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Abstract

Background: Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is considered the cornerstone in
treatment of hematological malignancies. However, relapse of the hematological disease after allo-HSCT remains a
challenge and is associated with poor long-term survival. Chimeric antigen receptor redirected T cells (CAR-T cells) can
lead to disease remission in patients with relapsed/refractory hematological malignancies. However, the therapeutic
window for infusion of CAR-T cells post allo-HSCT and its efficacy are debatable.

Main body: In this review, we first discuss the use of CAR-T cells for relapsed cases after allo-HSCT. We then review the
toxicities and the occurrence of graft-versus-host disease in relapsed patients who received CAR-T cells post allo-HSCT.
Finally, we review clinical trial registrations and the therapeutic time window for infusion of CAR-T cells post allo-HSCT.

Conclusions: The treatment of allogeneic CAR-T cells is beneficial for patients with relapsed B cell malignancies after
allo-HSCT with low toxicities and complications. However, multicenter clinical trials with larger sample sizes should be
performed to select the optimal therapeutic window and confirm its efficacy.
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Background
Relapse is common after allogeneic hematopoietic stem
cell transplantation (allo-HSCT) for hematological ma-
lignancy. The treatment of relapsed lymphoid malig-
nancy after allo-HSCT is challenging, as evidenced by
the low rate of remission after chemotherapy and poor
long-term survival rate [1–3]. Donor lymphocyte infu-
sion (DLI) is one of the main methods used to prevent
relapse after allo-HSCT, as it results in good outcomes;
however, the results vary for different hematological dis-
eases [4]. Donor-derived T and natural killer (NK) cells
emerge after transplantation and control leukemia,
mainly through the graft-versus-leukemia (GVL) effect.
However, DLI and donor-derived T and NK cells have
limited efficacy in preventing or treating disease relapse
after allo-HSCT and may cause life-threatening graft-
versus-host disease (GVHD), associated with infusion of
a high number of T cells in lymphoid malignancy [5–7].

Clinically significant acute GVHD develops in approxi-
mately one third of patients who receive DLI, and
GVHD is the main contributor to the 6 to 11%
treatment-related mortality rate for DLI [8]. Therefore,
new treatment strategies are needed to improve the out-
comes of higher-risk patients in the context of post-
transplantation intervention.
Chimeric antigen receptors (CARs) are fusion proteins

consisting of an antigen recognition moiety and T cell
activation domains (Fig. 1). T cells can be genetically
modified to express CARs and transfused into patients
(Fig. 2). CAR-redirected T (CAR-T) cells offer a new and
promising cell-based immunotherapy that can enhance
and effectively maintain the antitumor GVL response
after transfusion into patients without major histocom-
patibility complex restriction; treating patients with
CAR-T cells can result in the remission of refractory/re-
lapsed hematological malignancies [9–13]. Greater, more
potent patient responses have been achieved using CAR-
T cells than with therapeutic monoclonal antibodies and
related approaches [14].
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Although the use of CAR-T cells for the treatment of
refractory/relapsed hematological malignancies has been
shown to result in good outcomes, it is unclear whether
donor-derived CAR-T cells can be infused after allo-
HSCT because of the associated toxic effects and risk of
GVHD, which can lead to death [15]. In this review, we
first discuss the use of CAR-T cells to treat relapsed pa-
tients after allo-HSCT. Then, we review the occurrence
of toxicities and GVHD after allo-HSCT in relapsed

patients who were treated with CAR-T cells. Finally, we
review the clinical trial registrations and therapeutic
time window for the infusion of CAR-T cells after allo-
HSCT.

Allogeneic CAR-T cells for relapsed B cell malignancies
after allo-HSCT
Strategies for reducing the rate of relapse using CARs
rely on the use of T cells, which can be collected from

Fig. 1 Structure of a chimeric antigen receptor (CAR). The CAR comprises three parts: an ectodomain (an antigen-binding region of a monoclonal
antibody), a transmembrane domain, and an endodomain (intracellular T cell signaling domains). The lipid bilayer is an integral part of the host
cell membrane. The recognition of CAR imparts the ability of a T cell to recognize cell surface molecule; then, engagement of the CAR through
its ligand transmits a signal to the intracellular T cell signaling domain

Fig. 2 The procedure of allogeneic or autologous chimeric antigen receptor (CAR) therapy. T cells are collected from the patients or donors by
apheresis, and the T cells are then expanded and genetically modified using one of several approaches. Finally, the CAR-T cells are infused into
the patients. APCs antigen-presenting cells
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either the patient or a donor in an autologous or allo-
geneic post-HSCT setting. T cell-mediated tumor recog-
nition is known to play a pivotal role in leukemic
control. However, established leukemia cannot be com-
pletely eradicated by donor lymphocytes, often resulting
in the failure of allo-HSCT. The dual problems of a
host-versus-graft response, which would eliminate any
transferred allogeneic cells and thereby limit their per-
sistence, and a graft-versus-host response have been
encountered with the use of allogeneic CAR-T cells.
However, allogeneic CAR-T cells have been shown to
tolerize host major histocompatibility complex (MHC)
molecules in vitro prior to adoptive transfer, demonstrat-
ing that allogeneic reactivity may be reduced without
affecting the cytotoxic activity of CAR-T cells [16].
Kochenderfer et al. used donor-derived CD19-28z-

