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Abstract
Over the past few decades, immunotherapy has revolutionized the modern medical oncology field. Chimeric antigen receptor

(CAR)-T cell therapy has a promising curative effect in the treatment of hematological malignancies. Anti-CD19 CAR-T cells

are the most mature CAR-T cells recently studied and in recent years it has achieved a complete remission rate of approximately

90% in the treatment of B-cell acute lymphoblastic leukemia (B-ALL). Although CAR-T cell therapy has greatly alleviated the dis-

ease in patients with leukemia or lymphoma, some of them still relapse after treatment. Therefore, in this article, we discuss the

factors that may contribute to disease relapse following CAR-T cell therapy and summarize potential strategies to overcome

these obstacles, thus providing the possibility of improving standard treatment regimens.
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Introduction
Chimeric antigen receptor (CAR)-T cells are produced by gene
editing T cells from the patients or donors to get the
CAR-targeting antigens to kill corresponding cells. These cells
are then transfused into the patient after they are expanded to a
certain degree in vitro. The CAR is typically composed of 3
functional domains: the extracellular domain, transmembrane
domain, and intracellular domain. The extracellular domain
includes the single-chain variable fragment (scFv) from the
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monoclonal antibody that binds to the target and a hinge region
that acts as a link. The transmembrane domain connects the
extracellular domain of the CAR with the intracellular signal
transduction domain and anchors the receptor to the T-cell mem-
brane. The intracellular domain consists of the costimulatory
domain and a signal transduction domain. The costimulatory
domain is normally derived from the CD28 receptor family or
the tumor necrosis factor (TNF) receptor family, such as CD28
or 4-1BB(CD137), which are components of CAR-T cells
approved by the FDA for clinical use. The signal transduction
domain is usually the T-cell receptor (TCR)/CD3ζ chain.1

The CAR-T cells can be divided into 4 generations depend-
ing on the intracellular domains (Figure 1). The CD3-ζ chain
was treated as the unique signal transduction domain by first-
generation CAR-T cells, which showed limited expansion and
durability and had poor antitumor effects in clinical trials.2

Second-generation CAR-T cells have an additional costimula-
tory molecule in the intracellular domain, usually CD28 or
4-1BB, and these cells are the most widely used. As of 2022,
the 6 CAR-T products approved for marketing by the FDA
are all second-generation CAR-T cells, which have shown out-
standing clinical therapeutic effects (Table 1). The intracellular
structure of third-generation CARs has 2 or more stimulating
molecules. Although it has shown great efficiency in some
studies, the comprehensive analysis of the third-generation
CAR-T cells are still limited, and whether to improve their effi-
ciency is still controversial.3–5 Fourth-generation CAR-T cells
are also known as “TRUCK-T cells”. TRUCK-T cells improve
the antitumor ability and safety of CAR-T cells by modifying
the CAR structure using secreted molecules and cell ligands.6

Cytokine-armored CAR-T cells are the most common type of
TRUCK-T cells. Sequences encoding cytokines (eg, IL-2, IL-7,
IL15) were added to CAR sequences and introduced into T
cells. The cytokines secreted by activated CAR-T cells partici-
pate in antitumor activities. They not only promote CAR-T
cells differentiation, but also play a role in resisting tumor micro-
environment inhibition.7,8 Agonist-armored CAR-T cells are also
entering the scope of research. CAR-T cells are modified to
express costimulatory ligands (CD40L or 4-1BBL). Recent clin-
ical trials of anti-CD19 4-1BBL armored CAR-T cells for
non-Hodgkin’s lymphoma (NHL) or chronic lymphocytic leuke-
mia (CLL) have been carried out, and achieved a complete
response (CR) rate of 57% without serious adverse reactions,
indicating that anti-CD19 4-1BBL armored CAR-T cells are
effective and safe.9

