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Background: The presence of minimal residual disease (MRD) is an independent risk
factor for poor prognosis in patients with acute lymphoblastic leukemia (ALL). Moreover,
the role of chimeric antigen receptor T-cell (CAR-T) therapy in patients with MRD is
currently unclear.

Methods: We conducted a prospective study to investigate the role of CAR-T therapy in
patients with persistent/recurrent MRD-positive ALL in first remission.

Results: A total of 77 patients who had persistent/recurrent MRD were included. Of these
patients, 43 were enrolled in the CAR-T group, 20 received chemotherapy as a bridge to
allogeneic hematopoietic cell transplantation (allo-HSCT), and 14 patients received
intensified chemotherapy. MRD negativity was achieved in 90.7% of the patients after
CAR-T infusion. Patients who received CAR-T therapy had a higher 3-year leukemia-free
survival (LFS) than patients who did not (77.8% vs. 51.1%, P = 0.033). Furthermore,
patients in the CAR-T group had a higher 3-year LFS than those in the chemotherapy
bridge-to-allo-HSCT group [77.8% (95% CI, 64.8–90.7%) vs. 68.7% (95% CI, 47.7–
89.6%), P = 0.575] and had a significantly higher 3-year LFS than those in the intensified
chemotherapy group [77.8% (95% CI, 64.8–90.7%) vs. 28.6% (95% CI, 4.9–52.3%), P =
0.001]. Among the patients who received CAR-T therapy, eight were not bridged to allo-
HSCT, and six (75%) remained in remission with a median follow-up of 23.0 months after
CAR-T infusion.
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Conclusions: Our findings show that CAR-T therapy can effectively eliminate MRD and
improve survival in patients with a suboptimal MRD response.
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BACKGROUND

Acute lymphoblastic leukemia (ALL) is the most common
pediatric cancer. Despite remarkable improvements in the
prognosis of ALL over the past decades, treating relapsed ALL
remains challenging. Many studies have shown that eliminating
minimal residual disease (MRD), which is one of the most
important criteria for risk stratification, reduces relapse (1, 2).
The US Food and Drug Administration claimed that the
persistence of MRD is associated with poor prognosis,
regardless of trial approach and detection methods, and
highlighted the need for interventions for patients in first
complete remission (CR1) (3). A previous study in our
institute also showed that persistent/recurrent MRD was the
most significant adverse prognostic indicator in pediatric ALL
(4). Thus, eradicating MRD in CR1 is essential.

Allogeneic hematopoietic stem cell transplantation (allo-
HSCT) is recommended as a frontline treatment for high-risk
and relapsed ALL. Several studies have suggested that allo-HSCT
is associated with lower relapse risk than chemotherapy in
patients with MRD in CR1 (5, 6). However, Zhao et al.
indicated that the 3-year cumulative incidence of relapse was
significantly lower in patients with pre-HSCT MRD negativity
than in those with pre-HSCT MRD positivity (16% vs. 31%, P <
0.001). St. Jude Children’s Research Hospital also reported that
persistent MRD at the time of HSCT was associated with high
relapse rates and transplant-related mortality (TRM) (7). HSCT
and intensification of chemotherapy to decrease pre-HSCTMRD
carry a substantial risk of morbidity and mortality in the
presence of MRD. Therefore, novel therapeutic approaches
that can effectively eliminate MRD are urgently needed.

Recently, chimeric antigen receptor T-cell (CAR-T) therapy
has been reported to be the most promising approach for the
treatment of refractory/relapsed (R/R) B-cell ALL (8). In the
ELIANA trial, which included children and young adults with R/
R B-ALL, the response rate was 81%, and the leukemia-free
survival (LFS) among responders was 62% at 24 months (9).
Several groups have shown that most of patients become MRD-
negative and maintain their status for several months after CAR-
T infusion. Moreover, a previous study in our institute showed
that CAR-T infusion was effective in patients with MRD and
with no responsive to donor lymphocytes infusion after allo-
HSCT (10), suggesting that CAR-T therapy has the potential to
induce deeper remission while reducing toxicity. However, the
short-term and long-term effects of CAR-T on patients with
MRD have not been assessed. Several issues that need to be
explored include whether CAR-T therapy can efficiently
eradicate MRD and reach a satisfactory response rate similar
to those of previous reports on R/R ALL, whether CAR-T
therapy can improve the long-term survival of patients with
org 2
MRD, and whether sustained remission can be achieved with the
application of CAR-T therapy without allo-HSCT. To the best of
our knowledge, this study is the first prospective study to explore
the role of CAR-T therapy in patients with persistent/recurrent
MRD in CR1.
METHODS

Patients
In this single-center, prospective study, a total of 525 patients who
were newly diagnosed with Philadelphia chromosome-negative B-
ALL between January 2015 and September 2019 were included
(Figure 1). The inclusion criteria were (1) age of 1–18 years
(2), achieved complete remission (CR) after induction
chemotherapy (3), persistent positive MRD within three months
from the start of treatment, and (4) achieved MRD negativity and
the conversion of negative to positive MRD during consolidation
chemotherapy. The exclusion criteria included (1) morphological
relapse within two months of recurrent MRD and (2) severe heart,
kidney, or liver disease. This study was approved by the Peking
University People’s Hospital review board. All patients’ legal
guardians provided written informed consent documents in
accordance with the Declaration of Helsinki.

