampli‑
fied region. The methodology for PCR DNA fingerprinting of
short tandem repeats was as follows: DNA was isolated from
the skin biopsies as well as from a donor blood. PCR ampli‑
fication of nine highly polymorphic short tandem repeats was
performed for each specimen and a unique DNA ‘fingerprint’
was obtained from each. Thorough analysis confirmed GVHD.
The methodology for chromosomal fluorescence in situ
hybridization (FISH) for the Y chromosome was as follows:
Before hybridization, the DNA probe was labeled by various
means. The labeled probe and the target DNA were denatured.
Combining the denatured probe and target allows the annealing
of complementary DNA sequences.
Statistical analysis. All statistical analyses were performed
using SPSS version 19 (SPSS, Inc.) and data are presented
as the mean ± standard deviation. Differences between
two groups were analyzed using unpaired two‑tailed
Student's t‑tests. Differences among multiple groups were
analyzed using one‑way ANOVA and Bonferroni's correc‑
tion. OS and progression‑free survival rate were analyzed
using Kaplan‑Meier curves and log‑rank tests. P<0.05 was
considered to indicate a statistically significant difference. All
experiments were performed in triplicate.
Results
Characterization of patients. Between November 2016 and
November 2017, a total of 13 patients with CD19+ R/R B‑ALL
were recruited. A total of 4 patients were excluded from
receiving lymphodepletion chemotherapy and CART19 cell
infusion (Fig. 1). The other 9 patients received CAR‑T cell
infusion. As presented in Table I, all patients had R/R
B‑ALL, and 6 patients had detectable leukemic cells in the
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Figure 1. Study schema for the clinical trial of CAR‑T bridging HSCT in the treatment of CD19+ relapse/refractory B‑cell lymphoblastic leukemia. (A) Patient
enrollment flow chart; a total of 13 patients were screened and four ineligible patients were excluded. (B) Clinical treatment protocol for CAR‑T therapy.
(C) Clinical treatment protocol for haplo‑HSCT therapy (BUCY base conditioning regimen and stem cell infusion). (D) Clinical treatment protocol for
haplo‑HSCT therapy (administration of immunosuppressive agents). (E) Clinical treatment protocol for HLA‑matched sibling‑HSCT (BUCY base conditioning
regimen and stem cell infusion). (F) Clinical treatment protocol for HLA‑matched sibling‑HSCT (administration of immunosuppressive agents). (G) γ‑retroviral
vectors encoding the second‑generation CD19‑targeting CAR molecules was constructed. CART, chimeric antigen receptor T; HSCT, hematopoietic stem
cell transplantation; CAR, chimeric antigen receptor; PBMCs, peripheral blood mononuclear cells; PBSC, peripheral blood stem cells; FC, fludarabine and
cyclophosphamide; MRD, minimal residual disease; RT‑qPCR, reverse transcription quantitative PCR; BUCY, busulfan/cyclophosphamide.

1‑year
outcome

CART, chimeric antigen receptor T; M, male; F, female; ALL, acute lymphoblastic leukemia; BM, bone marrow; CRS, cytokine release syndrome; NA, not available; Tocili, tocilizumab; Y, yes; N, no;
cGVHD, chronic graft‑versus‑host disease; MRD, minimal residual disease; CR, complete remission; PR, partial remission; HSCT, hematopoietic stem cell transplantation; SCT, stem cell transplanta‑
tion.
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Table I. Response, toxicities and prognosis after CART19 therapy and SCT of patients with relapsed/refractory B‑cell acute lymphocytic leukemia.
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Figure 2. Cytokine levels in each patient. Intermittent monitoring of serum levels of cytokines IL15, IL6, granzyme B, TNF, IFN‑γ and CRP were assessed
during CRS on day ‑4, ‑1, +1, +3, +6, +9, +14, +21 and +28 following chimeric antigen receptor T therapy with or without hematopoietic stem cell transplanta‑
tion for relapse/refractory B‑cell lymphoblastic leukemia. CRS, cytokine release syndrome; IL, interleukin; TNF, tumor necrosis factor; IFN‑γ, interferon γ;
CRP, C‑reactive protein.

bone marrow prior to CART19 cell infusion. The median
percentage of leukemic blasts in the bone marrow was
12.35% (range, 1.09‑63.9%) of marrow blasts (Table I).
