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Abstract
The persistence or recurrence of minimal residual disease (MRD) after chemotherapy predicts relapse of B-cell acute 
lymphoblastic leukemia (B-ALL). CD19-directed chimeric antigen receptor T (CD19 CAR-T) cells have shown promis-
ing responses in B-ALL. However, their role in chemotherapy-refractory MRD-positive B-ALL remains unclear. Here we 
aimed to assess the effectiveness and safety of CD19 CAR-T cells in MRD-positive B-ALL patients. From January 2018, a 
total of 14 MRD-positive B-ALL patients received one or more infusions of autogenous CD19 CAR-T cells. Among them, 
12 patients achieved MRD-negative remission after one cycle of CAR-T infusion. At a median follow-up time of 647 days 
(range 172–945 days), the 2-year event-free survival rate in MRD-positive patients was 61.2% ± 14.0% and the 2-year 
overall survival was 78.6 ± 11.0%, which were significantly higher than patients with active disease (blasts ≥ 5% or with 
extramedullary disease). Moreover, patients with MRD had a lower grade of cytokine release syndrome (CRS) than patients 
with active disease. However, the peak expansion of CAR-T cells in MRD positive patients showed no statistical difference 
compared to patients with active disease. Five patients received two or more CAR-T cell infusions and these patients showed 
a decreased peak expansion of CAR-T cell in subsequent infusions. In conclusion, pre-emptive CD19 CAR-T cell treatment 
is an effective and safe approach and may confer sustained remission in B-ALL patients with chemotherapy-refractory MRD. 
The trials were registered at www. chictr. org. cn as ChiCTR-ONN-16009862 (November 14, 2016) and ChiCTR1800015164 
(March 11, 2018).
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Introduction

Relapse is a frequent cause of treatment failure in B-cell 
acute lymphoblastic leukemia (B-ALL) patients. Mini-
mal residual disease (MRD) is an essential predictor of 
hematopoietic relapse. The persistence or recurrence of 
MRD after chemotherapy indicates resistance to chemo-
therapeutic drugs and is a poor prognostic indicator for 
adult B-ALL patients [1, 2]. In standard-risk adult ALL, 
the median relapse-free survival in patients converting to 
MRD-positive during the early postconsolidation phase is 
16.7 months, which is shorter than that for patients with 
continuously negative MRD. Allogeneic hematopoietic 
stem cell transplantation (allo-HSCT) is the most effective 
method to cure B-ALL. However, transplantation related 
mortality and complications are still major obstacles. 
Thus, novel treatment for these patients is needed.

CD19-directed chimeric antigen receptor T (CD19 
CAR-T) cell is a new modality for the treatment of B-ALL, 
B-cell lymphoma and chronic lymphocytic leukemia [3–5]. 
In relapsed/refractory B-ALL patients, the overall com-
plete remission (CR) rate of CAR-T therapy is 80%, and 
CAR-T has also been shown to be effective in achieving 
MRD negativity [6, 7]. Some studies have shown that sub-
jects with low ALL burden have a higher CR rate than 
those with high ALL burden, which indicates that CAR-T 
therapy may achieve a better response in MRD-positive 
patients than refractory/relapsed B-ALL patients [7, 8]. 
It should be specifically noted that in the study of Park 
et al., the subgroup with lower tumor burden (blasts rep-
resenting between 0 and 5% of bone marrow cells) had a 
higher CR rate and lower risk of CRS than the subgroup 
with a higher disease burden (≥ 5% bone marrow blasts 
or extramedullary disease), although these findings did 
not reach statistical significance. These studies indicate 
that CAR-T therapy may achieve a better response in 
MRD-positive patients than refractory/relapsed B-ALL 
patients [7]. Moreover, a retrospective study showed that 
donor-derived CD19 CAR-T cells could eliminate B-ALL 
MRD after HSCT [9]. By accurately identifying patients 
with persistent MRD who are at highest risk for relapse, 
we may treat these patients more effectively using CD19 
CAR-T cells.