In 2012, Emily Whitehead, a child patient with B-cell acute
lymphoblastic leukemia (B-ALL), joined a phase I clinical
project (CTL019) of Novartis after 2 relapses. After CTL019
cells infusion, grade 3∼4 adverse events occurred, mainly cyto-
kine release syndrome (CRS), occurred. She has achieved mor-
phological remission of leukemia approximately 1 month after
infusion, and sustained remission for nearly ten years, becom-
ing the first patient with B-ALL who benefited from CAR-T
cell therapy.16 Initial tests of anti-CD19 CAR-T cells for the
treatment of refractory and/or relapsed (R/R) CD19-expressing
B-cell malignancies have also achieved unprecedented

success.17–19 Thereafter, a large number of clinical studies
showed a complete remission rate of 70%-90% in pediatric
and adult B-ALL patients treated with anti-CD19 CAR-T cell
therapy, and the CR rate for patients with B-cell lymphoma
reached approximately 50%.20,21 Although anti-CD19 CAR-T
cells are currently the most mature and most effective CAR-T
cells, analysis of follow-up data has shown that 30% to 50%
of the treated patients relapsed after receiving anti-CD19
CAR-T treatment in CR, and most of them relapsed within 1
year.21 According to the presence of the CD19 antigen,
relapse can be divided into 2 modes: CD19-positive and
CD19-negative relapse. The main reason for CD19-positive
relapse is the poor persistence of CAR-T cells, and in such
cases, the CD19 antigen is still preserved on the surface of
tumor cells.22 In the case of CD19-negative relapse, the
CD19 antigen no longer exists, and the tumor evades the recog-
nition and clearance of CAR-T cells, which is called antigen
escape.17,23

Antigen-Positive Relapse

Mechanisms of Antigen-Positive Relapse
Generally speaking, early ALL relapse occurs within a few
months after remission induction.24 It is usually associated
with the function of T cells, CAR-T cell acquisition, limited
persistence of CAR-T cells, and transient B-cell regeneration,
which indicate the loss of immune surveillance mediated by
CAR-T cells.17

Function of T Cells and Preparation of CAR-T Cells. Most patients
have had intensive therapy before receiving CAR-T cells,
reducing the number and impairing the function of patients’
own CD3+ T cells, which serve as the source for CAR-T cell
preparation.24 Das et al isolated peripheral blood T cells from
157 pediatric tumor patients and stimulated the expansion
of these T cells with CD3/CD28 magnetic beads. The potential
for CAR-T cells is very poor in all types of tumors
except in prechemotherapy settings and retinoblastoma.
Chemotherapeutic agents such as cyclophosphamide and dox-
orubicin can also lead to mitochondrial dysfunction in patient
T cells and preferentially reduce naïve T lymphocytes with
higher amplification capacity.25 Various metabolites, inhibitory
cytokines, immunosuppressive cells, and immunosuppressive
molecules in tumor-suppressive microenvironments also
affect the antitumor activity of T cells.26,27 For example, upre-
gulation of inhibitory molecules (PD-1, TIM-3, CTLA-4, and
LAG-3) on CAR-T cells results in functional inhibition and
failure of T cells.10,28 Interestingly, activation of PD-1 preferen-
tially inhibits CD28 CAR-T cells.29

Preparing CAR-T cells requires a complex process, includ-
ing apheresis, sorting, and transfection. Deficiency of any of
these steps may lead to the immaturity of CAR-T cells and
affect proliferation and function.30,31 Jin et al32 first reported
the effect of infection temperature differences on the phenotype
and function of CAR-T cells and suggested lentivirus infection
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at 32 degrees to prepare CAR-T cells. In addition, with the
gradual industrialization of CAR-T cells’ manufacturing, it is
necessary to freeze peripheral blood cell materials and
CAR-T cells for storage. How cell viability and phenotype
changed during freezing or thawing has been studied.33,34 In
a clinical experiment that compared the utility of fresh and
frozen/thawed bispecific anti-CD19/CD20 CAR-T cells for
treating R/R NHL, Shah et al35 found that the average viability
of cryopreserved CAR-T cells at the time of infusion was signif-
icantly lower than that of fresh CAR-T cells. Moreover, in
patients receiving fresh products, the expansion, activity, and
persistence of CAR-T cells showed an increasing trend.

Limited Persistence of CAR-T Cells. The phenotype of CAR-T
cells before and after preparation will affect their expansion
and persistence to some extent. Children’s CAR-T cells tend
to have a stronger proliferation ability than adults’ because
they contain a higher proportion of naïve T cells which have
an immature phenotype to be the best source for producing
CAR-T cells.36,37 There is evidence that CAR-T cells prepared
in vitro contain more cells with an early phenotype (naive T
cells and central memory T cells), which have superior prolifer-
ation capacity, persistence, and antitumor effects in vivo.38

Alternatively, the ratio of CD4+ and CD8+ T cells in CAR-T
cells may also influence their final function.39 Turtle et al40

manufactured CAR-T cell products with a CD4+ to CD8+
ratio of 1:1 in their experiments. After infusing those cells

into R/R B-ALL patients, 27 of 29 patients (93%) achieved
bone marrow remission.