CAR-T Protocols
The lymphodepleting chemotherapy before CAR-T therapy
included fludarabine (25 mg/m2/d on days –5 to –3) and
cyclophosphamide (250 mg/m2/d on days –5 to –3). Multiple up-
to-date CAR-T engineering technologies have been summarized
(11). Anti-CD19 CAR-T cells constructed with a 4-1BB (79%) or
CD28 (21%) costimulatory domain were generated via lentiviral
vector from fresh leukapheresis material in this study.

For the CAR-T with a 4-1BB costimulatory domain,
peripheral blood mononuclear cells (PBMCs) were collected
from patients and stimulated with dynabeads coated with anti-
CD3 and anti-CD28 mAbs (Thermo Fisher Scientific). Activated
T cells were transduced with lentiviral vector encoding the anti-
CD19 CAR construct consisting of CD19 recognition domain,
transmembrane link domain, 4-1BB intracellular domain, CD3z
intracellular domain. After lentiviral transduction, the 4-1BB
CAR-T-19 cells were cultured in medium supplemented with
500 IU/ml IL-2 at 37°C/5% CO2 for approximately 5 to 11 days
to obtain sufficient cells for infusion.

For the CAR-T with a CD28 costimulatory domain,
peripheral blood mononuclear cells (PBMCs) were acquired
through apheresis from the patients at relapses with sufficient
lymphocyte counts, and the T cells were selected using
CD3 magnetic beads. CD28 monoclonal antibodies were added
for T cell activation in vitro. The activated T cells were
January 2022 | Volume 12 | Article 731435
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transduced with the 4SCAR19 lentiviral vector encoding the
CD19 CAR carrying a “safety switch”—iCasp9 for 3-5 days. The
CAR-T cells were cultured in AIM-V (Invitrogen, San Diego,
CA, USA) medium supplemented with IL-2, IL-7, and IL-15 at
37°C/5% CO2 for approximately 5–7 days to obtain sufficient
cells for infusion.

Real-time quantitative polymerase chain reaction was used to
quantify the level of the CAR gene (<100 copies/mg DNA was
defined as negative). Flow cytometry (FCM) was performed to
determine the transduction efficiency and the ratio of B cells in
peripheral blood and bone marrow after CAR-T infusion. For
patients who chose to be enrolled in the observation group after
CAR-T infusion, the levels of the CAR gene and B cells were
assessed every month, and maintenance chemotherapy was
administered if CAR T cells were not detected in vivo and/or B
cells were recovered.

Transplant Protocols
The conditioning regimen for allo-HSCT was in accordance with
previous reports (12, 13). Patientswho receivedanHLA-mismatched
HSCT received a regimen that included cytarabine (4 g/m2/day IV,
days −10 and −9), busulfan (3.2 mg/kg/day IV, days −8 to −6),
cyclophosphamide (1.8 g/m2/day IV, days −5 and −4), semustine
(250 mg/m2 PO, day −3), and antithymocyte globulin (ATG) (2.5
mg/kg/day IV, days −5 to −2). Patients who received an HLA-
identical HSCT were treated with a regimen identical to that of the
patients who received an HLA-mismatched HSCT, but without
ATG. All patients received acute graft-versus-host disease
(aGVHD) prophylaxis consisting of cyclosporine A,
mycophenolate mofetil, and a short-term methotrexate regimen.

Chemotherapy Protocols
The intensified chemotherapy regimens were in accordance with
a previous report (14). These regimens included (1) an induction
Frontiers in Immunology | www.frontiersin.org 3
therapy (2), a consolidation therapy with two cycles of a re-
induction block in between, and (3) a maintenance therapy. The
induction and re-induction chemotherapy regimens consisted of
vincristine, idarubicin, cyclophosphamide, and L-asparaginase.
The consolidation chemotherapy regimens were comprised of
methotrexate (MTX), vincristine, and peg-aspargase; and
cytarabine (Ara-c), idarubicin, fosfamide, etoposide, and
vincristine. The maintenance chemotherapy regimens included
mercaptopurine (50 mg/m2/d PO, daily) and methotrexate (20
mg/m2/d IM, weekly). Patients in the chemotherapy bridge-to-
allo-HSCT group received MTX (2–3 g/m2/d IV) and/or Ara-c
(2 g/m2/d IV, days 1 to 3) based chemotherapy regimens.

Detection of MRD
A panel of eight antibody combinations, which included cCD3,
mCD3, CD2, CD5, CD7, CD10, CD19, CD20, CD34, CD38,
CD45, CD58, CD99, CD123, and cTDT, were used for MRD
detection. The standardized assays and quality controls were
consistent with those of previous reports (15). Any MRD level
was considered positive. MRD was assessed every month until
MRD negativity, every two to three months during consolidation
chemotherapy, and every six months during maintenance
chemotherapy for patients in the chemotherapy group. MRD
was assessed every month until one year of CAR-T therapy and
every two to three months until two years of CAR-T therapy for
patients in the CAR-T group. MRD was assessed at 1, 2, 3, 4.5, 6,
9, and 12 months post-HSCT and at six-month intervals
thereafter for patients in the HSCT group.