CAR-T cells to treat 10 patients (4 with chronic lympho-
cytic leukemia (CLL) and 6 with lymphoma, including 2
with diffuse large B cell lymphoma (DLBCL) and 4 with
mantle cell lymphoma (MCL)) with CD19+ B cell malig-
nancy that persisted despite allo-HSCT and at least one
standard DLI. These patients showed no GVHD, grade 1
acute GVHD, or mild global score chronic GVHD [12].
They did not receive any anti-malignancy therapy except
for CAR-T cell treatment and at least 4 weeks had
elapsed from the time of the most recent prior treatment
to the infusion of CD19-CAR-T cells. These patients
received between 0.4 × 106/kg and 7.8 × 106/kg CD19-
CAR-T cells. Within 1 month after CD19-CAR-T cell
infusion, one CLL patient achieved complete remission
(CR), 6 patients (1, 2, and 3 with CLL, DLBCL, and
MCL, respectively) had stable disease, 1 MCL patient
achieved partial remission, and two CLL patients showed
disease progression. At the last follow-up after 1 to
11 months, the same results were observed.
Cruz et al. treated 8 patients with B cell malignancy

[4 with CLL and 4 with acute lymphoblast leukemia
(ALL)] who either had disease relapse or were at high
risk of disease relapse after allo-HSCT with allogeneic
CD19-28z-CAR-T cells. Multiple salvage regimens
failed to control the relapse in 6 of these patients after
allo-HSCT, and two patients were at high risk of relapse
but were in remission at the time of CD19-CAR-T cell
infusion. None of the patients received a precondition-
ing regimen before T cell infusion. Based on total cell
numbers, CD19-CAR-T cells were administered using a
dose escalation schedule of 1.5 × 107/m2, 4.5 × 107/m2,
and 1.2 × 108/m2 [17]. Objective antitumor activity was
evident in 2 of 6 of the relapsed patients during the
period of CD19-CAR-T cell persistence, whereas 2 pa-
tients who received cells while in remission remained
disease-free. Of these 2 patients, 1 remained in CR for
more than 8 months and the other remained in CR for
8 weeks after CAR-T infusion.

Brudno et al. recently conducted a phase I dose escal-
ation trial of the use of allogeneic CD19-28z-CAR-T cells
to treat patients with B cell malignancy. These patients
(5 each with CLL, DLBCL, MCL, and ALL), except for
those with ALL or DLBCL, received at least one prior
DLI. No chemotherapy or other type of therapy was ad-
ministered. Patients with evidence of acute GVHD of
greater than grade I and those with evidence of chronic
GVHD with greater than a mild global score were ex-
cluded from this study. The patients who showed disease
progression after allo-HSCT received a single infusion of
allogeneic CD19-CAR-T cells (from 106 to 107/kg) [18].
Eight of the 20 treated patients achieved remission; six
obtained CR (4, 1, and 1 with ALL, CLL, and DLBCL,
respectively); and two achieved partial remission (1 with
MCL and 1 with CLL). The other patients had stable
disease, except for 4 patients who showed disease pro-
gression (2, 1, and 1 with CLL, ALL, and DLBCL,
respectively). The 6-month event-free survival (EFS) rate
of the 20 treated patients was 39%. The response rate
was the highest for ALL, with four of the 5 patients
achieving minimal residual disease (MRD)-negative CR.
The longest ongoing CR was more than 30 months in a
patient with CLL.
In another study, disease progression was observed

after allo-HSCT in an 11-year-old girl with relapsed ALL
who was treated with chemotherapy and DLI. Therefore,
the patient received CD19-28z-137z-27z CAR-T cell treat-
ment. After infusion of 1 × 106/kg CAR-T cells, this patient
was found to be negative for MRD. Subsequently, three
maintenance CAR-T cell infusions (0.83 × 106 − 1.65 × 106/
kg) were administered. The disease-free survival time for
this patient was 10 months [19].
Another study reported a child who relapsed after allo-

geneic cord blood transplantation and showed resistance
to multiple cytotoxic and biologic therapies, including
blinatumomab, a chimeric bispecific anti-CD3 and anti-
CD19 monoclonal antibodies. The patient received infusion
of CD19-28z CAR-T cells (1.4 × 106/kg) after chemotherapy
with etoposide and cyclophosphamide [20]. This patient
achieved MRD-negative CR at approximately 1 month
after CAR-T cell infusion but relapsed at approximately
2 months after treatment, with the loss of CD19 ex-
pression in blast cells.
Altogether, these studies suggest that allogeneic

CAR-T cells represent an effective means to treat
cases of relapse after allo-HSCT (Table 1).

Toxicities
The toxic effects of CAR-T cell treatment mainly include
cytokine release syndrome (CRS), neurotoxicity, and B
cell aplasia. CRS is the most common and potentially se-
vere toxic effect associated with this treatment [21, 22].
The development of CRS may be related to the therapeutic
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response. Patients without CRS may be less likely to bene-
fit from CAR-T cell treatment, whereas those with this
syndrome often respond to the treatment. However, stud-
ies have shown that there is no strong correlation between
the response to therapy and the severity of CRS. The
tumor burden at the time of CAR-T cell infusion may be
related to the risk of severe CRS [23]. Marked elevations
in the soluble interleukin-2 receptor alpha (sIL2Ra),
interleukin-6 (IL-6), IL-10, and interferon gamma (IFN-γ)
levels occur in CRS in an inflammatory process related to
exponential T cell proliferation, with resultant marked ele-
vations in cytokine levels [23]. The symptoms of CRS can
range from mild flu-like symptoms to multisystem organ
failure and shock, and they include marked hyperferritine-
mia (>10000 ng/mL), hepatomegaly/splenomegaly, and
hypofibrinogenemia (<150 mg/dL) [20].
Other complications of CAR-T cell therapy include