One patient (patient 6) had Ph+ ALL [relapsed with G250E
and V299L mutations and an additional abnormal karyotype:
del(16),t(1,16)(q21,q12)]. Patient 6 did not achieve remission
despite steroid‑based chemotherapy and TKI‑targeted therapy,
including dasatinib and nilotinib. Two patients had asymptom‑
atic central nervous system leukemia (CNSL) (patients 6 and 7)
before CART19 cell infusion.
Preclinical evaluations of CAR‑T cells. As presented in
Table I, a median of 54.78% (range, 26‑65.6%) of CD3+ T cells
expressed CAR constructs equipped with signaling domains
consisting of 4‑1BB. All 9 patients received the CART19 cell
infusion at a dose of 1x106 cells/kg.
Efficacy assessment of CAR‑T cell infusion. All patients
achieved CR within 28 days of infusion of CAR‑T cells. One
patient with Ph+ ALL who was resistant to both dasatinib and
nilotinib also achieved MRD‑ remission. The 2 patients who
had asymptomatic CNSL maintained a blast‑negative status
in the cerebrospinal fluid and MRD ‑ remission in the bone
marrow (BM).
Safety evaluation of CAR‑T cell infusion. A total of 8 patients
experienced CAR‑T cell‑related adverse effects of any grade,
with grade 3 and grade 4 events reported in 1 (11.1%) patient
each. Three patients experienced grade 2 CRS. CRS was

fully reversible in all 5 patients and was well managed with
supporting therapy alone (n=3), supporting therapy plus the
anti‑IL6 receptor antibody tocilizumab (n=1) and supporting
therapy plus tocilizumab and corticosteroids (n=1) (Table I).
The patient who experienced grade 4 CRS had severe diffuse
alveolar hemorrhage after CAR‑T cell infusion and recovered
one week after high‑dose corticosteroid therapy, mechanical
ventilation, tocilizumab and supportive care (blood transfu‑
sion and oxygen inhalation.). The patient achieved CR with
MRD‑ on day 21 and had maintained CR for 203 days at the
end of the follow‑up. Serum levels of the cytokines IL15, IL6,
granzyme B, TNF, IFN‑γ and CRP were assessed during CRS
(Fig. 2). The results showed that serum levels of cytokine IL‑15
ranged from 3‑43 pg/ml, while those of cytokine IL‑6 ranged
from 4‑609 pg/ml. Serum levels of cytokine granzyme B
ranged from 1‑156 pg/ml, while those of TNF ranged from
3.2‑59.1 pg/ml. Serum levels of cytokine IFN‑γ ranged from
1‑482 pg/ml, while those of CRP ranged from 0‑601 mg/l, and
there was no significant difference in the peak levels between
the bridging HSCT group and the non‑HSCT group (Fig. 3).
There was no significant difference in the peak levels
in the BM/PB between the bridging HSCT group and
the non‑HSCT group (Fig. 4A‑D). After treatment with
CART19 cell infusion, all patients achieved CR and 2 out
of 9 (22.2%) patients had severe complications (grade 4 CRS),
but CRS in these patients was reversed after administration of
IL‑6 receptor antagonists and glucocorticoid [1 of the 2 patients
received allo‑HSCT and exhibited long‑term survival; the other
patient with Ph+ ALL also had BCR‑ABL1 (p190)+ B‑ALL
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Figure 3. Box plot of the association between peak serum expression levels of cytokines IL15, IL6, granzyme B, TNF, IFN‑γ and CRP between the bridging
HSCT group and non‑HSCT group. HSCT, hematopoietic stem cell transplantation; IL, interleukin; TNF, tumor necrosis factor; IFN‑γ, interferon γ; CRP,
C‑reactive protein.

and secondary resistance to imatinib]. Steroid‑based mutation
detection of the ABL gene revealed the presence of G250E
and V299L mutations of one patient. Chromosomal banding
analysis of the bone marrow revealed additional abnormal
karyotypes, including deletion (16),t(1,16)(q21,q12). Although
the treatment regimen was changed to dasatinib (800 mg/day)
and a steroid‑based regimen (idamycin 10 mg/m2, d1‑3, vincris‑
tine 4 mg d1,8,15,22 and prednisone 60 mg d1‑28) for 3 months,
patients were unable to achieve remission. Grade 4 CRS and
diffuse alveolar hemorrhage occurred after CD19 CAR‑T cell
infusion, and the patient recovered within 1 week after
high‑dose corticosteroid therapy, mechanical ventilation,
tocilizumab and supportive care. Imatinib was orally admin‑
istered in the absence of CAR‑T cells after 3 months of CD19
CAR‑T cell infusion, and this patient also survived at the end of
follow‑up. The remaining 7 (77.7%) patients had complications
of CRS of grades 0‑2, and 2 patients with severe complications
had higher MRD before the infusion compared with the other
patients and multiple relapses in the past.