Definitions
CR was defined as the presence of <5% blasts in the bone
marrow, an absolute neutrophil count of >1 × 109/L, a platelet
count of >100 × 109/L, and the absence of extramedullary
disease. Recurrence of ≥5% bone marrow blasts and/or the
FIGURE 1 | Diagram of patients enrolled in this study. CAR-T, chimeric antigen receptor T cells; ALL, acute lymphoblastic leukemia; allo-HSCT, allogeneric
haematopoietic stem cell transplantation; MRD, measurable residual disease; NR, non-remission; Ph, Philadelphia chromosome.
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development of extramedullary disease were defined as a relapse.
Recurrent MRD was defined as two MRD-positive samples at an
interval of one month in a patient who was previously MRD-
negative. Non-relapse-related mortality (NRM), aGVHD, and
chronic GVHD (cGVHD) were defined as previously described
(12). Cytokine release syndrome (CRS) grading was based on the
National Cancer Institute (NCI) consensus CRS scoring system.

End Points and Statistical Analysis
The primary endpoint is LFS. The secondary endpoints are MRD
negativity rate, overall survival (OS), and safety. LFS was
measured from the time when CR was achieved; events of LFS
included death in CR1 or relapse. MRD negativity was associated
with an undetectable MRD by FCM. The event of OS was death
at the date of the last follow-up. The patients’ characteristics were
compared using the chi-square test or Fisher’s exact test for
categorical variables and the Mann–Whitney rank test or
Student’s t-test for continuous variables. The Kaplan-Meier
method was used to analyze the LFS and OS. Comparisons
between different LFS and OS probabilities were performed using
the log-rank test. Multivariate analysis was performed using the
Cox proportional hazards regression model. Statistical
significance was set at P < 0.05. SPSS version 23.0 (SPSS Inc.,
Chicago, IL, USA) and R version 3.5.3 (R Foundation for
Statistical Computing, Vienna, Austria) were used for
data analysis.
RESULTS

Patients’ Characteristics
A total of 525 patients diagnosed with Philadelphia
chromosome-negative B-ALL were included in this study; 448
patients were excluded due to persistent negative MRD (n = 414),
relapse within two months of recurrent MRD (n = 14),
withdrawal due to personal reasons (n = 12), failure to achieve
CR after induction chemotherapy (n = 6), and loss to follow-up
(n = 2). Of the 77 patients with persistent/recurrent MRD who
were screened and encouraged to receive CAR-T therapy, 43
patients were enrolled in the CAR-T group. The remaining
patients were divided into the chemotherapy bridge-to-allo-
HSCT group (n = 20) and the intensified chemotherapy group
(n = 14) according to their personal willingness, economic
background, and donor availability. After a month of CAR-T
infusion, patients who failed to achieve MRD negativity received
allo-HSCT (n = 4), and patients who achieved MRD negativity
were divided into the bridge-to-allo-HSCT group (n = 31) and
the observation group (n = 8). Tables 1 and 2 show the
characteristics of the patients, and the baseline characteristics
of the patients who received CAR-T therapy and those who did
not were comparable.

CAR-T Therapy
In this study, 43 patients received CAR-T therapy. The median
dose of infused CAR T cells was 3.85 × 106 (0.45–8.45 × 106)/kg.
The viability of CAR-T pre-infusion was 93.4% (75.0-99.1%),
transduction efficiency of CAR-T pre-infusion was 29.5% (8.7-
Frontiers in Immunology | www.frontiersin.org 4
83.8%). CAR T cells rapidly expanded during the first month in
42 (97.6%) patients. The mean CAR-T count at peak expansion
was 303,238 (1,250–1,890,000), and the median time to peak
expansion was 11.6 (7–17) days. One patient had unsatisfactory
peak CAR-T counts (1,250 copies at peak expansion).

The median MRD level pre-lymphodepletion was 0.22% (0.01–
2.86%), and the rate of patients who achieved MRD negativity
after a month of CAR-T infusion was 90.7%. Patients who
achieved MRD negativity and those who did not received
comparable doses of CAR T cells (3.9 × 106/kg vs. 5.0 × 106/kg,
P = 0.65), but the peak CAR-T counts of patients who achieved
MRD negativity were significantly higher than those of patients
who failed to achieve MRD negativity (362,350 copies vs. 70,323
copies, P = 0.02). Among the patients who failed to achieve MRD
negativity after a month of CAR-T infusion (n = 4), one had
unsatisfactory peak CAR-T counts, and another had undetectable
CAR-T counts at 1 month after CAR T-cell infusion.

Among the patients who received CAR-T therapy, 23 (53.8%)
had CRS of any grade, and six (13.9%) had severe CRS (grades 3
and 4). Neurological adverse events occurred in six (13.9%)
patients, of which four experienced headache and confusion,
one had seizures, and another had encephalopathy. No CAR-T-
related mortality was observed.