neurologic toxicities [24]. The most common toxicity is
global encephalopathy, which is brief and self-limited,
resolving over several days without intervention or ap-
parent long-term sequelae.
The toxicities of successful CAR-T cell therapy include

chronic B cell aplasia and resultant hypogammaglobuli-
nemia, which is caused by B cell aplasia/ablation and
their persistence with CAR-T cells. Thus, the late tox-
icity of B cell aplasia should be assessed in a longer
follow-up. Other toxicities associated with CAR-T cell
therapy include pneumonitis, hypotension, hypoxia,
tumor lysis syndrome, tachycardia, fatigue, fever, and
other related conditions.
The patients who received CAR-T cell infusion after

allo-HSCT in the aforementioned studies showed good
tolerance to the treatment with mild complications, in-
cluding mild-to-moderate CRS, transient hypotension,

tachycardia, and fever [12, 16–19, 23]. All of these pa-
tients fully recovered and showed complete reversal of
symptoms and normalization of laboratory results.

GVHD
GVHD is a medical complication that can occur follow-
ing allo-HSCT. It is caused by engraftment of immuno-
competent donor T lymphocytes in an immunologically
compromised host showing histocompatibility differ-
ences with the donor. These differences between the
host and donor result in donor T cell activation against
either the recipient MHC antigens or minor histocom-
patibility antigens, resulting in an excess of cytokines, in-
cluding TNF-α and IFN-γ [25, 26]. GVHD is usually
subdivided into acute GVHD and chronic GVHD. In
both child and adult patients, acute GVHD remains a
major cause of morbidity and mortality after allo-HSCT.
CRS, an inflammatory process characterized by dramatic
elevations in cytokine levels, is the most prominent and
serious toxic effect of CAR-T cell therapy. Accordingly,
CAR-T cell infusion may lead to the development of
acute GVHD after allo-HSCT. However, at present, no
cases of acute GVHD after treatment with donor-
derived CAR-T cells have been reported among relapsed
patients after allo-HSCT, and only 2 patients have devel-
oped mild chronic GVHD [12, 16–19, 23]. A possible
explanation for this lack of GVHD is the low doses of
CAR-T cells used. Another explanation may be that the
T cells were tolerized in the transplant recipient. The in-
creased anti-malignant potential of CAR-T cells allows
for the use of a small dose of T cells to eradicate malig-
nancy without causing GVHD, demonstrating a solution
to the central problem of allo-HSCT, i.e., the separation
of GVL from GVHD. Although there are few reports of

Table 1 The results of allogeneic CAR-T cell infusion after allogeneic transplantation in B cell malignancies

Author No. of
patients

Disease Activation
motif of CAR

Dose of infused CAR-T No. of GVHD Toxicities Outcomes

Kochenderfer
et al.

10 CLL, DLBCL,
and MCL

28 Between 0.4 × 106/kg
and 7.8 × 106/kg

No Fatigue, fever, and
hypotension

1 CR, 1 PR, and 6
with stable disease

Cruz et al. 8 CLL and ALL 28 Escalation schedule
of 1.5 × 107/m2,
4.5 × 107/m2, and
1.2 × 108/m2

No No 2 CR(1 remained in
CR for 8 months and
the other 1 for 8 weeks)

Brudno et al. 20 CLL, DLBCL,
MCL, and ALL

28 From 106/kg to 107/kg 2 (mild
chronic
GVHD)

Fever, tachycardia,
and hypotension

8 of 20 patients
obtained remission
(6 CR and 2 PR)

Zuo et al. 1 ALL 28, 137,
and 27

First dose 106/kg and
three maintenance
(from 0.83 × 106 to
1.65 × 106/kg)

No Mild or moderate CRS DFS for 10 months

Grupp et al. 1 ALL 28 1.4 × 106/kg No Fever MRD-negative CR at
approximately 1 month
and relapse after 2 months

CLL chronic lymphocytic leukemia, DLBCL diffuse large B cell lymphoma, MCL mantle cell lymphoma, ALL acute lymphoblastic leukemia, CAR chimeric antigen
receptor, CAR-T chimeric antigen receptors redirected T cells, GVHD graft-versus-host disease, CRS cytokine release syndrome, CR complete remission, PR partial
remission, DFS disease-free survival, MRD minimal residual disease
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GVHD caused by allogeneic CAR-T cell infusion, the re-
sponses of patients appear to be inferior compared with
those achieved with autologous CAR-T cell infusion [27].

Clinical trial registrations for allogeneic CAR-T cell infusion
after allo-HSCT
Although sporadic data have shown that allogeneic
CAR-T cell infusion is safe and effective for post-
transplantation patients, evaluation of more cases and
clinical trials is necessary to further explore the role of
allogeneic CAR-T cells (Table 2).
A clinical trial (NCT01087294) was performed to as-