We conduct this study to investigate whether CAR-T 
cells could eliminate residual leukemia cells and prevent 
clinical relapse in patients with MRD-positive B-ALL. 
In this study, the safety and efficacy of autologous CD19 
CAR-T cells were assessed in 14 MRD–positive B-ALL 
patients. We found that CAR-T cells could induce long-
lasting molecular remission in B-ALL patients with per-
sistent or recurrent MRD. More importantly, CAR-T cell 
infusion without subsequent transplantation also led to 

improved survival. Furthermore, the treatment was well 
tolerated, as the instances of cytokine release syndrome 
(CRS) were moderate in these patients. These results 
suggest that preemptive intervention with CAR-T cells 
in MRD-positive patients might be a rational option for 
patients who are unable to receive allo-HSCT or intensive 
chemotherapy.

Methods

Patients and eligibility

From January 2018, a total of 14 B-ALL patients in 
CR with persistent or recurrent MRD were enrolled in 
CAR-T cell clinical trials ChiCTR-ONN-16009862 and 
ChiCTR1800015164. The enrolled patients came from 
two different clinical trials of CAR-T cells, and the char-
acteristics of the entire cohort are summarized in Table 1. 
Twenty-nine patients who had active disease (blasts ≥ 5% 
or with extramedullary disease) from the entire cohort were 
considered as control group. Patients who were treated in an 
MRD-positive state were considered as study group in this 
analysis: 1) if patients were in a consistent MRD-positive 
state after consolidation chemotherapy, they were catego-
rized into the MRD refractory subgroup; 2) if the patients 
achieved MRD negativity previously and then converted to 
MRD positive, they were categorized into the MRD relapse 
subgroup. Flow cytometry (FCM), real-time quantitative 
polymerase chain reaction (RQ-PCR) and/or next-generation 
sequencing (NGS) were used to evaluate MRD. The exclu-
sion criteria were as follows: central nervous system leuke-
mia; pregnant and lactating women; receipt of any investiga-
tional drugs within 3 months; prior allogeneic or autologous 
HSCT; autoimmune disease; and radiotherapy. None of the 
patients had previously received anti-CD19 therapies before 
(e.g., blinatumomab).

This study was approved by the ethics commission of 
Tianjin First Center Hospital. All participants provided 

Table 1  Baseline characteristics of the entire cohort of 47 B-ALL 
patients receiving CAR-T

Age (Median, range)-yr 29 (13–66)
Male sex-no.- (%) 27 (57.4%)
Bone marrow blasts before CAR-T- no. (%)
Median (range) 30% (0–98.8%)
 < 0.01% 4 (8.5%)
0.01–5% (MRD-positive) 14 (29.8%)
 ≥ 5% or with extramedullary disease 29 (61.7%)
Central nervous system leukemia- no. (%) 6 (12.8%)
Complex chromosome aberration- no. (%) 9 (19.1%)
Ph chromosome-positive- no. (%) 12 (25.5%)
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written informed consent. This analysis reflects all patients 
with a day cutoff date of August 19, 2020.

CD19 CAR‑T cell infusion

CD19 CAR-T cells were manufactured as previously 
reported [5]. Briefly, T lymphocytes were enriched from 
peripheral blood mononuclear cells using CD3 microbeads 
(Miltenyi Biotec, Germany). The expansion of CAR-T cells 
was stimulated by adding CD3/CD28 beads and IL-2. T lym-
phocytes were then transduced with recombinant lentiviral 
vectors encoding the CD19-28ζ CAR gene and expanded 
for another 10 days. The percentage of cells with successful 
CAR transduction in all patients was approximately 50%. 
Before CAR-T cell infusion, cyclophosphamide was given 
at 750 mg/m2 (day-2) and fludarabine was given at 30 mg/
m2 for three days. The infused CAR-T cell dose was at least 
1 ×  106/kg. Patients received repeat CAR-T cell infusion if 
they had relapsed or they had refractory MRD but did not 
undergo transplantation. In the latter condition, the interval 
of CAR-T cell infusion was six months.