Previous clinical data indicated that the CAR-T cells con-
taining the costimulatory molecule CD28 lasted shorter than
CAR-T cells containing 4-1BB.21,41 This discrepancy may
result from different metabolic characteristics between the
2.42,43 CD28 CAR-T cells primarily utilize glycolysis to
meet the increased metabolic requirements of effector T
cells.44 4-1BB CAR-T cells, however, promote the growth
of CD8+ central memory T cells, which have significantly
enhanced respiratory capacity, increased fatty acid oxidation,
and enhanced mitochondrial biogenesis.45 Moreover, CD28
generally leads to more rapid tumor clearance with a more
obvious decrease in memory T cells compared with 4-1BB.
Salter et al46 found that the same protein phosphorylation
events occurred in both CD28 CAR-T and 4-1BB CAR-T
cells. However, the signaling dynamics and intensity were
higher upon CD28 CAR activation, whereas 4-1BB CAR-T
cells showed slower expansion and lower signaling intensity.
Lymphocyte-specific tyrosine kinase (Lck) is a kind of protein
tyrosine kinase involved in the development and activation of
T cells. The level of Lck in immunoprecipitates from unstimu-
lated CD28 CAR-T cells was higher than that in immunopre-
cipitates from 4-1BB CAR-T cells. The enhanced signal
strength of CD28 CAR-T cells is in part related to the consti-
tutive binding of Lck to the CD28 domain. Researchers also
found that 4-1BB CAR-T cells preferentially expressed

Figure 1. Chimeric antigen receptors (CARs) can be divided into 4 generations based on their structure. The first generation of CAR structures
contain only antigen-recognition signals. The second- and third-generation CARs have 1 and 2 co-stimulatory molecules added respectively in the
signal transduction region to improve T-cell proliferation activity, and cytotoxicity, and prolong T-cell survival time. The fourth-generation CAR
inserts additional molecular elements into the CAR to express functional transgenic proteins, such as secreted cytokines, suicide genes, and
regulatory switches, to improve the effectiveness and safety of CAR-T cells.
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T-cell memory-related genes after stimulation. Subsequently,
Sun et al47 found that Lck was recruited into the CD28
synapse of CARs via coreceptors, resulting in
antigen-independent CAR-CD3ζ phosphorylation and
increased activation of antigen-dependent T cells. In contrast,
the synapses formed by 4-1BB CARs recruited the
THEMIS-SHP1 phosphatase complex, which attenuated the
phosphorylation of CAR-CD3ζ.

Furthermore, 4-1BB CAR-T cells have better persistence
than CD28 CAR-T cells, possibly because CAR-T cells con-
taining 4-1BB express higher levels of antiapoptotic proteins
such as Bcl-2 and Bcl-XL and prevent T cells failure caused
by the absence of ligand-dependent tetanic signals.48,49

Currently, the CAR-T cell scFv fragments used clinically
are mostly derived from mice, whose high immunogenicity
may lead to the rapid failure of CAR-T cells in
humans.50,51 Other scholars have also found that low target
antigen expression may damage anti-CD22 CAR-T cell func-
tion in vitro and in vivo and impair the persistence of CAR-T
cells in vivo.52

Prevention and Treatment Strategies for Antigen-Positive
Relapse
The reinfusion of CAR-T cells is a possible clinical option for
patients with disease relapse. Scholars from the University of
Washington School of Medicine in the United States suggested
that it is relatively safe and reliable to receive CAR-T cells
again after initial CAR-T cell treatment. Long-lasting clinical
remission can be achieved, especially in patients who receive
an increased infusion dose and Cy-Flu pretreatment during
CAR-T cell retreatment.53

As mentioned earlier, patients generally received intensive
treatment before CAR-T cell infusion. These treatments may
affect the function and phenotype of CAR-T cells to some
extent. Therefore, to obtain CAR-T cells of sufficient quantity
and quality, we suggest that apheresis be employed whenever
possible in patients with early-onset disease and those who
have received lower doses of chemotherapy. CD4+ and CD8
+ T cells are both effective cellular components of CAR-T
cells, and their proportions vary greatly among different
patients. Some scholars have suggested that the proportion
affect the antitumor effect of CAR-T cells. In some experi-
ments, CD4+ and CD8+ CAR-T cells have been delivered to
patients at a determined ratio.19 Lisocabtagene maraleucel
(Liso-cel) is an autologous CAR-T cell therapy targeting
CD19 developed by Juno. This therapy is unique compared to
other CAR-T therapies already available because the proportion
of CD8+ and CD4+ T cells are controlled (at a 1:1 ratio).
Liso-cel is the fourth CAR-T cell product approved by the
FDA. Its approval was based on the efficacy and safety demon-
strated in the TRANSCEND NHL 001 clinical trial. The exper-
imental data indicated that among 256 patients included in the
efficacy assessment, 186 (73%) achieved objective remission,
and 136 (53%) achieved CR.54