sess the safety and efficacy of allogeneic CD19-CAR-T
cell infusion in patients who showed no response to
allo-HSCT. The patients who received allo-HSCT were
between 18 and 75 years of age, and their diseases had
either not responded to or had recurred after the trans-
plant and at least one DLI, except for the patient with
ALL. The allogeneic CAR-T cells used were derived from
the same stem cell donor. The patients with either no
evidence of GVHD or with minimal clinical evidence of
acute or chronic GVHD received a dose escalation to
determine the most effective yet safe dose out of four
dose levels of CAR-T cells. The first patients enrolled
were treated with the smallest dose, and the dose was
increased when a level was determined to be safe. Cyclo-
phosphamide (180 mg/m2 i.v. infusion over 30 min on
days −4, −3, and −2) and pentostatin (4 mg/m2 i.v. infu-
sion over 30 min following cyclophosphamide infusion
on day −4) were administered before CAR-T cell infu-
sion. This clinical trial is now suspended.
Another clinical trial (NCT01551043) was also per-

formed to study the safety and survival of CD19-4-1BBz-
CAR-T cells in relapsed ALL patients after allo-HSCT.
Depending on their disease, patients could undergo an
additional chemotherapy treatment before the infusion
of CAR-T cells. Patients received CD19-CAR-T cells with
the dose given as a split infusion over 3 days to enhance
the ability to manage any infusion-related toxicity. Ten

subjects were targeted in this study, which has been
completed.
Presently, a clinical trial (ChiCTR-OOC-16008447) is

also underway at our center. In this study, allogeneic
CD19-CAR-T cells are being used to prevent the relapse
of B-ALL after allo-HSCT. The patients in this study
have undergone allo-HSCT and have molecular relapse,
and they were enrolled with no age limitation. The allo-
geneic CAR-T cells being used were derived from the
same stem cell donor. The patients with early molecular
relapse have received one dose of CAR-T cells (1 × 106/
kg). These patients may undergo one or two additional
CAR-T cell infusions at the same dose according to their
disease status. No chemotherapy was administered be-
fore CAR-T cell infusion. The main endpoint is the one-
year disease-free survival rate.

Therapeutic time window for allogeneic CAR-T cell infu-
sion after allo-HSCT
Allogeneic CAR-T cells undergo dramatic expansion,
followed by their eventual clearance, and they provide a
similar benefit as syngeneic CAR-T cells. Despite the
dramatic expansion of allogeneic CAR-T cells, the re-
ported GVHD manifestations have been very mild and
have been limited to transient weight loss with no
GVHD-related mortality [28]. These findings suggest
that allogeneic CAR-T cells can be used to treat or pre-
vent relapse after allo-HSCT. However, the therapeutic
time window for CAR-T cell infusion after allo-HSCT
remains to be determined.
There is no standard time point for CAR-T cell infu-

sion after allo-HSCT. The current data indicate that all
patients who have received CAR-T cell treatment were
refractory to or relapsed after allo-HSCT, and all of these
patients received chemotherapy or DLI. Preemptive
treatment with allogeneic CAR-T cells upon the early de-
tection of leukemic relapse following HSCT by stringent
monitoring of MRD has also been performed in some
cases [17]. In our clinical trial (ChiCTR-OOC-160
08447), preemptive treatment with allogeneic CAR-T

Table 2 Clinical trial registrations on allogeneic CAR-T cell infusion after allo-HSCT in B cell malignancies

Center Disease Status of disease Activation motif
of CAR

Drugs Numbers of
CAR-T cells

Phase Status Registered ID

National Cancer
Institute (NCI),
American

B cell
cancer

Either did not respond
to or recurred after
allogeneic transplantation

Not shown Cy 180 mg/m2 for
3 days and pentostatin
4 mg/m2 for 1 day

Dose
escalation

I Suspended NCT01087294

University of
Pennsylvania,
American

CD19+
ALL

Relapse after allogeneic
transplantation

4-1BB Not shown Not shown
(split infusion
over 3 days)

I Completed NCT01551043

Department of
Hematology, Xinqiao
Hospital, China

B-ALL Molecular relapse after
allogeneic transplantation

Not shown No 1 × 106/kg II Recruiting ChiCTR-OOC-
16008447

Note: The trials are registered at ClinicalTrials.gov and http://www.chictr.org.cn/index.aspx. Search was performed on December 18, 2016.
CAR-T chimeric antigen receptors redirected T cells, allo-HSCT allogeneic stem cell transplantation, Cy cyclophosphamide, B-ALL B cell acute
lymphoblastic leukemia
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cells upon early detection of molecular relapse of B-ALL
was performed.
Identification of the risk factors for and timing of re-

lapse after allogeneic HSCT might enable development
of an important prognostic tool for use in patients with
lymphoid malignancy requiring CAR-T cell treatment
[15, 29]. The period between days +55 and +200 after
HSCT has been reported to be the optimal time window
for early immune intervention aimed at preventing re-
lapse, according to the identification of patients at high
risk of relapse after transplantation, the presence of
MRD pre-HSCT or post-HSCT, and the occurrence of
GVHD. Thus, preemptive treatment with allogeneic
CAR-T cells might also be performed to reduce relapse
and to improve long-term survival after allo-HSCT in
high-risk patients with lymphoid malignancy, but further
study is needed.