Expansion and persistence of CART19 cells in the peripheral
blood and bone marrow. In all 9 patients, the in vivo expansion
of CAR‑T cells was monitored by qPCR and FCM. As presented
in Fig. 4, all patients had detectable circulating CAR‑T cells.
The peak in CAR‑T cell expansion ranged between days 6
and 9 (Fig. 4). The median peak of CAR DNA copies was
2.61x105 (range, 3.16x104 ‑6.34x105) copies/µg gDNA in the
blood and 6.48x103 (range, 302‑2.13x10 4) copies/µg gDNA

in the bone marrow. The median peak of CAR DNA copies
was 3.92x105 (range, 1.78x104 ‑6.34x105) copies/µg gDNA in
the blood and 10.9x103 (range, 2.61x103‑21.3x103) copies/µg
gDNA in the bone marrow in the non‑HSCT group, whereas
the median peak of CART DNA copies was 1.57x105 (range,
3.16x105‑4.87x105) copies/µg gDNA in the blood and 2.88x103
(range, 302‑5.48x103) copies/µg gDNA in the bone marrow
in the bridging HSCT group. In addition, CART19 cells
were detectable in the blood and marrow between 3 and
6 months. When no CART19 cells could be detected in
the blood and/or MRD recurrence was observed, patients
began to receive HSCT. Patient 4, who still had detectable
levels of CAR‑T cells in bone marrow analyzed using qPCR
(117 copies/μg DNA) at day +90 following CAR‑T cell infu‑
sion, relapsed with CD19‑ leukemia (>20% blasts in the bone
marrow) at the same time. This patient then received salvage
therapy (FLAG‑IDA regimen which included fludarabine,
cytarabine, idarubicin and G‑CSF) and matched sibling donor
SCT and maintained MRD ‑ CR post‑HSCT until the end of
the follow‑up period.
Patient receiving SCT and donor characteristics. Among
the 5 patients who received allo‑HSCT, there were 4 patients
with no detectable CART19 cells in the blood/bone marrow
on day +90 after CAR‑T cell therapy and 1 patient who
relapsed with CD19‑ leukemia even with detectable levels of
CAR‑T cells in the bone marrow analyzed using qPCR on
day +90 following CAR‑T cell infusion (Table I).
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Figure 4. CART19 engraftment, expansion and persistence in vivo. (A) Expression levels of CART19s in the PB assessed using quantitative PCR on days 1, 3,
6, 9, 14,21, 28, 60 and 90 after infusion of CART19s in bridging HSCT group (patients 1‑5). (B) Expression levels of CART19s in PB assessed by RT‑qPCR
on days 1, 3, 6, 9, 14, 21, 28, 60 and 90 after infusion of CART19s in non‑HSCT group (patients 6‑9). (C) Box plot of the association between peak expression
levels of CART19s and CAR DNA copies in the PB between the bridging HSCT and non‑HSCT groups. (D) Box plot of the association between peak expres‑
sion levels of CART19s and CAR DNA copies in the bone marrow between the bridging HSCT and non‑HSCT groups. CART, chimeric antigen receptor T;
PB, peripheral blood; CAR, chimeric antigen receptor; HSCT, hematopoietic stem cell transplantation.

Figure 5. Outcome after CAR‑T19 bridging with HSCT. (A) Leukemia‑free survival of all 9 patients. Survival fractions were calculated using the Kaplan‑Meier
method, and lines indicate censored patients. Group 1, Bridging HSCT. Group 2, non‑HSCT. (B) OS of all patients. Survival fractions were calculated
using the Kaplan‑Meier method, and lines indicate censored patients. Group 1, bridging HSCT. Group 2, non‑HSCT. (C) Flow chart of the outcome of all
9 patients, including stem cell transplantation, donor and transplantation complications. The patient who suffered relapse 3 months after CAR‑T therapy died
1 month later, thus the leukemia‑free survival changed at 3 months while the OS curve changed at 4 months. CART, chimeric antigen receptor T; MRD,
minimal residual disease; HSCT, hematopoietic stem cell transplantation; SCT, stem cell transplantation; a, acute; c, chronic; GVHD, graft‑versus‑host
disease; OS, overall survival.