How to optimize and transform of the CAR structure to
prevent positive relapse is a popular research topic. In addition
to 4-1BB and CD28, other costimulatory molecules and multi-
ple costimulatory molecules are also being used in the construc-
tion of CARs to improve the durability of CAR-T cells.55 The
use of scFv of mouse-origin results in T-cell-mediated host
immune system rejection of allogenic sequences after the infu-
sion of CAR-T cells.56 This problem can be resolved by replac-
ing mouse scFv with human scFv.57–59

Table 1. Six CAR-T Products Approved by the FDA

Trade
name Abbreviation

Approval
time Target

Viral
vector

Costimulatory
domain Indication Effect References

Kymriah Tiso-cel 2017.08 CD19 Lentiviral 4-1BB Adult R/R DLBCL
R/R B-cell precursor acute

lymphoblastic leukemia (ALL)

ORR:52%
CRR:40%
(n= 93)

10

Yescarta Axi-cel 2017.10 CD19 Retroviral CD28 R/R LBCL or FL ORR:83%
CRR:58%
(n= 101)

11

Tecartus Bre-cel 2020.07 CD19 Retroviral CD28 Adult R/R MCL
Adult R/R B-cell precursor acute
lymphoblastic leukemia (ALL)

ORR:93%
CRR:67%
(n= 60)

12

Breyanzi Liso-cel 2021.02 CD19 Lentiviral 4-1BB R/R DLBCL ORR:73%
CRR:53%
(n= 256)

13

Abecma Ide-cel 2021.03 BCMA Lentiviral CD28 Adult R/R MM ORR:73%
CRR:33%
(n= 128)

14

Carvykti Cilta-cel 2022.03 BCMA Lentiviral 4-1BB Adult R/R MM ORR:97%
CRR:67%
(n= 97)

15

Abbreviations: R/R, relapsed/refractory; DLBCL, diffuse large B-cell lymphoma; LBCL, large B-cell lymphoma; FL, follicular lymphoma; MCL, mantle cell
lymphoma; MM, multiple myeloma; ORR, objective response rate; CRR, complete response rate.
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Joint application of immunomodulators such as immune
checkpoint inhibitors (ICIs) can partially optimize the persis-
tence and efficacy of CAR-T cells.60 Preclinical and clinical
data have shown that PD-1 expression increases during
CAR-T cells expansion and there are also reports that PD-1
antibodies can reduce CAR-T cell failure.61,62 In addition to
the combination of small-molecule inhibitors, researchers
have also designed a strategy employing dominant-negative
PD-1 armored anti-CD19 CAR-T cells, whose clinical trials
have been conducted. This therapy produced an objective
response rate (ORR) of 77.8% and a CR rate of 55.6% in 9
patients with R/R B-cell lymphoma. In patients with persistent
CR, CAR-T cells were amplified after infusion and could con-
tinue to be detected after 12 months.63 However, some studies
have shown that PD-1 may play an important role in maintain-
ing normal proliferation and differentiation of T cells. PD-1
silencing may inhibit the proliferative activity of T cells,
thereby impairing the cytotoxicity of T cells.64 This result indi-
cated that PD-1 may not be absolutely harmful and may be
essential for maintaining normal proliferative activity and anti-
tumor function. This result improves the understanding of the
function of PD-1 academia and has guiding significance for
the clinical application of PD-1 inhibitors.

Antigen-Negative Relapse

Mechanism of Antigen-Negative Relapse
Due to the ongoing immunotherapy effects of CAR-T cells,
tumor cells have developed mechanisms to evade CAR-T
cells recognition and elimination, such as reduction in antigen
density, mutation of antigen-encoding genes, alternative splic-
ing, lineage switching, and epitope masking (Figure 2).