Efficacy assessments

Bone marrow examination was performed on the 14, 28 
and 60th days after CAR-T cell infusion. Tests were then 
repeated every 2 months or more frequently if clinically 
indicated. MRD was monitored by FCM, RQ-PCR or deep 
sequencing for the malignant clone with BM aspirate sam-
ples. A panel of antibodies that recognize CD10, CD13, 
CD19, CD20, CD22, CD33, CD34, CD38, CD45, cTdT, 
and cCD79a was used for MRD detection. The samples were 
acquired on a Beckman Coulter Cytoflex. FCM positivity 
was defined as > 0.01% of cells with a leukemia-associated 
antigen phenotype in bone marrow. PCR positivity was 
defined as > 0.01% expression of BCR-ABL. TP53, C-KIT, 
TET2 and IKZF1 mutations in bone marrow were evaluated 
by NGS analysis. MRD-negative remission was defined as 
complete hematopoietic remission and negativity on FCM, 
RQ-PCR and NGS.

Assessment of adverse events after CAR‑T cell 
infusion

CRS and other adverse events were evaluated in the patients 
according to a previous study and Common Terminology 
Criteria for Adverse Events version 4.0 [10, 11]. Further-
more, the concentrations of serum inflammatory markers 
including C-reactive protein (CRP), IL-2R, IL-6, IL-8, IL-10 
and ferritin were assessed by Luminex assay, according to 
the manufacturer’s protocol.

Assessment of lymphocyte subsets

The assessment of lymphocyte subsets was performed as 
described previously [12]. Peripheral blood mononuclear 
cells were stained using antibody panel for lymphocyte sub-
sets and analyzed by CytExpert software (Beckman Coulter).

Statistical analysis

The results regarding patient characteristics were obtained 
using descriptive statistics. The Mann–Whitney U test or 
Student’s t test was used to compare the absolute number of 
T cell subsets between different groups. Two-year overall 
survival (OS) and two-year event-free survival (EFS) were 
calculated using Kaplan–Meier analysis. OS was defined 
as the time from CAR-T cell treatment to death. EFS was 
defined as the time from CAR-T cell treatment to the date 
of progression or death. Statistical analyses were performed 
using the SPSS version 19.0 software (Chicago, IL, USA).

Results

Demographic and clinical characteristics

From January 2018, a total of 14 B-ALL patients with 
relapsed/refractory MRD were treated with CD19 CAR-T 
cells. All patients had detectable MRD after initial therapy 
and were in CR. The characteristics of the patients and 
infused cells are described in Table 2. The median dose 
of infused CAR-T cells was 6.78 ×  106 cells/kg, and five 
patients received more than one infusion. The median fol-
low-up was 647 days (range 172–945 days). Eight patients 
had persistent MRD and six had MRD relapse. Among them, 
five patients had Ph-positive B-ALL and were refractory to 
imatinib or dasatinib before CAR-T cell therapy. They all 
underwent allo-HSCT immediately after CAR-T cell therapy.

Efficacy

One month after the infusion of CAR-T cells, conversion to 
MRD negativity was observed in 12 patients, leading to a 
response rate of 85.7% (supplementary Fig. 1). At a median 
follow-up time of 647 days, 12 patients were in persistent 
CR, resulting in a 2-year EFS rate of 61.2% ± 14.0%. The 
probability of 2-year OS was 78.6 ± 11.0%. The 2-year OS 
and EFS in patients with MRD were significantly higher in 
comparison to the patients with active disease (Fig. 1).