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Engraftment. All 5 patients achieved sustained myeloid
engraftment. Full donor chimerism was achieved in all
5 patients after transplantation. The median time for myeloid
recovery was 14 days (range, 12‑16 days), and the median time
for platelet recovery was 15 days (range, 13‑17 days).
GVHD. All patients with engraftment were eligible for the
assessment of acute (a)GVHD. One patient had grade 1
skin aGVHD (Skin rash <25% within +100 days). A total of
5 patients survived >100 days after transplantation and were
evaluated for cGVHD. Two of these patients developed limited
cGVHD, whereas no patients developed extensive cGVHD.
Outcome. As presented in Fig. 5, eight of the 9 patients with
a median follow‑up time of 338 days (range, 123‑365 days)
maintained CR. The 1‑year allo‑HSCT group had an OS rate
of 100% and a DFS rate of 100%. Two of the 4 patients in
the untransplanted group had Ph+ B cell acute lymphoblastic
leukemia. Imatinib was administered orally in the absence
of CAR‑T cells 3 months after CD19 CAR‑T cell infusion,
and the patients had sustained remission. One patient refused
transplantation, and the bone marrow continued to recover.
One patient refused to undergo allo‑HSCT, relapsed 6 months
after CD19 CAR‑T cell infusion, refused further chemotherapy
and other treatment, and died after 9 months. The 1‑year OS
rate of the untransplanted group was 75%, and the DFS rate
was 75%.
Discussion
The present study aimed to investigate the feasibility, safety
and efficacy of CD19 CAR‑T cell therapy as a bridge to
allo‑HSCT in the treatment of adult patients with R/R B‑ALL.
The clinical outcomes of the enrolled patients were positive.
The present study demonstrated that it is feasible to
determine the timing of transplantation by simultane‑
ously monitoring MRD and the CD19 CAR‑T cell ratio
or qPCR values. Consistent with the results of previous
studies (15,23‑25), strong expansion and long‑term persistence
of CD19 CAR‑T cells were observed in the present experi‑
ments. The duration was 3‑6 months, and CD19 CAR‑T cell
amplification peaked between days 6 and 9. Patients with
MRD‑ CR received allo‑HSCT at a median time of 104 days
after infusion. Of note, CD19 CAR‑T cells in the PB of patients
cannot be detected using FCM, but the CD19 CAR DNA copy
number can be detected using qPCR. A possible explanation
for this is that CARs antigen on the surface shed from the
cell surface which can't be detected by FCM, whereas CAR
DNA of transduced T was existent which can be detected via
qPCR analysis (16). These findings are consistent with those of
Maude et al (16), who reported that 3 patients did not respond
to CTL019 after CAR‑T cell infusion, but CTL019 expression
levels peaked at 6‑14 days and were detected using qPCR,
whereas circulating CTL019 was not detected by FCM. In
the present study, at day +90 after CAR‑T cell infusion, there
levels of CAR‑T cells in the bone marrow were still detectable
using qPCR.
MRD ‑ was a feasible predictor of survival in the present
study. This was consistent with the findings of Park et al (17),
who used multiparameter FCM to evaluate MRD in
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BM samples from days 14‑28 after CAR‑T cell infusion after
19‑41BB treatment and demonstrated that post‑treatment
MRD status was a strong predictor of OS; the 6‑month
OS rate was 76% in the MRD ‑ CR group and 14% in the
MRD+ CR group. The use of MRD monitoring to determine
the timing of transplantation requires analysis of CD19
antigen expression levels and must also take into account
the fact that B‑ALL leukemia‑initiating cells with stem
cell‑like characteristics that do not express CD19 also affect
the therapeutic effect (26). In the present study, the leukemia
cells of the patient who had response after CART19 cell
treatment but relapsed after 3 months did not express CD19,
and the leukemia cells had transformed into acute myeloid
leukemia cells. The reason for recurrence may be that the
leukemia stem cell differentiation patterns in ALL are mostly
branched, rather than a single linear pattern (27,28), and there
may have been at least two CD18+ and CD19‑ leukemia cell
clones in the patient. After CAR‑T cell therapy killed CD19+
dominant clones in large numbers, the original unaffected
non‑predominant myeloid leukemia cell clones became the
dominant clones, and the proliferation of these cells led to
leukemia recurrence. Another possibility is that antigenic
shift or antigenic drift occurred in the CD19+ leukemia cells.