All patients who failed to achieve MRD negativity after CAR-
T therapy received allo-HSCT. Among the patients who achieved
MRD negativity after CAR-T infusion (n = 39), 31 were bridged
to allo-HSCT after CAR-T therapy, while eight were not
(Table 3). Among patients who bridged to allo-HSCT after
CAR-T therapy, 26 of them received 4-1 BB CAR-T, CAR-T
cell can be detected before allo-HSCT in 24 patients who received
4-1 BB CAR-T. Among patients who bridged to allo-HSCT after
CAR-T therapy, 9 of them received CD28 CAR-T (Table 4), the
level of CAR-T cell after infusion was not monitored.

In patients who were not bridged to allo-HSCT after CAR-T
therapy, the median dose of infused CAR T cells was 3.96 × 106

(0.45–5.3 × 106)/kg, the median persistence time of CAR T cells
was 5.0 (2–12) months, and the median recovery time of B cells
was 3.9 (1.5–7.5) months. B cells were not recovered in two
patients until the last follow-up. One of them remained in CR
after 23 months of CAR-T infusion, while the other patient with
CD19 negativity relapsed.

Allo-HSCT
In this study, 55 patients received allo-HSCT. A total of 35
patients received CAR-T therapy before allo-HSCT, and the
median time from CAR-T therapy to allo-HSCT was 67 days.
The other 20 patients received chemotherapy before allo-HSCT.
Thirty (85.7%) patients in the CAR-T bridge-to-allo-HSCT
group were MRD-negative pre-HSCT, while the other five
patients were MRD-positive with a median MRD level of
0.17% (0.01–0.77%). Fifteen (75%) patients in the
chemotherapy bridge-to-allo-HSCT group were MRD-negative
pre-HSCT, while the other five patients were MRD-positive with
a median MRD level of 0.44% (0.01–1.5%).

Of the patients who received allo-HSCT, five received allo-
HSCT from matched sibling donors, while the others received
haplo-HSCT. Patients achieved neutrophil engraftment at a
January 2022 | Volume 12 | Article 731435
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TABLE 1 | Characteristics of patients stratified by CAR-T and non-CAR-T group.

Characteristics CAR-T Group Non-CAR-T Group P value

Number of patients 43 34
Median age (range), years 8.3 (1–17) 8.2 (1–17) 0.978
Male sex, n (%) 23 (53.5) 22 (64.7) 0.359
Cytogenetic risk group
Low-risk, n (%) 29 (67.4) 19 (55.8) 0.348
High-risk, n (%) 14 (32.6) 15 (44.2) 0.348
Fusion genes, n (%)
MLL-AF4 2 (4.6) 4 (11.7) 0.251
E2A-PBX1 2 (4.6) 2 (5.8) 0.810
TEL-AML1 6 (13.9) 2(5.8) 0.252
E2A-HLF 1 (2.3) 1 (2.9) 0.867
High hyperdiploid 6 (13.9) 3 (8.8) 0.489
High risk gene mutation, n (%) 14 (32.5) 13 (38.2) 0.604
IKZF1 6 (13.9) 8 (23.4)
JAK2 3 (6.9) 4 (11.7)
CRLF2 3(6.9) 1 (2.9)
PDGFRB 2 (4.6) 0 (0.0)
Extramedullary infiltration, n (%) 5 (11.6) 4 (11.7) 0.628
Persistent positive MRD, n (%) 17 (39.5) 16 (47.0) 0.259
Recurrent positive MRD, n (%) 26 (60.5) 18 (53.0) 0.488
MRD > 0.1% at any checking points, n (%) 29 (67.4) 27 (79.4) 0.307
MRD > 1% at any checking points, n (%) 15 (34.8) 9 (26.4) 0.467
Levels of recurrent MRD (%) 0.52 (0.01-5.09) 0.58 (0.004-3.3) 0.843
Follow-up time (range), months 37.4 (7.0-70.0) 45.0 (7.0-70.0) 0.518
Frontiers in Immunology | www.frontiersin.org
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TABLE 2 | Characteristics of patients stratified by CAR-T bridge to allo-HSCT and chemotherapy bridge to allo-HSCT.

Characteristics CAR-T Bridge to Allo-HSCT Chemotherapy Bridge to Allo-HSCT P value