Reduction in Antigen Density. Relapse in some patients does not
necessarily manifest as a complete loss of antigen. The effective
function of CAR-T cells requires antigen expression with a
certain minimum threshold, and there are individual differences
in this threshold. The downregulation of CD19 expression, that
is, the reduction in CD19 antigen density, is sufficient to
prevent CAR-T cell recognition and killing.65,66 Trogocytosis
is a newly discovered mechanism related to the reduction in
CD19 antigen density. CAR-T cells transfer the target antigens
from tumor cells to the surface of CAR-T cells via trogocytosis,
indicating that the loss of CD19 antigen expression is revers-
ible. This process causes CAR-T cell “cannibalism,” which
leads to increased T-cell exhaustion and decreased activity.67

A similar mechanism was found in studies of anti-CD22
CAR-T cell therapy.68 Reduced CD22 expression or antigen
density on the surface of tumor cells is sufficient to prevent rec-
ognition and elimination by CAR-T cells. In this case, although
CD22 expression was still positive, the patient also relapsed.

Gene Mutation and Alternative Splicing. Another mechanism is
that tumor cells cannot be recognized and bound by CAR-T
cells due to gene mutation or alternative splicing, even

though CD19 still exists. Orlando et al23 reported that 12 of
the 17 patients with recurrent B-cell lymphoma did not have
CD19 expression. Exon sequencing of these patients revealed
that at least 1 frameshift mutation occurred per patient. These
mutations result in the lack of transmembrane proteins on the
cell surface and eventually the loss of function. The researchers
also noted that the patients with CD19 antigen deletion muta-
tions quickly relapsed. Such mutations are difficult to detect
before relapse, and even 1 month before relapse.

Alternative splicing is also an important mechanism leading
to antigen escape. Alternative splicing is a posttranscriptional
mechanism that leads to the generation of unique mRNA tran-
scripts encoding protein isoforms with different structures and
functions, which enriches the diversity of proteins and plays
an important role in human growth.69 Alternative splicing
causes the skipping of exon 2 of CD19 to form a mutant trun-
cated protein. Thus, CAR-T cells targeting CD19 cannot iden-
tify the target antigen accurately, resulting in targeting errors.70

In addition, such truncated proteins have been found not only in
patients who have relapsed after CAR-T cell treatment but also
in patients who have recently been diagnosed with leukemia.71

Lineage Switching. Leukemia lineage switching is another mech-
anism that can lead to antigen escape. Lineage switching
usually occurs in B-ALL or mixed-phenotype acute leukemia
carrying mixed-lineage leukemia gene rearrangement on chro-
mosome 11q23.72,73 Some preclinical and clinical studies
have found a shift to a myeloid phenotype following
anti-CD19 CAR-T cell treatment of B-cell hematological
tumors.74,75 Turtle et al first reported an R/R CLL patient
with lineage switching who relapsed and developed plasma
cell lymphoma without CD19 expression after anti-CD19
CAR-T treatment.76 Gardner et al72 also reported that 2 of 7
B-ALL patients developed acute myeloid leukemia relevant to
their B-ALL clone within 1 month after undergoing CD19
CAR-T cell transfusion.

Epitope Masking. Epitope masking is a rare antigen escape
mechanism. For some reason, the CD19 antigen is recognized
by CARs expressed on other cells, so the CAR-T cells cannot
recognize and attack tumor cells. Ruella et al77 identified a
patient with antigen-negative relapse after CD19 CAR-T cell
therapy. Flow cytometry did not detect CD19 antigen expres-
sion in bone marrow specimens but subsequently detected
CD19 gene transcription products. Therefore, the researchers
hypothesized that the undetectable expression of the CD19
antigen was due to epitope masking caused by CAR binding
to the antigen. Subsequently, other experiments confirmed
that the CAR gene had accidentally been introduced into indi-
vidual leukemic B cells during the CAR-T cell preparation
process; its product was thus expressed on the surface of the
B cells, where it bound to CD19, preventing recognition by
CAR-T cells. Monoclonal leukemia cells exhibited increased
proliferation, leading to CD19-negative leukemia clones that
were resistant to CAR-T cell therapy, thus CAR-T cells could
not recognize CD19 and attack leukemia cells.
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Survival Advantage of CD19-negative Subclones. It seems that
antigen escape is not the only escape mechanism caused by
treatment; the intrinsic heterogeneity of the initial leukemia
clone is also obviously related to antigen-negative relapse.78