Eight of nine BCR-ABL negative patients achieved 
a MRD-negative CR after one cycle of CAR-T cell ther-
apy. Four patients remained in continuous remission, with 
a duration of response averaging 22.9  months (range: 
12.1–28.6 months). Of the four patients who experienced a 
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morphologic relapse, one patient (Patient 5) experienced a 
CD19-negative relapse and the other three patients (Patients 
4, 7, and 9) experienced CD19-positive relapse. Median time 
to relapse was 418 days (range: 238–740 days). It should 
be noted that the MRD level of the three relapsed patients 
(Patients 5, 7, and 9) before CAR-T cell therapy was higher 
than that of the other patients. Pearson correlation analysis 
showed that the MRD level was significantly correlated with 
peak expansion of CAR-T cells (r = 0.640, p = 0.014) and 
duration time of response (r = − 0.537, p = 0.048). Patient 5 
developed MRD positivity 123 days after CAR-T cell infu-
sion, and then he received two courses of chemotherapy as 
consolidation therapy. Unfortunately, he suffered morpho-
logic relapse with CD19-negative blasts at 238 days after 
CAR-T cell infusion. He then received one cycle of FLAG 
plus mitoxantrone with which he achieved MRD-positive 
remission and proceeded to allo-HSCT. Patients 4, 7, and 
9 maintained MRD negativity after the first transfusion of 
CAR-T cells and received a second infusion of CD19 CAR-T 
cells as consolidation therapy. However, they relapsed with 
CD19-positive leukemia at 740, 597, and 238 days respec-
tively after the first infusion and received a third transfusion 
of CAR-T cells after relapse. Patient 4 and Patient 7 only 
achieved partial remission (which is being maintained at this 
time) and then received other chemotherapy according to the 
results of the high-throughput drug sensitivity analysis strat-
egy. The leukemia cells of Patient 7 were highly sensitive 
to bortezomib. Thus, he received bortezomib (1.3 mg/m2, 
weekly) combined with methylprednisolone and achieved 
MRD-positive remission at one month. However, Patient 4 
had no response to chemotherapy. Patient 9 failed to respond 
to CD19 CAR-T cells and ultimately died.

All five BCR-ABL-positive patients were directly 
bridged to allo-HSCT with a median time to transplantation 
of 51 days from CAR-T cell infusion. None of the patients 
received any treatment after transplantation, and none have 
experienced hematologic relapse since then. The follow-
up period after transplantation of these five patients was 
409 days (range: 172–945 days). Two patients died due to 
transplant-related toxic effects, including severe infection 
and GVHD.

Adverse events

The majority of adverse events after the first infusion were 
CRS and hematopoietic toxicities (Table 3). Most of the 
patients (71.4%) had grade 1 CRS after the first infusion. We 
also serially monitored serum cytokine levels in all patients. 
In contrast to the more robust cytokine response seen in 
relapsed/refractory B-ALL patients, in most MRD-positive 
patients, CAR-T yielded only a mild cytokine response [3, 
13]. The degree of cytokine release was associated with 
fevers after CAR-T cell infusion (supplementary Fig. 2). 
Two patients with persistent high fever (Patients 5 and 7) 
had no response to antipyretics and were treated with ster-
oids (supplementary Fig. 2a). Moreover, they showed a nota-
ble elevation in CRP, IL-2R, IL-6, IL-8, IL-10 and ferritin 
compared with other patients (supplementary Fig. 2b–g). 
Some studies have shown that corticosteroids might not 
influence the efficacy of CAR-T cells in B-ALL [14]. Two 
patients received steroid therapy to ameliorate CRS, and this 
treatment rapidly ameliorated their symptoms and cytokine 
levels. Patient 9 suffered a grade 2 CRS and robust release 
of cytokines after the third infusion of CAR-T cells after 

Fig. 1  The probability of two-year overall survival and event-free sur-
vival in MRD-positive patients and the patients with active disease 
treated after CAR-T cell therapy. a The probability of two-year over-

all survival after CAR-T cell therapy; b The probability of two-year 
event-free survival after CAR-T cell therapy
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relapse, which may be due to the higher tumor burden in 
these patients. Compared to the patients with active disease, 
MRD-positive patients had a lower grade of CRS, and the 
peak levels of CRP, IL-2R and IL-6 were also significantly 
lower (Fig. 2a–g).

CAR‑T cell expansion and peripheral blood 
lymphocyte subsets

Continuous monitoring of CAR-T cell expansion in periph-
eral blood suggested that the peak expansion of CAR-T cells 
occurred within 7–14 days and the number decreased to low 
or undetectable levels by 3 months (supplementary Fig. 2h). 
Consistent with the elevation of cytokines, the number of 
CAR-T cells was increased significantly in Patients 5 and 
7. The peak expansion of CAR-T cells seemed to be lower 
in patients treated for MRD-positive disease in comparison 
to the active disease, but not that it is significant. (Fig. 2h).