Number of patients 35 20
Median age (range), years 8.4 (1–17) 9.3 (1–17) 0.546
Male sex, n (%) 17(48.6) 11 (55.0) 0.781
Median level of pre-HSCT MRD (range), % 0.04 (0.00-0.77) 0.06 (0.00-1.5) 0.754
Median time from diagnosis to allo-HSCT (range), months 8.2 (3–14) 7.5 (4–20) 0.348
Donor-recipient sex match grafts, n (%)
Male-male 17 (48.5) 12 (60) 0.575
Male-female 11 (31.4) 7 (35.0) 0.786
Female-male 3 (8.5) 0 (0.0) 0.182
Female-female 4 (11.4) 1 (5.0) 0.429
Donor-recipient relationship, n (%)
Father-child 26 (74.2) 18 (90.0) 0.165
Mother-child 3 (8.6) 1 (5.0) 0.627
Brother-brother 3 (8.6) 0(0.0) 0.182
Sister-brother 3 (8.6) 1 (5.0) 0.627
ABO matched grafts, n (%)
Matched 17 (48.6) 12 (60.0) 0.575
Major mismatch 5 (14.3) 3 (15.0) 0.943
Minor mismatch 11 (31.4) 4 (20.0) 0.364
Bidirectional mismatch 2 (5.7) 1 (5.0) 0.911
Cell compositions in grafts, mean (range)
Infused nuclear cells, 108/kg, mean (range) 9.5 (7.0-14.0) 9.5 (6.6-13.91) 0.792
infused CD34+cells, 106/kg, mean (range) 3.4 (1.2-9.8) 2.8 (0.9-4.7) 0.543
Median time of neutrophil engraftment (range), days 13.1 (10–18) 13.9 (10–19) 0.965
Median time of platelet engraftment (range), days 15.6 (9–46) 20.3 (10–43) 0.687
Grade II-IV aGVHD, % 22 21 0.758
Chronic GVHD, % 43 40 0.810
Moderate to severe cGVHD, % 19 21 0.897
3-years probability of LFS, % 75.0 68.7 0.586
3-years probability of OS, % 85.6 73.3 0.920
CAR-T, chimeric antigen receptor T cells; GVHD, graft-versus-host disease; HSCT, allogeneic hematopoietic stem cell transplantation; LFS, leukemia-free survival; MRD, minimal residual
disease; OS, overall survival.
731435
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median time of 13 (10–35) days, and all patients achieved platelet
engraftment at a median time of 14 (7–58) days. The cumulative
100-day incidence of aGVHD grades II–IV and grades III–IV in
the CAR-T bridge-to-allo-HSCT group were similar to those of
the chemotherapy bridge-to-allo-HSCT group [24% (95% CI,
17–27%) vs. 23% (95% CI, 12–32%), P = 0.956; 8% (95% CI, 4–
12%) vs. 6% (95% CI, 3–11%), P = 0.818]. The cumulative 3-year
incidence of total cGVHD and severe cGVHD in the CAR-T
bridge-to-allo-HSCT group were also similar to those of the
chemotherapy bridge-to-allo-HSCT group [56% (95% CI, 38–
65%) vs. 49% (95% CI, 39–55%), P = 0.687; 12% (95% CI, 6–19%)
vs. 11% (95% CI, 5–15%), P = 0.918]. The cumulative 3-year
incidence of NRM was 3% (95% CI, 1–6%).

Chemotherapy
Of the patients who received intensified chemotherapy without
allo-HSCT, nine (64.2%) achieved MRD negativity. No serious
treatment-related toxicity or TRM was observed.
Frontiers in Immunology | www.frontiersin.org 6
Relapse, LFS, and OS
Between January 1, 2015 and December 31, 2020, the median
follow-up time for surviving patients was 44.0 (18.0–70.0)
months. Of patients in the CAR-T group, 10 (23.2%) relapsed
(four withdrew, three achieved second CR with allo-HSCT, two
achieved second CR with CD22-CAR-T therapy, and one
abandoned further treatment after no response to CD22-CAR-
T therapy). Relapse occurred at a median time of 9.6 (4–17)
months after CAR-T infusion. Nine (20.9%) patients experienced
a CD19-positive relapse, while one (2.3%) patient experienced a
CD19-negative relapse. Of the patients in the chemotherapy
bridge-to-allo-HSCT group, six (30%) relapsed (four withdrew
and two achieved second CR with allo-HSCT). Of the patients
who received intensified chemotherapy, 10 (71.4%) relapsed (five
withdrew, three achieved second CR with allo-HSCT, and two
failed to achieve second CR with salvage chemotherapy). At the
last follow-up, 17 (22.0%) patients died of relapse, and two
(2.5%) patients died of transplant-related complications.
TABLE 3 | Clinical features and outcomes of patients who did not bridge to allo-HSCT after CAR-T therapy.

Patient Cyto/mol abn MRD Before
Lymphodepletion (%)

Total CAR-
T cells/kg
infused

Time of
Persistence
of CAR-T Cell

(months)

Time of B Cell
Recovery
(months)

Treatment After CAR-T
Disappeared

Outcome
After CAR-T

1 No 0.08 3.4×106 4 2.5 6-MP; MTX CCR for 29
months

2 hypodiploid 0.02 5.0×106 2.5 1.5 6-MP; MTX CD19+relapse
3 No 0.03 3.0×106 2.5 6 6-MP; MTX CCR for 21

months
4 TEL/AML1 0.3 5.3×106 4 4 6-MP; MTX CCR for 12

months
5 hyperdiploid 0.98 0.45×106 12 7.5 6-MP; MTX CCR for 14

months
6 IKZF1 0.56 5.0×106 8 without B cell

recovery
6-MP; MTX CCR for 23

months
7 TEL/AML1 0.06 4.6×106 2 2 CD22-CAR-T CCR for 14

months
8 IKZF1; complex

chromosome
0.28 5.0×106 5 without B cell

recovery
Chinese medicine CD19-relapse
January 2022 | Volume 12 |
CAR-T, chimeric antigen receptor T cells; Cyto/mol abn, cytogenetic/molecular abnormalities; CCR, continuous complete remission; 6-MP, mercaptopurine; MRD, minimal residual
disease; MTX, methotrexate.
TABLE 4 | Characteristics of patients stratified by 4-1 BB CAR-T and CD28 CAR-T.