There is evidence that a minority of B-ALL patients already
have genetic variant subclones with negative or low CD19
expression at the time of initial diagnosis.71 In these patients,
after CAR-T cells eliminated cells with threshold CD19
antigen density (CD19-positive clones), CD19-negative
clones still existed and gained a survival advantage. Ruella
et al.77 also found that there were rare CD19-CD123+ leukemia
cells in the specimens of B-ALL patients. When injected into
the immunodeficient mice, these cells can result in the
re-establishment of the original B-ALL phenotype.79

Prevention and Treatment Strategies for
Antigen-Negative Relapse
Looking for New Targets. To overcome CD19 antigen escape,
researchers are actively looking for other pan-B-cell antigens.
CD22 is expressed in many patients with CD19-negative
relapse, and anti-CD22 CAR-T cell therapy is also a frequently
used strategy to overcome CD19-negative relapse.80,81 The pre-
liminary results of clinical trials of anti-CD22 CAR-T cell treat-
ment in patients with CD19-negative relapsed B-ALL were
satisfactory. 73% (11/15) of all patients were minimal residual
disease (MRD)-negative and achieved disease remission.68 In a
recent study, researchers from China identified 7 patients with
R/R diffuse large B-cell lymphoma (DLBCL) and 6 patients

with R/R B-ALL who received anti-CD19 CAR-T cell
therapy, developed CD19-negative relapse and received
anti-CD22 CAR-T cell salvage treatment. As a result, 6 of the
DLBCL patients achieved CR, and 2 B-ALL patients achieved
CR/complete remission with incomplete hematologic recov-
ery.82 In addition, preclinical studies of other potential target
antigens, such as CD20,83 thymic stromal lymphopoietin recep-
tor (TSLPR),84 and B-cell activating factor receptor85 are also
actively being carried out. However, due to the strong heteroge-
neity of tumors, targeting a single target to avoid antigen escape
may still be insufficient to reduce relapse.

CAR-T Cells Targeting Multiple Antigens. The latest strategies for
overcoming antigen escape focus on the generation of multitar-
geted CAR-T cells. Dual-target CAR-T cells can express 2 dif-
ferent CAR molecules and can target and kill tumor cells
expressing either of the 2 target antigens, which provides cov-
erage to multiple antigens86 and reduces relapses caused by
single-antigen escape to a certain extent.

There are 3 main strategies employing dual targets of CAR-T
cells87: sequential infusion with single-target CAR-T cells,
co-expression of 2 different CARs in a T cell (bicistronic
CAR), or construction of a single CAR with 2 separate scFvs
in tandem (tandem CAR) (Figure 3). CD19 and CD20/CD22/
CD123 are the most commonly used dual-target CAR-T cell
targeting combinations (Table 2). Clinical studies have shown
that the treatment of pediatric R/R B-ALL by orderly infusing
CD19 and CD22 CAR-T cells can prevent antigen escape and
prolong the duration of remission.88 In a phase I clinical trial

Figure 2. Mechanism of antigen escape after chimeric antigen receptor (CAR)-T cell therapy. (a) CAR-T cells recognize and bind tumor-specific
antigens to exert antitumor activity. (b) Reduced antigen density leads to antigen escape. (c) CAR mutation or alternative splicing, CAR-T cells
cannot bind antigen. (d) The tumor surface antigen undergoes a lineage switch, and CD19 cannot bind to CAR-T cells. (e) For some reason, CAR
metastasizes to the surface of tumor cells and binds to CD19 to mask its epitope, and CAR-T cells cannot attack the tumor.
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of CD19/CD22 dual-target CAR-T cells to treat B-ALL in
China, all 6 patients obtained MRD-negative CR, and none of
them developed central toxicity.89 Coincidentally, in another
clinical trial of patients with R/R invasive B-cell lymphoma
treated with CD19/CD22 dual-target CAR-T cells, of the 16 eli-
gible patients, 14 (87.5%) achieved an objective response, and
10 (62.5%) got achieved a CR. About the 2-year overall sur-
vival (OS) and PFS, patients with CR were significantly
higher than patients without CR.90 These results are sufficient
to illustrate that CAR-T cells targeting CD19 and CD22 are
effective and safe.