B cell aplasia occurred in five patients who attained an 
MRD-negative CR after one cycle of CAR-T cell transfu-
sion (Patients 3, 5, 7, 13 and 14; supplementary Fig. 3a, b). 
In contrast, two patients (Patients 11 and 12) who had no 
response to CAR-T therapy only exhibit a transient reduction 
in B cells. These results suggested that CAR-T cells could 
lead to persistent B cell depletion in MRD-positive B-ALL 
patients who responded. By comparing the frequencies and 
absolute numbers of T lymphocyte subsets between persis-
tent CR patients and relapsed patients, we found that there 
was no significant difference in the frequencies or absolute 
numbers of T lymphocyte subsets (supplementary Fig. 3c, 
d).

Effect of repeated infusion of CAR‑T cells

In our study, five patients received two or more CAR-T cell 
infusions. One patient received a second CAR-T cell infusion 
in an MRD-negative status as consolidation therapy. The 
median infusion interval was 6.8 months (5.9–7.6 months). 
Except for Patient 9, who relapsed with CD19-positive leu-
kemia at 53 days after the second infusion, the other four 
patients maintained a long period of MRD-negative state. 
However, three of the five patients ultimately had CD19- 
positive relapse and had no response to a third infusion. 
Moreover, repeated CAR-T cell infusion only resulted in 
mild proliferation of CAR-T cells (Fig. 3).

Discussion

Although the CR rate of adult B-ALL is higher than 80%, a 
proportion of patients will eventually relapse due to resid-
ual leukemia cells in the bone marrow. These residual leu-
kemia cells are called MRD. Several meta-analyses have 
shown that MRD alone is an indicator of poor prognosis 

Table 3  Adverse events after 
first infusion of CAR-T cells

Adverse event Grade 1, % Grade 2, % Grade 3,% Grade 4, %

Inflammation-related event
Fever 57.1 14.3
Febrile neutropenia 57.1
Cytokine release syndrome 71.4
Hematological event
Anemia 28.6 28.6 7.1 7.1
Leukopenia 42.9 42.9 14.3
Neutropenia 7.1 21.4 35.7 21.4
Lymphopenia 14.3 7.1 78.6
Thrombocytopenia 35.7 7.1 7.1 7.1
Fibrinogen decreased 7.1 7.1
Nervous system event
Chemical laboratory abnormalities
Alanine aminotransferase increased 21.4
Aspartate aminotransferase increased 7.1
Gamma glutamyl transpeptidase increased 7.1
Blood bilirubin increased 7.1
Serum creatinine increased

Fig. 2  Comparison of cytokine release and CAR-T cell proliferation 
between MRD-positive patients and the patients with active disease 
after CAR-T cell infusion. a The incidence of CRS of all grades after 
CAR-T cell therapy in MRD-positive B-ALL patients (n = 14) and the 
patients with active disease (n = 29). b–g The peak levels of serum 
CRP, IL-2, IL-6, IL-8, IL-10 and ferritin in MRD-positive B-ALL 
patients (n = 14) or the patients with active disease (n = 29); h The 
peak level of CD19 CAR-T cells in peripheral blood after CAR-T cell 
infusion

▸
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and might be used to make individual treatment decisions 
for adult B-ALL patients [1]. Our study demonstrated that 
CAR-T cell infusion could rapidly eradiate leukemia cells 
and achieve sustained complete remission in patients with 
chemotherapy-refractory MRD. Moreover, CRS was less 
severe in patients with MRD than overt leukemia.