Characteristics 4-1BB CAR-T CD28 CAR-T P value

Number of patients 34 9
Median age (range), years 8.0 (2–16) 9.0 (1–17) 0.613
Male sex, n (%) 19 (55.8) 2 (22.2) 0.076
Cytogenetic risk group
Low-risk, n (%) 23 (67.6) 6 (66.7)
High-risk, n (%) 11 (32.4) 3 (33.3) 0.956
MRD negativity after one month of CAR-T infusion, n (%) 33 (97.0) 6 (66.7) 0.006
Bridge to allo-HSCT, n (%) 26 (76.5) 9 (100) 0.111
3-years probability of LFS, % 80.7 66.7 0.426
3-years probability of OS, % 91.1 66.7 0.138
CRS of any grade, n (%) 21 (61.7) 2 (22.2) 0.037
Severe CRS (grade 3 and 4), n(%) 6 (17.6) 0 (0) 0.179
Article
CAR-T, chimeric antigen receptor T cells; CRS, cytokine release syndrome; HSCT, allogeneic hematopoietic stem cell transplantation; LFS, leukemia-free survival; MRD, minimal residual
disease; OS, overall survival.
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Patients who received CAR-T therapy (n = 43) had a higher 3-
year LFS [77.8% (95% CI, 65.6–89.9%) vs. 51.1% (95% CI, 33.8–
68.3), P = 0.033, Figure 2A] and a trend of higher OS [86.0% (95%
CI, 93.4–75.6%) vs. 62.6% (95% CI, 45.5–76.5%), P = 0.059,
Figure 2B] than those who did not (n = 34). Patients in the
CAR-T group (n = 43) also had a trend of higher 3-year LFS than
those in the chemotherapy bridge-to-allo-HSCT group (n = 20)
[77.8% (95% CI, 64.8–90.7%) vs. 68.7% (95% CI, 47.7–89.6%), P =
0.575] and had a significantly higher 3-year LFS than those in the
intensified chemotherapy group (n = 14) [77.8% (95% CI, 64.8–
90.7%) vs. 28.6% (95% CI, 4.9–52.3%), P = 0.001) (Figure 2C). The
3-year OS of patients in the CAR-T group (n = 43) tented to be
higher than that in the chemotherapy bridge-to-allo-HSCT group
(n = 20) [86.0% (95% CI, 75.6–96.3%) vs. 73.3% (95% CI, 52.9–
93.6%), P = 0.470] and was significantly higher than that in the
intensified chemotherapy group (n = 14) [86.0% (95% CI, 75.6–
96.3%) vs. 49.0% (95% CI, 22.3–75.6%), P = 0.010] (Figure 2D).

Multivariate Cox regression modeling showed that MRD ≥1%
at any checking point and non-CAR-T therapy were
Frontiers in Immunology | www.frontiersin.org 7
independent risk factors associated with inferior LFS in all
patients (Table 5).
Subgroup Analysis for Patients Who
Received CAR-T Therapy
In patients who received CAR-T therapy (n = 43), the LFS and
OS of patients who were bridged to allo-HSCT after CAR-T
infusion (n = 35) were comparable with those of patients who
were not (n = 8) [75.0% (95% CI, 59.9–90.0%)vs. 75.0% (95% CI,
45.0–104.9%), P = 0.765, Figure 2E; 85.2% (95% CI, 73.2–97.1%)
vs. 75.0% (95% CI, 45.0–104.9%), P = 0.470, Figure 2F]. MRD
≥1% at any checking point pre-CAR-T therapy (n = 15) tended
to lower the LFS of the CAR-T group, but the trend was not
statistically significant [65.5% (95% CI, 40.8–90.1%) vs. 82.9%
(95% CI, 67.6–98.1%), P = 0.236], indicating that the negative
impact of high-level MRD can be abrogated by CAR-T therapy
to some extent. Multivariate Cox regression modeling showed
that high-risk cytogenetics was an independent risk factor
A B

D

E F

C

FIGURE 2 | Kaplan- Meier estimates for patients with persistent/recurrent MRD. (A) LFS rates for patients received CAR-T therapy and patients did not receive
CAR-T theraphy; (B) OS rates for patients received CAR-T therapy and patients did not receive CAR-T therapy; (C) LFS rates for patients received CAR-T therapy,
patients received chemotherapy bridge to allo-HSCT and patients received chemotherapy without allo-HSCT; (D) OS rates for patients received CAR-T therapy,
patients received chemotherapy bridge to allo-HSCT and patients received chemotherapy without allo-HSCT; (E) LFS rates for CAR-T patients who bridge to allo-
HSCT and who did not; (F) Os rates for CAR-T patients who bridge to allo-HSCT and who did not.
January 2022 | Volume 12 | Article 731435

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Hu et al. CAR-T Therapy in ALL Patients With MRD
associated with inferior OS in patients who received CAR-T
therapy (Table 5).