Conclusions
Preventing and treating relapsed disease remains an un-
met clinical need after allo-HSCT in B cell malignancies.
Some diseases have been successfully treated with allo-
geneic CAR-T cells without serious complications after
allo-HSCT; however, the outcome requires further im-
provement. As the efficacy of cell therapies is related to
the low tumor burden, preemptive therapy should be
performed upon the detection of MRD via molecular or
immunophenotypic methods [30]. Therefore, the allo-
geneic CAR-T cell treatment should be standardized for
patients with allo-HSCT. The best time for CAR-T cell
infusion is between days +55 and +200 after allo-HSCT.
Thus, the infusion of CAR-T cells performed immedi-
ately or following MRD-positive relapse after allo-HSCT
may be the best model because of the limited effect after
hematological relapse. Cell therapies should be inte-
grated into routine practice and considered the standard
of care. However, the identification of unique tumor an-
tigens that can be targeted with selective T cell therapies
is a major challenge.
Why CAR-T cells can attack malignant blasts in some

cases but remain paralyzed in others remains unknown.
The effects of CAR-T cells are pivotal for the loss of co-
stimulatory molecules and the expression of co-inhibitory
molecules in tumor immune escape. Sustained inhibitory
signaling on T cells by molecules such as TIM-3, LAG-3,
PD-1, and CTLA-4 correlates with a stage of T cell ex-
haustion marked by reduced T cell proliferative potential,
effector function, and cytotoxicity [31]. The increase of
immune checkpoint proteins expressed in B cell malig-
nancies can lead to resistance to blinatumomab, a bispeci-
fic T cell engager monoclonal antibody (CD19/CD3) or
CAR-T cells [32]. On the other hand, the use of immune
checkpoint inhibitors can improve the complete responses
of B cell malignancies [33]. Thus, it is important to

achieve sustained tumor immune surveillance and effi-
cient elimination of malignant cells by increasing T cell
function and reversing T cell exhaustion. Further identifi-
cation of biomarkers for CAR-T infusion to improve the
outcome is therefore required.
The central questions surrounding CAR-T cell treat-

ment, namely whether they have toxic effects and
whether CAR-T cells are sustainable, have hindered its
broad clinical application. The choice of effector T cells
and the design of CARs must be optimized to improve
the effectiveness and limit toxicities [34, 35]. In addition,
novel allogeneic procedures aimed at optimizing feasibil-
ity and clinical efficacy without significantly increasing
the risks of toxicities, and GVHD should also be further
explored. A recent study found that the chimeric forms
of Notch can serve as a general platform for generating
novel cell-cell contact signaling pathways. Multiple syn-
Notch receptors can be used in the same cell to achieve
a combinatorial integration of environmental cues. Thus,
SynNotch receptors provide extraordinary flexibility in
engineering cells with customized sensing/response be-
haviors to user-specified extracellular cues [36]. Another
study showed that CAR-T cells constructed with a syn-
thetic Notch receptor are only armed and activated in
the presence of dual antigen tumor cells. Therefore,
these T cells show precise therapeutic discrimination in
vivo, sparing single antigen “bystander” tumors while ef-
ficiently clearing combinatorial antigen “disease” tumors
[37]. The CAR-T cell dose must be optimized to obtain
the maximum effect with the lowest risks of toxicities
and GVHD; however, the standard dose of CAR-T cells
requires further exploration.
There are many ways to prevent or treat the relapse of

B cell malignancies after allo-HSCT; of these, DLI is the
most commonly used. However, the responses to DLI
are poor, with high rates of GVHD and non-relapse
mortality occurrence for B cell malignancies [5, 38]. Bli-
natumomab is used to manage relapsed/refractory Ph+

ALL and may be used to treat patients with relapse after
allo-HSCT [39]. A patient with Pre-B-ALL relapse who
displayed a loss of donor chimerism to 43% and no evi-
dence of GVHD was treated with blinatumomab. The
patient achieved remission and remains in remission at
240 days post-transplant with 100% donor chimerism
[40]. Three pediatric patients with B-precursor ALL re-
lapse following allo-HSCT received blinatumomab, and
rapid MRD-negative CR was achieved without the oc-
currence of GVHD [41]. Another report showed no re-
sponse for blinatumomab but that CAR-T cells were
effective [20]. Presently, the number of cases in which
blinatumomab is used in the treatment of relapsed B cell
malignancies after allo-HSCT is small; thus, further
study is required [42]. Interestingly, CAR-T can pene-
trate the blood-brain barrier [43], whereas whether
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blinatumomab can do so remains unclear. The optimal
treatment duration and schedule of blinatumomab for
patients with relapse after allo-HSCT is not known.
Altogether, compared to the current methods used to
prevent or treat relapse after allo-HSCT, allogeneic
CAR-T cell therapy is a safer and more feasible ap-
proach; however, multicenter clinical trials with larger
sample sizes should be performed.
In conclusion, allogeneic CAR-T cells represent an ex-

tremely promising tool for the prevention or treatment
of relapsed B cell malignancies after allo-HSCT. How-
ever, relevant studies are at an early stage, and many
crucial questions remain to be answered, such as the
mechanism for relapse after CAR-T infusion.

Abbreviations
allo-HSCT: Allogeneic hematopoietic stem cell transplantation; CAR-T
cells: Chimeric antigen receptors redirected T cells; DLI: Donor lymphocyte
infusion; GVL: Graft-versus-leukemia; GVHD: Graft-versus-host disease;
CARs: Chimeric antigen receptors; CLL: Chronic lymphocytic leukemia;
DLBCL: Diffuse large B cell lymphoma; MCL: Mantle cell lymphoma; ALL: Acute
lymphoblast leukemia; EFS: Event-free survival; MRD: Minimal residual
disease; CRS: Cytokine release syndrome; IL-6: Interleukin-6; IFN-
γ: Interferon gamma; MHC: Major histocompatibility complex; PD-
1: Programmed cell death protein-1; CTLA-4: Cytotoxic T lymphocyte
antigen 4; TIM-3: T cell immunoglobulin mucin-3; LAG-3: Lymphocyte-
activating gene 3

Acknowledgements
Not applicable.