A number of studies have shown that CAR-T cells can 
rapidly induce molecular remission in relapsed or refrac-
tory B-ALL patients [15]. Although the clinical response 
to CAR-T cells in refractory or relapsed B-ALL is impres-
sive, relapse after CAR-T cell treatment reduces their effec-
tiveness. In patients with low tumor burden, CAR-T cells 
may have a good effect. Recently, Cheng et al. reported that 
donor-derived allogeneic CAR-T cells could be a useful way 
to eliminate MRD after allo-HSCT [9]. Moreover, Park et al. 
reported that the CRS rate in 21 ALL patients with MRD-
negative or MRD positive CR were significantly lower than 
those in 32 patients with higher tumor burden. Our study 
showed that, after one cycle of CAR-T cell infusion, most of 
the patients with MRD positivity experienced rapid elimina-
tion of residual leukemia cells and achieved MRD-negative 
CR. Eight patients exhibited molecular resistance to previ-
ous chemotherapy, and CAR-T cells induced MRD-negative 
remission regardless of the extent of disease burden. By 
comparing the outcomes of patients with MRD positivity to 
those of the patients with active disease, we found that the 
probability of 2-year OS of B-ALL patients with MRD was 
higher than that of the patients with active disease, which 
indicated a better outcome in MRD patients treated with 
CAR-T cells. Moreover, the rate of CRS and cytokine release 
were mild in MRD-positive patients, which reduced CAR-T 
cell related mortality. These results support the notion that 
CAR-T cells may be a potentially curative treatment option 
for MRD-positive B-ALL patients.

It should be mentioned that most of the patients in our 
study received additional therapy (allo-HSCT or chemo-
therapy) after CAR-T infusion. Although the early response 
rate after CAR-T therapy represents the individual effect of 
CAR-T, the long-term favorable EFS and OS may represent 
the combination effect of CAR-T and additional therapy. In 
our study, four patients (Patient 4, 7, 8, 13) did not received 
additional therapy after CAR-T therapy, two of them (Patient 
4,7) finally relapsed and received salvage chemotherapy. 
Other four patients who received only two or three cycle of 
chemotherapy before CAR-T treatment underwent consoli-
dation and maintenance chemotherapy thereafter to prevent 
relapse. However, two of the four patients still relapsed. 
Thus, the limited data may indicate that patients may not 
benefit from additional chemotherapy after CAR-T therapy.

Although CAR T cells have good efficacy in B-ALL, 
the sustained remission after CAR-T is still an important 
issue and relapses remain a limitation of the therapy [7, 16]. 
Compared with chemotherapy and monoclonal antibodies, 

CD19 CAR-T cells showed a greater efficacy and long-
lasting response [17, 18]. However, some patients still can-
not achieve a sustained remission. The short persistence 
of CAR-T cells, CD19-negative escape and the inhibitory 
bone marrow environment may contribute to the relapse 
after CAR-T treatment. CAR-T with a 4-1BB costimulatory 
domain was proved to have better persistence than CAR-T 
with a CD28 costimulatory domain [19]. A recent study 
reported long-term outcomes from patients receiving CD19 
CART with a 4-1BB costimulatory domain. The leukemia-
free survival was 58% at 12 months [20]. Although the 
long-term benefit has been proved, strategies decreasing the 
relapse rate are still needed. Among the patients with high 
risk of relapse, allo-HSCT after CAR-T therapy may provide 
a promising strategy [21, 22]. MRD status at the time of 
allo-HSCT is strongly correlated with clinical outcome [23]. 
Eradication of residual leukemic cells before HSCT is ben-
eficial for B-ALL patients. Unfortunately, some patients fail 
to achieve an MRD-negative CR before allo-HSCT due to 
chemotherapy resistance. In the present study, all five BCR-
ABL-positive patients converted to MRD negativity after 
CAR-T cell transfusion and were offered subsequent allo-
HSCT. Another BCR-ABL negative patient also underwent 
allo-HSCT. No clinical relapses have been observed to date. 
This result is consistent with previous studies, which showed 
that subsequent HSCT could improve the duration of remis-
sion after CAR-T cell therapy [8, 24, 25]. Thus, it seems 
that allogeneic HSCT following CAR-T treatment may be an 
effective way to eradicate residual leukemia cells and allo-
geneic HSCT instead of chemotherapy may be a good way 
to maintain long-term leukemia-free survival after CAR-T 
therapy. However, it should be noted that transplant-related 
mortality may offset the benefits of potential advantages.