Subgroup Analysis for Patients Who
Received Allo-HSCT
In patients who received allo-HSCT (n = 55), the 3-year LFS and
OS of patients who received CAR-T therapy pre-HSCT (n = 35)
were higher than those of patients who did not (n = 20) [75.0%
(95% CI, 59.7–90.2%) vs. 68.7% (95% CI, 47.7–89.6%), P = 0.586;
85.6% (95% CI, 69.9–97.3%) vs. 73.3% (95% CI, 52.9–93.6%), P =
0.382]. MRD ≥1% at any checking point pre-HSCT (n = 16)
significantly lowered the LFS and OS of the allo-HSCT group
[46.1% (95% CI, 20.2–71.9%) vs. 85.5% (95% CI, 73.7–97.2%), P
= 0.006; 61.4% (95% CI, 33.9–88.8%) vs. 88.7% (95% CI, 78.3–
99.0), P = 0.045]. The 3-year LFS of patients with cGVHD (n =
29) [85.9% (95% CI, 71.0–100.7%)] was higher than that of
patients without cGVHD (n = 26) [61.4% (95% CI, 41.9–80.8%)]
(P = 0.045). Multivariate Cox regression modeling revealed that
Frontiers in Immunology | www.frontiersin.org 8
MRD ≥1% and not having cGVHD were independent risk
factors associated with inferior LFS, and MRD ≥1% was also
an independent risk factor associated with inferior OS.

Subgroup Analysis for Patients Who
Received Intensified Chemotherapy
In patients who received intensified chemotherapy (n = 14), the
3-year LFS of patients with recurrent MRD (n = 9) was lower
than that of patients with persistent MRD (n = 5) [0.0% vs. 40.0%
[95% CI, 9.0–69.0%], P = 0.350). MRD ≥1% at any checking
point (n = 4) tended to lower the LFS (0.0% vs. 40.0% [95% CI,
9.6–70.3], P = 0.125).
DISCUSSION

Multiple studies have demonstrated the effectiveness of CAR-T
therapy in treating R/R B-ALL, with consistently high response
TABLE 5 | Multivariate analysis of factors associated with survival outcomes.

LFS OS

Variable HR (95%CI) P HR (95%CI) P

Overall patients
Cytogenetic risk group (high-risk vs. non-high-risk) 1.326 (0.753-2.335) 0.328 1.781 (0.894-3.631) 0.112
Level of MRD (≥1% vs.<1%) 3.659 (1.642-8.155) 0.002 2.424 (0.947-6.203) 0.065
CAR-T therapy (no vs. yes) 2.409 (0.999-5.812) 0.049 2.112 (0.733-6.086) 0.166
HSCT (no vs. yes) 2.075 (0.890-4.838) 0.091 2.249 (0.832-6.077) 0.110
Recurrent MRD group
Cytogenetic risk group
(high-risk vs. non-high-risk)

0.783 (0.160-3.831) 0.763 2.546 (0.613-10.572) 0.198

Median time of MRD recurred
(<18 months vs. ≥18 months)

1.001 (1.095-1.718) 0.430 2.714 (0.537-8.323) 0.044

Level of recurred MRD (≥1% vs.<1%) 1.605 (1.895-2.981) 0.000 0.428 (0.069-2.641) 0.361
CAR-T therapy (no vs. yes) 9.456 (2.087-42.848) 0.004 4.736 (0.872-25.718) 0.072
HSCT (no vs. yes) 6.642 (1.116-39.519) 0.037 23.503 (2.633-209.791) 0.005
Persistence positive MRD
Cytogenetic risk group
(high-risk vs. non-high-risk)

1.994 (0.547-7.268) 0.295 2.669 (0.669-10.785) 0.168

Level of MRD (≥1% vs.<1%) 2.907 (0.804-10.503) 0.104 1.239 (0.296-5.188) 0.769
CAR-T therapy (no vs. yes) 1.674 (0.407-6.892) 0.476 0.671 (0.154-2.934) 0.596
HSCT (no vs. yes) 3.160 (0.720-13.808) 0.127 1.899 (0.331-10.902) 0.472
CAR-T therapy group
Cytogenetic risk group
(high-risk vs. non-high-risk)

1.384 (0.305-6.281) 0.674 12.413 (1.275-120.851) 0.030

Level of MRD (≥1% vs.<1%) 2.291 (0.560-9.377) 0.249 1.787 (0.304-10.510) 0.521
MRD after CAR-T
(positive vs. negative)

1.236 (0.206-7.436) 0.817 3.677 (0.497-27.193) 0.202

Bridge to HSCT (no vs. yes) 0.633 (0.069-5.816) 0.686 2.528 (0.189-33.717) 0.483
Allo-HSCT group
Cytogenetic risk group
(high-risk vs. non-high-risk)

0.647 (0.193-2.164) 0.479 1.649 (0.359-7.570) 0.520

Level of MRD (≥1% vs.<1%) 5.848 (1.753-19.514) 0.004 5.054 (1.127-22.669) 0.034
Pre-HSCT MRD (negative vs. positive) 0.651 (0.168-2.521) 0.534 0.838 (0.512-4.630) 0.840
CAR-T pre-HSCT (no vs. yes) 3.010 (0.860-10.466) 0.083 3.425 (0.732-16.022) 0.118
cGVHD (no vs. yes) 6.506 (1.518-27.884) 0.012 1.908 (0.401-9.080) 0.417
Chemotherapy group
Cytogenetic risk group
(high-risk vs. non-high-risk)