Funding
This study was funded by the special foundation for the “1130 project” and
the clinical key foundation of the Xinqiao Hospital of Third Military Medical
University (No.2016YLC03).

Availability of data and materials
Data sharing is not applicable to this article as no datasets were generated
or analyzed during the current study.

Authors’ contributions
LJ and ZC wrote the paper. ZJF revised the paper. All authors collected the
data, read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Author details
1Department of Hematology, Xinqiao Hospital, Third Military Medical
University, Chongqing 400037, People’s Republic of China. 2Division of
Periodontology, Diagnostic Sciences & Dental Hygiene, and Division of
Biomedical Sciences, Herman Ostrow School of Dentistry, University of
Southern California, Los Angeles, CA, USA.

Received: 19 October 2016 Accepted: 19 January 2017

References
1. Bhojwani D, Pui CH. Relapsed childhood acute lymphoblastic leukaemia.

Lancet Oncol. 2013;14(6):e205–17.

2. Raetz EA, Bhatla T. Where do we stand in the treatment of relapsed acute
lymphoblastic leukemia? Hematology Am Soc Hematol Educ Program.
2012;2012:129–36.

3. Forman SJ, Rowe JM. The myth of the second remission of acute leukemia
in the adult. Blood. 2013;121(7):1077–82.

4. Wang YX, Li YH. Efficacy of donor lymphocyte infusion for treating relapsed
high-risk leukemia patients after allogeneic hematopoietic stem cell
transplantation. Zhongguo Shi Yan Xue Ye Xue Za Zhi. 2015;23(4):982–8.

5. Castagna L, Sarina B, Bramanti S, Perseghin P, Mariotti J, Morabito L. Donor
lymphocyte infusion after allogeneic stem cell transplantation. Transfus
Apher Sci. 2016;54(3):345–55.

6. Rambaldi A, Biagi E, Bonini C, Biondi A, Introna M. Cell-based strategies to
manage leukemia relapse: efficacy and feasibility of immunotherapy
approaches. Leukemia. 2014;29(1):1–10.

7. Balduzzi A, Di Maio L, Silvestri D, Songia S, Bonanomi S, Rovelli A, Conter V,
Biondi A, Cazzaniga G, Valsecchi MG. Minimal residual disease before and
after transplantation for childhood acute lymphoblastic leukaemia: is there
any room for intervention? Br J Haematol. 2014;164(3):396–408.

8. Roddie C, Peggs KS. Donor lymphocyte infusion following allogeneic
hematopoietic stem cell transplantation. Expert Opin Biol Ther. 2011;
11(4):473–87.

9. Porter DL, Levine BL, Kalos M, Bagg A, June CH. Chimeric antigen
receptor-modified T cells in chronic lymphoid leukemia. N Engl J Med.
2011;365(8):725–33.

10. Kalos M, Levine BL, Porter DL, Katz S, Grupp SA, Bagg A, June CH. T cells
with chimeric antigen receptors have potent antitumor effects and can
establish memory in patients with advanced leukemia. Sci Transl Med.
2011;3(95):95ra73.

11. Brentjens RJ, Davila ML, Riviere I, Park J, Wang X, Cowell LG, Bartido S,
Stefanski J, Taylor C, Olszewska M, Borquez-Ojeda O, Qu J, Wasielewska T,
He Q, Bernal Y, Rijo IV, Hedvat C, Kobos R, Curran K, Steinherz P, Jurcic J,
Rosenblat T, Maslak P, Frattini M, Sadelain M. CD19-targeted T cells rapidly
induce molecular remissions in adults with chemotherapy-refractory acute
lymphoblastic leukemia. Sci Transl Med. 2013;5(177):177ra38.

12. Kochenderfer JN, Dudley ME, Carpenter RO, Kassim SH, Rose JJ, Telford WG,
Hakim FT, Halverson DC, Fowler DH, Hardy NM, Mato AR, Hickstein DD,
Gea-Banacloche JC, Pavletic SZ, Sportes C, Maric I, Feldman SA, Hansen BG,
Wilder JS, Blacklock-Schuver B, Jena B, Bishop MR, Gress RE, Rosenberg SA.
Donor-derived CD19-targeted T cells cause regression of malignancy
persisting after allogeneic hematopoietic stem cell transplantation. Blood.
2013;122(25):4129–39.

13. Kochenderfer JN, Dudley ME, Kassim SH, Somerville RP, Carpenter RO,
Stetler-Stevenson M, Yang JC, Phan GQ, Hughes MS, Sherry RM, Raffeld M,
Feldman S, Lu L, Li YF, Ngo LT, Goy A, Feldman T, Spaner DE, Wang ML,
Chen CC, Kranick SM, Nath A, Nathan DA, Morton KE, Toomey MA,
Rosenberg SA. Chemotherapy-refractory diffuse large B-cell lymphoma and
indolent B-cell malignancies can be effectively treated with autologous T
cells expressing an anti-CD19 chimeric antigen receptor. J Clin Oncol.
2015;33(6):540–9.

14. Amrolia PJ, Pule M. Chimeric antigen receptor T cells for ALL. Lancet. 2015;
385(9967):488–90.

15. Magnani CF, Biondi A, Biagi E. Donor-derived CD19-targeted T cells in
allogeneic transplants. Curr Opin Hematol. 2015;22(6):497–4502.