The appearance of stem cell markers (for example CD34 +)
and myeloid cell markers would suggest that the leukemia
cells had escaped immune attack and surveillance, leading
to leukemia recurrence. Therefore, after CAR‑T cell treat‑
ment, MRD monitoring should not be limited to CD19 +
cell populations. It is particularly important to focus on the
immunophenotypic changes of CD19 ‑ cell populations and
other leukemia cell populations.
The results of the present study were consistent with the
findings of Hu et al (18), who confirmed that in CART19
cell treatments for patients with R/R ALL in China, MRD
and the number of previous relapses after the pre‑treatment
regimen were associated with the high risk of grade 3 CRS,
while other risk factors included age, sex and therapies prior to
the FC pre‑treatment regimen (chemotherapy or allo‑HSCT).
CART19 cell dosage and MRD were not associated with the
risk of grade 3 CRS in the present study. It was also observed
that serum levels of CRP were associated with the severity of
CRS. Patients with grade 3 or 4 CRS had higher peak CRP
expression levels after infusion of CART19 cells compared
with patients without CRS or with grade 1 or 2 CRS. In the
case of patient 6, CRS was effectively improved without a
significant effect on CART19 cell expansion and persistence
using tocilizumab. These results are consistent with recent
published findings (18).
Luznik et al (6) reported that following the treatment
of hematologic malignancies with HLA‑haploidentical
HST, platelet and median granulocyte engraftment times
were 15 and 24 days, respectively, and that 13% of patients
experienced surgical failure. The cumulative incidence of
non‑relapse mortality for aGVHD was 15% at 1 year, and the
recurrence rate was 51%. The OS rate at 2 years after trans‑
plantation was 36%. In the present study, patients who received
allo‑HSCT had a shorter platelet recovery period and no graft
failure, no aGVHD or extensive cGVHD. Compared with
previous stem cell transplantation studies (29‑31), the patients
who underwent bridging transplantation after CART19 cell
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infusion had a similar engraftment time and a similar incidence
of aGVHD or extensive cGVHD. The cumulative incidence of
non‑relapse mortality for aGVHD was lower (0%) at 1 year,
and the recurrence rate was lower (0%). The OS at 1 year after
transplantation was higher (100%).
The results of the present study were consistent with
those of Summers et al (20), who evaluated the efficacy
of SCRI‑CAR19v1 treatment in pediatric and young adult
patients with B‑ALL, and 17/50 patients underwent allo‑HSCT,
suggesting an improvement in leukemia‑free survival rate in
the patients who underwent allo‑HSCT compared with those
who did not.
There were limitations to the present study. Due to the
short duration, the number of cases was small, and the
follow‑up time was short. Despite the results already achieved,
the long‑term effects of CAR‑T bridged allo‑HSCT treatment
remain to be determined. Determining the overall efficacy
of this therapy in R/R B‑ALL requires a large number of
patients and comparison with the CD19 CAR‑T cell treat‑
ment alone group by statistical analysis. In addition, all
patients received the same chemotherapy regimen combina‑
tion, dosage power and intensity (FC regimen, 1,000 mg/m 2
cyclophosphamide on day ‑4 and 25 mg/m 2/day fludarabine
on days ‑4, ‑3 and ‑2). In the future, it would be important
to investigate the mortality and morbidity rates and adverse
side effects of other variations of CAR‑T therapy conditions,
such as chemotherapy regimen combinations, dosage power
and intensity.
The present study demonstrated that in patients with
R/R B‑ALL, the 1‑year OS and DFS rates of the CD19 CAR
T+HCT group were improved compared with those of the CD19
CAR T therapy alone group. For the patients with R/R B‑ALL,
whose CAR‑T cells in vivo do not survive for a long period,
their recurrence commonly occurred soon after CAR‑T cell
therapy. The bridging to allo‑HSCT after CAR‑T cell therapy
is feasible, safe and efficient for these patients.
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