1.290 (0.310-5.366) 0.726 1.870 (0.389-8.992) 0.435

Level of MRD (≥1% vs.<1%) 4.014 (0.860-18.673) 0.076 9.881 (0.312-11.355) 0.491
Recurrent MRD (yes vs. no) 2.771 (0.616-12.474) 0.184 7.875 (0.820-75.640) 0.074
January 2022 | Volume 12 | Article 7
CAR-T, chimeric antigen receptor T cells; CI, confidence interval; GVHD, graft-versus-host disease; HR, hazard ratio; HSCT, allogeneic hematopoietic stem cell transplantation; LFS,
leukemia-free survival; MRD, minimal residual disease; OS, overall survival.
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rates (83–94.3%) (16–19). However, the patients enrolled in
previous trials were those who relapsed and were in
morphological non-remission (20–22). In a retrospective study,
CAR-T therapy was effective in patients with refractory ALL, of
which nine had positive MRD (23). However, the survival analysis
of patients with MRD was not performed, and the median follow-
up time was only seven months. Thus, whether CAR-T therapy
can eliminate MRD and improve outcomes in patients with MRD
remains unknown. In this study, with a median follow-up of 44.0
months for all patients and 37.4 months for patients who received
CAR-T therapy, we observed that MRD negativity after one
month of CAR-T infusion was achieved by 90.7% of patients.
This proportion was higher than that in patients who did not
receive CAR-T infusion (90.7% vs. 70.5%, P = 0.036), proving the
effectiveness of CAR-T therapy in eliminating MRD. Patients who
received CAR-T therapy had a higher 3-year LFS (77.8% vs. 51.1%,
P = 0.033) than patients who did not, and only one (2.3%)
experienced a CD19-negative relapse. Patients who received
CAR-T therapy also tended to be a higher 3-year LFS and OS
than patients who received chemotherapy as a bridge to allo-
HSCT. Eight patients were not bridged to allo-HSCT after CAR-T
infusion, and six (75%) of them remained in remission with a
median follow-up of 23.0 months after CAR-T infusion. This
observation indicates the effectiveness of CAR-T therapy in
improving long-term survival. In this study, the incidence of
CRS was 53.8%, which is lower than that reported by Maude
et al. (77–93%) (9), suggesting the possible correlation between
CRS incidence and severity with tumor burden (24). As present,
this study is the first prospective trial to prove the effectiveness of
CAR-T therapy in patients with MRD.

The high MRD negativity and survival rates demonstrate that
CAR-T therapy is effective in patients with low tumor loads. In
patients with MRD, the LFS of patients who were bridged to allo-
HSCTwas similar to that of patients who were not (n = 8) (75.0% vs.
75.0%, P = 0.765). Six (75%) of patients who received CAR-T therapy
without bridging to allo-HSCT remained in remission with amedian
follow-upof23.0monthsafterCAR-Tinfusion.Thus,CAR-Ttherapy
alone with improved CAR-T structure and risk stratification to
achieve long-term survival may be feasible in patients with MRD in
CR1. The role of allo-HSCT in patients receiving CAR-T therapy for
R/RALL is controversial. In a single-center phase I trial conducted by
theUniversity ofPennsylvania, only10%ofMRD-negativepatients in
CR underwent allo-HSCT post-CAR-T treatment (22). Similarly, in
the multicenter ELIANA trial, 14% (n = 8) of the patients in CR
underwent allo-HSCT(9); anupdated analysis of the trial showed that
the OS was nearly identical irrespective of whether patients were
censored during allo-HSCT. In an analysis from Seattle Children’s
Hospital, the 28%of patientswhounderwent allo-HSCTafterCAR-T
therapyhad a lower relapse rate than thosewhodidnot (18% vs. 55%)
atamedian follow-upof12.2months (25).Consistently, anNCIphase
I cohort study revealed thatmost patients (83%)who receivedCAR-T
therapy achieved MRD-negative CR after allo-HSCT, and all HSCT
recipients were in remission at the last follow-up (18).Moreover, Hay
et al. foundthat the intervention involvingCAR-TtherapywithHSCT
was associated with improved LFS compared with the non-HSCT
intervention (HR 0.39) (26). The American Society for
Transplantation and Cellular Therapy recommended that
Frontiers in Immunology | www.frontiersin.org 9
conducting allo-HSCT after CAR-T therapy should be based on
patient (physical condition and donor availability), disease (MRD
status and B cell aplasia), and CAR T cell (costimulatory domain and
potential persistence of CAR T cells) factors (27). Certainly, whether
patients with MRD should receive allo-HSCT after CAR-T therapy
remains unclear. Thepresent study showed that allo-HSCTmight not
be necessary in patients withMRDafter CAR-T therapy, especially in
patients who achieved MRD negativity after CAR-T infusion.
CONCLUSIONS

This prospective study showed that CAR-T therapy could
effectively and safely eliminate MRD and significantly improve
survival in children with persistent/recurrent MRD in CR1. In
some patients, improve survival through CAR-T alone may be
possible; however, further multicenter, prospective clinical trials
are needed.
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