16. Davies JK, Singh H, Huls H, Yuk D, Lee DA, Kebriaei P, Champlin RE, Nadler
LM, Guinan EC, Cooper LJ. Combining CD19 redirection and alloanergization
to generate tumorspecific human T cells for allogeneic cell therapy of B-cell
malignancies. Cancer Res. 2010;70(10):3915–24.

17. CCruz CR, Micklethwaite KP, Savoldo B, Ramos CA, Lam S, Ku S, Diouf O, Liu
E, Barrett AJ, Ito S, Shpall EJ, Krance RA, Kamble RT, Carrum G, Hosing CM,
Gee AP, Mei Z, Grilley BJ, Heslop HE, Rooney CM, Brenner MK, Bollard CM,
Dotti G. Infusion of donor-derived CD19-redirected virus-specific T cells for
B-cell malignancies relapsed after allogeneic stem cell transplant: a phase 1
study. Blood. 2013;122(17):2965–73.

18. Brudno JN, Somerville RP, Shi V, Rose JJ, Halverson DC, Fowler DH, Gea-
Banacloche JC, Pavletic SZ, Hickstein DD, Lu TL, Feldman SA, Iwamoto AT,
Kurlander R, Maric I, Goy A, Hansen BG, Wilder JS, Blacklock-Schuver B,
Hakim FT, Rosenberg SA, Gress RE, Kochenderfer JN. Allogeneic T Cells that
express an anti-CD19 chimeric antigen receptor induce remissions of B-cell
malignancies that progress after allogeneic hematopoietic stem-cell
transplantation without causing graft-versus-host disease. J Clin Oncol.
2016;34(10):1112–21.

Liu et al. Journal of Hematology & Oncology  (2017) 10:35 Page 7 of 8



19. Zuo YX, Wang JB, Lu AD, Jia YP, Wu J, Dong LJ, Chang LJ, Zhang LP.
Chimeric antigen receptors T cells in treatment of a relapsed pediatric acute
lymphoblastic leukemia, relapse after allogenetic hematopoietic stem cell
transplantation: case report and review of literature review. Zhonghua Xue
Ye Xue Za Zhi. 2016;37(2):115–8.

20. Grupp SA, Kalos M, Barrett D, Aplenc R, Porter DL, Rheingold SR, Teachey
DT, Chew A, Hauck B, Wright JF, Milone MC, Levine BL, June CH. Chimeric
antigen receptor-modified T cells for acute lymphoid leukemia. N Engl J
Med. 2013;368(16):1509–18.

21. Maude SL, Teachey DT, Porter DL, Grupp SA. CD19-targeted chimeric
antigen receptor T-cell therapy for acute lymphoblastic leukemia. Blood.
2015;125(26):4017–23.

22. Lee DW, Kochenderfer JN, Stetler-Stevenson M, Cui YK, Delbrook C, Feldman
SA, Fry TJ, Orentas R, Sabatino M, Shah NN, Steinberg SM, Stroncek D,
Tschernia N, Yuan C, Zhang H, Zhang L, Rosenberg SA, Wayne AS, Mackall CL.
T cells expressing CD19 chimeric antigen receptors for acute lymphoblastic
leukaemia in children and young adults: a phase 1 dose-escalation trial. Lancet.
2015;385(9967):517–28.

23. Maude SL, Frey N, Shaw PA, Aplenc R, Barrett DM, Bunin NJ, Chew A,
Gonzalez VE, Zheng Z, Lacey SF, Mahnke YD, Melenhorst JJ, Rheingold SR,
Shen A, Teachey DT, Levine BL, June CH, Porter DL, Grupp SA. Chimeric
antigen receptor T cells for sustained remissions in leukemia. N Engl J Med.
2014;371(16):1507–17.

24. Davila ML, Riviere I, Wang X, Bartido S, Park J, Curran K, Chung SS, Stefanski
J, Borquez-Ojeda O, Olszewska M, Qu J, Wasielewska T, He Q, Fink M,
Shinglot H, Youssif M, Satter M, Wang Y, Hosey J, Quintanilla H, Halton E,
Bernal Y, Bouhassira DC, Arcila ME, Gonen M, Roboz GJ, Maslak P, Douer D,
Frattini MG, Giralt S, Sadelain M, Brentjens R. Efficacy and toxicity management
of 19-28z CAR T cell therapy in B cell acute lymphoblastic leukemia. Sci Transl
Med. 2014;6(224):224ra25.

25. Zhang C, Chen XH, Zhang X, Gao L, Kong PY, Peng XG, Liang X, Gao L,
Gong Y, Wang QY. Human umbilical cord blood-derived stromal cells, a
new resource in the suppression of acute graft-versus-host disease in
haploidentical stem cell transplantation in sublethally irradiated mice. J Biol
Chem. 2011;286(15):13723–32.

26. Vriesendorp HM, Heidt PJ. History of graft-versus-host disease. Exp Hematol.
2016;44(8):674–88.

27. Lee DW, Kochenderfer JN, Stetler-Stevenson M, Cui YK, Delbrook C, Feldman
SA, Fry TJ, Orentas R, Sabatino M, Shah NN, Steinberg SM, Stroncek D, Tschernia
N, Yuan C, Zhang H, Zhang L, Rosenberg SA, Wayne AS, Mackall CL. T cells
expressing CD19 chimeric antigen receptors for acute lymphoblastic leukaemia
in children and young adults: a phase 1 dose-escalation trial. Lancet. 2014;
6736(9967):1–12.

28. Marcus A, Eshhar Z. Allogeneic chimeric antigen receptor-modified cells for
adoptive cell therapy of cancer. Expert Opin Biol Ther. 2014;14(7):947–54.