CD123 is a target antigen widely expressed on various hemato-
logical malignancy cells.91 Surprisingly, it also exists on leukemia
stem cells (LSCs).92 LSCs are primitive cells with the characteris-
tics of hematopoietic stem cells, which are resistant to chemother-
apy, associatedwith poor prognosis and related disease relapse.93 In
a study by Ruella et al,79 the expression of CD123 was detected in
patients with CD19-negative relapse after anti-CD19 CAR-T cell
therapy. Anti-CD123 CAR-T cells’ administration successfully
induced CR in the CD19-negative relapse B-ALL mouse model,
and the OS was significantly prolonged. The researchers also com-
pared the efficacy of infusing CD19/CD123 dual-target CAR-T
cells with sequential using anti-CD19 CAR-T cells with equal
quantities and anti-CD123 CAR-T cells. The conclusion is that
the dual-target CAR-T cells worked better. Qin et al94 first intro-
duced a D domain into the CAR structure and then constructed a
CD19/CD123 tandemCARwith dd-cg06, which had a strong anti-
tumor effect.

However, additional questions remain to be answered. Will
tumor cells adapt to escape from simultaneous targeting of 2
target antigens due to the stress of a continuous antitumor
response? If so, it may not be enough to target 2 antigens,
and better antigen combinations need to be studied to prevent
antigen loss or escape.

Combination With Other Drugs. Immune checkpoint molecules
are expressed on immune cells and can regulate the degree of
immune activation. Under normal circumstances, these check-
points inhibit the function of T cells to prevent them from
harming normal cells. When tumors develop, these checkpoints
are used by tumor and nontumor cells in the microenvironment
to induce immune escape.60 PD-1 and PD-L1/L2 play an impor-
tant role in the immune escape, tumor progression, and survival
of various malignancies.95,96 ICIs (such as anti-PD-1/PD-L1/
CTLA-4 monoclonal antibodies) can relieve the immunosup-
pressive effects of tumors and myeloid-derived suppressor
cells to T cells by interacting with immune checkpoints.
Mutations of the CD19 gene may lead to the emergence of
novel tumor antigens. Although these new antigens cannot
bind to anti-CD19 CAR-T cells, they can be amplified by
ICIs to achieve a wider range of target antigen-related antitumor
responses. The ZUMA-6 clinical trial is testing Yescarta®
(Axi-cel) combined with the PD-1 inhibitor atezolizumab in
treating refractory DLBCL. Despite the positive results
obtained by some previous clinical trials, the CAR-T cell
levels and efficacy of Axi-cel combined with Atezo were

Figure 3. Schematic drawings of 3 dual-target CAR-T structures. (a) Sequential infusion of CAR-T cells targeting 2 different antigens. (b) CARs
of bicistronic CAR-T cells are expressed independently. (c) Tandem CAR has 2 independent scFv fragments, but shares the same co-stimulatory
molecules and signaling domains.
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found to be similar to those of Axi-cel alone.97 Therefore, it is
unclear whether the combined application of PD-1 inhibitors
can enhance the therapeutic effect of CAR-T cells and reduce
antigen escape.

Aneta Ledererova and others established the first relapsed
CLL mouse model after anti-CD19 CAR-T cell treatment. Up
to 70% of treated mice eventually develop CD19-negative
relapse a few weeks after the initial positive reaction.
Researchers have found that the loss of CD19 is caused by
DNA promoter methylation. It is important is that the loss of
the expression is reversible by treatment with a demethylating
agent.98 These results may indicate that the use of demethylat-
ing drugs in combination with CAR-T cell therapy may prevent
CD19-negative relapse, increasing the response rates as the
result.

Low-dose Radiation. A higher dose of radiation can directly
cause tumor cell death. It can increase the exposure of tumor
antigens, enhance antigen presentation, enhance the immunoge-
nicity of tumor cells with low antigen expression, and induce
the production and recruitment of antitumor immune effector
cells.99 In contrast to existing endogenous immune cells,
CAR-T cells specifically recognize tumor antigens in a way
that is not limited by the major histocompatibility complex
and is independent of antigen processing and presentation.100

Therefore, the effect of higher-dose irradiation on CAR-T
cells was not obvious.