Some studies have shown that patients with high MRD 
levels are more likely than patients with low MRD levels 
to develop hematologic relapse despite continued chemo-
therapy [1, 2, 26]. Of the eight patients who did not undergo 
subsequent transplantation for certain reasons, four patients 
suffered clinical relapse of medullary origin. One patient 
suffered CD19-negative relapse, and the other three suf-
fered CD19-positive relapses. Pearson correlation analysis 
showed that the MRD level was negatively correlated with 
duration time of response. These data supported that higher 
MRD level may decrease the efficacy of CAR-T cells. With a 
median follow-up period of 647 days, the probability of EFS 
was 61.2% ± 14.0%. This result is better than that reported in 
previous studies about MRD-positive patients treated with 
chemotherapies or monoclonal antibodies [27–31]. Thus, 
patients with MRD-positive B-ALL can achieve long-term 
EFS after CAR-T cell treatment. CAR-T cells are a highly 
promising treatment that might be used as consolidation 
therapy to prevent relapse.
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CRS is a major adverse effect that impedes the application 
of CAR-T cell therapy [32]. In our study, the severity of CRS 
was lower than that reported in relapsed/refractory B-ALL 
patients. This may be a result of the decreased tumor bur-
den in MRD-positive patients who were treated with CAR-T 
cells. Some studies reported a high dose of steroid therapy 
for CRS might limit the proliferation of CAR-T cells and 
lead to immune escape. Another study showed that steroids 
did not influence the efficacy of CAR-T cells in B-ALL [14]. 
In our study, no patients in the MRD-positive group had 
grade 2 or higher CRS. Two patients were treated with ster-
oid therapy to ameliorate cytokine-associated toxicities: one 
(Patient 5) relapsed with CD19-negative blasts, and the other 
relapsed with CD19-positive blasts. It seems that CD19 anti-
gen loss might mainly be responsible for the relapse of the 
one patient. In summary, compared with relapsed/refrac-
tory patients, MRD-positive patients can receive not only 
favorable curative effects from CAR-T cell therapy but also 
decreased adverse effects.

Some studies have shown that repeated infusion of murine 
single-chain variable fragments can lead to immune rejec-
tion, which may be the cause of retreatment failure [33]. Our 
study showed that the three patients who received a third 
infusion of CAR-T cells after relapse showed no response 
or only partial response to the reinfusion. Meanwhile, the 
peak level of CAR-T cells after the third infusion was lower 
than that after the previous infusion. Immune rejection may 
contribute to the decreased expansion of CAR-T cells after 
reinfusion.

The main limitations of the study are the small number 
of patients and the short follow-up period. Another limita-
tion is the retrospective design of the study. Despite these 
limitations, our work demonstrates that autologous CAR-T 
cells are effective in eradiating chemotherapy-resistant resid-
ual leukemia cells and are a superior treatment option for 
patients who are unable to receive intensive chemotherapy or 

transplantation. Furthermore, using CAR-T cells to bridge to 
allo-HSCT may dramatically improve the prognosis of these 
patients. The clinical benefits require further confirmation in 
a large randomized controlled trial and our center is initiat-
ing a prospective clinical trial to prove the beneficial effect 
of CAR-T cells in newly diagnosed high-risk B-ALL patients 
(ChiCTR1800015164).

In summary, CAR-T cell therapy seems to have a favora-
ble curative effect but little toxicity in MRD-positive B-ALL 
patients. Moreover, patients can achieve sustained remission 
without transplantation. It may offer a novel and promising 
tool for relapsed/refractory MRD-positive B-ALL patients 
who are unable to undergo allo-HSCT. These preliminary 
results may serve as the basis for further prospective trials 
to demonstrate the benefits of CAR-T cell therapy. Whether 
CAR-T cell treatment will replace well-established HSCT 
or standard-of-care chemotherapy is still a question. A bet-
ter understanding of the potential mechanisms of resistance 
to CAR-T cells, combination of CAR-T cells with other 
novel targeted drugs, and optimization of the manufactur-
ing process will help to improve the outcomes of CAR-T 
cell therapy.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00262- 021- 02941-4.
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