29. Pulsipher MA, Langholz B, Wall DA, Schultz KR, Bunin N, Carroll W, Raetz E,
Gardner S, Goyal RK, Gastier-Foster J, Borowitz M, Teachey D, Grupp SA. Risk
factors and timing of relapse after allogeneic transplantation in pediatric
ALL: for whom and when should interventions be tested? Bone Marrow
Transplant. 2015;50(9):1173–9.

30. Nagafuji K, Miyamoto T, Eto T, Kamimura T, Taniguchi S, Okamura T, Ohtsuka E,
Yoshida T, Higuchi M, Yoshimoto G, Fujisaki T, Abe Y, Takamatsu Y, Yokota S,
Akashi K, Harada M. Monitoring of minimal residual disease (MRD) is useful to
predict prognosis of adult patients with Ph-negative ALL: results of a
prospective study (ALL MRD2002 Study). J Hematol Oncol. 2013;6:14.

31. Ma W, Gilligan BM, Yuan J, Li T. Current status and perspectives in
translational biomarker research for PD-1/PD-L1 immune checkpoint
blockade therapy. J Hematol Oncol. 2016;9(1):47.

32. Köhnke T, Krupka C, Tischer J, Knösel T, Subklewe M. Increase of PD-L1
expressing B-precursor ALL cells in a patient resistant to the CD19/CD3-
bispecific T cell engager antibody blinatumomab. J Hematol Oncol.
2015;8:111.

33. Falchi L, Sawas A, Deng C, Amengual JE, Colbourn DS, Lichtenstein EA,
Khan KA, Schwartz LH, O'Connor OA. High rate of complete responses to
immune checkpoint inhibitors in patients with relapsed or refractory
Hodgkin lymphoma previously exposed to epigenetic therapy. J Hematol
Oncol. 2016;9(1):132.

34. Sommermeyer D, Hudecek M, Kosasih PL, Gogishvili T, Maloney DG, Turtle
CJ, Riddell SR. Chimeric antigen receptor-modified T cells derived from
defined CD8(+) and CD4(+) subsets confer superior antitumor reactivity in
vivo. Leukemia. 2016;30(2):492–500.

35. Cai B, Guo M, Wang Y, Zhang Y, Yang J, Guo Y, Dai H, Yu C, Sun Q, Qiao J,
Hu K, Zuo H, Dong Z, Zhang Z, Feng M, Li B, Sun Y, Liu T, Liu Z, Wang Y,
Huang Y, Yao B, Han W, Ai H. Co-infusion of haplo-identical CD19-chimeric
antigen receptor T cells and stem cells achieved full donor engraftment in
refractory acute lymphoblastic leukemia. J Hematol Oncol. 2016;9(1):131.

36. Morsut L, Roybal KT, Xiong X, Gordley RM, Coyle SM, Thomson M, Lim WA.
Engineering customized cell sensing and response behaviors using
synthetic notch receptors. Cell. 2016;164(4):780–91.

37. Roybal KT, Rupp LJ, Morsut L, Walker WJ, McNally KA, Park JS, Lim WA.
Precision tumor recognition by T cells with combinatorial antigen-sensing
circuits. Cell. 2016;164(4):770–9.

38. Yan CH, Wang Y, Wang JZ, Chen YH, Chen Y, Wang FR, Sun YQ, Mo XD,
Han W, Chen H, Zhang XH, Xu LP, Liu KY, Huang XJ. Minimal residual
disease- and graft-vs.-host disease-guided multiple consolidation
chemotherapy and donor lymphocyte infusion prevent second acute
leukemia relapse after allotransplant. J Hematol Oncol. 2016;9(1):87.

39. Wu J, Fu J, Zhang M, Liu D. Blinatumomab: a bispecific T cell engager (BiTE)
antibody against CD19/CD3 for refractory acute lymphoid leukemia. J
Hematol Oncol. 2015;8:104.

40. Khan MW, Gul Z. Blinatumomab may induce graft versus host leukemia in
patients with pre-B ALL relapsing after hematopoietic stem cell transplant.
Clin Case Rep. 2016;4(8):743–6.

41. Handgretinger R, Zugmaier G, Henze G, Kreyenberg H, Lang P, von Stackelberg
A. Complete remission after blinatumomab-induced donor T-cell activation in
three pediatric patients with post-transplant relapsed acute lymphoblastic
leukemia. Leukemia. 2011;25(1):181–4.

42. Benjamin JE, Stein AS. The role of blinatumomab in patients with relapsed/
refractory acute lymphoblastic leukemia. Ther Adv Hematol. 2016;7(3):142–56.

43. Hu Y, Sun J, Wu Z, Yu J, Cui Q, Pu C, Liang B, Luo Y, Shi J, Jin A, Xiao L,
Huang H. Predominant cerebral cytokine release syndrome in CD19-directed
chimeric antigen receptor-modified T cell therapy. J Hematol Oncol. 2016;9(1):70.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Liu et al. Journal of Hematology & Oncology  (2017) 10:35 Page 8 of 8


	Abstract
	Background
	Main body
	Conclusions

	Background
	Allogeneic CAR-T cells for relapsed B cell malignancies after allo-HSCT
	Toxicities
	GVHD
	Clinical trial registrations for allogeneic CAR-T cell infusion after allo-HSCT
	Therapeutic time window for allogeneic CAR-T cell infusion after allo-HSCT

	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Author details
	References