TNF-related apoptosis-inducing ligand (TRAIL), a TNF super-
family member, is expressed in activated T cells. It can induce apo-
ptosis by binding with its related death receptors DR4/DR5.101

Low-dose radiation can make native antigen-negative tumor
cells more sensitive to CAR-T cells expressing TRAIL-mediated
apoptosis markers. In the case of systemic diseases, low-dose radi-
ation can effectively sensitize tumor cells and kill tumors with a
lower dose of CAR-T cells, which potentially reduces the risk of
CRS and improves efficacy.102

Other Strategies. In addition to the treatment methods men-
tioned above, additional strategies are being envisaged or devel-
oped. For example, a split, universal, and programable
(SUPRA) CAR system that connects CAR-T cells and tumor

cells by splitting the antigen targeting domain and T-cell signal-
ing unit has been developed and gives CAR-T cells the ability
to recognize multiple antigens. These features are useful to
combat relapse, mitigate overactivation, and enhance specific-
ity.103 Bispecific T-cell engager (BiTE) antibodies are artificial
antibodies containing 2 specific antigen-binding sites that can
bridge the gap between target cells and functional molecules
(cells) and stimulate a directed immune response.104 The
CD19 BiTE blinatumomab is related to the mechanism of
tumor evasion and antigen-negative relapse.105

Conclusion
CAR-T cells have achieved excellent results in the treatment of
B-cell malignancies. A large number of clinical trials have
shown that pediatric and adult patients with B-ALL treated
with anti-CD19 CAR-T cells attained a CR rate of approxi-
mately 90%. Although the overall effect is significant, some
patients still relapse after treatment. Cases of relapse are
divided into antigen-positive relapse and antigen-negative
relapse according to the presence of antigen. Antigen-positive
relapse is usually correlated with the strength and persistence
of CAR-T cells. The source of leukocyte material used during
CAR preparation can be improved, and the CAR structure
can be modified to obtain more functional and durable
CAR-T cells to reduce the possibility of antigen-positive
relapse. In comparison, relapse caused by antigen escape is a
substantial challenge. Only by overcoming this challenge can
the clinical treatment effect be improved. The mechanisms of
antigen escape, including reduction of antigen density, gene
mutation, and lineage switching, are complex and dynamic.
For the currently known antigen escape mechanisms, we can
take corresponding countermeasures. For example, targeting
other tumor-specific antigens, administration of multitarget
therapy, modification of the CAR structure, combination with
other small molecules, and combination with radiotherapy
have achieved good clinical effects.

Unfortunately, the currently available methods cannot deter-
mine whether patients are at risk of antigen escape before
CAR-T cell treatment. The antitumor effect of CAR-T cells is
mainly mediated by perforin/granzyme. Upadhyay et al106

found that CAR-T cells can mediate bystander killing of

Table 2. Partial Published Clinical Trial of Dual-Target CAR-T for B-cell Malignancies.

NCT number Target Pattern Vector Indication

NCT03097770 CD19/CD20 Tandem Lentiviral B-cell lymphoma
NCT03207178 CD19/CD20 Bicistronic Lentiviral DLBCL
NCT03185494 CD19/CD22 Tandem Lentiviral B-ALL
NCT03233854 CD19/CD22 Tandem Lentiviral B-cell malignancies
NCT03289455 CD19/CD22 Bicistronic Retroviral B-ALL
NCT03407859 CD19/CD20/CD22/CD10 Sequential infusion Lentiviral B-ALL
NCT03870945 CD19/CD20 Tandem Lentiviral B-NHL
NCT04792489 CD19/CD20 Tandem Lentiviral DLBCL

Abbreviations: DLBCL, diffuse large B-cell lymphoma; B-ALL, acute B lymphoblastic leukemia; B-NHL, B-cell non-Hodgkin’s lymphoma; DLBCL, diffuse large
B-cell lymphoma.
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tumor cells whose target antigen is not expressed via the Fas/
FasL pathway, and Fas expression can also predict the long-
term prognosis of patients treated with CAR-T cells.
Researchers have also demonstrated that T cells secrete
IFN-γ, which can upregulate the expression of Fas in tumor
cells. The currently known Fas-mediated cell death sensitizers
GHDAC inhibitors and SMAC mimics can also enhance
T-cell-mediated killing, which is independent of antigen
expression. The combination of such Fas-related small mole-
cule regulatory preparations and CAR-T cells may prevent
the relapse caused by antigen escape to a certain extent.

For patients with initial intratumoral heterogeneity and
antigen-negative clones at initial diagnosis, corresponding treat-
ments may help prevent antigen escape.107 Hematopoietic stem
cell transplantation (HCT) is currently the only means to cure
hematological malignancies. Therefore, some scholars believe
that allogeneic HCT (allo-HCT) should be carried out immedi-
ately after CAR-T cell treatment is administered.108 However,
due to the lack of strong medical evidence, there are no
unified guidelines for whether or when transplantation should
be administered.

In conclusion, it is hoped that shortly, the emergence of addi-
tional control strategies will make CAR-T cell therapy a more
effective and safer treatment.
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